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Preface

During the last decade the importance of environmental issues related to mercury released to
the atmosphere by major anthropogenic sources, which include, but are not limited to, power plants for
energy production and a variety of industrial plants, has gained growing attention for their effects on
human health and ecosystems. In this framework the UNEP Mercury Programme has started, since
2002, a process for assessing to what extent contamination by mercury released from anthropogenic
and natural sources may affect human health and ecosystems. A number of concerted initiatives have
been undertaken at global scale to assess the current state of our knowledge on atmospheric mercury
emissions, transport and deposition to and evasion from terrestrial and aquatic ecosystems and to
evaluate the relative contributions of natural and anthropogenic sources to the global atmospheric
mercury budget. At the beginning of 2005 the Governing Council of the United Nations Environment
Programme (UNEP-GC) urged (Decision 23/9 1V), governments, inter-governmental and non-
governmental organizations and the private sector to develop and implement partnerships as one
approach to reducing the risks to human health and the environment from the release of mercury and its
compounds improving global understanding of international mercury emission sources, fate and
transport. In this framework, the UNEP Global Partnership for Mercury Air Transport and Fate
Research (UNEP-MFTP) was started in 2005 aiming to encourage collaborative research activities on
different aspects of atmospheric mercury cycling on local to hemispheric and global scales.

Members of the UNEP-MFTP are Italy (lead), Canada, Japan, South Africa, United States,
Electric Power Research Institute (EPRI), Natural Resources Defence Council (NRDC) and UNEP.
Since 2005, the UNEP-MFTP has met four times. The 1% meeting was held in Madison, Wisconsin in
conjunction with the 8" International Conference of Mercury as a Global Pollutant, followed by the
meeting in Gatineau, Quebec, Canada (9-10 January 2007) aimed to discuss and define the elements
included in Decision 23/9 IV. A 3" meeting was held in Washington, D.C. on 10-11 October 2007
aimed to review the Business Plan of the UNEP-MFTP, submitted later (February 2008) to UNEP
Chemicals, whereas the 4™ meeting of the partnership was held in Rome (7-11 April 2008) in
conjunction with the international workshop jointly organised by the UNEP MFTP and the Task Force
on Hemispheric Transport of Air Pollution (TF HTAP) of the UNECE Convention on Long-Range
Transboundary Air Pollution in which leading scientists from all over the world presented their
contribution to the UNEP-MFTP Technical Report.

This technical report aims to provide UNEP Chemicals, governments, inter-governmental and
non-governmental organisations as well as the private sector, a state-of-the-art assessment of the
cycling of mercury in the atmosphere. It covers the interactions of mercury with terrestrial and aquatic
ecosystems, and evaluates the relative contribution of anthropogenic and natural sources to the global
atmospheric mercury budget. The preparation of this report has been made possible thanks to the
contributions of all members of the UNEP-MFTP and of over 70 scientists from leading universities
and research institutions recognised as worldwide experts on different aspects related to emissions,
monitoring and modelling mercury in the atmosphere and other environmental compartments. The
draft of this report was delivered to UNEP Chemicals in February 2008 as contribution to the
preparation of the overall emission report prepared jointly by UNEP Chemicals and AMAP. Being sure
to share the views of all contributing authors of the UNEP-MFTP report, we hope that the content of
this report will help nations and the next UNEP Governing Council in shaping the most efficient and
economic concerted actions to reduce the impact of mercury contamination on human health and the
environment.

Dr. Nicola Pirrone

Chair of the UNEP-MFTP
CNR-Institute for Atmospheric Pollution
Italy
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Foreword

Mercury pollution is a long-standing and serious environmental problem. Negative impacts
were detected first close to industrial sites, but soon were found far from the emissions sources. Even
in very remote and pristine areas, we can detect elevated levels of mercury pollution in the atmosphere,
in other environmental media, and in biota such as in fish, birds, mammals and humans. These elevated
levels of mercury are driven, in large part, by the long range transport of mercury in the atmosphere and
may have significant adverse effects on humans and the ecosystems. Our understanding of the transport
and fate of mercury in the atmosphere plays a crucial role in assessing present and future risks for
humans and ecosystems and the effectiveness of policy options at the local, regional and global scales.

In February 2005, the UNEP Governing Council urged governmental and non-governmental
organizations to work together through public-private partnerships to reduce the risks of mercury
pollution. In response to this decision, the cooperative Global Partnership for Mercury Air Transport
and Fate Research (UNEP-MFTP) was formed. In June 2005 as the concept for the UNEP-MFTP was
beginning to take shape, a Task Force on Hemispheric Transport of Air Pollution (TF HTAP) was
convened under the UNECE Convention on Long-range Transboundary Air Pollution to improve the
understanding of the intercontinental transport of air pollutants, including mercury, in the Northern
Hemisphere. From the outset, the common objectives of the UNEP-MFTP and the TF HTAP in
improving our understanding of the atmospheric transport of mercury on global to intercontinental
scales have led the two efforts to work cooperatively, seeking to capture both efficiencies and synergies
through coordination. This report represents the first product of the UNEP-MFTP and its cooperative
relationship with the TF HTAP.

This report brings together new analyses and syntheses by many of the leading mercury
experts in the world. Updating the information presented in the UNEP Mercury Programme’s 2002
Global Mercury Assessment, the report presents significant new information about the sources, cycling,
fate, and transport of mercury in the atmosphere. The report provides new estimates of sources and
sinks of atmospheric mercury, including estimates for some previously unquantified sources. The report
assesses the current state of mercury observations and our understanding of the atmospheric chemistry
of mercury. The report compares the results of a number of state-of-the-art regional and global
atmospheric mercury models.

The report provides crucial scientific evidence for consideration by the UNEP Mercury
Programme as they prepare their own assessment for UNEP Governing Council’s meeting in February
2009. In addition to contributing to the UNEP Mercury Programme’s summary assessment, this
extensive report provides a rich technical supplement that will serve as a resource for scientists and
government representatives. The report will also inform scientific and policy discussions under the
UNECE Convention on Long-range Transboundary Air Pollution and will serve as the foundation for
further analysis to be presented in the TF HTAP’s 2010 assessment report.

While there is a clear need to take action to decrease the anthropogenic sources of mercury in
the atmosphere, the report also makes clear that there are important gaps in our understanding of the
sources, fate, and transport of mercury in the atmosphere. Continued international cooperative efforts,
such as the UNEP-MFTP and TF HTAP, are needed to address these gaps and improve the common
scientific foundation upon which international policies can be constructed. As Co-Chairs of the TF
HTAP, we would like to thank Nicola Pirrone, Rob Mason and all of the contributors to the UNEP-
MFTP and to this report for helping to improve that foundation.

André Zuber, Ph.D. Terry Keating, Ph.D.
Co-Chair TF HTAP Co-Chair TF HTAP
European Commission-DG Environment U.S. Environmental Protection Agency
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Executive Summary

1. Introduction

Mercury, primarily because of its existence and bioaccumulation as methylmercury in aquatic
organisms, is a concern for the health of higher trophic level organisms, or to their consumers. This is
the major factor driving current research in mercury globally and in environmental regulation, and is
the driver for the current UNEP Global Partnership for Mercury Transport and Fate Research (UNEP-
MFTP) initiative. The overall focus of the UNEP MFTP report is to assess the relative importance of
different processes/mechanisms affecting the transfer of mercury (Hg) from emission sources to
aquatic and terrestrial receptors and provide possible source-receptor relationships. This transfer occur
through atmospheric transport, chemical transformations and subsequent deposition, and involves the
intermittent recycling between reservoirs that occurs prior to ultimate removal of Hg from the
atmosphere. Understanding the sources, the global Hg transport and fate, and the impact of human
activity on the biosphere, requires improved knowledge of Hg movement and transformation in the
atmosphere. An improved understanding of Hg emission sources, fate and transport is important if
there is to be a focused and concerted effort to set priorities and goals for Hg emission management
and reduction at the national, regional and global levels; and to develop and implement such policies
and strategies. To achieve this, a series of coordinated scientific endeavors focused on the estimation of
sources, measurement and validation of concentrations and processes, and modeling, coupled with
interpretation of the results within a policy framework, is likely to be required. Details of what has
been achieved to date are laid out in the UNEP-MFTP Report in three sections. The details concerning
our understanding of emissions and inputs of Hg from human activity and via natural processes is dealt
with in Section | of the report. Section Il details the measurements that have been made and compiles
the available information. Current modeling efforts and the understanding of atmospheric processes at
regional and global scales are detailed in Section IlI.

Mercury is ubiquitous in the atmosphere and the ground level background concentrations
appears to be relatively constant over hemispheric scales, varying by less than a factor of two for
remote locations (Chapter 9). This is expected for a trace gas that has a relatively long residence time
in the atmosphere. The southern hemisphere has a lower concentration than the northern hemisphere
and this primarily reflects the current and historic concentration of anthropogenic emissions in the
northern hemisphere. Recent measurements of free tropospheric air, either at high altitude sites or from
measurements made on board aircraft, indicate that the concentration changes are usually but not
always also relatively small vertically up to the tropopause, although there are differences apparent
between measurement campaigns. In the stratosphere, Hg has been found associated with the
stratospheric aerosol. Mercury fate and transport in the boundary layer is complex, and its
concentration is modified by inputs and removal to the terrestrial/ocean surface (Chapter 15). In
addition, rapid global transport of Hg can occur in the free troposphere. The fate of Hg is therefore
determined by the different chemical environments that these regions of the atmosphere represent, the
different physical and meteorological processes which occur in them, the differences in chemical
reactivity, and also by exchange that occurs between reservoirs (Pirrone et al. 2005; Hedgecock et al.
2006; Lindberg et al. 2007).

Anthropogenic inputs of Hg have greatly exacerbated the global Hg cycle (Chapter 1). Much
of this impact is related to energy resources exploitation, especially fossil fuel consumption. The
impact of these enhanced emissions is such that atmospheric concentrations have increased by a factor
of three on average since pre-industrial times. Globally, fossil fuel power plants are the single most
important anthropogenic emission source of Hg to the atmosphere, and these emissions, in combination
with the emissions of other co-emitted pollutants, have an impact on the atmospheric chemistry of Hg
and influence its resultant deposition patterns. Such synergistic impacts are also apparent for other
industrial sources that release Hg to the atmosphere. While the primary impacts are observable in the
short term, the medium to long term impact that exploitation of fossil fuels and other anthropogenic
activities have on atmospheric Hg cycling is through their impact and influence by global climate
change (Hedgecock and Pirrone, 2004; Eisenreich et al. 2005).
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For the thorough understanding of the atmospheric fate and transport of Hg it is necessary to
document and comprehend the distribution and extent of emissions from point sources and from more
diffuse sources, whether these are of anthropogenic origin or due to natural sources and processes. This
report provides an evaluation and summation of the current state of the science and of the extent of
current efforts to document and understand the degree to which concentrations in the atmosphere are
changing, and whether this is entirely due to changes in inputs of Hg into the biosphere, or due to
changes in other pollutants or chemicals, or global climate. Both direct and indirect impacts of Hg fate
and transport through the atmosphere need to be considered.

1.1 Major Conclusions and Recommendations

1. About a third of the Hg currently emitted to the atmosphere is derived from point and
other identifiable anthropogenic sources (2503Mg y™). Coal combustion is the largest
anthropogenic source globally.

2. The remainder of the emissions are associated with natural processes 5207 Mg y™ but
many of these processes have been exacerbated by human activity (e.g. biomass burning)
and much of the Hg emitted from these sources had an original anthropogenic source.
Current estimates suggest that about a third of the current total Hg emissions to the
atmosphere from natural processes are due to the pre-industrial (natural) emission
component and the remainder is recycled (previously deposited) Hg.

3. Changes in atmospheric Hg concentration over time have been detected in some locations
but at the global scale it has been difficult to demonstrate a measurable change for the
remote atmosphere over the last 20 years because of the lack of detailed and coordinated
measurements.

4. There is the need to coordinate activities at the global level to ensure that future research
provides the maximum benefits in terms of assessing global and regional trends in Hg
concentration. It is recommended that a global monitoring network be established as soon
as possible to ensure that the relevant information is obtained, and to provide the
information necessary for model testing and evaluation.

5. Model development and focused process studies must continue and be expanded and
enhanced to ensure that the models are correctly parameterized and that there is agreement
between individual models and between model output and experimental data. 6. Without
accredited models, it is difficult to make the pertinent forecasts and scenario predictions
that are crucial to the development of sound management strategies for the control and
mitigation of the current global Hg problem.

2. Mercury Inputs to the Global Atmosphere

This section briefly outlines the conclusions and recommendations, and the details of the
chapters in Section | of the report. There are 8 chapters in total for this section. Chapter 1 is an overall
summary chapter, while the other chapters deal with emission estimates for countries where emissions
exhibit an upward trend and represent a substantial contribution for the global atmospheric mercury
budget, these include China (Chapters 2 & 3), India (Chapter 4) and South Africa (Chapter 5). Another
important worldwide anthropogenic source, not accounted for in previous assessments the artisanal
gold mining sector in which Hg amalgamation is used as basic component of the extraction process
(Chapter 6). The remaining two chapters cover sources that are important but relatively more areal, and
less well-characterized, and include Hg emissions from natural processes. It must be kept in mind that
Hg released from natural processes may have an anthropogenic origin. Thus, the distinction should be
made between Hg that is emitted from primary natural sources and that which is recycled (re-emitted)
Hg from prior atmospheric deposition. However, this distinction is difficult to determine precisely.
Natural processes contribute an important fraction of global emissions. Emission data related to sources
and regions not reported in Chapters 2-8 were included in estimates in Chapter 1, to the extent possible,
using data taken from the most recent peer-reviewed literature and from official technical reports
released by reputable agencies, programs and governments. Section 1 therefore provides an up-to-date
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overview of global Hg emissions from natural and anthropogenic sources at country and/or at
regional/continental scale.

Improved information on the relative magnitude of anthropogenic Hg sources, combined with
the impact of various control technologies and other approaches on Hg release, especially from
emission reductions in Europe and North America, have contributed to further advances in the
assessment of regional impacts of Hg on terrestrial and aquatic environments (Pirrone et al., 2001a;
Lindberg et al., 2007). At the same time, as discussed in detail below, major international activities
have focused on assessing source - receptor relationships for Hg in the environment, and these are the
core of many international efforts and conventions. These natural sources, which include the
contribution from oceans and other surface waters, rocks, top soils and vegetation, volcanoes and other
geothermal activities and also forest fires, release about 5207 Mg of Hg annually (Table 1). The values
reported in the table are consensus values derived from evaluation of the literature, which often
contains relatively disparate estimates. As noted, some fraction of this emission represents previously
deposited Hg from the atmosphere to ecosystem-receptors and part is a new contribution from natural
reservoirs.

Contributions from the various sources vary in time and space depending on a number of
factors including the presence (heterogeneous distribution) of volcanic belts or geothermal activity,
geological formations with high Hg concentration (e.g. cinnabar deposits), high rates of exchange of
elemental Hg between waters and the atmosphere, re-emission of previously deposited Hg to top soils,
and evasion mediated by plants (evaporation/interface processes), and forest fires (Pirrone et al.,
2001b; Ferrara et al., 2000a; Ferrara et al., 2000b; Gustin et al., 2002; Mason, 2008). Biomass burning
is an important input and the Hg from this source is obviously a mixture of Hg release due to natural
processes and human-induced burning (Cinnirella and Pirrone, 2007; Friedli et al., 2008). Recently,
improved knowledge of natural source behavior (i.e., emissions from oceans, vegetation) has resulted
in better estimates, and these estimates are backed by up-to-date literature results. On average,
volcanoes and geothermal activities release ~90 Mg y™* of Hg to the atmosphere (Chapter 7).

Table 1 -Total mercury emissions by source category. Taken from Chapter 1
and references therein

Region Hg emission in Reference year

atmosphere

(Mgy™)

Natural
Oceans 2682 2008
Lakes 96 2008
Forest 342 2008
Tundra/Grassland/Savannah/Prairie/Chaparral 448 2008
Desert/Metalliferrous/ Non-vegetated Zones 546 2008
Agricultural areas 128 2008
Evasion after mercury depletion events 200 2008
Biomass burning 675 2008
Volcanoes and geothermal areas 90 2008
Total (Natural) 5207
Anthropogenic
Coal combustion, oil combustion 1422 2000
Pig iron and steel production 31 2000
Non-ferrous metal production 156 2007
Caustic soda production 65 2000
Cement production 140 2000
Coal bed fires 6 2008
Waste disposal 166 2007
Mercury production 50 2007
Artisanal Gold Mining Production 400 2008
Other 65 2007
Total (Anthropogenic) 2503
TOTAL (Natural + Anthropogenic) 7710

XXXVii



Mercury Fate and Transport in the Global Atmosphere: Measurements, models and policy implications

Overall, natural processes contribute 68% of the global atmospheric Hg input with the oceans
releasing most of the Hg (35%) followed by biomass burning (forest 9% and agriculture 2%). As noted
above and in other publications (e.g. Sunderland and Mason, 2007; Mason and Sheu, 2002), much of
this emitted Hg, while being emitted from a natural process has an anthropogenic origin in being
originally released to the biosphere as a result of human activity.

Direct anthropogenic sources, which include a large number of different industrial point
sources, release about 2503 Mg of Hg on an annual basis, the major contribution being fossil fuel-fired
power plant emissions of Hg (1422 Mg y™) (Table 1). Artisanal small scale gold mining (400 Mg y™),
waste disposal (166 Mg y™), non-ferrous metals manufacturing (156 Mg y™) and cement production
(140 Mg y™) are other important human-related inputs. All other direct anthropogenic sources
contribute ~219 Mg yr! to the atmosphere. In some instances, the evaluation of global emissions
presented here are substantially different from previous published assessments (e.g. Pacyna et al.,
2003; 2006) although these assessments represent a different time period in the last decade. This is
mainly because, in the past, emissions from several sources were poorly estimated due to the lack of
reliable data, or were not included. Inputs from forest fires, gold production, cold-bed fires were not
accounted for in previous estimates.

Our current estimate of global emissions suggests that the contribution from natural and
anthropogenic sources to the global atmosphere is nearly 7710 Mg of Hg annually. Total Hg emission
from direct anthropogenic sources account for 2503 Mg, or 32% of the total. The present assessment
shows that the majority of Hg emissions originate from combustion of fossil fuels (18%), particularly
in the Asian countries including China and India (62% of all fossil fuel emissions) where energy
production from coal combustion is increasing at a rate of nearly 10% per year. Among industrialized
countries, Europe and USA account for 23% of the total Hg emission from fossil fuel combustion.
Combustion of coal is and will remain in the near future the main source of energy in most countries.
An increase in global energy demand is clearly foreseen, and this will lead to an increase in annual
emissions of Hg and other primary pollutants. However, such releases could be reduced by the
installation of more efficient emission control devices; there are a number of approaches for reducing
Hg emissions during combustion and other industrial processing.

3. Mercury Cycling within the Atmospheric Reservoir

The rationale for the focus of Part Il is the need to collate the existing information on Hg
concentration and its forms in the atmosphere. Furthermore, this section discusses the need to establish
baseline concentrations and to document changes to allow an assessment of the effectiveness of Hg
emission reductions, or other changes in emission distribution globally. It is clear that better and more
extensive measurements and more coordination is needed and that the current level of measurement
and evaluation is inadequate for determining the extent of change. Furthermore, modeling efforts also
require sufficient data to test and validate model parameterization, and long-term datasets are needed
for model testing. More investigation is also required on different key processes related to global
transport and cycling of Hg. Finally, by comparing and contrasting model output and measurements it
is possible to understand more clearly the exchange of Hg between reservoirs and the important
reactions. Without this knowledge, the impact of changes in Hg in response to changes in atmospheric
inputs can not be properly assessed.

The current state of the art and extent of measurement, which could form the basis of a global
Hg monitoring network, is detailed in the chapters contained in this section of the report. Chapter 9
focuses on terrestrial measurements and studies, while chapter 10 focuses on polar regions. Chapter 11
reports on an important recent initiative in Japan while Chapter 12 summarizes the data and
information on surface waters, with a particular emphasis on the open ocean, coastal areas and
marginal seas. These chapters focus on and highlight current gaps and advances in monitoring and
measurement since the UNEP 2002 report, and review the uncertainty in evaluating atmospheric
changes in concentration, focusing where possible on the relevant policy issues and questions that need
to be addressed.
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Mercury exists in the atmosphere in three primary forms, which are characterized by current
measurement approaches. Most of the Hg in the atmosphere is as elemental Hg (Hg® or alternatively
referred to as GEM) (typically >95% of the total), which is relatively unreactive with an average
atmospheric residence time of 0.5-1 year. In addition to Hg’, two other atmospheric Hg fractions have
been operationally defined based on physico-chemical properties and methods of measurement - the
gaseous ionic Hg" fraction, termed reactive gaseous Hg (RGM), and Hg associated with particulate
matter, Hge (Lindberg and Stratton 1998; Sheu and Mason 2001; Landis et al. 2002; Mason and Sheu
2002). The speciation of RGM is not known in detail but it is assumed to consist of gaseous neutral
Hg" complexes (Ariya, Khalizov et al. 2002; Balabanov and Peterson 2003). Measurements of total
gaseous Hg (TGM) are often made and in most situations these reflect the Hg° concentration as the
RGM is a minor component. Anthropogenic inputs to the atmosphere can occur in all three forms and
the distribution between forms depends on the type of emission and control technology that is used at
the specific industrial site. Most of the inputs to the atmosphere from natural processes are Hg’,
although there is a small signal due to inputs of particulate-associated Hg (e.g., volcanoes, dust).

In principal, an increase of the global atmospheric pool should also be reflected in changes in
the background Hg concentration. However, even though reliable atmospheric data were published as
long as three decades ago, it is extremely difficult to derive a global trend estimate based on the
available data as it is spatially and temporally too variable. For example, Asian Hg emissions are
believed to have increased rapidly in the past decade, however, this is neither reflected in the long-term
measurement of TGM at the remote site at Mace Head, Ireland (1996-2006), nor in the precipitation
data of the North American Mercury Deposition Network (MDN) (Lindberg et al., 2007).

Given the ad hoc nature and heterogeneous distribution globally of such efforts to monitor
and measure atmospheric Hg concentration and speciation it is clear that a coordinated global
monitoring network is needed to provide information for a global assessment, and for global and
regional model validation and extrapolation (Chapter 13). A coordinated global network would allow
the important policy questions that are currently being debated to be answered more quantitatively.
Extensive measurement and modeling will determine how intercontinental or hemispheric transport
affects Hg deposition patterns in the Northern Hemisphere, for example, and provide information on
regions that are most sensitive to Hg inputs from the atmosphere. The relative contribution of
intercontinental transport to Hg accumulation in terrestrial, marine or freshwater ecosystems is clearly
the most important question, as the answer impacts the management approach and the degree to which
local efforts to reduce emissions will have a local impact.

General scientific consensus is that the current global background Hg concentration (the
average sea-level atmospheric Hg® at remote sites) is about 1.5 to 1.7 ng m® for the Northern
Hemisphere and 1.1 to 1.3 ng m™ in the Southern Hemisphere (Lindberg et al., 2007). Concentrations
of TGM are typically elevated close to sources and these include urban areas and areas that have been
impacted by historical activity that used Hg (Chapter 9). In such locations, concentrations 10-100 times
the background values can be found. It is not clear how these concentrations have changed over time
and, overall, the trend analyses do not provide an entirely coherent story. This suggests that it is
extremely difficult, given the variability in concentration with location, and the impact of other factors
on the concentration measured in the boundary layer, to determine trends in concentration with time
based on current monitoring and datasets. Clearly, a more comprehensive monitoring network is
required if these questions are to be sufficiently answered at the global scale. Also, more measurements
are needed within the free troposphere rather than in the boundary layer, so that more detailed
information regarding the long range transport of Hg is available.

There are limited data on the temporal trends in concentration either in the atmosphere (TGM
and speciation) or in wet deposition as there has been little reliable monitoring data until recently
(Chapter 9). A number of regional monitoring networks that have been established in North America or
Europe but unfortunately, there is even less data for Asia and for the Southern Hemisphere although
this situation is changing. In Canada, there has been a decrease in concentration of Hg in both wet
deposition and in TGM over the sampling period (1995-2005), especially for the central and eastern
reaches of Canada, and for impacted sites. Overall, the trend is less than 1% yr'1 for the rural sites for
TGM, the trends in wet deposition are slightly higher (but typically <2%). Similar trends have not been
seen overall in the wet deposition data for the USA, and there has not been a coordinated TGM

XXXiIX



Mercury Fate and Transport in the Global Atmosphere: Measurements, models and policy implications

network studying continental scale changes. There are some regional trends in locations that have been
historically more impacted (e.g. midwest and northeast). Thus, the information for the North American
continent is not entirely consistent.

In Europe, trends also appear to be regionally dependent. An extensive evaluation at coastal
sites around the North Sea (Wangberg et al., 2007) showed that between the period 1995-1998 and
1999-2002 there was an overall reduction in deposition fluxes of 10-30 %, and it was suggested that
these changes reflect decreases in Hg emissions in Europe (Chapter 9). In contrast, no decreasing trend
in TGM data could be observed during the same time period. Studies around the Mediterranean show
that there are elevated concentrations at some locations and that there is a seasonal trend in the data
which reflects the seasonal change in source strengths, and the changes that occur in atmospheric
physical and chemical conditions.

The concentration and speciation of Hg in the polar atmosphere is much different and
seasonally much more dynamic than that of the lower latitudes, especially for terrestrial environments.
There is now substantial evidence for the dramatic in situ depletion of Hg° during “polar sunrise”
where the release of reactive halogen species, destroys ozone and oxidize Hg’. Such processes are
occurring in both the Arctic and Antarctic (Ebinghaus et al., 2002; Sprovieri et al. 2002; Steffen et al.,
2005). There are differences in the type of reactions and their timing and magnitude between the Arctic
and Antarctic and this is somewhat related to location and the higher pollution impact on the Arctic.
While seasonally dynamic, an examination of the data that are available for the Arctic region suggests
that there is no long-term change in the last 10 years in the average annual concentration of total
gaseous Hg in the Arctic (Chapter 10). However, there do appear to be seasonal and regional
differences, especially at locations more impacted by pollution inputs from Europe and North America.

Information on the vertical distribution of Hg in the atmosphere and of RGM and TPM is
somewhat contradictory, as discussed in detail in this section and elsewhere in the report. More recent
measurements and modelling suggest that there is a decrease in concentration of Hg® in the upper
atmosphere due to its conversion to RGM in the presence of high ozone concentrations and the further
partitioning of the ionic Hg to particles.

Clearly, there is a need to monitor and assess progress on mandated Hg reductions in
controllable anthropogenic inputs to the atmosphere, as well as the impact of changes in emissions due
to natural variability and man-induced climate change (Chapter 13). Thus, there is a need to highlight
the current status of the measurement and monitoring of Hg in the global atmosphere and to fully
comprehend the need for further monitoring. There is a clear need for a concerted effort to develop a
coordinated and structured global Hg monitoring program for a truly global assessment of the problem
and its solution. Indeed, it must be a goal to characterize source-receptor relationships while taking into
account the various mechanisms affecting Hg cycling (emission-chemistry-deposition-reemission) and
the inherent spatial heterogeneity at both the regional and global scale. Modeling efforts allow
comparison of actual measurements of atmospheric Hg concentrations and speciation with estimations
based on emission inventories and model extrapolation. Detailed and spatially comprehensive
measurements of Hg and ancillary parameters, other key atmospheric chemical reactants and
meteorological data, is needed to constrain these estimates, which are often based on little data, and are
needed to improve model capabilities, and flux estimates (evasion and deposition), which also require
further method development. Climate change and other processes will result in changes in ozone and
aerosol concentrations, for example, and the impact of these changes on Hg fate and transport need to
be assessed. The information contained in the report will provide the necessary starting point for the
determination of the required future monitoring and assessment of Hg in the atmosphere and in surface
reservoirs, based on the current status. As detailed elsewhere in this report (Section Il1), there is also
need to compare and contrast the modelling efforts on global and regional Hg cycling to ensure that
these models produce similar results when using the same input parameters.
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4. Mercury Processes and Modelling Studies

The overall processes contributing to the distribution and cycling of Hg in the atmosphere are
detailed in Section Il of the report, which cover both an examination of the studies of the
interconversion processes between the oxidation states and forms of Hg in the atmosphere and the
current state of modeling of the overall processes at the global scale. As measurements cannot be made
extensively and intensively enough to fully understand the processes involved, there is a need to
develop models to extend the measurement results and to make predictions about past and future
trends. Models provide such capability but these models need to be sufficiently tested and validated
prior to their use in prediction and hypothesis testing. Therefore models are important not only for
probing the level of understanding of the processes involved and the current situation, but they also
provide the tools for scenario testing and for future prediction under different emission reduction
strategies and different climate change scenarios.

The chapters in Section Il describe the current state of the various focused studies of
atmospheric reactions and of the modeling products and the similarity and differences in their
predictions. Chapter 14 reports on past studies on pertinent reactions and their kinetics, and examines
the conclusions and mechanisms in the recent literature. Thus, the extent of knowledge on the
atmospheric chemical reactions and current gaps in understanding are highlighted. The processes
involved in exchange of Hg at environmental interfaces, and particularly at the air-sea and land-air
interfaces are not well characterized through measurement and this is another important gap in
knowledge and a hindrance in model development (Chapter 15). This is important for the
understanding of the global Hg cycle and to elucidate the sensitivity of the models to the accuracy of
the knowledge about the underlying chemical mechanisms. Chapter 16 discusses the application of
regional models and their ability to examine source-receptor relationships for Hg. The remaining
chapters (Chapters 17-21) deal with global models and their results and predictions. These models
include the model developed by Canadian researchers (Chapter 17), the GEOS-Chem Model (Chapter
18), the ECHMERIT Model (Chapter 19), The EMEP/MSC-E Model (Chapter 20) and the AER/EPRI
Model (Chapter 21). Intercomparisons of some of the models have been made and these have shown
that model development and calibration and consistency is improving but there is need for continued
work (Ryaboshapko et al., 2007a; Ryaboshapko et al., 2007b). It is necessary to ascertain which
differences in the model frameworks account for the differences in the output. Such efforts are
instructive as they allow the sensitivity of the model to various parameters to be properly ascertained.
Thus, these current efforts in model comparison should continue in the future.

The rate of removal of Hg from the atmosphere is primarily controlled by the rate of oxidation
of elemental Hg. Compared to ionic Hg, elemental Hg is a relatively insoluble gas which has a
relatively low deposition velocity, and thus is removed from the atmosphere slowly compared to ionic
Hg, which is rapidly deposited through both wet and dry deposition processes. Thus the mechanisms
whereby elemental Hg can be oxidized to ionic Hg species, primarily through gas phase and
heterogeneous reaction, need to be fully understood and well characterized. The rate of reaction varies
both spatially and temporally, and both horizontally and vertically in the atmosphere. Unfortunately, at
this juncture there are large discrepancies in the reported values for some of the kinetic constants
associated with these reactions and some disagreement on the actual likely mechanisms of these
oxidation reactions. There are a number of potential oxidation pathways given that there are a number
of potential atmospheric oxidants, including ozone, the hydroxyl radical and reactive halogen species.

In addition, there is a lack of knowledge of the details of the important reduction reactions for
ionic Hg in clouds and other atmospheric liquid phases. The models demonstrate that such reactions
must be occurring but the exact nature of the reductants is again not well characterized. Overall, based
on the current values for the various oxidation and reduction constants, the models predict that the
residence time of elemental Hg in the atmosphere is shorter than that which is derived from observation
and measurement. This suggests that further detailed examination of these reactions under controlled
laboratory conditions is needed.

Some research groups are developing more detailed models to parameterize these processes,
and there has been substantial recent research examining the oxidation and reduction processes for Hg
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in surface waters and snow (Chapter 15). Similarly, there is exchange of Hg between surface soils and
the atmosphere and the interaction of atmospheric Hg with vegetation is still not clearly understood. It
is clear from recent studies that the processes are dynamic and rapid, but the exact underlying
mechanisms still need further elucidation.

In the context of understanding human impact on the global Hg cycle, the main purpose and
need for atmospheric models is to determine accurate source-receptor relationships so that the fate and
transport of anthropogenic emissions is properly accounted for, otherwise the models will provide
inaccurate scenario predictions. However, as noted above, models also probe the understanding of the
underlying mechanisms and their impact on global Hg distribution. The lack of extensive datasets at
the global scale for model validation is clearly a limitation in their further development and it is
therefore apparent that a detailed and coordinated examination of the concentration and distribution of
Hg in the atmosphere at the global scale is needed. Most of the information gathered to date has been
collected in North America and Europe, as discussed in the earlier chapters and thus the models have
been mostly validated against these data. However, the coverage does not include all ecosystem and
climate types worldwide and therefore the model predictions for the Asian continent, and for tropical
and southern hemisphere locations cannot be properly tested. In addition, regional model
intercomparison studies have demonstrated the importance of the boundary conditions used in these
evaluations. The use of global models to provide boundary conditions for regional models appears to
be indispensable but there is much work needed in the implementation of this approach.

The various models are described in their appropriate chapters and the individual models will
not be discussed here. In constructing and evaluating these models it is necessary to constrain the
fluxes and estimates of inputs to the atmosphere from the remainder of the biosphere, to correctly
parameterize the interconversion between the principal forms of Hg in the gaseous and particulate
phase, and to reproduce the global trends in atmospheric Hg concentration that have been determined
through various studies and programs. The global models rely on the accurate prediction of the other
components of the atmosphere that impact Hg, such as reactants in the atmosphere and the
meteorological conditions that pertain. As noted in the first section of the report, the emission estimates
for many countries are still being evaluated and constrained and there is a lack of data for many
countries that are important sources of anthropogenic Hg. Other important sources need further
scrutiny and observation, such as the factors controlling the rate of net evasion of Hg from the ocean
surface , and that of the various terrestrial environments. Current parameterizations appear to provide
reasonable estimates but these approaches must be further developed.

Overall, it is vitally important that there is a concerted international effort to monitor the
concentration and speciation of Hg and the extent of deposition at remote global locations to provide
the data and information for model validation, and for accurate future predictions of the impact of
changing Hg emissions on the terrestrial and ocean environments, and on the concentrations of Hg in
the food chain. Elevated levels of Hg, especially as methylmercury, in aquatic species and its impact on
human and wildlife health is the primary driver for concern and regulation, and the potential impact
and benefit of Hg reduction strategies cannot be properly evaluated without knowledge of the
movement of Hg in the global atmosphere and the impact of human activity and climate change.

xlii



Mercury Fate and Transport in the Global Atmosphere: Measurements, models and policy implications

CHAPTER - 1: GLOBAL MERCURY EMISSIONS TO THE ATMOSPHERE FROM
NATURAL AND ANTHROPOGENIC SOURCES

AUTHORS: Nicola Pirrone’, Sergio Cinnirella', Xinbin F engz, Robert B. Finkelman®, Hans. R. Friedli*,
Joy Leaner’, Rob Mason®, Arun B. Mukherjee7, Glenn Stracher®, David G. Streets’, Kevin
Telmer'”

- CNR-Institute for Atmospheric Pollution, Division of Rende, Rende, Italy

- State Key Laboratory of Environmental Geochemistry, Chinese Academy of Sciences, Guiyang, China
- University of Texas, Dallas, U.S.A.

" National Center for Atmospheric Research, Boulder, U.S.A.

- CSIR, Stellenbosch, South Africa

- Department of Marine Sciences, University of Connecticut, Hartford, U.S.A.

- Department of Biological and Environmental Sciences, University of Helsinki, Helsinki, Finland

- Division of Science and Mathematics, East Georgia College, Swainshoro, Georgia

- Argonne National Laboratory, Argonne, U.S.A.

10- school of Earth and Ocean Sciences, University of Victoria, Victoria, Canada

© © N O U A W NP

Summary

This chapter provides an up-to-date overview of global mercury emissions from natural and
anthropogenic sources at country and regional/continental scale. The information reported in Chapters
2-8 is the basis of the assessment reported in this chapter, however, emissions data related to sources
and regions not reported in chapters 2-8 have been derived, at the extent possible, from the most recent
peer-reviewed literature and from official technical reports.

Natural sources, which include the contribution from oceans and other surface waters, rocks,
top soils and vegetation, volcanoes and other geothermal activities and biomass burning are estimated
to release annually about 5207 Mg of mercury, part of which represent previously deposited
anthropogenic and natural mercury from the atmosphere to ecosystem-receptors due to historic releases
and part is a new contribution from natural reservoirs.

Current anthropogenic sources, which include a large number of industrial point sources are
estimated to release about 2503 Mg of mercury on annual basis, the major contribution is from fossil
fuels fired power plants (1422 Mg y™), artisanal small scale gold mining (400 Mg y™"), waste disposal
(166 Mg y™), non-ferrous metals manufacturing (156 Mg y™') and cement production (140 Mg y™).

Our current estimate of global emissions suggest that summing up the contribution from
natural and anthropogenic sources nearly 7710 Mg of mercury is released annually to the global
atmosphere. The evaluation of global emissions presented in this report differs from previous published
assessments because in the past, emissions from several sources, i.e., forest fires and cold-bed fires
have not been accounted for and also because of improved knowledge of some anthropogenic and
natural sources (i.e., emissions from oceans, vegetation) as suggested form most up-to-date literature.

1.1 Introduction

Mercury is ubiquitous in the atmosphere; it has ground level background concentrations
which are almost constant over hemispheric scales, the southern hemisphere having a slightly lower
concentration than the northern. Recent measurements of free tropospheric air, from high altitude sites
and from measurements made on board aircraft indicate that its concentration changes little up to the
tropopause. In the stratosphere mercury has been identified associated with the stratospheric aerosol.
The transport of mercury, therefore, occurs in the boundary layer, in the free troposphere and
stratosphere; the fate of mercury , therefore, is determined by the different chemical environments that
these regions of the atmosphere represent, the different physical and meteorological processes which
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occur in them and also by exchange between them (Pirrone et al., 2000; Pirrone et al., 2005;
Hedgecock et al., 2006; Lindberg et al., 2007).

The impact of energy resources exploitation, especially fossil fuel exploitation, on
ecosystems in terms of mercury contamination is threefold. Firstly, because fossil fueled power plants
are the highest emitting anthropogenic emission source of mercury to the atmosphere. Secondly,
because the other pollutants emitted as a result of fossil fuel exploitation, such as NO4 and SO, have an
impact on the atmospheric chemistry of mercury and influence its deposition patterns. While the
previous two impacts are observable in the short term, the third is the medium to long term impact that
exploitation of fossil fuels has on atmospheric mercury cycling, as a result of the release of greenhouse
gases which contribute to climate change (Hedgecock and Pirrone, 2004; Eisenreich et al. 2005).

Improved information on emissions, particularly emissions in Europe and North America,
have contributed to further progress in assessment of the regional impacts of mercury on terrestrial and
aquatic environments (Pirrone et al., 2001a). Major international activities to assess source - receptor
relationships for mercury in the environment are developed as part of international conventions (i.e.,
UNECE-LRTAP, OSPAR, HELCOM) and programmes (i.e., past EU funded projects, ACAPs,
MERSA, UNEP). Policy makers in Europe have also taken the advantage of improved information on
emissions to assess the effectiveness of measures aimed to reduce the impact of this highly toxic
contaminant on human health and ecosystems. Following the preparation of the EU Position Paper on
Ambient Air Pollution by mercury (Pirrone et al., 2001c), the EU adopted the European Mercury
Strategy which is aimed to phase out the use of mercury in goods and industrial applications and
reduce to the extent possible mercury emissions to the atmosphere from fossil fuels power plants and
industrial facilities. In 2002 UNEP Chemicals released the first assessment (Global Mercury
Assessment Report, GMA) on global mercury contamination (UNEP, 2002). Since then, a number of
activities have been developed in order to support the achievement of objectives set by the UNEP
Governing Council (decisions 23/9 IV in 2005 and 24/3 IV in 2007) to continue and elaborate possible
strategies and mechanisms aimed to phase out the use of mercury in a wide range of products and
reduce, to the extent possible, the emissions from industrial plants.

The aim of this chapter is to provide an overview of mercury emissions to the atmosphere
from major natural processes and anthropogenic sources during the last decade in each region of the
world.

1.2 Mercury emissions from natural sources

Natural sources of mercury released to the atmosphere include volcanoes, soil and water
surfaces, weathering processes of Earth crust and forest fires. Contributions vary in time and space
depending on a number of factors including the presence of volcanic belts or geothermal activities,
geological formations with high mercury concentration like cinnabar deposits, exchange processes
between waters and atmosphere, re-emission of previously deposited mercury from top soils and plants
by evaporation/interface processes and forest fires (Pirrone et al., 2001b; Mason, 2008).

The ratio between the relative contributions of anthropogenic and natural source categories
may vary within a region and time of the year. On global scale the contribution from industrial sources
have been found ranging between 1660 and 2200 Mg y'1 (Pirrone et al., 1996; Pacyna et al., 2003,
2006b), whereas emissions from natural processes (which include emissions due to natural emissions
as well as re-emissions of historic anthropogenic mercury) have been indicated as the major
contribution (up to 60% of the total) to the global atmospheric mercury budget (Pirrone et al., 1996,
2001b). Among natural sources the emission from volcanoes, forest fires and surface waters represent a
significant contribution and also emissions from contaminated soils in ancient mining industrial areas
or particular geologic units rich in Hg (i.e. capgaronnite, cinnabar, cordeorite) can also be significant
(e.g., Ferrara et al., 1998; Ferrara et al., 2000a; Ferrara et al., 2000b; Gustin et al., 2002).

Current estimate of mercury emissions from natural sources — without considering biomass
burning — is estimated to be near 4532 Mg y™' (Mason, 2008).
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1.2.1 Volcanoes and geothermal activities

The contribution of volcanoes, which may be important sources at the local scale, varies over
time depending if they are in the degassing or eruption phase. Mercury is emitted from volcanoes
primarily as gaseous Hg’ and the Hg/SO, ratio is generally adopted to estimate mercury emission
although it is very controversial because of the paucity of relevant data and the orders of magnitude
variation in all data types (Nriagu and Becker, 2003; Pyle and Mather, 2003; Mather and Pyle, 2004).
A Hg/SO, ratio of 1.18x10 for erupting volcanoes, 1.16x10” for continuously degassing volcanoes
and 5.88x10°® for ash rich plumes has been used, though not widely accepted among experts (Ferrara et
al., 2000b; Nriagu and Becker, 2003; Mather and Pyle, 2004).

Mercury emissions from calderas may represent an important natural source of mercury. The
Phlegrean fields (Pozzuoli, Italy) have been monitored with a LIDAR system and fluxes of Hg
associated as Hg-S complexes were in the range of 0.9 to 4.5 g day” (Ferrara et al., 1998).
Concentra;[ions in condensed water fluxes reported by Ferrara et al. (1998) were in the range of 2 to
690 ng m™.

On average, volcanoes and geothermal activities release to the atmosphere ~90 Mg y'of
mercury as reported in chapter-7 of this report (Mason, 2008), accounting for 2% of total natural
contribution.

1.2.2 Water surfaces

Several studies suggest that the evasion of elemental mercury from surface waters is
primarily driven by (1) the concentration gradient of mercury between top-water microlayer and air
above the surface water, (2) solar irradiation which is responsible for the photo-reduction of oxidised
mercury in the top-water microlayer and (3) the temperature of the top-water microlayer and air above
the surface water (air-water interface) (Pirrone et al., 2003; Pirrone et al., 2005; Hedgecock et al.,
2006).

The evasion of mercury from lake surfaces is generally higher than that observed over the
sea. Average emission rates in the North Sea were found in the range of 1.6 to 2.5 ng m” h™' (Cossa et
al., 1996), whereas higher values (5.8 ng m” h™") have been observed in the Scheldt outer estuary
(Belgium) and over lakes in Sweden (up to 20.5 ng m™ h™). In open sea, mercury emission rates were
much lower (1.16-2.5 ng m™ h™") and less variable between day and night, though dissolved mercury
concentrations in the top water microlayer (6.0 ng ") were very similar to that observed in unpolluted
coastal areas. On average, coastal waters and Mediterranean Sea have the highest evasional flux with
1.83 and 1.96 ng m™ h™', respectively, while internal waters show the maximum net evasion of 2.39 ng
m? h' (Pirrone et al. 2003; Hedgecock et al. 2006).

Mason (2008) (Chapter 7 of this report) reports recent estimates of mercury evasion from
ocean basins and lakes, which account for 2778 Mg y”' of net evasion to the atmosphere (Table 1.1).
The estimated contribution of the Mediterranean Sea was updated to 70 Mg y"' on the basis of recent
measurements/modeling estimates done by Hedgecock et al. (2006). Hedgecock et al. (2006) compared
measured mercury concentration in air and modelled total deposition flux over the Mediterranean Sea
on a monthly basis (Figure 1.1) to obtain monthly total emission and deposition fluxes to the
Mediterranean Sea (Figure 1.2).
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Table 1.1 - Summary of gaseous mercury fluxes for oceans and lakes
(derived from Mason 2008)

Region Net Evasion (average) Ratio®
(Mgy™) (%)
Atlantic Ocean 840 18.5
Pacific and Indian Ocean 1700 37.5
Antarctic Ocean 12 0.3
Mediterranean 70* 1.5
Coastal waters 60 1.3
Lakes 96 2.1
Total 2778 -
* as estimated by Hedgecock et al., (2006)
! calculated over the total evasion from natural sources which sum 4532 Mgy
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Figure 1.1 - Modeled annual total deposition flux in g km™

(equivalent to mg m™) over the modeling domain (from Hedgecock
et al., 2006).
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Figure 1.2 - Modeled monthly total emission and deposition
fluxes to the Mediterranean Sea (from Hedgecock et al., 2006).

1.2.3 Rocks, soils and vegetation

Mercury emissions from top soils and vegetation are significantly influenced by
meteorological conditions, historical atmospheric deposition and type of vegetation and top soil.
Mercury fluxes from unaltered or background sites in North America have been observed in the range
of -3.7 t0 9.3 ng m™ hr”', while in altered sites the mercury fluxes range from -15.4 to 3334 ng m™ hr”

(Nacht and Gustin, 2004), where negative fluxes indicate atmospheric deposition; unfortunately no
high quality data are available for other regions.
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Mercury in vegetation originates from several mechanisms, including the uptake from the
atmosphere, atmospheric deposition to foliage and uptake from roots (Rea et al., 2002); however, the
proximity of vegetation to natural or anthropogenic sources (hot spots or contaminated sites) may
increase its mercury content (Lodenius, 1998; Carballeira and Fernandez, 2002; Lodenius et al., 2003).
The total mercury concentration observed in conifer sap flow is around 12.3-13.5 ng 1" (Bishop et al.,
1998), while the uptake of ground vegetation shows highest accumulation values in roots (82-88%)
followed by rhizome (8-17%) and leaf (0.03-4%), highlighting the barrier function for the transport of
inorganic mercury (Cavallini et al., 1999; Patra and Sharma, 2000; Schwesig and Krebs, 2003) and
showing that almost all of the mercury in foliar tissue is originated from the atmosphere (Eriksen et al.,
2003; Eriksen and Gustin, 2004). Summing up all the net evasional fluxes for all regions, the total net
mercury evasion is 1664 Mgy (Mason 2008) (Table 1.2).

Table 1.2 - Summary of mercury fluxes from terrestrial regions (from Mason 2008).

Region Net Evasion (average) Ratio

Mgy™") (%)
Forest 342 7.5
Tundra/Grassland/Savannah/Prairie/Chaparral 448 9.9
Desert/Metalliferrous/ Non-vegetated Zones 546 12.0
Agricultural areas 128 2.8
Evasion after mercury Depletion Events 200 44
Total 1664

! calculated over the total evasion from natural sources which sum 4532 Mg y”!

1.2.4 Biomass burning

As consequence of mercury content in vegetation, mercury emissions from biomass burning
are significant (Veiga et al., 1994; Carvalho et al., 1998; Roulet et al., 1999; Friedli et al., 2001, 2003;
Sigler et al., 2003; Pirrone et al., 2005). Their contribution it is not often well considered in regional
emissions estimate, especially in very dry regions such as the south of Mediterranean and several
countries of Africa, which may represent an important contribution to the global atmospheric mercury
budget (Veiga et al., 1994; Carvalho et al., 1998; Friedli et al., 2001; Friedli et al., 2003, Cinnirella and
Pirrone, 2006; Wiedinmyer and Friedli, 2007; Cinnirella et al., 2007).

The mercury released to the atmosphere from vegetation is primarily related to mercury
concentrations in foliage, the forest combustion efficiency and the efficiency of mercury released to the
atmosphere. Mercury released to the atmosphere during a fire is strongly controlled by the mercury
substrate concentration, light intensity and temperature (Ferrara et al., 1997; Engle et al., 2001; Zehner
and Gustin, 2002). Field measurements in forests suggest that mercury release from the top soil during
a fire is primarily dependent upon the increase of temperature caused by the activation of complex flux
processes from the lower to the upper soil horizons (Iglesias et al., 1997), leading to an Hg flux of 1 to
5 mg m™ (Woodruff et al., 2001).

Table 1.3 reports the estimate of mercury emissions form biomass burning at regional scale. A
recent estimate suggests that on global scale is released about 675 Mg y' (annual average for the
period 1997-2006), which accounts for about 8% of all current anthropogenic and natural emissions
(Friedli et al., 2008, this report).



Mercury Fate and Transport in the Global Atmosphere: Measurements, models and policy implications

Table 1.3 - Mercury emissions from biomass burning estimated by Friedli et al. (2008, this report)
compared with that reported in literature.

Forest Total Hg release Avg burnt area Avg fuel Reference

Mgy™h) (10°hay™) consumption

(Tgy"h

Temperate/Boreal
Canadian boreal 3.5 2.3 55 Sigler et al., 2003
Russian boreal 13.3 2.1 119 Cinnirella and Pirrone, 2006’
Russian boreal 16.1 (3.4-24.8) 3.9 260 Cinnirella and Pirrone, 2006
Temperate/Mediterrancan 2.4(0.9-3.6) 0.5 46 Cinnirella and Pirrone, 2006'
(Europe)
Mediterranean (Europe/Africa) 2.3 (0.4-4.0) 0.5 45 Cinnirella and Pirrone, 2006'
Mediterranean (Europe/Africa) 4.3 0.4 366 Cinnirella et al., 2007
Temperate/boreal 59.5 - 530 Friedli et al., 2003
Boreal forests 22.5 5.0-15.0 240 Sigler et al., 2003
Tropical
Tropical (Amazonian) 88.0 3.0-5.0 1404 Veiga et al., 1994
Tropical (Amazonian) 17.0 1.5-2.1 486 Lacerda, 1995
Tropical (Amazonian) 6.0-9.0 2.0-3.0 843 Roulet et al., 1999
World
All forests 20.0 - - Nriagu, 1989
All forests 930 (510-1140) - 621 Brunke et al., 2001°
All forests 590 (380-1330) - 3460 Brunke et al., 2001*
Global biomass burning 675 + 240 332 Friedli et al., 2008

Derived from:

! Ground-based data (1996-2002)

% Remote sensing data (1996-2002)
* Hg/CO emission ratio

4 Hg/CO, emission ratio

1.3 Mercury emissions from anthropogenic sources

Mercury is released to the atmosphere from a large number of man-made sources which
include fossil fuels fired power plants, ferrous and non-ferrous metals manufacturing processes,
chemicals production, processing of ores and waste disposal facilities and cement plants (Table 1.4).

Fossil fuels used in electric power generation facilities, especially those that use coal, is the
largest source category of mercury released to the atmosphere, though other emission sources provide

an important contribution in many regions of the world (Figure 1.3).

Table 1.4 - Main source categories of mercury released annually in the environment

Releases from mobilisation of mercury Releases from intentional extraction and Releases from waste treatment,

impurities use of mercury cremation etc.
Coal-fired power and heat production Mercury extraction Waste Incinerators
plants

Landfills
Cremation and cemeteries

Energy production from other fuels Artisanal gold mining

Cement production Caustic soda production

Use of fluorescent lamps, instruments and
dental amalgam fillings

Mining and other metallurgic activities

Manufacturing of products containing
mercury

Traffic activity (Gasoline, diesel,
kerosene, biofuels)
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Figure 1.3 - Global mercury emissions to the atmosphere by
source category in 1995 and 2000 (based on Pacyna et al.,
2003; Pacyna et al., 2006b).

SC: stationary combustion; NFMP: non-ferrous metal production; PISP: pig-
iron and steel production; C: cement production; CS: caustic soda production;

MP: primary mercury production; G: gold production; WD: waste disposal; O:
other sources

1.3.1 Anthropogenic emissions by sources category

Processing of mineral resources at high temperatures, such as combustion of fossil fuels,
roasting and smelting of ores, kilns operations in cement industry as well as uncontrolled incineration
of urban and industrial wastes and production of certain chemicals release several volatile trace
contaminants, such as mercury, into the atmosphere.

Coal Combustion, wood and wood wastes, oil combustion

Coal represents the primary fuel in electrical power generation facilities, accounting for
approximately 43% of total fuel used worldwide (EIA, 2008).

Although it is very difficult to generalize on the mercury concentration in coal, the literature
data indicate that the mercury concentrations in coals vary between 0.01 and 1.5 g per Mg of fuel and
that the concentration of mercury is somewhat lower in lignites than in bituminous and sub-bituminous
coals (see the following Table 1.9 for details). But the lower heating values of lignite than bituminous
and sub-bituminous coals may increase its consumtion to generate an equivalent amount of energy and
thus may release more mercury into the atmosphere (Tewalt et al., 2001).

It should be noted, moreover, that concentrations of mercury within the same mining field
may vary by one order of magnitude or more (Mukherjee et al., 2008a).

Canada, most European countries and Japan have regulations limiting emissions of various
pollutants from coal fired power plants which help limit mercury emissions in these countries. In the
United States currently there are no regulations for power plants that specifically target mercury
emissions (because the Clean Air Mercury Rule (CAMR) was recently vacated by the courts) but there
are regulations for other pollutants (such as SOx), which get some mercury reductions as a co-benefit,
co-control. Also, regulations in other countries often do not specifically target mercury emissions but
rather may control SOx, particulate matter, etc., releases and as a co-benefit get some mercury
reductions. Countries such as China, India, Russia and other countries of the Former Soviet Union
(FSU), are taking some measures to reduce emissions from coal burning, but they have actually not
been very effective. However, Russia, other countries of the FSU as well as other countries in Eastern
Europe have decreased coal burning, in part because of depressed economies, but also because of shifts
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of energy production to natural gas from coal based power plants during the last decade (Sznopek and
Goonan, 2000).

Wood and wood wastes are used as fuel in both the industrial and residential sectors. In the
industrial sector, wood waste is fired in industrial boilers to provide process heat, while wood is used in
fireplaces and wood stoves in the residential sectors. Insufficient data are available, however, to
estimate the typical mercury content of wood and wood wastes.

Oil burning as part of fossil fuels is a contributor to mercury emissions to the global
atmosphere, though it accounts for a less amount compared to coal. The top five consumers of oil for
power generation facilities include the United States, Japan, Russia, China and Germany. Relatively
large volumes of distillate and residual oil are burned each year in the World. These fuels are used by
utilities, commercial and industrial boilers (which depending on their size may be fired by either
residual or distillate oils or a combination thereof) and residential boilers. Fuel oils contain trace
amounts of mercury which occurs naturally in crude oils at levels that are very variable and which may
relate to the specific source of the oil. These values range from 0.007 to 30 g/Mg, with a typical value
being 3.5 g Mg (USEPA, 1993; Pirrone et al., 2006; Mukherjee et al., 2008a).

There is only limited information on the content of mercury in oils. In general, mercury
concentrations in crude oils are about 0.01 g Mg"'. However, on some sporadic occasions these
concentrations were as high as 30.0 g Mg™ (Pirrone et al. 1996; Pirrone et al. 1998). It is expected that
mercury concentrations in residual oils are higher than those found in distillate oils, being the latter
produced at an earlier stage in oil refineries. Heavier refinery fractions, including residual oils, contain
higher quantities of mercury.

Natural gas may contain small amounts of mercury but the element is normally removed from
the raw gas during the recovery of liquid constituents as well as during the removal of hydrogen
sulfide. Therefore, it is assumed that mercury emissions during the natural gas combustion are
insignificant (Pirrone et al. 1996; Pirrone et al.1998; Pirrone et al. 2001c¢).

The most updated estimate (referred to 2000) of atmospheric releases of mercury from
stationary combustion of fossil fuels is reported in Table 1.5 (Pacyna et al., 2006b). Values should be
intended with a +25% uncertainty as recently suggested by Swain et al. (2007). A most recent
assessment is being prepared as a part of the AMAP/UNEP.

New estimates for selected countries (see Table 1.29) show 640 Mg y' of mercury released
to the atmosphere, which is lower compared to thar reported by Pacyna et al. (2006b).

Table 1.5 - Global atmospheric releases of mercury from stationary combustion
of fossil fuels for the year 2000 (Pacyna et al., 2006b).

Continent Stationary combustion (Mg y™)
Europe 88.8

Africa 205.2"

Asia+Russia 905.2

North America 79.6

South America 31

Australia and Oceania 112.6

Total 1422.4

' Despite the data is reported in the cited paper, it has been recognized as a mistake because the
erroneous reference used (Finkelman R.B., personal communication).
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Petrol, diesel, kerosene

Mercury emission from mobile sources has been reported as an important source for which
there are few estimates (EPA, 1997). However, recent estimates in the United States indicate that the
overall emissions quantities are relatively small compared to many other categories. For example, in
the U.S. EPA National Emissions Inventory (NEI) for year 2002, it is estimated that less than 1 Mg of
mercury per year is emitted from mobile sources in the U.S.A., which is less than 1% of the total
emission inventory for that country. Nevertheless, a significant effort has been made to assess mercury
emissions from vehicular traffic (Liang et al., 1996; Wilhelm and Bloom, 2000; Wilhelm 2001; Hoyer
et al., 2004; Conaway et al., 2005; Landis et al., 2007).

Mercury concentrations in petroleum and refined petroleum products are summarized in
Table 1.6. In addition, emission factors for elemental, vapor-phase mercury plus particulate mercury
for the light-duty gasoline vehicles have been found ranging from 2.47 to 11.44 ng "' and from 70.92
to 123.84 ng 1" for diesel vehicles (Hoyer et al., 2004). Experiments suggest that some of the factors
influencing mercury emissions from mobile sources include oil consumption, driving conditions
(including brake wear) and fuel consumption. In contrast, Landis et al. (2007) have measured 62 ng I
of mercury released from diesel powered vehicles and 284 ng I"' from petrol powered vehicles (regular
grade gasoline 89 octane). Gasoline vehicles were, therefore, found to be a significant source of Hg’,
RGM and Hg(p).

Table 1.6 - Mercury concentration in crude oil and refined products of different geographic origin
(from Wilhelm and Bigham, 2001).

Product Range Mean SD Origin Reference

(ngg") (ngg") (ngg")
crude oil 1-7 4 Liang et al, 2000
crude oil 0.1-12 <1 Asia Tao et al., 1998
crude oil NDi-1560 146 North America Magaw et al., 1999
crude oil 1.0-3.2 1.7 Africa Morris, R., 2000
crude oil 2.4-5.7 4.3 Middle East Morris, R., 2000
crude oil 1.9 1.9 Canada Morris, R., 2000
crude oil 2.5-9.3 5 North Sea Morris, R., 2000
crude oil 0.1-2.7 1.4 Mexico Morris, R., 2000
crude oil 0.8-12.3 5.2 South America Morris, R., 2000
crude oil 3.1 3.1 n.a. Morris, R., 2000
crude oil <2-9 1.6 Canadian refineries Duo et al., 2000
light distillates 0.1 2.8 n.a. Wilhelm and Bigham, 2001
utility fuel oil 0.7 1.0 n.a. Wilhelm and Bigham, 2001
gasoline 0.72-3.2 1.5 n.a. Liang et al., 1996
gasoline 0.22-1.43 0.7 n.a. Liang et al., 1996
gasoline 0.08-1.4 0.50 0.40 n.a. Conaway et al., 2005
diesel 0.4 n.a. Liang et al., 1996
diesel 2.97 n.a. Liang et al., 1996
diesel 0.034 0.026 n.a. Kelly et al., 2003
diesel 0.05-0.34 0.15 0.06 n.a. Conaway et al., 2005
Kerosene 0.04 0.04 uU.s. Liang et al., 1996
Heating oil 0.59 0.59 uU.s. Liang et al., 1996
Light distillates 1.32 2.81 u.s. Bloom, 2000
Asphalt 0.27 0.32 u.s. Bloom, 2000
Naphtha 3-40 15 Asian Olson et al., 1997
Naphtha 8-60 40 U.S. Olson et al., 1997
Petroleum coke 0-250 50 0.05 U.S. USEPA, 2001

Field measurements in S. Francisco Bay (USA) indicate that petroleum products contribute
with 0.7-13 kg y"' of mercury (3% of the total in the Bay) to the environment (Conaway et al., 2005).
While on a national basis the rough mercury tailpipe emissions (based only on fuel mercury content)
from on road motor vehicles was estimated in 148 kg y™' (Landis et al., 2007).

A very conservative global assessment on mercury emission from petroleum fuel
consumption for 2000 has been done by considering emission factors reported by Landis et al. (2004)
and the world consumption of petrol (1060.436 Gigalitres) and diesel (622.417 Gigalitres) (IEA, 2006).
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Petrol combustion contributed with 238 kg y™' (min 121-max 281) of mercury emission while
diesel contributed with 140 kg y™ (71-209). The total mercury emission was around 378 kg y' (192-
564) with a growing trend due to the increase of gasoline and diesel consumption. On a country basis,
North America released 156 kg, Asia 94 kg and Europe 80 kg (Figure 1.4).

The global contribution to atmospheric emission of petroleum fuels combustion represented
1.5% of the total anthropogenic emission. It should be remarked that the estimate is very conservative
because not all countries have been reported in the EIA database and because fuel used for ocean,
coastal and inland fishing and military consumption is excluded from the database.In addition growing
consumption of biodisel is not considered in this assement.
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Figure 1.4 - Global mercury emissions to the atmosphere by
petrol and diesel consumption in 2000.

Iron-Steel Manufacturing

Emissions of mercury from primary and secondary pig iron and steel production are very
much related to the overall production of these industrial goods and the efficiency of emission control
measures. Around 31 Mg of mercury per year are released to the environment and no major changes in
the mercury emissions have been observed for this sector during the 1990°s and beginning of 2000’s
(Pirrone et al., 2001b; Pacyna et al., 2006b). Asia (14.4 Mg y™") and Europe (12.5 Mg y™') are the most
contributing regions to the global mercury budget.

Primary & Secondary non-ferrous metal smelters

Mercury appears as an impurity of copper, zinc, lead and nickel ores as well as in gold ores
(emissions from gold mining is discussed ia following section). These metals are known to be large
sources of mercury released to the atmosphere, especially in developing countries (UNEP, 2002; Jones
and Miller, 2005; Telmer and Vega, 2008). As shown in the GMA report, emissions of about 170 Mg
per year from this sector can be considered as an underestimate.

Trends in nonferrous metal production by different processes, with a special focus on new
emerging countries, are increasingly leading to an increase of mercury releases to the atmosphere.
Combustion temperature in boilers, furnaces and roasters are key parameters affecting the amounts of
mercury released into the atmosphere as well as the chemical form and particle size distribution
(Pirrone et al. 1996; Pirrone et al. 2001c; ZMWG, 2007).
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It is very difficult to discuss the average content of mercury in the copper, zinc, lead, nickel
and gold ores as very little information is available in the literature. However, some estimates are
available, such as concentrations in gold ores (Jones and Miller, 2005). On the basis of U.S.G.S.
mineral survey (U.S.G.S., 2004), the Zero Mercury Working Group (ZMWG) estimate mercury
emissions from ore processing worldwide (Table 1.7) (ZMWG, 2007).

Best estimates of mercury emitted from non-ferrous ore processing are about 329 Mg y™ with
consistent differences with previous estimates (Pacyna et al., 2006) due to the contribution from China
(Street et la., 2008).

Table 1.7 - Estimates of mercury emissions from ore processing worldwide
(ZMWG, 2007).

Metal Hg emissions (Mg)
Lower-bound estimate Upper-bound estimate
Copper 77.7 138.7
Gold 21.0 323
Lead 9.8 9.8
Zinc 68.5 330.1
Total 177.1 510.9

Caustic soda production (Chlor-alkali plants)

Approximately 150 chlor-alkali plants were in operation worldwide in 2004, though in
Europe after recent legislation approval most of plants have been closed or are going to be closed in
few years (Concorde East-West, 2006). Most of chlor-alkali plants use mercury cell technology with
chlor-alkali processes that differs substantially from country to country (Eurochlor, 2007):

e Western Europe, predominance of mercury cell process (June 2000): 55%
e  United States, predominance of diaphragm cell process: 75%
e  Japan, predominance of membrane cell process: >90%

e India, predominance of membrane cell process: 86% (since 2000s) (Mukherjee et al.,
2008b, chapter 4)

The remaining chlorine production capacity in western Europe consists of diaphragm cell
process 22%, membrane cell process 20% and other processes 3% (Table 1.8) (Eurochlor, 2007).

Global production capacity of chlorine in 2000 was about 12 Tg, the EU accounting for about
54% of the total. In 2000 the chlorine production capacity in western Europe was 6.6 Tg, 1.4 Tg in
USA and 4.2 Tg in the rest of the world (EC, 2002; EC, 2004).

Due to the process characteristics, mercury can be emitted from the mercury cell process
through air, water, wastes and in products. The total mercury emission to air, water and products from
chlor-alkali plants in western Europe was 9.5 Mg in 1998, ranging from 0.2-3.0 g of mercury per Mg
of chlorine capacity at the individual plants (EC, 2001; EC, 2002).

In literature, significant discrepancies can be found between the amount of emissions
reported and the amount of mercury purchased to replace mercury in cells. This missing mercury is
reported to be in the range of 0.069 to 0.35 kg per Mg of NaOH produced with very different figures in
new emerging countries (i.e. India) that loose up to 25 times more mercury than the global best figure.
The most up-to-date estimate on mercury emission from chlor-alkali plants (Pacyna et al., 2006b) with
an estimate of 65.1 Mg y™ is very far from our assessment that for selected countries reports 191.1 Mg
y"! of mercury released to the atmosphere. New estimates are expected in the near future as information
became available.
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Table 1.8 - Number of chlor-alkali plants, total chlorine production and percentage of processes that use mercury
cells in EU countries in 2005 (Eurochlor, 2007)

Country Number of Total chlorine Capacity Mercury cell process as % of total
installations (Tg) capacity

(o)

EU & EFTA countries

Belgium 3 752 74

Finland 1 115 35

France 7 1686 52

Germany 10 3972 37

Greece 1 37 100
Ttaly 9 982 83

Netherlands 1 624 11

Portugal 1 89 48

Spain 9 802 95

Sweden 2 310 71

United Kingdom 3 1091 78

EU total 47 10521 55

Switzerland 3 104 100
Total - EU+EFTA 50 10805 54

Accession countries

Bulgaria 1 105 100
Czech Republic 2 183 100
Hungary 1 125 100
Poland 3 460 50

Romania 1 633 14

Slovak Republic 1 76 100
Total - Accession countries 9 1750 46

Cement production

Cement production, associated with coal fuel used and other mercury-containing input
materials, is a significant mercury emitting source category. Mercury out flowing the process derives
from mercury existing in raw materials, limestone and coal fuel. Some alternative fuels also have a
substantial mercury content. Mercury emissions monitoring data from cement kilns are very limited,
therefore, the collection of new emissions data could be important for this source category. The
evaluation of Hg emissions on the basis of emission rates should be performed having in mind that
large differences may occur in cement kilns technology which influence, ultimately, the emission rates.
For example, in China, around 90% of the cement kilns are vertical shaft types, while in Western
countries more energy efficient rotary kilns are used.

With respect to the mercury in the stack of cement kilns, the average mercury concentration is
about 13 pg/Nm’® (Pirrone et al., 2001b). Pacyna et al. (2006b) reported an emission factor of 0.1 g per
Mg of cement produced, which lead to 140.4 Mg y™' of mercury emitted to the environment (Pacyna et
al., 2006b). Our best estimate for selected countries is 77.4 Mgy (Table 1.29).

Coal bed fires

Coal-bed fires have occurred since at least the Pliocene (Coates and Heffern, 2000). Clinker
records evidence for extensive burning in the western U.S., most notably in Wyoming, Colorado, Utah,
and Montana. These ancient fires were initiated by natural causes including spontaneous combustion,
lightning strikes and forest fires. Herring (1989, 1994) postulated that these ancient coal-bed fires
could have been the source of a substantial portion of the nitrogen in earth's atmosphere.

Coal-bed fires and burning coal waste have proliferated worldwide since the Industrial Age,
primarily as a consequence of anthropogenic activities. Spontaneous combustion due to exothermic
reactions and the self-heating of coal exposed during mining is particularly problematic, making
further mining dangerous while polluting surrounding communities. In other cases, coal fires are
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caused by mining activities including welding and electrical work, burning trash in abandoned mines,
smoking, etc. (Stracher and Taylor, 2004). Today, tens of thousands of uncontrolled coal fires are
burning around the world, emitting enormous amounts of the greenhouse gases, methane (during
heating of the coal) and carbon dioxide, as well as CO, mercury, aerosols, sulfur compounds, and
hydrocarbons including n-alkanes, iso-alkanes, cyclo-alkanes, alkyl aromatics, alkenes, keytons, ethers,
halogenated hydrocarbons and additional volatile organics (Stracher et al., 2007; 2008). In China more
coal fires are burning out of control than in any other country. Estimates for the amount of coal
consumed annually by the fires in China range from 20 to 30 million Mg (Kuenzer, 2008) to 200
million Mg (Rosema et al., 1993; Discover, 1999) and may account for as much as 2-3% of the annual
world emission of atmospheric CO, attributed to the burning of fossil fuels (ITC, 2008). There may be
as many as 10,000 small coal and peat fires in Indonesia (A. Whitehouse, personal communication,
2004).

In the U.S. about 140 underground coal-mine fires and 58 burning gob piles have been
reported from Pennsylvania (Stracher and Taylor, 2004): In India, South Africa, Russia, Eastern
Europe and elsewhere, research reveals the mobilization of large volumes of potentially toxic elements
including arsenic, selenium, fluorine and sulphur, in addition to smaller amounts of lead, copper,
bismuth, tin, germanium and mercury. These data are based primarily on the analyses of solids
precipitated around coal-fire-gas vents. Analyses of coal-fire gas from South Africa show high
concentrations of benzene, toluene, xylene, ethyl benzene and dozens of other organic compounds
(Learner, 2008 and herein references). In addition, an unpublished ICP-MS analysis from a coal-fire-
gas vent in Colorado showed a compound that contains Hg.

No attempt has been made to quantify the amount of mercury mobilized during these fires.

Given the estimates for CO, emissions, it is possible that uncontrolled coal fires are responsible for a
significant proportion of global mercury.

Table 1.9 - Mercury content in coals from selected countries (U.S.G.S., unpublished data).

Country Coal Type Mean Range No. of Samples  Comments
(gMg") (gMg")

Argentina Bituminous 0.1 0.03-0.18 2

Botswana Bituminous 0.09 0.04-0.15 11

China Anthracite - Bituminous 0.15 <0.02-0.69 329 Belkin et al. 2004

Colombia Subbituminous 0.04 <0.02-0.17 16

Egypt Bituminous 0.12 0.04-0.36 14

Peru Anthracite - Bituminous 0.27 0.04-0.63 15

Philippines Subbituminous 0.04 <0.04-0.1 6

Romania Lignite - Subbituminous 0.21 0.07-0.46 11

Slovak Rep. Bituminous 0.08 0.03-0.13 7

South Korea Anthracite 0.30 <0.02-0.88 11

Taiwan Anthracite - Bituminous 0.67 0.07-2.3 4 Mean = 0.12 w/o

the 2.3

Tanzania Bituminous 0.12 0.04-0.22 24

Turkey Lignite 0.11 0.03-0.66 143 ST.D. 0.093

US All 0.17 7649 Finkelman, 1993

Vietnam Anthracite 0.28 <0.02-0.67 6

VV. Bituminous 0.19 0.04-0.67 39

Yugoslavia Lignite 0.11 0.07-0.14 3

Zambia Bituminous 0.6 <0.03-3.6 12

Zimbabwe Bituminous 0.08 <0.03-0.5 3

If we take the mean of the estimates for the amount of coal consumed annually by
uncontrolled coal-bed fires in China it is estimated that about 112.5 million Mg of coal is burned. In
addition to China, Walker (1999) reports coal fires from the United States, Canada, Australia, India,
Indonesia, South Africa, England, Germany, Poland, Czech Republic, Russia, Ukraine, Turkey,
Thailand, and other countries. If we assume an additional 87.5 million Mg of coal are consumed each
year by these uncontrolled coal-bed fires plus coal-waste-pile, and coal-stock-pile fires we get a total of
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200 million Mg. Multiplying this figure by the average mercury content in coal, 0.16 g Mg (Table
1.9), the amount of mercury release annually to the atmosphere by uncontrolled coal fires would be
about 32 million Mg as an upper bound. If we accept the lower estimate for China of 20 million Mg of
coal and assume that this represents half of the global uncontrolled fires (40 million Mg) we get a
lower bound for mercury emissions of about 6.4 Mg of mercury released by uncontrolled coal fires.
Because none of the emissions from uncontrolled-coal fires are attenuated by pollution-control
systems, most of the mercury escapes into the atmosphere.

Waste

Hazardous or non-hazardous waste production containing mercury is governed by the yield
and consumption of goods and their recycling process in society. Several products contain mercury and
as calculated by Maxon (2003), the mercury supply from 1994-2000 for all products and processes
production has averaged 3600 Mg per year, which one could take as a rough estimate of global
mercury supply in 2000. A recent assessment for 2005 (UNEP, 2006b) estimate 3000-3800 Mg y-1 of
mercury supply. Small-scale artisanal gold mining, vinyl chloride monomer (VCM) production, chlor-
alkali production and batteries production, plants and artisanal mining adsorb around 75% of the total
supply (Figure 1.5) (as discussed in the Mercury mining section of this chapter).

(@) (b)
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Figure 1.5 - Percentages of global mercury consumption for different sector in 2000 (a) and 2005 (b) (from
Maxon 2003 and UNEP, 2006b).

Not all supplied mercury is finally converted in waste. The amount of mercury in waste
depend upon the mercury content in products, products’ lifetime and waste disposal mechanisms. The
knowledge on mercury in different types of wastes is scarce and this implies that also the knowledge of
mercury emissions from waste disposal practices (i.e., incinerators, landfills) is affected by a large
uncertainty.

The causal factors of mercury in waste are categorised as follow (UNEP, 2007):
e Industrial equipments using mercury and consumer products;

e  Typology of waste treatment processes used;

e Thermal process of natural mercury impurities in raw materials; and

e  Extracting processes used in Artisanal and small scale gold mining.

Mercury in waste derived from industrial processes
Due to the phasing out of industrial mercury processes and mercury-containing products, a
large amount of equipments for industrial mercury processes and mercury-containing products are

expected to become mercury waste (UNEP, 2007). For example, the most qualified estimate of EU-15
mercury cell chlor-alkali plants amount to some 11,800 Mg. Waste from the Cl, industry has been
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estimated to contain 10 to 17 g of mercury per Mg of chlorine, showing variations within years (Garny,
2001; EC 2001b) (Figure 1.6).

Based on a Cl, production capacity of 12.2 Gg (Euro Chlor, 2008) it can be estimated that in
2000 mercury waste from chlor-alkaly plants was 183 Mg.
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Figure 1.6 - Mercury in solid waste from chlor-alkali plants in
EU-15+Switzerland (from Garny, 2001).

Mercury in waste derived from consumer products

Most of mercury in waste derives from items that has been used and now are discontinued or
are still used. Household sources categories of mercury are (EPA, 1992): batteries, electrical lighting,
electrical equipment, instrument, pigments, paper coating, pharmaceuticals, dental amalgams and
plastic catalysts. Some items pertain to both municipal and hospital solid wastes. The most critical
products discharged in solid waste are lamps, batteries, diuretics, dental fillings, pigments,
thermometers and plastics.

Based on the lamp manufacturing industry’s data (NEMA, 2001), the most common type of
fluorescent lamp (4-foot T-8 model) was estimated to have an average mercury composition of about
10 mg per lamp (Maine Department of Environmental Protection, 2003; Culver 2007). A significant
reduction of mercury content occurred from 1994 when the amount of mercury in lamps decreased
from 44 to 20 mg. Mercury content in most common lamps is reported in Table 1.10.

Table 1.10 - Mercury in Fluorescent Lamps (from Culver, 2007).

Lamp Type Min (mg) Max (mg)
4’, Linear T8, (Low-Hg) 3.5 10

8’ Linear T8 3.5 31-65
4’ T12, TCLP 44 10

8 T12 6.8 31-65
U-bent T8 35 31-65
Preheat T8 (F15T8) 1.4 11-30
Compact fluorescent 1.4 11-30

It should be noted that because of the significant energy savings, using high efficiency
fluorescent lamps containing mercury to replace incandescent lamps or older fluorescent lamps results
in a net reduction in mercury emissions. EPA estimates that full implementation of the Green Lights
program in USA would result in a reduction of close to 10 Mg of mercury per year due to reduced
power generation.

After being used lamps can be disposed in a municipal or hazardous waste landfill, recycled
to recover mercury and other lamp materials or placed in a municipal waste incinerator. Landfilling has
been a traditional mean of disposing of spent lamps. Due to their extremely low mercury content,
lamps have historically accounted for only 3.8 percent of all the mercury deposited in municipal
landfills (EPA, 1992). On the other side the incineration of mercury-containing lamps, release up to
90% of the mercury to the air.A global estimate of mercury release from this category is not yet
available.
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Mercuric oxide (mercury zinc) batteries and button batteries are intended for use in medical
devices. Despite their production was stopped in 1990, some of the medical devices may still require
mercuric oxide batteries including cardiac monitors, pH meters, oxygen analyzers and monitors and
telemetry instruments. The alternative for mercuric oxide batteries, the zinc air batteries, may not be
mercury-free. A zinc air button battery may contain up to 25 mg of mercury. Larger zinc air batteries
are made up of stacked button batteries, each of which may contain up to 25 mg of mercury (Table
1.11). Any global estimate has been done on mercury release by use of batteries but the amount of
batteries used worldwide (e.g. in the UK currently over 20,000 Mg of batteries are thrown away each
year) should give a consistent contribution to mercury emissions.

Table 1.11 - Mercury in Button Cell Batteries.

Button Cell Type Mercury per Unit
(mg)
Zinc-air 9.0
Silver-oxide 3.5
Alkaline 10.9

Thermometers, thermostats, fluorescent lamps, electrical switches, pharmaceuticals and
dental fillings are common products in which mercury is still being used. Mercury is also used in many
specialty medical applications, such as blood pressure cuffs, specialized batteries, cantor tubes,
esophageal dilators, pulmonary Scholander devices and in vaccines (where it acts as a preservative)
(Table 1.12).

Table 1.12 - Mercury content in common household item.

Product Mercury
(mg)
Dental amalgams 500
Home thermometer 500-2000
Float switches in sump pumps 2000
Tilt thermostat 3000
Electrical tilt switches and relays 3500

The mercury amount in waste is partly a result of waste type and quantity. Once generated
solid waste can be landfilled, incinerated or recycled. Any adequate treatment will lead to mercury
release in soil and then groundwater through leaching and in atmosphere through volatilization. On the
other side wastewater can be discharged directly into rivers, lakes and sea or treated in waste treatment
plants. Also in this case the treatment process affects directly the amount of mercury released in waters.

Mercury emissions from industrial incinerators

Industrial waste incinerators emit the highest amounts of mercury to the atmosphere [in some
countries] due to the high mercury content of industrial hazardous wastes (Sung et al., 2004). Non-
homogeneity of the industrial waste characteristics result in the fluctuation in effluent mercury
concentration. In Korea, mercury emission are in the range of 619 to 1318 mg m™ at the inlet of wet
type particulate control device and from 40 to 325 mg m™ at the stack have been observed.

Industrial waste incinerators with dry- and semidry-type APCDs (scrubber bag filter) released

mercury at the concentration of 14.3-59.3 mg m™ at the inlet of APCDs and 17.8-58.8 mg m™ at the
stack.
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Mercury emissions from municipal waste incinerators

Municipal waste incinerators (MWIs) can be a significant source of mercury emissions. For
example, in the U.S.A. in year 1990, this sector was the largest emitting source category, with an
estimated 52 Mg of mercury emissions for year 1990. However, emissions from municipal waste
incineration were reduced by more than 90% in the U.S.A. from 1990 to 2002 due to regulations to
control emissions as well as actions to reduce the use of mercury in products (e.g., batteries and paints),
thereby reducing the mercury content of waste (U.S. EPA, 2006).

In addition, slag is produced from waste incineration processes. This product is mostly used
for road construction, noise barriers, concrete production or landfilled. The slag unfortunately contains
high concentrations of trace metals. Hg concentration varies from 0.02 to 7.75 mg kg ' (IAWG, 1997).
Assuming a Hg content of 4 mg kg ', total Hg in slag from waste incinerators inn Europe (EU-15
states+3 non-EU countries) varies between 24 and 54 Mg (Table 1.13).

Mercury emissions from medical waste incinerators

At present, any global estimate is available for operative medical waste incinerators. As
consequence any global assessment has been done on mercury emission from this particular source
because emissions are often included in the overall waste incinerators estimate (UNEP, 2002).

In the United States, about 5000 medical waste incinerators are in operation with most of
them (90%) operating on-site. It is also assumed that at least larger MWIs are equipped with a simple
or more efficient emission control devices. Most of the device systems employed in the medical waste
incinerators are either wet or dry systems. Wet systems typically comprise of a wet scrubber for
controlling the emission of particles in combination with a packed-bed scrubber for removal of acidic
gases and a high efficiency mist elimination. Dry systems include ESPs or FFs in combination with the
sorbent injection. Concerning the removal of mercury, appearing mostly in a gaseous form, the
efficiency of this process is rather limited. An improvement was obtained through adding activated
carbon to the sorbent material in the sorbent injection/FF systems (Pirrone et al., 2001c). Medical
waste incinerators are, therefore, a large source of mercury to the environment because mercury in
medical waste can be as much as 50 times higher than mecrcury in municipal solid waste (EPA, 2008).
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Table 1.13 - Estimated mercury content (Mg y ') in waste in 2000 in the EU member countries (from Mukherjee et al., 2004).

Source Batteries Lamps  Amalgam Incen. Sewage Thermomet  Instrument Sludge, Cl, Power Lab Metal Total Year Reference
waste sludge ° ers production plants waste industry

Austria 0.9 0.06 5 30.2 0.34 - - 0 - - - 36.5 1999/2000 1,2
Belgium® 1.09 0.009 n.a. - 0.18 0.01 - - - - - 1.29 1993 1,2
Denmark 1.6 0.15 1 1.8 0.22 1.75 22 0 - 0.12 - 8.84 1996 2,3
Finland 1 0.12 0.42 - 0.21 0.2 0.54 - - 0.01 0.09 2.59 1996 2,3
France 6.8 0.2 9 - 2.67 9 0.4 - - 0.9 18 46.97 1993 2,4
Germany 13 1.37° 29 - 2.66 - 5 - - 3 - 54.03 1993 1,2,5
Ireland 11.45 0.03 0.5 - 0.03 - - - - - - 12 1996 1,2
Netherlands 15.7 0.083 11 15 0.57 - - 2 — - 4.75 49.1 1997/1999 1,2
Spain 14.4 0.002 - - 0.4 1 - — - - 123 +224° 362.48 1999 1,6
Sweden 1 0.3 0.7 - 0.45 1.5 - 39 7 - 9.5 59.45 1996 1,2
UK 4.4 4 10.5 14.4 2.86 44.5° 1.3 - - 22.8 3.7 10.2 118.66 1996 1,2
Total 752

1: National submission; 2: EEA (2002); 3: Huse et al. (1999); 4: Genie Urbain-Genie Rural (1999); 5: Maxson and Vonkeman (1996); 6: Anon. (2000).

@ The Estimate is based on: batteries; 50% contain Hg-oxide (Hg content 30%) and the rest (0.7% Hg); weight of a lamp 250 g containing 15 mg Hg/unit; thermometer: weight 50 g containing 1 g Hg (Huse et al.,
1999).

P Sewage sludge values are based on 1996/1997.

¢ Estimated as follow - fluorescent discharge lamps: 15 mg Hg/lamp; compact lamps: 5Smg Hg/lamp; high pressure Hg-vapour: 30mg Hg/lamp; metal halide: 30 mg Hg/lamp; high pressure sodium: 25mg Hg/lamp;
90M units (Genest, 1997). Holland—batteries: half of the total amount (2700 t) contain 0.2% Hg and the rest amount contain 1.0% Hg (Bjenstad and Linde, 1994). Electrofilter sludge contains 2900 mg Hg/kg sludge
(dry matter); residue contains 20% Hg; jarosite waste from Zn-plant contains 50 mg Hg/kg; amalgam waste contains 50% Hg (Meijer, 2001); weight of lamp was estimated by multiplying 250 g/lamp; total Hg in
lamps: 5.5 x10° units x15 mg = 0.083 t.

9 Hg in municipal waste.

¢ Mercury wastes and 224 t of Hg in wastes generated by Mayasa Company (Anon., 2000).
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Mercury emissions from landfill process

Measurements of mercury concentrations have been performed upwind and downwind of the
working face (where waste is trucked in from transfer stations, deposited, compacted and covered with
inert filling material) at several Florida landfills. Downwind mercury concentrations (100 ng m™) were
significantly higher (30 to 40 times) than that measured at upwind locations (Lindberg, 1999a; 1999b).
Once buried, some of the inorganic mercury in the landfill is converted by bacteria into the more toxic
methylmercury.

On the basis of direct quantification at landfill gas vent of giant landfill facilities in Seoul,
Kim and Kim (2002) evaluated 420 ng m™ (range 3.45-2952 ng m™) of mercury concentrations. On an
annual basis, the computed fluxes of mercury from the whole site were on the order of 23 g.

Historical data from landfills, including a rough estimate of the total masses of deposited
metals at the landfills since start-up, based on the metal-content data show 0.29-0.83 Mg per landfill in
Finland.

High TGM concentrations (1100-1500 ng m™) have been measured at daily municipal solid
waste generation in the Mexico City Metropolitan Area.

Mercury emissions from wastewater treatment process

Sometimes liquid mercury contained in products is intentionally or accidentally discharged
into wastewater reaching at the end of the process the aquatic environment. Without proper treatment
of wastewater, the dynamics of mercury includes the following steps:

1. During collection and transport of wastewater, Hg(II) is often in reducing conditions
(caused by anoxia and various bacteria), leading to elemental mercury formation;

2. In the primary settling tank, mercury adsorbed to and incorporated into settleable solids
is removed in the sludge;

3. In the mixed liquid aeration basin or other biological unit, bacteria, protozoa and other
microorganisms proliferatively and effectively convert dissolved organic material and
colloidal particles with associated mercury to a flocculent biological material which is
eventually removed as waste sludge;

4. Bacterial action in anaerobic or aerobic digestion to stabilize sludge would produce
additional transformations of elemental mercury. Elemental mercury formed may be
stripped from solution by gas mixing systems (in the case of anaerobic digesters) or
forced aeration. After stabilization, sewage sludge is often thickened or dewatered to
reduce volume prior to ultimate disposal by land spreading, landfill or incineration
which are the anthropogenic sources of mercury emission (Huber 1997).

Sewage sludge is thus a residual product from industrial and urban wastewater. In recent
years production of sewage sludge is increasing due to better effluent treatment methods and strict
national regulation. For example in 1998, EU countries (except Italy) generated 7175 Gg (dry matter)
of sewage sludge. The mercury concentration in sewage sludge, supplied only by seven countries for
1995/1998, varied between 0.6 and 3 mg kg

Process of natural mercury impurities in raw materials and mercury waste

Thermal processes (burn of raw material containing trace amount of mercury) include
calcinations, combustion, crematoria, incineration, pyroprocessing, pyrometallurgy, retort, roasting,
melting and smelting. Excluding the vapour phase of mercury in the flue gas released into atmosphere,
mercury accumulates in solid incineration residues and flue gas cleaning residues, ash and slag which
are finally landfilled, stabilised as concrete, or recycled as construction materials (Pirrone et al.,
2001c).
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Process at Artisanal and Small Scale Gold Mining

Mercury waste, called as “tailings”, released from artisanal and small scale gold mining
activities has been becoming one of the hot issues, because almost all activities are in developing
countries and countries with economies in transition and very often miners do not consider health
effect due to their activities. Mercury in artisanal gold mining is used to form an amalgam that binds
with gold (Telmer and Veiga, 2008, this report) and it is usually discharged with tailings and/or
volatilized into the atmosphere. The magnitude of loss and means of mercury release from a specific
site are defined by the Au-Hg separation procedures. A variety of amalgamation methods are used in
artisanal mining operations (GMP, 2006). For details on mercury release from artisanal and small
scale gold mining see the following section Artisanal gold mining.

Mercury mining

The evaluation of the global primary mercury production is very uncertain because most
countries do not report their mercury production in the official statistical yearbook.

The USGS estimated as 2,795 Mg of mercury produced globally, whereas Gobi International
assessment was higher with 3,337 Mg of mercury annually produced. Maxon (2005) reported 3,386
Mg of mercury used in different processes or products (Table 1.14).

At present, producing primary mercury mines are located in Algeria, People's Republic of
China, Kyrgyzstan and Spain. Italy, Mexico, Slovakia, Slovenia and Turkey were all active minor
producers before the worldwide collapse of mercury markets in the early 1990’s and the banning
process. Although none of these countries are presently producing mercury from primary mines, each
retains significant reserves.

Table 1.14 - Global mercury demand in 2000 by sector and by region.

Mercury use category EU-15 US consumption Rest-of-the-world Global
consumption (Mg) consumption consumption
Mg) Mg) Mg)
Chlor-alkali industry 95 72 630 797
Small-scale gold/ silver mining 0 0 650 650
Batteries 15 16 1050 1081
Dental 70 44 158 272
Measuring & control 26 35 105 166
Lighting 21 17 53 91
Electrical control & switching 25 50 79 154
Other uses 50 50 75 175
Total 302 284 2800 3386

Table 1.15 gives information on recorded global primary production of mercury since 1981.
There are also reports of small-scale, artisanal mining of mercury in China, Russia (Siberia), Outer
Mongolia, Peru and Mexico. It is likely that this production serves robust local demand for mercury,
often for artisanal mining of gold — whether legal or illegal.

World production of mercury is decreasing rapidly due to the banning policy adopted in

several countries. Current mercury production on annual basis shows that nearly 1800 Mg of mercury
was produced in 2000.
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Table 1.15 - World production of mined mercury (Mg) as reported by the USGS
(Jasinski, 1994; Reese, 1997-1999)

Country 1981-1985* 1986-1989 * 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000
Algeria 386-877 587-764 637 431 476 459 414 292 368 447 224 200 240
China 800 850-1200 1000 760 580 520 470 780 510 830 230 200 200
Finland 2 65-130 135-160 141 74 85 98 89 90 88 63 80 80 45
Kyrgyzstan - - - - 300 1000 379 380 584 610 620 620 600
Mexico 221-394 124-651 735 340 21 12 12 15 15 15 15 15 25
Russia - - - - 70 60 50 50 50 50 50 50 -
Slovakia / 144-158 131-168 126 75 60 50 50 0 0 0 20 0 0
Czechoslovakia

Slovenia - - - - 7 ? 6 0 5 5 5 0 0
Spain 1416-1560 967-1471 - - - 643 393 1497 862 863 675 600 2373
Tajikistan - - - - 100 80 55 50 45 40 35 35 40
Ukraine - - - - 100 50 50 40 30 25 20 - -
USA 570-962 140-520 562 58 64 w w w 65 w - - 15
USSR 1600-1700 1500-1650 800 750 - - - - - - - - -
Yugoslavia 0-88 51-75 37 9 - - - - - - - - -
Other countries 200-400 100-200 - - - - 223 200 - - 830 380 448
Total 5500-7100 4900-6700 4000 2500 1900 3000 2200 3400 2600 2900 2800 2200

By Hylander & 5600-6100 6100-6600 6100 3700 3100 3000 2000 3300 2800 2500 2000 2100 1800
Meili (2003)

' Reference: Metallgesellschaft (1992), as cited by OECD (1994). This reference's totals for 1990 and 1991 were 400-900 Mg higher than the
presented totals from USGS.

Numbers for Finland from 1990-1997 are from Finnish Environment Institute (1999).

Spain has reported a production in 2000 of 237 Mg from the Spanish mercury mines.

W withheld in the references

Artisanal gold mining
Mercury releases from Artisanal Small scale Gold Mining (ASGM) is due to the process
used for gold extraction. Several countries have gold mining sites that release mercury in the

atmosphere (Table 1.16).

Table 1.16 - Mercury consumption from artisanal small scale gold mining by region.

Gold mining site Period Average Total Reference

(since) annual Mg)

Mgy™)

Amazon, Brasil 1979 180 3000 Telmer & Veiga, 2008
Mindanao, Phillipines 1985 26 260 Telmer & Veiga, 2008
Southern Brasil 1985 1 10 Telmer & Veiga, 2008
Puyango River, Peru 1987 3 24 Telmer & Veiga, 2008
North Sulavesi, Indonesia 1988 15 120 Telmer & Veiga, 2008
USA 1969 6 150 Telmer & Veiga, 2008
Canada 1976 1 14 Telmer & Veiga, 2008
Choco region, Colombia 1987 30 240 Telmer & Veiga, 2008
Narino, Colombia 1987 1 8 Telmer & Veiga, 2008
Victoria Fields, Tanzania 1991 6 24 Telmer & Veiga, 2008
Pando Dep., Bolivia 1979 20 300 Telmer & Veiga, 2008
Jia pi Valley, China 1938 2 116 Telmer & Veiga, 2008
Dixing region, China 1992 120 480 Telmer & Veiga, 2008
Guyana Shield, Venezuela 1989 45 360 Telmer & Veiga, 2008
Asmara, Eritrea 1907 0.1 10 Cinnirella and Pirrone*
Total 456.1 5106

*estimates based on an historical paper on gold extraction in Eritrea (Zaccaria, 2005).

Actual estimates are based on available data on mercury and gold exports and imports by
country and reported production and technology of extraction from all the countries known to have
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active ASGM communities. The quality of the estimates ranges from good to poor across the
countries. ASGM sector contributes with 640 to 1350 Mg of mercury per year (averaging 1000 Mg) to
the environment from at least 70 countries. A significant fraction (350 Mg) is directly emitted to the
atmosphere while 50 Mg are expected to be released latently for a total of 400 Mg. The restis
discharged to rivers and lakes (Telmer and Veiga, 2008, this report).

1.3.2  Anthropogenic mercury emissions by region

In the last decade a considerable amount of research has been done to improve mercury
emission inventories for developed countries. In the following sections is reported a summary of
mercury emissions by regions and source category.

1.3.2.1 Europe

In Europe, mercury emissions from anthropogenic sources in the year 2000 are near 240 Mg,
with the highest contribution from the combustion of coal and other fossil fuels (48%) (Table 1.17).
The second contributing category consists of several industrial processes, including chlor-alkali
production, non-ferrous and ferrous metal production and cement production (41%), while other
sources including waste incineration and various uses of mercury account for about 11% of the total.

Mercury emission in Europe has decreased from ‘80s to 2000 (Table 1.18) because of 1) the
implementation of the FGD equipment in large power plants and other emission control devices in
other industrial sectors, particularly in Western Europe and 2) the decline of economy in Eastern and
Central Europe due to the switch of their economy from centrally planned to market oriented system
(Pacyna et al. 2005; 2006b).

Table 1.17 - Anthropogenic emissions of mercury in Europe in 2000
(Mg y") (from Pacyna et al., 2006a)

Hg
Source category Mgy
Coal combustion Power plant 63.5
Residential heat 48.7
Oil combustion 1.7
Cement production 30.2
Lead 7.6
Zinc 7.8
Pig & iron 12.5
Caustic soda 40.4
Waste disposal 11.6
Other 15.3
Total 239.3

Table 1.18 - Trends in anthropogenic emissions of mercury in Europe since 1980 (Mg y™)

Source category 1980 1985 1990 1995 2000
Combustion of fuels 350 296 195 186 114
Industrial processes 460 388 390 143 99
Other sources 50 42 42 59 26
Total 860 726 627 338 239
Reference P1rro]n9¢:9 Zt al., P1rr01r;e9 gt al., P1rr01n9e9 zt al., Pac;;)e:) e]:t al., Pacggg 6&:; al.,
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1.3.2.2 North and Central America

Coal combustion and incineration of solid wastes account for most of the estimated
emissions in the USA inventory, while nonferrous metal production accounts for most mercury

emissions estimated in Canada and Mexico (Table 1.19).

Table 1.19 - Mercury emission in USA, Canada and Mexico for the year 1990 and in USA for 2002.

USA USA CANADA CANADA MEXICO MEXICO

(1990)* (2002)° (1990)° (2003)* (1990)° (1999)°
Coal combustion® 56 55 1.3 24 1.6 2.19
Oil combustion’ 3 5 0.15-22.9 0.68
Nonferrous metal mining and
refining (including large 7 10.7 239 1.3 12.5-31.1 22.83
industrial scale gold mining)
Iron and steel industry 12.3° 0.6 0.4 0.4
Chlor-Alkali Plants 10 5.4 4.90
Manufacturing sources 14 1.7 0.8 3.7 0.67
Cement manufacturig 6.6 0.4
Waste incineration 113 11.6 34 1.4 0.03
Miscellaneous 17 53 0.3
Total 220 118.6 36.2 6.9 18.4-59.7 31.29

! Estimates for 1990 for U.S.A. were obtained from the U.S. EPA Roadmap (U.S. EPA, 2006) and/or the U.S. EPA “1990
Emissions Inventory of Forty Potential Section 112(k) Pollutants”. Final Report. May 21, 1999 (U.S. EPA, 1999).

% National Emission Inventory (2002) - v3

3 Pai et al., 2000

*National Pollutant Release Inventory of Canada (2003)

> Estimates were obtained from Commission for Environmental Cooperation report (CEC, 2001).

% For USA this category includes coal-fired power plants and industrial/commercial/institutional boilers that burn coal.

’ For USA this category includes oil-fired power plants and industrial/commercial/institutional boilers that burn oil.

* This estimate includes Primary and Secondary Steel production (e.g., Elecric Arc Furnaces) and Iron and Steel Foundries.

In Canada, mercury releases can typically be attributed to waste incineration, coal
combustion, smelting of ores, and chlor-alkali industry (Environment Canada, 2008). Between 1990
and 1995, Canadian anthropogenic mercury emissions dropped from approximately 36 to 11 tonnes
primarily as a result of process improvements in the base metal mining and smelting industry. In 1995,
this industry was the largest source of mercury into the atmosphere, contributing approximately 40%
of total emissions. From 1995 to 2003, Canadian anthropogenic mercury emissions dropped to a total
of just under 7 tonnes. Three sectors, electricity generation, non-ferrous mining & smelting and
incineration were responsible for 71% of mercury emissions into the atmosphere, accounting for 35%,
19% and 17% of Canadian emissions, respectively.

Combustion of heavy fuel oils is also potentially a significant source of mercury emissions in
Mexico. By choosing the upper value of the range for Mexico emissions, the total anthropogenic
mercury emission is estimated to be 272 Mg y™ in North America. This is comparable to previous
regional and worldwide estimates of North American emissions that have ranged from 240 Mg y™' to
333 Mgy (Pirrone et al., 1996). In the case of USA, there is some inconsistence when considering
the National Emission Inventory that reports different estimates for waste incineration and oil
combustion.

1.3.2.3 Russia

The total intentional consumption of mercury in the Russian Federation in 2001/2002 was
estimated to be in the range of 151-160 Mg y"' and since that the trend has declined. As the intentional
consumption of mercury decreases, the mobilization of mercury impurities (trace element)
increasingly account for a larger part of the total anthropogenic mercury flow. The total mobilization
of mercury impurities in Russia in 2001 was estimated at 138 Mg (66-198 Mg) and the majority was
mobilized in coal, oil and non-ferrous metals ore (Table 1.20). According to the official data the total
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emission of mercury from Russian enterprises that have the obligation to report their annual mercury
emissions was 2.9 Mg in 2001. Besides these sources, significant amount of mercury is released from
area sources and from processes in which mercury is present as a natural impurity in the raw materials.
The present assessment uses the estimates from the 2005 Arctic Council study, prepared by a Russian
expert group assisted by international experts, in which the total Russian emissions are estimated to be
39 Mg y™', with 77% being the contribution from processes where mercury is mobilized as impurity
(ACAP, 2005). (This effort was the first comprehensive assessment of mercury releases at the national
level in the Russian Federation).

Table 1.20 - Mercury emissions to air and water in Russia (from ACAP, 2005).

Disposed in landfill/

Emission Source Consumption/mobilization To air waste dumps
Chlor-alkali production 103.0 1.2 39
Production of VCM 7.5 0.02 0
Gold mining using the amalgamation method, mining of sec.
placers 5.5 3.1 1.1
Production of thermometers 26.0 0.009 0.1
Production of light sources 7.5 0.2 0.001
Other intentional uses 5.8 0.06 2.4
Total (intentional uses) 155.3 45 42.6
Coal - electricity producing sector 10.0 8.0 2.0
Coal - other uses (incl. waste from extraction) 12.0 6.3 3.6
Oil processing and use of petroleum products 33.0 34
Gas, oil-shale and bio-fuels 8.0 1.0
Zinc and lead production 31.0 1.9 8.5
Nickel and copper production 28.0 53 6.6
Production of other metals 7.8 2.6 4.2
Cement and lime 2.0 1.6 0.4
Total (mobilisation as impurity) 131.8 30.1 25.3
Waste incineration 3.5
Landfilling 24.0
Sewage sludge 0.1 5.7
Total (waste treatment) 3.6 29.7
1.3.2.4 China

Mercury emissions in China are estimated to be 623.1 Mg in 2003 (Table 1.21). Most of
emissions (41%) are due to coal combustion, which in China includes three major subcategories: coal-
fired power plants, industrial boilers and residential uses. Emissions from this categories increased
from 202.4 Mg in 1995 to 334.0 Mg in 2005 (with the largest contribution from power plants and
industries) (Streets et al., 2008, chapter 2).

Approximately 40% of the mercury is released from non-ferrous metals smelters (Feng et al.,
2008). Cement production (6%) and mercury mining (4%) represent minor contributions.

In addition to industrial sources, this estimate accounts for annual emissions from biomass

burning (2.8 Mg, without including natural processes sources which include re-emission of previously
deposited mercury) and coal mines spontaneous burning (3 Mg) as reported by Street et al., 2005.
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Table 1.21 - Mercury emission from different source categories in China in
2003 (Feng et al., 2008; Streets et al., 2008). Because the most updated emissions
from industrial sources are for 2003, emissions from coal combustion here
reported refer to for the same year despite they are available for 2005.

Emissions
Source category Mgy
Combustion 256.7
Power plants 100.1
Industrial use 124.3
Residential use 21.7
Other uses 10.6
Nonferrous metals smelting 248.0
Zinc (Zn) 115.0
Copper (Cu) 17.6
Lead (Pb) 70.7
Gold (Au): large scale 16.2
Gold (Au): artisanal 28.5
Fuel oil for stationary sources 0.6
Gasoline, diesel and kerosene 7.6
Biofuel combustion 10.7
Grassland/savanna burningb 42
Agricultural residue burningb 39
Household waste burning 10.4
Cement production 35.0
Iron and steel production 8.9
Caustic soda production 0
Mercury mining 27.5
Battery/fluorescent lamp production 3.7
Forest burning * 2.8
Coal mines spontaneous burning * 3.0
Total 623.0

* Forest burning and coal mines burning are obtained from Street et al., 2005.

1.3.2.5 Australia

Mercury emissions from Australian coal fired power plants account for 2 to 8 Mg y™'. This is
larger than the National Pollution Inventory estimate of 1.1 Mgy, because of the issues with brown
coal fired power plants, but very significantly lower than the GMA estimate of 97 Mg y' for
stationary combustion sources in 2005 (Table 1.22). It is however in relatively good agreement with
the earlier estimate of 6.3-8.6 Mg y™ quoted by Pirrone et al. (1996) for emissions between 1983 and
1992 (Nelson, 2007).

Table 1.22 - Emissions of mercury to the atmosphere from point
sources in Australia (> 5kg y™') as reported in the Australian
National Pollutant Inventory (Nelson, 2007).

Emissions

Source category Mgy™h)
Stationary power—Total 1.1
Stationary power—Black coal 0.98
Stationary power—Brown coal 0.1
Smelting/mineral processing 11.6
Iron and steel production 0.8
Petroleum refining 0.3
Cement 0.3
Waste 0.2
Coal mining 0.02
Other mining 0.3
Total (point sources) 15.7
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1.3.2.6 India

Mercury is widespread in India and a recent study (Mukherjee et al., 2008b, chapter 4) has
dealt with industrial emissions of mercury from coal combustion, iron and steel industry, non-ferrous
metallurgical plants, chlor-alkali plants, cement industry, waste disposal and others minor sources (i.e.
brick manufacturing, instruments, clinical thermometers). No information were found in the literature
for the pulp and paper industry or for the oil and petrochemical industry in India as well as natural
sources. Therefore, no estimates are provided in the regional budget. It should be stated that the lack of
true emission data make very uncertain the estimate of anthropogenic emissions of mercury for this
country.

The highest contributing source category is the coal combustion (48%) followed by waste
disposal (31%). Industrial Hg emissions in India have decreased from 321 Mg in 2000 to 253 Mg in
2004. The Ministry of Environment and Forest in New Delhi has informed that 86% of Hg-cell
chlorine plants have been converted to membrane process. This change implied that Hg emissions
have decreased from 132 Mg in 2000 to 6.2 Mg in 2004 (see Chapter 4 for further information).
Mercury emissions from biomass burning and brick industry have also been discussed by Mukherjee
et al (2008) (Table 1.23).

Based on industrial activities and socio-economic trends, mercury emissions vary from one
region to another and they are projected to increase as coal combustion and waste generation increase
(disposed in landfills without proper treatment).

Table 1.23 - Mercury emission from different source categories
in India Mg y™).

Source 2000 2004
Coal fired power plants 100.44 120.85
Residential & Commercial boiler 3.65 3.70
Pig iron & steel production 3.84 4.56
Cu-production 3.84 11.78
Pb-production 2.49 1.83
Zn-production 1.41 1.90
Residual fuel oil consumption 0.52 0.47
Cement production 4.2 4.66
Municipal solid waste 50 70.00
Medical waste 6.6 6.60
E-waste - 0.82
Biomass burning

- Forest 7.74 7.74
- Crop 4.76 4.76
Chlor-alkali plants 132 6.2
Brick manufacturing - 7.49
Total 321.49 253.36

1.3.2.7 South Africa

Limited information is available for African countries. Also very few data and information
on actual mercury emissions or levels of mercury in products and resources exists for South Africa,
which is the most industrialized country of Africa. Nevertheless most of the mercury released in the
environment comes from artisanal gold mining (Telmer and Veiga, 2008).

The South African Mercury Assessment (SAMA) Programme (Leaner et al., 2006) has
undertaken some limited mercury inventory development and monitoring studies in South Africa. The
Country is a primary producer of many important and strategic metals (e.g. gold, platinum, lead, zinc)
and is a major producer and consumer of coal (DME, 2003). Although these minerals and materials
are known for their contribution to mercury pollution, detailed mercury emission inventories for these
sources are unavailable. Pacyna et al. (2006b) suggested that in South Africa mercury release to the
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atmosphere accounts for 256.7 Mg, with most mercury emissions originating from industrial facilities,
followed by stationary combustion. Leaner et al. (2008) critically revised previous estimates of
mercury release from major anthropogenic sources, giving a global assessment of 19.5 Mg y™'. Most of
emissions are associated with power generation that accounts for 50% of the total budget (Table 1.24).
The gasification process of coal accounts for a 10% of the total. Mercury is likely released during
gasification of the coal, but there is a potential for its removal in conjunction with the removal of other
pollutants. Coal for firing cement kilns and producing clinker are the major sources of mercury in
cement production, contributing with 19% to the total emission.

Table 1.24 - Mercury emissions (Mg y™) from major anthropogenic sources
in South Africa during 2004.

Source Category Hg Emissions
Power Plants 9.8
Coal Gasification 1.9
Consumer Products 0.1
Solid Waste (Landfills) 0.7
Crude Oil Refining 0.2
Ferrous Metals: Iron and Steel 1.3
Coke Production / Alloy Steel 1.0
Pig Iron 0.3
Residential Heating 0.8
Cement Production 3.8
Non-Ferrous Metals: Primary smelters 0.4
Gold 0.1
Zinc 0.1
Copper 0.2
Lead 0.0
Incineration of wastes 0.7
Total 19.5

1.3.2.8 South America

In Brazil, the amount of mercury entering the environment was estimated to be about 200
Mg y"' [Trade and Environment Database (TED) case 132]. As described in TED case 132, gold
recovery is performed by removing sediments from river bottoms and adjacent areas and feeding them
through a number of mercury-coated sieves. Roughly 1.0 Kg of mercury enters the environment for
every kilogram of gold produced by artisans (Farid and others, 1991). Another estimate according to
research by Veloso de Araujo (1995), in the Alta Floresta area, State of Mato Grosso, Brazil, was that
a typical month’s gold production of 230 kilograms (kg) emitted 240 kg of mercury to the atmosphere
as elemental mercury vapor and 60 kg of mercury into rivers. Considering that coal consumption in
South American Countries is near 28 Tg y”' (Mukherjee et al., 2008a) emissions of Hg from coalfired
power plants can be estimated as 5.6 Mgy (emission factor 0.2 mg kg™).

1.4 Global Assessment

Our knowledge of mercury emissions on a global and regional scale is still incomplete.
Global emission estimates by Pirrone et al. (1996) for the year 1990-1992 (Table 1.25), by Pacyna et
al. (2003) for the year 1995 (Table 1.26) and by Pacyna et al. (2006b) for the year 2000 (Table 1.27)
indicate that Europe and North America seem to contribute less than 25% to the global anthropogenic
emissions to the atmosphere, whereas Asia and Africa account for about 70% of global emissions and
show a steady increase due to the fast economic development (Figure 1.7).
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Table 1.25 - Global emissions of total mercury from major anthropogenic sources in 1990 (Mg y™)

(Pirrone et al., 1996).

Coal Oil Zn Pb Wood Solid waste

combustion combustion production production combustion incineration Miscellaneous  Total
Africa 24.6 75 7.6 0.6 18.5 34.2 14.0 107.0
Asia 412.0 61.5 51.3 3.1 31.8 288.9 127.3 975.9
Western 95.4 36.2 67.7 5.0 1.6 97.1 45.5 348.5
Eastern 166.6 38.2 49.6 49 3.6 40.4 45.5 348.8
North 81.4 27.9 42.0 6.3 4.4 127.2 434 332.6
Oceania 8.1 1.4 10.1 1.6 0.4 7.0 43 32.9
Central 5.6 118 11.1 0.7 8.7 242 93 714
Total 793.7 184.5 239.4 22.2 69.0 619.0 289.3 2217.1

Table 1.26 - Global emissions of total mercury from major anthropogenic sources in 1995 (Mg y™)

(Pacyna et al., 2003).
Non-ferrous Pig iron and

Stationary metal steel Cement Waste

combustion production production production disposal Total
Africa 197.0 7.9 0.5 5.2 210.6
Asia 860.4 87.4 12.1 81.8 32.6 1074.3
Australia 97.0 4.4 0.3 0.7 0.1 102.5
Europe 185.5 15.4 10.2 26.2 12.4 249.7
North America 104.8 25.1 4.6 12.9 66.1 213.5
Oceania 29 0.1 3.0
South America 26.9 254 1.4 5.5 59.2
Total 1474.5 165.6 29.1 1324 111.2 1912.8

Table 1.27 - Global emissions of total mercury from major anthropogenic sources in 2000 (Mg y™)

(Pacyna et al. 2006b)
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Africa 205.2 7.9 0.4 53 0.3 0.1 1778 1.4 398.4
Asia (excl. Russia) 878.7 87.6 11.6 89.9 30.7 0.1 47.2 32.6 0.9 1179.3
Australasia 112.6 4.4 0.3 0.8 0.7 7.7 0.1 126.6
Europe (excl. Russia)l 113.9 30.2 154 12.5 40.4 11.6 15.3 239.3
North America 79.6 6.4 4.3 7.7 8.0 0.1 12.2 18.7 8.8 145.8
Russia 26.5 6.9 2.7 3.7 8.0 3.1 3.5 18.2 72.6
South America 31.0 25.4 1.4 6.5 5.0 228 92.1
Total 14475 168.8 36.1 1264 93.1 231 248 66.5 446 2254.1
'Data for Europe herein reported have been updated from Pacyna et al. 2006a.
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Figure 1.7 - Trend of global anthropogenic emissions by region (based on Pirrone et al., 1996 (a); Pacyna et
al., 2003 (b); Pacyna et al., 2006b (c)).
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Our current estimate suggests that summing up the contribution from natural and
anthropogenic sources nearly 7710 Mg of mercury is released annually to the global atmosphere
(Table 1.28). Total mercury emission from anthropogenic sources account for 2503 Mg (32%). The
present assessment shows that the majority of mercury emissions originate from combustion of fossil
fuels (18%), particularly in the Asian countries including China and India (62%) (Table 1.29), where
energy production from coal combustion is increasing at a rate of nearly 10% per year.

Table 1.28 -Total mercury emissions by source category.

Region Hg emission in Reference  Reference
atmosphere (Mg y™) year

Natural

Oceans 2682 2008 Mason, 2008

Lakes 96 2008 Mason, 2008

Forest 342 2008 Mason, 2008

Tundra/Grassland/Savannah/Prairie/Chaparral 448 2008 Mason, 2008

Desert/Metalliferrous/ Non-vegetated Zones 546 2008 Mason, 2008

Agricultural areas 128 2008 Mason, 2008

Evasion after mercury depletion events 200 2008 Mason, 2008

Biomass burning 675 2008 Friedli et al., 2008

Volcanoes and geothermal areas 90 2008 Mason, 2008

Total (Natural) 5207

Anthropogenic

Coal combustion, oil combustion 1422 2000 Pacyna et al., 2006b

Pig iron and steel production 31 2000 Pacyna et al., 2006b

Non-ferrous metal production 156 2007 USGS, 2004

Caustic soda production 65 2000 Pacyna et al., 2006b

Cement production 140 2000 Pacyna et al., 2006b

Coal bed fires 6 2007 This work

Waste disposal 166 2007 This work

Mercury production 50 2007 This work

Artisanal gold mining production 400 2007 Telmer and Veiga, 2008

Other 65 2007 This work

Total (Anthropogenic) 2503

Total (Natural + Anthropogenic) 7710

Table 1.29 - Global emissions (Mg y™) of total mercury from major anthropogenic sources in major emitting

countries/regions.
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South Africa 11.8 0.4 1.3 3.8 2.3 1.4 0.9 21.8 2007 1
China 268.0 203.3 8.9 35.0 27.5 133.4 104 113 697.8 2003 2
India 120.9 12.1 2.9 106.0 0.5 77.4 8.0 327.8 2004 3
Australia 2.2 11.6 0.8 0.3 0.3 0.2 0.6 16.0 2005 4
Europe 113.9 15.4 12.5 30.2 40.4 11.6 153 239.3 2000 5
Russia 18.7 7.2 2.6 1.6 1.2 33 3.6 0.3 38.5 2001 6
North America 65.2 34.7 12.8 7.0 10.3 13.0 1.7 144.7 2003 7
South America 31.0 25.4 1.4 6.5 50 228 67.6 159.7 2000 8

Total 631.7 310.1 43.2 84.4 1629 503 2074 1176 38.1 1645.6

(1) Leaner et al., 2008; (2) Street et al., 2008; (3) Mukherjee et al., 2008; (4) Nelson, 2007; (5) Pacyna et al., 2006a; (6) ACAP, 2005;
(7) This work; 8 Pacyna et al., 2006b.

* Mercury emissions from artisanal mining here reported have been estimated by Telmer and Veiga (2008). Global mercury emission
account for 300 Mg y' (Africa 24 Mgy, Asia 208 Mg y”', South America 68 Mg y™)
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Among industrialized countries Europe and North America account for 23% of the total
emission that is mostly originated from fossil fuel combustion. In addition to stationary combustion,
other sectors contribute to the global budget with an additional 13%. Combustion of coal is and will
remain in the near future as the main source of energy in these countries. An increase of energy
demands is clearly foreseen, this will lead to an increase in annual emissions of mercury and other
primary pollutants (i.e., NOx, SO,, aerosols, VOCs, CO,).

Natural sources contribute to the global budget by 68% (5207 Mg) with oceans releasing
most of the mercury (35%) followed by biomass burning (forest 9% and agriculture 2%), deserts and
metalliferous zones (7%), tundra and grassland (6%), forest (4%), evasion after mercury depletion
events (3%) and volcanoes (1%).

1.5 Further Research

Additional research is required to reduce uncertainty for both anthropogenic and natural
emissions estimate.

The uncertainty of anthropogenic emission estimates is mostly related to the rapid economic
development in a number of parts of the world, particularly South and South-East Asia in which the
impact of fossil fuel use in energy production is threefold. Firstly because fossil fuel power plants are
the single most important anthropogenic emission source of mercury to the atmosphere, secondly
because the other pollutants emitted as a result of fossil fuel exploitation such as NOx and SO2 have
an impact on the atmospheric chemistry of mercury and influence its deposition patterns. A specif
concern is for regions that are inadequately described in terms of point sources (Africa, South
America) or exibit unusually large uncertainties (Asia). These uncertainties affect model development,
policy address and human welfare.

Mercury models developed in recent years for assessing the relationship between emission
source regions and receptor regions show a limited accuracy. The ability to determine the accuracy of
current models is severely limited by the lack of a unified global emission inventory that accounts for
a better emission source characterisation related to fossil fuel power plants in fast developing countries
where energy demand is increasing at an annual rate of 10 per cent or even more.

The improvement of the mercury emission inventory on global scale, with special attention
to fossil fuels fired power plants in countries characterised by a fast economic growth (i.e, China,
India) will lead to a better assessment of the impact of different energy exploitation strategies foreseen
in major environmental outlooks elaborated by leading institutions such as UNEP, World Bank, World
Watch Institute and International Energy Agency (IEA). Detailed mercury emission inventory may
help nations to shape future energy management strategies that, among other things, will lead to a
better assessment of countries' potential for renewable and non-renewable energy production; this is in
agreement with recommendations and requirements of major international conventions and
programmes aimed to reduce the impact of human activities on ecosystems quality and human health
related to energy productions.

Socio-economic impacts associated with mercury pollution are very considerable with long-
term impacts on human health, welfare and productivity. The impact of mercury pollution on human
welfare can be immediate or in the years or decades to come. Delineation of mercury "hot spots" and
knowledge of ecological processes that lead to their formation can reduce uncertainty and can help
mitigation and outreach efforts of reducing helth costs. This improved knowledge of the sources,
transport and fate of environmental mercury would lead to realistic risk assessments, efficient
mitigation efforts, and effective outreach to minimize adverse impacts on coastal ecosystems and
human populations that consume seafood.

The emission to the atmosphere of mercury via natural processes constitutes an important
part of the global Hg input and is a dominant part of the global mercury cycle. However, while there is
an ongoing and continued effort to quantify these fluxes, the magnitude of their extent is still relatively
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poorly constrained. It must be emphasized that while the fluxes are due to natural processes, they
constitute mercury that has originated from different sources, and because of the potential for
deposited mercury to be re-emitted to the atmosphere from both terrestrial and aquatic surfaces, these
fluxes include both primary sources and secondary (recycled) mercury. These fluxes are comparable to
the estimates of mercury inputs to the atmosphere from point anthropogenic source emissions. It
appears that the mercury emission estimates from natural sources are within the range and confidence
intervals of the results of a number of box and numerical modeling studies, and with empirical
estimates.

Of great urgency is the development and validation of models for mercury cycling in forests,
accounting for the biogeochemistry for each region because the average emissions from the land
exceed the ocean on an areal basis. This would provide an understanding of the source/sink
relationship and thus mercury accumulation or loss in ecosystems. Such models could then be coupled
with the fire carbon emission models. Fires that are certainly of great importance in terms of mercury
emissions. Mercury in forests originates largely from deposition from the global atmospheric pool and
thus is a global concern. The release of mercury from biomass burning is partially under direct human
control. Knowing anthropogenic mercury emission would address restrictions to the global release and
reduce the atmospheric and vegetation/soil pools.
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Summary

This chapter reviews the magnitude and spatial distribution of mercury emissions from coal
combustion in China. Due to the large quantities of coal burned and the relatively low level of
technology, particularly in industry, emissions are high. Emissions were stable at about 200-210 Mg
during the period 1995-2000, but because of rapid economic growth starting in 2001, mercury
emissions grew quickly to a value of 334 Mg in 2005. The annual average growth rate for the period
1995-2005 was 5.1%. The uncertainty in emission estimates is about £35% (95% confidence intervals).
Emissions are concentrated in those provinces with high concentrations of mercury in coal (like
Guizhou Province) and provinces in which a lot of coal is burned (like Shanxi Province). Because
significant amounts of coal are burned in homes and small industrial facilities, without any kind of
emission control at all, emissions of particulate mercury are higher in China than in the developed
world; the speciation profile nationwide is: 64% Hg”", 19% Hg™, and 17% Hg’. In the future, growth
in mercury emissions is expected to be arrested by the application of FGD for SO, control and other
advanced technologies. Estimates of emissions are hampered by the lack of comprehensive and reliable
emissions testing programs in China.

2.1 Introduction

Mercury pollution has been recognized by Chinese researchers and government officials for
some time. However, it is only relatively recently that researchers have begun to quantify the releases
of mercury and measure the concentrations of mercury in the air, water, and land. The serious nature of
the pollution levels in China has now begun to raise issues that could lead to regulation of mercury
emissions in the future. Feng (2005), Jiang et al. (2006), and Zhang and Wong (2007) have
summarized the state of knowledge about mercury pollution in China. In addition, concern has been
raised about transport of mercury away from the Asian continent and its contribution to regional and
hemispheric background levels (see, e.g., Friedli et al., 2004; Jaffe et al., 2005; Pan et al., 2006). Coal
combustion and nonferrous metals smelting are roughly equally responsible for mercury releases in
China, supplemented by other industrial operations (Streets et al., 2005; Wu et al., 2006a). This chapter
only addresses mercury releases from coal combustion. We discuss the contextual background for
estimating emissions of mercury from coal combustion in China and present estimates for the period
1995 to 2005 with a forward glance to 2020.

2.2 Results and Discussion

2.2.1 Coal use trends, 1995-2005

The major determinant of mercury emissions from coal combustion is the amount of coal
burned. Coal consumption data for China are available by sector, coal type, and province from the
China Energy Statistical Yearbooks (NBS, 1998-2005). It is important to distinguish between coal that
is combusted directly and coal that is diverted to other uses, because this has major implications for
mercury release rates. Trends in total raw coal consumption are shown in Figure 2.1. In 1995, total raw
coal consumption was 1460 Tg, of which the industrial sector consumed 482 Tg (33%) for direct
combustion, slightly more than the power sector, 446 Tg (31%). The residential sector consumed 138
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Tg (9%). The remaining 27% of coal was used for coal washing, coking, industrial feedstocks,
briquettes, and miscellaneous types of combustion. Coal use declined during the period 1996-1999 due
to a variety of economic and other reasons (see, e.g., Sinton and Fridley, 2000), but subsequently began
to increase quickly, as the economy of China underwent rapid expansion. By 2005, total raw coal
consumption had risen to 2650 Tg, of which the major contributing sectors were: power plants 1050 Tg
(40% of total), industrial combustion 718 Tg (27%), and residential use 138 Tg (5%).
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Figure 2.1 - Trends in total raw coal consumption in China, 1995-
2005; annual-average growth rates for the entire period are shown
in the caption.

Among the major coal-consuming sectors, the power sector was the leading sector in total
coal growth, increasing by an average of 8.9% annually during the period 1995-2005. The industrial
coal-combustion sector showed a moderate increase in coal use, 4.1% annually. Coal use in the
residential sector was the same in 2005 as in 1995 in absolute terms, meaning that its share had been
slowly decreasing (-0.1% per year)—mainly due to fuel transitions to cleaner gaseous and liquid fuels.
Other uses of coal have grown as well, notably a tremendous annual-average growth rate of 17.8% in
the use of coal as industrial feedstock, mostly achieved during the past five years. Figure 2.2 shows
how the various uses of raw coal in the industrial sector have changed during the period 1995-2005.
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Figure 2.2 - Trends in industrial raw coal consumption in China,
1995-2005; annual-average growth rates for the entire period are
shown in the caption.
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2.2.2 Mercury in coal

A reliable determination of the average or typical concentration of mercury in Chinese coals
by province or nationwide is hampered by the innate heterogeneity of mercury in coal, as well as the
relative paucity and unrepresentativeness of measurements. Early Chinese studies on mercury
emissions relied on limited sampling data. Wang et al. (1999, 2000) and Zhang et al. (2002) used an
average value for the mercury concentration of Chinese coals of 0.22 g Mg, with a wide range of
0.02-1.92 g Mg, based on samples from fourteen provinces. Other estimates from the Chinese
literature are 0.15 g Mg (Huang and Yang, 2002) and 0.16 g Mg" (Zhang et al., 1999). All these
estimates were based on sampling of raw coal in coal-producing areas. An advancement in our
understanding of mercury in Chinese coals occurred through an initiative by the U.S. Geological
Survey, as part of the World Coal Quality Inventory, to measure about 300 coal samples from around
China in collaboration with the Institute of Geochemistry in Guiyang. They obtained an average value
of 0.15 g Mg with a 1o standard deviation of 0.14, within a range of <0.2-0.69 g Mg™'. Finally, Zheng
et al. (2007) summarized previous studies of mercury in Chinese coals and reported new measurements
of 1,699 coal samples, having an average concentration of 0.19 g Mg™. The highest values of mercury
content in raw coal are found in Guizhou Province (~0.52 g Mg™) (Zheng et al., 2007). Figure 2.3
presents the average mercury content of raw coal, as mined, for coal-producing provinces.
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Figure 2.3 - Mercury content of raw coal, as mined, g Mg

In order to obtain reliable estimates of the magnitude and spatial distribution of mercury
emissions, it is essential to know the mercury content of the coal as burned, not just as mined.
Therefore, it is necessary to relate the coal produced (mined) in particular provinces to its consumption
in each province. Streets et al. (2005) and Wu et al. (2006a) developed a coal transportation matrix to
link coal production to coal consumption. Using a merged data set from the USGS data and the
Chinese literature data, they determined that the average mercury content of coal as burned was 0.18-
0.19 g Mg, varying very slightly in the range of 0.180 to 0.189 g Mg™ during the period 1995 to 2003,
due to fluctuations in provincial coal production.

Streets et al. (2005) also calculated the mercury content of cleaned coal, coal briquettes, and
coke, as produced. They assumed an average Hg removal efficiency for coal cleaning of 30% that is
independent of the mercury content; during this period about 16% of total coal was cleaned in China. It
was further assumed that 10% of the mercury contained in a given coal remains in coke after the
coking process. Because there is no evidence of mercury removal during the briquette production
process, it was assumed that 100% of the mercury in the raw coal or cleaned coal is transferred to the
briquettes. Further tests on these and other coal-derived products are clearly called for.

39



Mercury Fate and Transport in the Global Atmosphere: Measurements, models and policy implications

2.3 Mercury released to the atmosphere

Because mercury release rates and the speciation profiles depend greatly on combustion
technology, combustion conditions, and emission control technology, it is necessary to define Chinese
coal utilization practices rather carefully. Streets et al. (2005) and Wu et al. (2006a) developed a model
containing 65 individual source types for coal combustion, 22 of which are for coal-fired power plants,
30 for industrial use, nine for residential use, and four for other uses. The partitioning of each
combustion technology/control device/fuel type by province and sector over time is built into their
model based on a wide literature review.

In the past decade, the installation of particulate matter (PM) control devices in boilers has
increased significantly in China, especially in the power sector. Since the mid-1980s, electrostatic
precipitators (ESP) increased their share by 4-5% annually, to replace wet particle scrubbers and
cyclones in power plants. Now the share of ESP installation in the total coal-fired power capacity is
about 95% nationwide. However, in the industrial sector, the penetration of PM control installation lags
behind. Although installation of wet particle scrubbers increased during the past decade, the fraction of
industrial coal use without any PM control device is still large at present, close to 30%. The reasons
are: (a) a large number of small boilers are scattered throughout China, especially in the poorer and
more remote provinces such as Guizhou and Yunnan, without PM control; and (b) coke ovens,
consuming a large amount of raw coal and clean coal, are generally without PM control. Since the mid
1990’s, flue-gas desulfurization (FGD) also began to be installed in power plants to reduce SO,
emissions. In 1995, FGD installed capacity was only 0.7 GW, rising to 5 GW in 2000; however, by the
end of 2005, the FGD capacity had reached 53 GW, mostly in Sichuan (including Chongqing), Beijing,
Shandong, Guangdong, Heilongjiang, Jiangsu, and Zhejiang Provinces. It is essential to reflect the
rapidly changing mix of technologies in the coal-consuming sectors of China in calculations of
mercury emissions over time. Figure 2.4 illustrates how the mix of PM controls changed during the
period 1995-2003 in the power and industrial sectors.
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Figure 2.4 - Time development of the penetration of PM control
devices in China in (a) the power sector (upper) and (b) the
industrial sector (lower), 1995-2003.

Residential use is also an important coal-consuming sector in China, representing 7% of raw
coal, 5% of cleaned coal, and 90% of briquettes in 1999. Traditional cookstoves and improved
cookstoves are the major combustion types for residential cooking and heating, both of which are
without any PM control device. In the big cities, however, many residents obtain heat from centralized
heating systems that use mid- or large-sized boilers. This part of the coal consumption for residential
heating use assumes the use of stoker boilers with cyclone controls. For farming, construction,
transportation, and commerce, the coal consumption is combined and assumes the use of small stokers
without any PM control.
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The typical scheme for calculating mercury emissions from coal combustion is illustrated in
Figure 2.5. A fraction of the mercury contained in the fuel is not emitted to the air but is retained in the
bottom ash and disposed of as solid waste. The share of Hg remaining in the bottom ash is different for
different boiler types. Studies in China (Huang et al., 2003; Zhu et al., 2002) indicate that only 1-2% of
Hg remains in the bottom ash for pulverized coal (PC) boilers in power plants; however, the ratio may
increase to 7-9% for industrial PC or fluidized-bed boilers and 17-18% for industrial stoker-fired
boilers (Wang et al., 2000; Wang and Ma, 1997).
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Figure 2.5 - Calculation procedure for mercury emissions; Frgy = fraction
released to the air during combustion; Frgp = fraction reduced by emission
control devices; Fg = fraction emitted by species type.

The control technologies used to reduce traditional air pollutant emissions (e.g., PM and SO,)
from coal-combustion boilers also remove some of the mercury from the flue gas; however, the
removal efficiencies vary widely. Until very recently, there were few measurements of mercury
removal efficiencies for Chinese boilers. Wang et al. (1999, 2000) reported from measurements on two
power plants in Changchun that mercury collection efficiency averaged 26% within a range of 7-47%.
Zhu et al. (2002) suggested the following mercury removal efficiencies of the three predominant types
of PM control devices installed in boilers in China: (a) ESP has a moderate removal efficiency of
~30%; (b) wet PM scrubbers show very little benefit, with mercury removal efficiency of ~4-8%; and
(c) cyclones remove essentially no mercury (<0.1%). However, there is very little information about
mercury removal efficiencies on devices other than ESPs on PC power plants in China.

Recently, programs of testing mercury emissions from Chinese sources have begun at
Zhejiang University, Tsinghua University, and the Institute of Geochemistry in Guiyang, and studies
are beginning to be published in the peer-reviewed literature. Tang et al. (2007), Chen et al. (2007), Yi
et al. (2007), and Zhou et al. (2007) have all reported test data, including investigation of the roles of
chlorine and ash in mercury release, but further work is needed to digest these results and generalize
them to the population of source types in China.

2.4 Mercury emission trends in China

Wang et al. (1999, 2000) and Zhang et al. (2002) were the first to report mercury emissions
from coal combustion in China, citing a value of 213.8 Mg for the year 1995. They further reported an
annual average growth rate of ~4.8% a year for emissions in the 17 years prior to 1995, rising from ~95
Mg in 1980 to ~160 Mg in 1990. Predicted emissions for 2000 were 273 Mg. Streets et al. (2005)
conducted a detailed examination of mercury emissions from all sources and reported a value of 202.4
Mg for mercury from coal combustion in 1999, 38% of total emissions of mercury in China (535.8 Mg).
Wu et al. (2006a), using the same methodology and data as in Streets et al. (2005), developed an
emission trend from 1995 to 2003. This trend incorporates the coal consumption and technology trends
presented earlier. The results of that study are presented in Table 2.1 and Figure 2.6. Additionally, for
this present report, the trend has been extended from 2003 to 2005.

41



Mercury Fate and Transport in the Global Atmosphere: Measurements, models and policy implications

Table 2.1 - Mercury emissions from coal combustion (Mg yr™).

1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 A@‘BR

Power plants 634 687 672 662 618 701 763 842 1001 1143 1248 7.0
Industrial use 1047 1063 1078 1083 1032 1042 1019 1099 1243 1364  169.4 4.9
(combustion)

Residential use 23.1 235 227 215 197 196 199 197 217 237 262 13
Other uses 112 108 105 116 115 105 107 118 106 117 136 2.0
(combustion)

Total 2024 2093 2082 207.6 2022 2044 2088 2256 2567 286.1  334.0 5.1

Data for 1995-2003 are from Wu et al. (2006a). This trend has been extended to 2004 and 2005 using the same methodology and data
sources.
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Figure 2.6 - Trends in mercury emissions in China, 1995-2005;
annual-average growth rates for the entire period are shown in the
caption.

Wu et al. (2006a) find that mercury emissions from coal combustion increased from 202.4
Mg in 1995 to 334.0 Mg in 2005, an annual-average growth rate of 5.1%. The largest growth in
mercury emissions (7.0% per year) has been in the power sector, consistent with the growth in coal
combustion in the power sector, from 63.4 Mg in 1995 to 124.8 Mg in 2005. Emissions from industrial
coal combustion have grown by 4.9% per year, from 104.7 Mg in 1995 to 169.4 Mg in 2005. A formal
uncertainty analysis has been conducted on these estimates, following the method described in Streets
et al. (2003), and is shown in Figure 2.7. The 95% confidence intervals are approximately +35%,
changing little over the time period.
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Figure 2.7 - Uncertainty in mercury emission estimates for coal
combustion, as 95% confidence intervals.
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The mercury emissions have also been speciated as described in Streets et al. (2005) and Wu
et al. (2006a) across all emitting source types. The net result for coal combustion — varying over all
sectors, source types and technologies — is shown in Figure 2.8 by province. This figure shows that the
fraction of mercury emitted in particulate form is particularly high in Guizhou Province and to a lesser
extent in Qinghai and Xinjiang Provinces. This is a combination of high Hg content of coals and
extensive use of coal in small, uncontrolled facilities. In the developed provinces — Guangdong,
Shanghai, and Zhejiang, for example — particulate mercury releases are low. For the nation as a whole,
the average speciation profile for mercury from coal combustion is: 64% Hg2+, 19% Hg(p), and 17%
Hg0. It should be noted that the mercury speciation profiles used thus far have relied on western data
sources and are subject to change when new Chinese test data become available.
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Figure 2.8 - Speciation of mercury emitted from coal combustion in 1999, by province.

Streets et al. (2005) showed that the three provinces emitting the largest amounts of mercury
from coal combustion in 1999 were Guizhou (18 Mg), Shanxi (15 Mg), and Henan (14 Mg)—areas
with heavy coal use and relatively low levels of technology. Figure 2.9 presents the spatial distribution
of mercury emissions from coal combustion in 1999 at 30 min x 30 min resolution.
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Figure 2.9 - Gridded mercury emissions from coal combustion for the year
1999 at 30 min x 30 min spatial resolution (units.are Mg yr™' per grid cell).
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2.5 Future mercury emissions from coal combustion

Though mercury emissions from coal combustion have grown dramatically since 2001, there
is hope for a change in the trend through the expected implementation of FGD on power plants. China
announced in its 11" Five-Year Plan a renewed and concerted effort to control SO, emissions,
intending to achieve a 10% reduction in 2010 emission levels relative to 2005. This goal will mostly be
achieved by the installation of FGD units on a large number of power plants. Reduction targets have
been agreed upon with provincial governments and power companies, favorable electricity rate pricing
and loans have been granted, and SEPA has been given ministerial status (Ministry of Environmental
Protection) with greater enforcement powers. Even by 2006, the installed FGD capacity had doubled
relative to 2005, from 53 GW to 104 GW. Figure 2.10 shows that implementation of FGD is expected
to reach 58% nationwide by 2010 and 67% nationwide by 2020—starting with the developed coastal
provinces and then spreading to the rest of the country. Because FGD also removes some mercury
along with the SO,, there will be a significant co-benefit for mercury reduction.
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Figure 2.10 - Expected extent of FGD implementation on coal-fired power
plants in China in 2010 and 2020, showing percentage implementation rates in
each province.

The key question is whether the implementation of FGD on power plants will be sufficient to
offset the expected continued growth in power generation and coal combustion. Figure 2.11(a) shows
the expected growth in power generation and coal use in the power sector out to 2020. Fast growth
continues, with electricity generation growth outpacing coal growth due to improvements in energy
efficiency. Coal use is expected to reach 1290 Tg in 2010 and 1770 Tg in 2020; electricity use rises to
2.62 billion MWh in 2010 and 3.80 billion MWh in 2020. Although more testing is needed to
determine typical mercury removal efficiencies in Chinese power plants, we assume 74% reduction
from an ESP + FGD configuration. With this assumption, annual mercury emissions from coal-fired
power plants are effectively held to about 2003 levels by 2010 (approximately 105 Mg) (Wu et al.,
2006b). About 61 Mg of mercury emissions are avoided through FGD in this scenario, as shown in
Figure 2.11(b). Emissions thereafter would begin to rise again, but with a modest additional investment
in selective catalytic reduction (SCR) and activated carbon injection (ACI) technologies, 2020
emissions could also be held to the level of 100 Mg or thereabouts (Wu et al., 2006b). So the prospect
of stabilizing mercury emissions from power plants is at hand.
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Figure 2.11 - (a) Anticipated growth in power generation and coal use in power plants
out to 2020; and (b) the effect of FGD and other controls on future mercury emission
levels (blue), showing avoided emissions through application of emission control
technology (red).

2.6  Future Research and Policy Implications

The existence of a mercury pollution problem has been known in China for several decades,
but it is only recently that quantification has been attempted. Estimates of mercury emissions from coal
combustion were first made about ten years ago, and they have improved over time. Considerable
progress has been made in understanding the mercury content of Chinese coals. However, to a large
extent, emissions quantification has had to rely on technology performance data as measured in the
West. This is a considerable drawback, as we are not at all sure that facilities in China achieve the same
level of performance as they do in the West—and many of the special Chinese technologies have never
been sampled at all. It was only in 2007 that a number of papers were published by Chinese researchers
reporting on field testing of mercury emissions and collection in Chinese plants. Over the next few
years, these results need to be collated, compared with western data, extrapolated to the whole of China,
and supplemented with additional test data. In particular, the mercury collection efficiencies of PM
control devices and FGD need to be refined when burning coals with the special chlorine and ash
specifications of Chinese coals. When this has been accomplished, we will be able to have greater
confidence in the estimates.
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Summary

In this chapter, we reviewed mercury emissions from industrial sources in China. The
industrial sources included fuel oil for stationary sources; gasoline; diesel and kerosene; biofuel
combustion; Grassland/ savannah burning; waste and residue burning; cement production; iron and
steel production; caustic soda production; non-ferrous metal smelting (Zn, Pb, Cu, and Au); mercury
mining; and battery and fluorescent lamp production. Mercury emission factors from most source
categories were obtained according to measurement data from Europe and North America. The
mercury emission factor for zinc smelting, which was believed to be the largest industrial source, was
adopted from the data of recent studies in China. Primary emissions are classified according to gaseous
elemental mercury (Hg"), divalent gaseous mercury (Hg*"), and particulate mercury (Hg). Generally
no field measurement data on the speciation of mercury from industrial sources is available from
available literature. We used the information published in the literature to estimate the emission of
different mercury species. The total mercury emission from industrial sources in China was 253.07 Mg
in 1999. Non-ferrous metal smelting (including zinc, lead, copper and gold smelting) is the largest
industrial mercury emission source in China and the total mercury emissions reached 167.8 Mg, which
constituted 66% of the total mercury emissions from all industrial sources except coal combustion. Hg"
is the major form of mercury emitted from the industrial sources other than coal combustion, and it
constituted 80% of total mercury emissions. Divalent gaseous mercury (Hg*") and particulate mercury
(Hg") constituted 15% and 5% of total mercury emissions, respectively. The total mercury emissions
from industrial sources in China in 1995 was 296.4 Mg, increasing to 360.5 Mg in 2003, at an average
annual growth rate of 2.90%. Due to lack of field measurement data to quantify mercury emission
factors for most of industrial sources, a large uncertainty is associated with the current emission
inventory. A great number of studies need to be undertaken to reduce the uncertainties. First of all,
surveys are needed to evaluate mercury contents in raw materials of different industrial categories.
Secondly, mercury balance studies are necessary for representative plants of different industrial
sources. Thirdly, the speciation of mercury emissions from different industrial sources are also urgently
needed in order to better understand the atmospheric fate of mercury emitted from these sources.

3.1 Introduction

Global emissions of anthropogenic mercury to the atmosphere have been estimated to be
1900 Mg in 1995 (Pacyna and Pacyna, 2002), of which 77% was from coal combustion, with the
remainder divided among non-ferrous metals production, cement production, and waster disposal.
However, the scenario of mercury emissions from China may be quite different. Mercury emissions
from industrial sources other than coal combustion contribute a significant portion of the total
emissions (Streets et al., 2005, Wu et al., 2006).

China has been regarded as one of the largest atmospheric mercury emission sources from a
global perspective (Pirrone et al., 1996, Pacyna and Pacyna, 2002) due to rapid economic development.
The increasing mercury emissions in China have resulted in the elevation of mercury concentrations in
ambient air both in urban and rural areas in China. Average concentrations of total gaseous mercury
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(TGM) in Guiyang, Guizhou Province, have been measured in the range of 5-15 ngm™ (Feng et al.,
2002, 2003, 2004a, b), attributed to uncontrolled coal-burning in the residential and industrial sectors.
In Beijing, Liu et al. (2002) measured TGM concentrations in the range of 610 ngm™ during winter.
Fang et al. (2001) measured average particulate mercury concentrations of about 0.5 ngm™ in North
eastern Changchun City, Jilin Province, rising to as high as 2 ng m~ during the heating season. Xiu et
al. (2005) measured somewhat lower levels of Hg in TSP in Shanghai, in the range of 0.2-0.5 ng m”.
The average TGM concentrations in rural areas such as the Gongga Mountain area in South western
China (Fu et al., 2008) and the Changba Mountain area in North eastern China (Wan et al., 2008)
reached 3.98 and 3.22 ng m”, respectively, which were significantly elevated compared to the values
of 1.5 to 2.0 ng m™ measured in rural areas in Europe and North America (Ebinghaus et al., 2002,
Schroeder et al., 2001, Lindberg et al., 2007). These measurement data demonstrated that mercury
emissions from anthropogenic activities have resulted in elevated TGM concentrations in ambient air
in China. There are, however, tremendous uncertainties in mercury emission inventory estimates for
China simply because of the lack of direct measurement data to establish reliable emission factors for
different anthropogenic sources. Currently, the mercury emission factors from different anthropogenic
sources are generally adopted from the data obtained from the studies conducted in Europe and North
America. However, mercury measurements of major emission sources in China are known to have
been taken or are underway, even if the data are, as yet, unpublished and unavailable, e.g., the cement
plant measurements made by US-EPA in cooperation with Chinese entities and others, and power
plants measurements made by US-DOE and Chinese universities and authorities. In Chapter 2 of Part-I
of UNEP MFTP report, Streets et al. (2008) reviewed mercury emission from the coal combustion
sector in China, and mercury emissions from industrial sources will be evaluated in this chapter.

The major industrial mercury emission sources in China include fuel oil for stationary
sources; gasoline; diesel and kerosene; biofuel combustion; Grassland/ savanna burning; waste and
residue burning; cement production; iron and steel production; caustic soda production; non-ferrous
metal smelting (Zn, Pb, Cu, and Au); mercury mining; and battery and fluorescent lamp production.

A model has been developed to calculate mercury emissions from different industrial sources
in China (Streets et al., 2005, Wu et al., 2006). The basic concept of the mercury emissions calculation
is described by the following equation:

E=Y [efijAijFrewi(1-Fremi)] (1)
i3

where E; is the mercury emission; efjj,is emission factor for other fuels or nonc-ombustion processes;
Aij is the amount of fuel consumption or production yield of non-combustion processes; Frgj; is the
fraction of mercury emitted to the atmosphere; Frey;, is the fraction of mercury removed by emission
control devices; j is the type of combustion with/without control devices; i is the province; and t is the
year.

3.2 Mercury emission factors from different industrial sources in China

Table 3.1 lists mercury emission factors from various industrial activities in China and the
majority of the data are adopted from Streets et al. (2005). Mercury emission factors from the zinc
smelting sector which is currently believed to the one of the largest mercury emission sources in China
is adopted from recent studies by Li (2007) and Feng et al. (2004). It is obvious that no field
measurement data in China regarding mercury emission studies is currently available in the open
literature for most source categories. Therefore, mercury emission factors from most source categories
were obtained according to measurement data obtained in Europe and North America.

Zinc smelting processes in China can be divided into two major types, namely the pyro-
metallurgic process (PMP) and the electrolytic process (EP). The pyro-metallurgic process can then be
divided into four sub-types, such as the imperial smelting process (ISP), retort zinc smelting process
(RZSP), electric zinc furnace (EZF), and artisanal zinc smelting process (AZSP). Total zinc production
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in China reached 2.71 million Mg in 2004. It is estimated (Jiang, 2006) that 71.8% of total zinc
production is based on EP technology, 7.7%, 5.9%, 13%, and 1.6% of total zinc production used ISP,
RZSP, EZF and AZSP techniques, respectively. Using the mass balance method, Feng et al. (2004)
calculated mercury emission factors from artisanal zinc smelting using both oxide and sulphide ores
and the data are shown in Table 3.2. Applying the same method, Li (2007) investigated mercury
emission factors from four large scale zinc smelters using EP with flue gas mercury removal devices
and without flue gas mercury removal devices, RZSP and ISP techniques, respectively and one
artisanal zinc smelter using oxide ores and the emission factors are listed in Table 3.2. We can see that
mercury emission factors varied significantly with different smelting processes and decreased
dramatically if mercury removal devices were applied for the smelters. Streets et al. (2005) and Wu et
al. (2006) used an averaged emission factor of 86.6 g t' Zn to estimate mercury emission from zinc
smelting sources. From Table 3.2, we can clearly see that in most cases mercury emission factors were
much lower than the value that is currently used. Therefore, we have applied these mercury emission
factors in Table 3.2 to estimate mercury emissions from different zinc smelting factories using different
zinc smelting processes in China in this paper.

Table 3.1 - Emission factors for total Hg from industrial sources in China.

Source category Unit Emission factor
1. Fuel oil for stationary sources (e.g., power plants, industrial use) g Mg oil 0.014*
2. Gasoline, diesel, and kerosene g Mg oil 0.058*
3. Biofuel combustion ¢ Mg biofuel 0.020°
4. Grassland/savanna burning g Mg grass burning 0.080°
5. Waste and residue burning
Agricultural residue ¢ Mg residue 0.037¢
Household waste g Mg waste 2.80°
6. Cement production g Mg cement 0.040"
7. Iron and steel production g Mg steel 0.04#
8. Caustic soda production g Mg caustic soda 20.4"
9. Non-ferrous metal smelting
Zinc (Zn) gMg'! Zn 5.7-155'
Copper (Cu) gMg' Cu 9.6
Lead (Pb) gMg' Pb 43.6’
Gold (Au): large-scale production Mg Mg Au 0.79
Gold (Au): artisanal production Mg Mg Au 15.0%
10. Mercury mining kg Mg' Hg 45,0
11. Battery and fluorescent lamp production Mg Mg Hg used 0.05*

* From US EPA (1995).

® From Friedli et al. (2003a).

© Average emission factor for forests is 0.113 g Mg (Friedli et al., 2003b). We assume that grasslands are generally like forests in
terms of long-term exposure to Hg, but with typically rather shorter lifetimes for Hg uptake. This value is therefore lowered to
0.080 g Mg for grassland burning.

4 From Friedli et al. (2003b).

“ From UNECE/EMEP (2004).

- Coal related Hg emissions for cement production are excluded from this category. Energy intensity of 0.196 Mg of coal Mg of
cement produced (Zhou et al., 2003) is used here to adjust emission factor of 0.065 g Mg of cement (US EPA, 1997) to 0.040 g
Mg of cement produced.

& From Pacyna and Pacyna (2002).

" From Qi et al. (2000).

* From Li (2007) and Feng et al. (2004).

¥ From Jiang (2004).

% From Qi (1997).
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Table 3.2 - Mercury emission factors from zinc smelting using different smelting processes in China.

Methods Hg emlssmn_flactors Information Source
(ngMg') .
Artisanal Zn Smelting using oxide ore 75 Li, 2007
Artisanal Zn Smelting using oxide ore 79 Feng et al., 2004
Artisanal Zn Smelting using sulfide ore 155 Feng et al., 2004
Electrostatic Process (EP) with mercury removal device 5.7 Li, 2007
Electrostatic Process (EP) without mercury removal device 54 Li, 2007
Retort Zn Smelting Process (RZSP) 34 Li, 2007
Imperial Smelting Process (ISP) 122 Li, 2007

3.3 Speciation of mercury compounds from different industrial sources in
China

Primary emissions are classified according to gaseous elemental mercury (Hg’), divalent
gaseous mercury (Hg”"), and particulate mercury (HgP). Generally no field measurement data on the
speciation of mercury from the industrial sources is available from open literature. Streets et al. (2005)
and Wu et al. (2006) used measurements from Pacyna and Pacyna (2002), and Friedli et al. (2001,
2003a, b) for different industrial sources as shown in Table 3.3.

Table 3.3 - Speciation of total mercury for each major source type (as fraction of the total).

Source category Hg° Hg** HgP
1. Fuel oil for stationary sources (e.g., power plants, industrial use)* 0.50 0.40 0.10
2. Gasoline, diesel, and kerosene combustion a° 0.50 0.40 0.10
3. Biofuel combustion ° 0.96 0.00 0.04
4. Grassland/savanna burning ° 0.96 0.00 0.04
5. Waste and residue burning ° 0.96 0.00 0.04
6. Cement production * 0.80 0.15 0.05
7. Iron and steel production * 0.80 0.15 0.05
8. Caustic soda production * 0.70 0.30 0.00
9. Non-ferrous metal smelting * 0.80 0.15 0.05
10. Mercury mining © 0.80 0.15 0.05
11. Battery and fluorescent lamp production ° 0.80 0.15 0.05

* From Pacyna and Pacyna (2002).
" From Friedli et al. (2001, 2003a, b).
“ Assumed to be the same profile as other non-combustion sources.

3.4 Mercury emissions from different industrial sources in China in 1999

Streets et al.(2005) estimated anthropogenic mercury emissions in China for the year 1999
and the total emission from industrial sources other than coal combustion reached 327.95 Mg. We
recalculated the total mercury emissions from industrial sources according to the emission factors listed
in Table 3.2 and the total mercury emission was 253.07 Mg as shown in Table 3.4. The difference
between these data sets is from the estimate of mercury emission from zinc smelting. We used the new
mercury emission factors to estimate mercury emissions from zinc smelting factories using different
processing techniques according the studies by Li (2007) and Feng et al. (2004).

It can be seen that non-ferrous metal smelting (including zinc, lead, copper and gold
smelting) is the largest industrial mercury emission source in China and the total mercury emissions
reached 167.8 Mg, which constituted 66% of the total mercury emissions from all industrial sources
excluding coal combustion. Zinc production in China is increasing significantly, reaching 1.7 million
Mg in 1999. We estimated that total mercury emissions in 1999 were 73 Mg which is less than the
value of 147.6 Mg estimated by Streets et al. (2005). Copper production in China was about 1.1 million
Mg in 1999. Total mercury emissions from copper smelting were 10.12 Mg. Hg emissions from copper
smelting are much lower than those of zinc smelting due to the use of a lower emission factor for
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copper smelting (9.6 g Mg of copper produced) in the estimation, which mainly results from much
lower mercury contents in copper concentrate ore than those in zinc concentrate ore. Lead production
in China was about 0.9 million Mg in 1999. It is estimated that total mercury emissions from lead
smelting were 40.08 Mg. In 1999, the 15 largest lead smelting plants contributed 57% of total lead
yield. Most of these large plants are located in Hunan, Yunnan, Henan, and Guangdong Provinces
(Streets et al., 2005). Because mercury emissions from gold smelting using amalgamation technology
are strongly affected by the size of the smelting plant, the gold smelting process is separated into two
parts: large-scale gold smelting in industrial plants and small-scale artisanal gold smelting.
Amalgamation technology is gradually being phased out in the large-scale gold smelting plants. In
1999, only about 20 Mg of gold were produced from large-scale plants using amalgamation
technology, which resulted in 16.10 Mg of total mercury emissions. Although artisanal gold production
was small in 1999, mercury emissions were still large due to the high emission factor for this process
(Feng, 2005). It is estimated that total mercury emissions from small artisanal gold smelting were
28.50 Mg in 1999. Artisanal gold smelting was officially banned in September 1996, though it persists
in remote areas. It is difficult to get precise gold production estimates from these small activities, and
the mercury emission estimates from this activity are subject to large uncertainties.

Battery/fluorescent lamp production and cement production emitted 24.25 and 22.68 Mg of
mercury, which constituted 10% and 9% of the total mercury emissions from all industrial sources
except coal combustion, respectively. Other sources contributed about 15% of the of the total mercury
emissions from all industrial sources excluding coal combustion.

Table 3.4 - Summary of Hg emission estimates (Mg) for industrial sources associated with fuel consumption and
materials production and use in 1999.

Source category Fuel consumption or Hg Hg° Hg? Hg’
material yield
(Mg)
Fuel oil for stationary sources 33.8x10% 0.47 0.24 0.19 0.05
Gasoline, diesel, and kerosene 96.8x10% 5.61 2.81 2.25 0.56
Biofuel combustion 413.0x10% 8.26 7.93 0.00 0.33
Grassland/savanna burning 52.1x10% 4.17 4.00 0.00 0.17
Waste and residue burning 5.94 5.71 0.00 0.25
Agricultural residue 105.3x10% 3.90 3.74 0.00 0.17
Household waste 0.7x10% 2.05 1.96 0.00 0.08
Cement production 566.9x10% 22.68 18.14 3.40 1.13
Iron and steel production 123.0x10% 4.92 3.94 0.74 0.25
Caustic soda production 9.3x10% 0.19 0.13 0.06 0.00
Non-ferrous metal smelting 167.8 134.23 25.17 8.39
Zinc (Zn) 1.7x10% 73 58.4 10.95 3.65
Copper (Cu) 1.1x10° 10.12 8.09 1.52 0.51
Lead (Pb) 0.9x10°f 40.08 32.06 6.01 2.00
Gold (Au): large scale 20.4 16.10 12.88 241 0.80
Gold (Au): artisanal 1.9¢ 28.50 22.80 4.28 1.43
Mercury mining 195.0° 8.78 7.02 1.32 0.44
Battery/fluorescent lamp production 485.0" 24.25 19.40 3.64 1.21
Total 253.07 203.55 36.77 12.78

*From NBS (2001).

" From ECCCEY (2000).

“From Streets et al. (2003b).

4 From Jiang (2004).

“From NBS (2000).

" From ECCNMI (2000).

& Artisanal gold smelting activities were officially banned in September 1996, but some mines continue to operate surreptitiously. In our
study, we assume artisanal gold production in 1999 is 1.9 Mg, one-third of 1995 artisanal gold production (Feng, 2005).

" This is the amount of Hg used in battery and fluorescent lamp production (Jiang, 2004; Yang et al., 2003).

As shown in Table 3.4, among the total emission of 253.07 Mg from various industrial
sources, 203.55 Mg, 36.77 Mg and 12.78 Mg were emitted as Hg”, Hg*" and HgP, respectively. Hg" is
the major form of mercury emitted from industrial sources other than coal combustion, and it
constituted 80% of total mercury emissions. Divalent gaseous mercury (Hg”") and particulate mercury
(Hg) constituted 15% and 5% of total mercury emissions, respectively.
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3.5 Mercury emission trends from 1995 to 2003

Wu and co-workers (2006) developed multiple-year inventories of anthropogenic mercury
emissions in China from 1995 through 2003. After updating mercury emissions estimates from zinc
smelting using the new emission factors (Li, 2007 and Feng et al. 2004), we also analyzed mercury
emission trends for the industrial sources from 1995 to 2003 as shown in Table 3.5.The total mercury
emissions from industrial sources in China in 1995 was 296.4 Mg, increasing to 360.5 Mg in 2003, at
an average annual growth rate of 2.90%.

Table 3.5 - Summary of total mercury emission estimates (Mg) from industrial sources from 1995 to 2003.

Source category 1995 1996 1997 1998 1999 2000 2001 2002 2003 AAGR?
Nonferrous metals smelting 182.5 158.9 152.8 155 167.8 186 213.8 221.1 248 4.30%
1) Zine (Zn) 50 49 66 69 73 85 105 105 115 11.60%
2) Copper (Cu) 10.4 10.7 11.3 8.4 10.1 12.7 13.7 14.8 17.6 6.90%
3) Lead (Pb) 26.5 30.8 30.9 33 40.1 48 54.3 57.8 70.7 13.00%
4) Gold (Au): large scale 10.1 114 16.1 16.1 16.1 11.8 12.3 15 16.2 6.00%
5) Gold (Au): artisanal 85.5 57 28.5 28.5 28.5 28.5 28.5 28.5 28.5 -12.80%
Fuel oil for stationary sources 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.6 2.30%
Gasoline, diesel, and kerosene 43 4.6 4.6 5 5.6 6.1 6.4 6.8 7.6 7.20%
Biofuel combustion 10.1 9.1 8.7 8.7 8.3 8.6 9.5 10.6 10.7 0.70%
Grassland/savanna burning® 4.2 42 42 42 4.2 42 42 42 42 0.00%
Agricultural residue burning® 39 39 3.9 39 39 3.9 39 39 39 0.00%
Household waste burning 0.6 0.6 0.6 2 2 2.8 32 7.7 10.4 42.50%
Cement production 19.9 20.5 213 21.4 22.7 23.9 27 29.4 35 7.40%
Iron and steel production 3.8 4.1 4.4 4.6 4.9 5.1 6.1 7.3 8.9 11.20%
Caustic soda production 24 24 2.5 1.3 0.2 0.2 0.2 0.2 0 N/A
Mercury mining 35.1 229 37.6 10.1 8.8 9.1 8.7 22.3 27.5 -3.00%
Battery/fluorescent lamp 29.1 34.1 49.7 37.6 24.5 16.2 8.7 6.2 3.7 -22.70%
production

Total 296.4 265.8 290.8 2543 2534  266.6 292.2 320.2 360.5 2.90%
a) Hg’ 238.4 213.7 233.6 2047 2038 2144 2350 258.2 290.6 2.90%
b) Hg** 43.2 38.8 42.7 36.9 36.8 38.7 425 459 51.7 2.70%
c) Hg? 14.8 13.2 14.5 12.7 12.8 13.5 14.7 16.1 18.1 3.00%

* Annual average growth rate.
® Assumed no change over time due to lack of data

Non-ferrous metals smelting operations are known to be one of the largest sources of mercury
in China (Streets et al., 2005; Wu et al., 2006). Due to fast economic development in China, the
demand for non-ferrous metals is increasing significantly. As a result, total mercury emissions from the
non-ferrous metals smelting category (zinc, lead, copper and gold) increased rapidly at an annual
average rate of 4.30%, from 182.5 Mg in 1995 to 248.0 Mg in 2003. In this category, zinc smelting is
the largest single sector in total mercury emissions, reaching 115.0 Mg in 2003 at an average annual
rate of 11.60%. However, lead smelting was the leading sector in mercury emissions growth: from 26.5
Mg in 1995 to 70.7 Mg in 2003, increasing by 13% annually. Total mercury emissions from copper
smelting increased to 17.6 Mg in 2003, increasing at an annual rate of 6.90%. Gold smelting is the only
sector with decreasing mercury emissions in this category, attributed to an official ban of artisanal gold
production in China since 1996. In 2003, total mercury emissions from gold smelting were 44.7 Mg,
compared to 95.6 Mg in 1995. It should be noted that the estimate of mercury emissions from metals
smelting is subject to a high uncertainty due to limited test samples, lack of detailed information on
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metal smelting processes in typical Chinese plants, and lack of precise production estimates from small
activities (Wu et al., 2006).

Besides non-ferrous metals smelting, cement production, mercury mining, battery and
fluorescent lamp production, household waste burning, and biofuel burning are also major contributors
of mercury emissions during the whole period or part of the period (1995-2003). Total mercury
emissions from cement production (coal-related emissions are excluded to avoid double-counting with
industrial coal use) increased steadily from 19.9 Mg in 1995 to 35.0 Mg in 2003, at an annual rate of
7.4%. In China, domestic mercury mining shrank dramatically in the late 1990s, but has rebounded
since 2002. As a result, the total Hg emissions from mercury mining fluctuated significantly,
decreasing from 35.1 Mg in 1995 to 8.7 Mg in 2001, then back up to 27.5 Mg in 2003. However,
mercury emissions from artisanal mercury mining activities in Guizhou during that period of time were
not included because it is very difficult to obtain the precise mercury production from this small scale
mercury mining activity. It was estimated that the annual mercury emissions from artisanal mercury
mining activity in the Wuchuan mercury mining area in Guizhou reached 3.9 to 9.8 Mg (Li et al.,
2006). Mercury containing batteries are being phased out in China due to the release of a stringent
standard in December 1997. Therefore, total mercury emissions from this sector increased initially,
from 29.1 Mg in 1995 to 49.7 Mg in 1997, then decreased significantly from 1998, to as low as 3.7 Mg
in 2003. Biofuels dominate rural energy supply in China. Total mercury emissions from biofuel
burning have remained nearly constant, at around 10 Mg annually. Although household waste burning
contributed only 0.6 Mg of mercury emissions in 1995, it is the leading sector among all of the
mercury source sectors in emission growth, reaching 10.4 Mg in 2003 at an annual growth rate of over
40%. This is simply because the living standards of Chinese people has increased latterly and
consequently the amount of waste produced by each family increased. Among other miscellaneous
small sources, liquid fuels (gasoline, diesel, and kerosene) and iron and steel production are two sectors
with high mercury emission growth, at annual average growth rates of 7.2 and 11.2%, respectively.

It is estimated that 81% of total mercury from industrial sources in 2003 is released as Hg’,
14% as Hg*", and 5% as Hg”, compared to 80% as Hg", 15% as Hg*", and 5% as Hg® in 1995.

3.6 Uncertainties

Quantifying Hg emissions is more difficult than quantifying, say, SO, or NOy, because the
emissions come from so many source types, not primarily combustion sources. In this respect Hg
emissions are similar to VOC emissions. It is acknowledged that for some types of sources very little is
known about actual activity levels and emission factors, and the choices in such cases rely heavily on
inferences of activity levels from quite limited and uncertain statistical information. On the other hand,
at least for combustion sources and releases from mercury containing ores, total emissions are
constrained by the Hg content of the raw material, in a similar way to the sulfur content of fossil fuels,
and this acts to reduce the uncertainty. Several factors influence the estimation of emissions, including
emission factor and activity level.

We estimate the uncertainty for each emitting sector by combining the coefficients of
variation (CV, or the standard deviation divided by the mean) of the contributing factors. We then
combine these uncertainties to estimate the total uncertainty of Hg emission estimates by quadrature
average when the source estimates are uncorrelated. We follow the same detailed methodology for
uncertainty analysis that was described in the TRACE-P inventory paper of Streets et al. (2003a).
Figure 3.1 shows the results of uncertainty estimation in Hg emissions by source type. The general
findings are that Hg emissions are known least well in the artisanal gold smelting sector (£450%),
followed by the mercury mining sector (£340%).
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Figure 3.1 — Uncertainty (%) in Hg emission estimates (95%
confidence intervals, +) by sector (modified from Streets et
al., 2005).

As the confidence intervals are frequently greater than the mean, the presentation of relative
confidence intervals >+100% might suggest that the lower confidence interval is negative. However,
the true confidence interval is not symmetric about the mean because some of the underlying variables
are log-normally distributed. A better interpretation of “+400%”, for example, might be “within a
factor of five” so that the confidence interval would be 20-500% of the mean given.

3.7 Future Research and Policy Implications

Due to the fact that high uncertainties are associated with the current mercury emission
inventory from industrial sources other than the coal combustion sector, a great number of studies need
to be undertaken to reduce the uncertainties. First of all, surveys are needed to evaluate the mercury
content of the raw materials of different industrial categories. Knowing mercury contents in raw
materials, we can easily constrain the upper limit of mercury emissions from industrial sources.
However, information regarding the mercury content of raw materials in industrial sectors is extremely
scarce in China. Secondly, mercury balance studies are necessary for representative plants of different
industrial sources. Until we know the mercury balance in an industrial process, it is impossible for us to
determine what percentage of mercury in raw materials is emitted to the atmosphere. This kind of study
is rarely reported in open literature in China. Thirdly, the speciation of mercury emissions from
different industrial sources are also urgently needed in order to better understand the atmospheric fate
of mercury emitted from these sources. Once we have all the above mentioned information, we will
have accurate mercury emission inventory from industrial sources in China.
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Summary

This study describes the atmospheric mercury (lHgy&ons from industrial sources in India for
the years 2000 to 2004. Environmental problemgeél#o this toxic element, Hg, have been known to
society for a long time. Nonetheless, in India eiois inventories of Hg and other trace elementmfro
anthropogenic sources have been largely negleatidahugh the GDP (Gross Domestic Products growth)
has touched 9.6% at the beginning of th& &intury (http://en.wikipedia.org/wiki/Economy_afdia). In
coal production India is the third largest in therld, whereas Indian cement and brick productioveha
reached second place in the world. With increasddstrial development, acute pollution problemsehav
been identified in the subcontinent.

There is no consistent earlier information for Hgigsions to the environment for any sectors of
industry. This paper may be the first road map lictv we have tried to find out the total emissididg
from a wide range of sources, e.g. from coal comibuisto clinical thermometers broken during
production or packing. There is a lack of basicadatd in an attempt to correct this, emission facto
suitable for Asian countries have been selectetbtoplete this study. Before this document, thereewe
some efforts in Europe to develop emission inveéesoior Hg from coal combustion or chlor-alkali pis
for India (Pacyna and Pacyna, 2002; Pacyna et0@i3;2Pacyna et al., 2006a). In this study it wastb
that total atmospheric emission from industrialrses has decreased from 321 Mg in 2000 to 253 Mg in
2004 due to a switch for the membrane cell progedise chlor-alkali industry. In 2004 the largestipof
the Hg emissions stemmed from coal combustion énntlal power plants. Hg-cell technology had been
used earlier in chlorine and sodium hydroxide potidm, as a result of which Hg concentration in
terrestrial and aquatic species are nowadays hQigitein coastal areas.

India can thus be referred to as a mercury “hot’spde have received limited information on
emissions of Hg from industrial sources in IndidisTwhole document is based on emission factors and
the values taken from the literature. Against &kgemund of limited data and information, this papies
an overview of Hg emissions in India and of theerdcsteps undertaken by authorities to curb the
emissions of Hg and its subsequent trans-boundawement in the global environment.

4.1 Introduction

Economic advancement of any country whether deeelap developing depends on capital to
provide the rapid growth of manufacturing industriénfrastructure, and for the modernization of
economies and societies. For the past three dechudks has achieved increased production of metals
cement, fertilizers, chlorine, pulp and paper al assheat and electricity, through burning of ¢caeltural
gases and oil (Table 4.1). Hence the country beaameof the most rapidly growing economies with an
average annual growth of 9.6 percent and it has tabssed the ten percent level (Choi, 2003). rigutte
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course of development, industrial management aedgihvernment authorities did not pay adequate
attention at the regional or central levels, tdyi@n problems due to mining operations, metal ling
electroplating, energy and fuel consumption, sludigmaping and many others operations causing pofiuti
problems in the terrestrial and aquatic environmeBkamples of soil pollution as well as other pidin
problems in the aquatic and terrestrial environmamet well documented in India (Kumar et al., 1995;
Choi, 2003). In the industrial area of Chhattisgstdte, water discharged from different industsigsh as
thermal power plants, the steel industry, the canmetustry, sulfuric acid plants, rice mills, caghshing
etc, was cited to contain total Hg between 6.7 8- &F mI* with mean and median values of 118 and 49.3
ng mi*, respectively. High concentrations of Hg in hunieir have also been reported in Chhattisgarh
state. Human activities redistribute Hg in a marthat causes elevated concentrations of pollufarttse
human food chain (Nriagu and Pacyna, 1988).

Among the several trace elements in the periodilefddg is considered as a toxic trace element
to humans, animals, and the ecosystem becausse ofiijue geochemical characteristics. It is a matur
element that cannot be created or destroyed arshthe amount has existed on Earth since the phatet
formed. It exists in several states: Hg-metalljmid, Hg vapor, inorganic Hdmercurous salts) inorganic
Hg?* (mercuric salts) and gaseous Me-Hg (Drasche g2@04). There is global concern regarding the
recycling of this element, especially in the Indgubcontinent and China where less attention has be
paid to the environmental consequences of increastliction of chlorine, metals, waste incineratiowl
coal combustion as well as brick manufacturingnidid. It has been suggested that the overall amzfunt
Hg mobilized and released in the Indian atmosphasedecreased slightly in recent years, althougteth
is no emission inventory of Hg from these faciltiand the data availability is scarce. This ishieirt
complicated by the fact that the decision maketkpsty minimal attention to the issues concernkhg
emission and related environmental hazards. Evéreiinternational journals little attention haghgaid
to the atmospheric Hg emission into the technospheindia. In general, the state of Hg and othace
metal research is not well established as compargte western world

In India, there are no cinnabar ore resources Her groduction of Hg and neither is there
information that indicates whether Hg is recoveesda by-product from certain processes. There is
controversy regarding the amount of Hg importedanftbhe European Union (EU) and other countries, but
the total import amount has decreased from 253.74iVIiP96 to 123.4 Mg in 2004 (Pandey, 2006). This
imported Hg is generally used in chlor-alkali paand the leading Hg users are shown in Table 4.2.

There is no information of cross-boundary flow of Mapor from India to other parts of the
world except for the Himalayas (covering an aresoafjhly 6 x 10 knr). The study by Banic et al. (2003)
suggests that Hg has the capacity to move to Highdes. During snow deposition, Hg (Il) can beofui
reduced to elemental Hg and remitted back intaath@sphere. It is still unknown how Hg specieshat t
Himalayan region precipitates in the terrestrial aguatic environment in mountain areas (Loewal. gt
2005).

A recent emission inventory of Hg by Jaffe et &0@5) indicated that Asian Hg accounts for
more than 50% of the global anthropogenic relefstgoThese authors confirmed that the ratio of G{Q/
is a good indicator of Asian industrial flow, inding India. These authors suggested that it isipless
calculate Hg emission based on the Hg/CO ratiota@dnventory of CO emissions. Lindberg et al. (200
pointed out that biogeochemical cycling of Hg isigr to that of carbon (C), sulfur (S) and nitragé\).
However, levels of Hg emissions in the form of amugeand atmospheric Hg on the Indian subcontinent
are alarming. Recently, Srivastava (2003) outlinkd sources of Hg and its risks to the Indian
environment. Studies by Weiss-Penzias et al. (20@8yated that industrial emissions of Hg from @si
can be transported across the Pacific within fiagsd

Mercury in the air consists of two main chemicahis, being elemental Hg (Jgand divalent
Hg compounds which are in gaseous forms or aredtmparticles in the atmosphere. Mercury can also
exist in the environment in the form of organo-riet@ompounds e.g. methyl mercury (MeHg). But, the
speciation of Hg in the aquatic environment detaasiits chemical reactivity, mobility and biolodica
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activity. Mercury is deposited over land, waterddorest regions either by wet (Figure 4.1) or dry
deposition. But the enhanced wet deposition ratesecto major Hg sources through cloud-droplet
activation and precipitation scavenging have bamfiened (Dvonch et al., 1998; Munthe et al., 2001)
However, the deposition rate is highest in regiodere elevated rain fall or snow fall occurs. The
humidity in India is quite high especially in theush, middle and eastern parts, where depositidtgof
expected to be highest. In northern Europe in 8804, an ~ 40% decrease of wet deposition in southe
Sweden was a result of a decrease in air concemtsatand thus in the wet deposition rate of Hg rithe

et al., 2001).

International transport of Hg in the Indian sub@oemt has not been studied sufficiently, as a
result of which it is impossible to predict its exffs in terrestrial, aquatic and freshwater ecesyst
Atmospheric Hg can be deposited to aquatic systerttee Himalayas region, which may be the source of
Hg in river water, sediments and head water syst&ubraminium et al. (2003) measured Hg in fish
species (0.069 — 3.920 mgkget wt), sediment (0.16 — 5.71 mg§gand water (0.17 — 2.351 mQ)|
from the Indus River. These authors did not mentiterHg in Indian fish. It should be remembered,
however, that many variables must be considerech s atmospheric processes mixed with aquatic
variables, which will dictate the overall levelsM&-Hg in fish tissue (Downs et al., 1998).

After the first international conference on “Hgas&lobal Pollutant” in 1990 at Gavle, Sweden,
understanding of Hg chemistry in the ecosystemifa®ased among the scientific community. Still our
scientific understanding of Hg in ecosystems isaiistolute and is rarely complete (Lindberg et24Q7).
Weiss-Penzias et al. (2003) measured gas-phasemt@ntig (HJ), inorganic reactive gaseous mercury
(RGM) and particulate Hg (HG-p) in the marine boamydayer of Washington state, USA in 2001 — 2002.
It has also been observed that in the Polar regidgscan be converted to RGM by chemical reaction
with halogen species (Ebinghaus et al., 2002).

One rather difficult question is whether emissiameintories are consistent with observations.
Emission factors can be used to estimate the emnisdian element, but this approach is far fronfgmer
(Pacyna et al., 2006a). In the view of those awththre accuracy of emission estimations is basetth@n
accuracy of emission factors available in the Emrssinventory Guidebook (UN ECE, 2000,
(http://www.epa.gov/ttn/chief/ap42/ndex.html). Hoxge, emission factors will give a useful guidelirme
the emission of an element or species from indalstri natural sources.

Many authors have identified natural sources ofergssions (not in India), for example, from
forest fires, sands, oceanic mist, volcanic adgsitphoto reduction of divalent Hg in natural watel'he
weathering of bed rocks may contribute to high eotations of Hg (100 ng™y Wide ranges of Hg in
rocks (Table 4.3) determine equally wide rangesatiral background levels in soils and sediments,
impacting on Hg bioaccumulation in aquatic andestnial species. In addition, laboratory studiegeha
quantified the Hg emissions from soils where so#atiation has enhanced Hg emissions (Gustin et al.,
2002). We must understand the natural backgroumdldeof Hg species before any conclusions on
anthropogenic Hg input may be drawn. The Hg infileshwater food chain may be due to the global
increase in thebackground level of total Hg (RoH®96).

This study (November 2007 — May 2008) is based diteeature survey with a final goal to
estimate Hg emission from industrial sources iridn&tack emission measurements are not mandatory i
Indian industry. Hence no emissions data are aMaila the literature for trace metals, including.Hn
addition information on atmospheric Hg emissiongdsy limited or non-existent in sources preseiigd
the government. Several Indian organizations amdpemies were contacted for information during this
study but the response was very poor or nil.

In the present study, the estimated atmospheriemigsions are based on emission factors for
the European Union (EU), for the U.S., from therbtture and from the limited information receivesht
India. An emission factor is a representative gdlbat attempts to relate the quantity of a potiita
released to the atmosphere with an activity astegtiavith the release of that pollutant. The general
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equation for emissions estimation is:
E = Ax EF x (1-ER/100) D

where:

E = emission;

A = activity rate;

EF = emission factor, and

ER =overall emission reduction efficiency, %

Here we did not deal with emissions from secondaeyal production as there are no emission
data available. This document is by no means cdamplait gives a first road map on how to deal with
emission patterns of Hg in India.

d

Figure 4.1 — Chemistry of wet deposition of mercury
(reproduced from Lindgvist et al., 1991).

Table 4.1- Production of metals, coal, residue fuel oild @ement in India, 2000-2004 (Tg)

Element 2000 2001 2002 2003 2004
Copper, Cti 0.256 0.293 0.385 0.391 0.401
Sec. Copper# 0.007
Lead, Pb 0.057 0.074 0.064 0.078 0.042
Sec. Pb# 0.040-0.050
Zinc, Znt 0.176 0.207 0.232 0.254 0.238
Sec. Zn# 0.065e
Pig Iron, Fé 21 22 24 24 25
Raw Steél 27 27 29 32 32
Hard codl 310 3125 333.7 340e 373
Residue fuel oil 7.965 8.308 7.855 6.905 7.267
productiort

Cement 100 100 100 110 11le

e = Estimated value

“Indian Copper Development Center, Kolkata (2007)

“Indian Lead Zinc Dev Association, Delhi (2007); Blothe authority mentioned that production

of secondary lead varies between 40000 to 5000tnMgyear;
*http:/minerals.usgs.gov/minerals/pubs/commudity

2USGS, 2005; www.worldbal.org accessed on 11.29.2007

3IEA (2007);

#Secondary metal production for 2004

Information received from Indian Copper Developm@atter, Kolkata (2007) and Indian Lead and
Zinc dev Association, New Delhi (2007)
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Table 4.2 -Leading mercury users in India (1998 — 2001).

Sector Mercury content per unit Number of units Total mercury
produced (Mg)

Chlor-alkali About 200 g Hg used per Mg of 450,000 70

Cl, produced.

Thermometers 06-1.0g 8957,600 7.2

Batteries *Alkaline not more than 25 mg NA

Hg-Zinc Total 33 to 50 per cent by wt of 1,650 millior? 25

the battery

Zn-Carbon Total 1% Hg by wt of the battery NA

Fluorescent lamps 0.0252 — 0.080 g l&rfp 150 millior? 7.89

Thermostat switches 3-6¢g 4051,500 18.23

Alarm clocks Average 0.6 — 0.7nit* 1481,000 0.96

Hearing aids 0.4 glunit 95,500 0.04

Sum: 129.32

Source:

'Environmental rating of Indian Caustic-Chlorine ®ecGreen Rating Project (2002), Center for Saenc
and Environment.

2Industrial Handbook, Centre for Industrial & EcorioiResearch /Delhi), 1998

% Industrial Handbook, Centre for Industrial & Ecamio Research /Delhi), 2000-2001
“http://www.Indianfoline.com/auto/db01.html

Telephone conversion with Battery Industrial O#ici

®Draft Wisconsin Mercury Sourcebook, Wisconsin Dépant of Natural Resources (USEPA, May 1997)

Table 4.3 -Mercury concentration in different rock samplaweitfi different sources).

Source Hg Range Location
(ng gh (ng g"

Ocean ridge basalt 10*

Granite porphyry 117 5-468 Maine

Gabbro, Granite 10 - Minnesota

Granite, (Granodiorit) 30* -

Granite,( Rhyolite) 35 14-281 Sweden

Limestone 6 0.8-31.2 Sweden

Limestone - 40 - 50* -

Sandstone 110 - -

Sandstone - 40 — 100*

Black shale 234 31.9-340 Sweden

Shale 5.9 0.9-335 Sweden

Shale - 180 — 400*

Mafic (Basalt) 3.9 0.2-17.7 -

Mafic - 4-10* -

* Source: Kabata-Pendias and Pendias (2001)

4.2 Results

There is no doubt that industrial development laributed to momentous economic growth in
India over the last few decades, which has not,evew spread uniformly in society. Industrializatio
population growth, urbanization, and unbalancedsusk raw materials have created enormous air
pollution, causing acute environmental problemsr{Get al., 2006). Never before in the history of
mankind have such vast environmental risk factmsfHg, or natural danger to humans, terrestridl an
aquatic species been reported. Hence, educatioraanckness programs must be launched across the
Indian subcontinent to educate the population @nrtbks from Hg and other trace element exposure,
addressing especially the most vulnerable sectbtheopopulation e.g. pregnant women and children
(Srivastava, 2003).

It is well recognized that Hg is widely spread imi and in this study we have dealt with
industrial emissions of Hg from the following soesc

e Coal combustion
* Iron & Steel Industry
» Non-ferrous metallurgical plants
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e Chlor-alkali plants

* Cement industry

*» Wastes

e Biomass burning

»  Others (e.g. brick manufacturing, instruments,iciihthermometers )

In this study, no information was available frone thulp & paper industry or from the oil and
petrochemical industry in India.

4.2.1 Coal combustion

Coal reserves are distributed widely across thegbjebut recoverable reserves are reported for
only seventy countries. It has been estimatedvibad coal reserves may be sufficient for at leasither
2-3 centuries whereas the figures for oil and gas4d and 65 years, respectively, at current pribaluc
levels. In India, the coal mining area covers s@hb6 knf and the total number of coal mines is 572
(March 2004), of which 170 are opencast, 359 undergd and 33 mixed (Mine Closure, 2005), Figure
4.2. India is the third largest hard coal produicethe world after the PR China and the USA. Coal
production has increased from 310 Tg in 2000 to Bg3n 2004. About 70% of the heat and electricity
production in India depends on indigenous coalnftime to time, steam coal (11 Tg in 2001) and egki
coal (9.8 Tg in 2001) have been imported, whicR005 had increased to 41 Tg of steam and coking (19
Tg) coals (GOI, 2006). Coking coals are primaribnsumed in the iron and steel industry. There are 8
thermal power plants in India, three of which ao¢ @perating currently.

The occurrence and distribution of Hg in differentmpartments of ecosystems has been studied
by many authors. Mercury is a chalcophile elemleatjng great affinity for sulfur-containing compals
This element (which in pure form and at ambientditbons is a liquid) is generally incorporated iyripe
(iron sulphide) and the concentrations of Hg vaithwnineral paragenesis (Kolker et al., 2006). Buis
high vapor pressure and physicochemical propertiesglement vaporizes easily during processing and
thereby is released into the atmosphere. In Irgha,cleaning equipment is not modern (involvingaasim
exclusively only fly ash (FA) emissions control)dathere are no flue gas desulphurization (FGD)tglan

For estimation of Hg emission from coal and othedpcts, emission factors have been selected
and occasionally estimated in the current studyl@&.4). Mercury in coal has been measured by the
Pollution Control Research Institute of Bharat HeRlectricals Ltd, India (Table 4.%yhereas the Centre
for Science and Environment (CSE, 2005) pointedtioat the concentration of Hg in Indian coal varies
between 0.01 and 1.1 mg Kg(= ppm-wt). For estimation of Hg emission from kitds assumed that
Indian coal contains on average 0.376 mg Hg/kg. &rhission of Hg to the atmosphere will be moredf w
use the emission factor 0.5 g Hg Mgalculated by Pacyna and Pacyna (2000), and ladsefficiency of
gas cleaning equipment in power plants is in quasirhe emissions of Hg from coal fired power pant
Indian in the years 2000 and 2004 are shown in€rdbb.The emission of Hg from power plants has
increased by 17% since 2000 and the amount of Kdghdiged into the environment may still be
increasing as many plants have no gas cleaningeguit, similar to the situation in China. It is essary
to add, however, that at lower temperatures (380¢C) in the flue gas duct, in the presence of chigrin
sulfur and calcium part of the Pigapor is oxidized to Hj, and/or reacts with carbonaceous ash particles
and is deposited as Hg-p. Indian coal typicallytaors over 35%-wt fly ash (FA), and this particleface
offers an important site for Hg absorption (Mukkeerjet al., 2008). In a recent study by USGS on 102
selected coal samples from different basins ofarmtincentrations of Hg were found to be in the eang
between 0.02.to 0.16 mg kgFurther details will be available at the projesbsite of the USGS
(http//energy.er.usgs.gov/coal quality/wocqi/cotiedtors.html) (A. Kolker, USGS, and S. Dunkee
USEPA, personal communication, 5, May, 2008).

Currently, the energy sector contributes over 1gmTfly ash (FA) across the country. Several
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recent studies have identified heat, humidity, siddiation and the presence of water as impoftentibrs

in the release of Hg from FA, FGD solids or a migtwf these. The current estimation of Hg in FA is
about 41 Mg (Mukherjee et al., 2008), although ehisra lack of information on Hg in Indian coalglan
coal FA (Mukherjee and Zevenhoven, 2006).

COAL RESERVES OF

AFGHANISTAN

Bl CoAL

INDIAN SR, OCEAN LIGNITE

Figure 4.2- Coal reserves in India, 2004.

Table 4.4 -Emission factors of mercury from industrial sosresed for India.

Source Category Unit Emission Factor (EF) Reference
Coal fired power plants g MgCoal 0.3, 0.324* 1,2
Residential and commercial boiler g M@oal 0.5 1
Crude steel production g Mdsteel 0.08* 2
Residual fuel oil combustion g Mol 0.065 10,11
Non-ferrous metal production

- Copper g Mg Cu production 15 3,4
- Zinc g Mg* Zn production 8 1

- Lead g Md' Pb production 43.6 5,6
Caustic soda production g M@NaOH production 20.4 7
Cement production g MgCement 0.042* 2
Wastes

- Municipal solid waste (MSW) g MgpMSW 1.0 1,3
- Medical waste g Mg Medical waste 20 3

- Electronic waste** 8
Miscellaneous

- Bricks g Mg" brick 0.0214 9
Chlor-alkali plants g Mg of NaOH 20.4 7
Forest burning g M§of fuel 0.242 12
Non-forest burning g M§of fuel 0.041 12
*Pacyna et al. (2006b)

2"This study

3pirrone et al. (1996¥Nriagu and Pacyna (1988)

5Li (2007);%Feng et al. (2004)

Qi et al. (2000)

8Sarkar (2007} ** Hg in each computer = 0.0022%

Weight of Hg in each computer (assuming averagef wtcomputer is 27 kg) = 0.00059 kg
Recycling efficiency (%) = 0

Total annual production of Hg releasing to the emvinent (Mg) i.e. Estimated obsolete computer38 illion =
(0.00059 kg x 1380000)/1000 = 0.82 Mg on Hg reldase

SUSEPA (1997a)

®Mukherjee et al. (2000§*Sunderland and Chmura (2000)

2/eiga and Meech (1994)

2Friedli et al. (2008)
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Table 4.5 -Samples collected from eight coal based powengplanindia
(BHEL, 2004vide Pandey, 2006).

Names of power plants Hg in coal
(mg kg*)

GHTTP, Lehra, Mohabatt 0.26
Anpara, UP (BTPS) 0.26
North Chennai 0.33
NLC-TPS I 0.18
Chandrapura STPS 0.325
Kolaghat TPS (West Bengal) 0.61
Talchar TPS 0.33
Gandhinagar TPS 042
Mean (Range) 0.376 (0.18 — 0.61)

Note: Number of samples analyzed are unknown.

Table 4.6 -Atmospheric mercury emissions from industrial esrin India for 2000 and 2004,
respectively (This study).

Source category Consumption/production ~ Mercury emissions Consumption/production ~ Mercury emissions
2000 2000 2004 2004
(T9) (Mg) (Tg) (Mg)
Coal fired power plants 310 100.44 373 120.85
Residential & 7.3 3.65 7.4 3.7
Commercial boiler
Pig iron & steel 48 3.84 57 4.56
production
Cu-production 0.256 3.84 0.401 11.78
Pb-production 0.057 2.49 0.042 1.83
Zn-production 0.176 1.41 0.238 1.90
Residual fuel oil 7.96 0.52 7.27 0.47
consumption
Cement production 100 4.2 111 4.66
Municipal solid waste 50 50 70 70
Medical waste 0.33 6.6 0.33 6.6
E-waste - - 0.146 0.82
Biomass burning
- Forest 32 (16 - 61) 7.74 32 (16 - 61) 7.74
- Crop 116 (58 — 289) 4.76 116 (58 — 289) 4.76
Chlor-alkali plants 0.476 132* 0.304** 6.2
Brick manufacturing - - 350 (140 x 1pieces)n 7.49
Sum 321.49 253.36

*We have assumed that in 2000, average Hg emissam<Chlor-alkali plants were (185 + 79 = 264/2321IMg (see section 3.4); **In
2004, the data for 2006 has been used to estingaantissions form Hg-cell plants. The abnormal réidnaf Hg emission in 2004 was
due to conversion of Hg-cell process to Membrariegpcecess where no Hg is used.

oWe have assumed that weight of a Indian brickGg. Based on this information, the total weighbricks in this study: 140 x 10
pieces x 2.5 kg wt of a brick i.e. 350 Tg of bricks
Weight of a brick is obtained by personal commutidcawith TERI, New Delhi on 11.01.2008

Regarding biomass burning, Venkataraman et al.g26@ntioned unit: Tg ¥ For this reason, we have assumed that the saumena
of biomass was burnt in 2000 and 2004, respectively

4.3 Iron and Steel Industry

In the 2% century, iron and crude steel production in Irttha increased from 21.3 Tg in 2000 to

25.0 Tg in 2004, and from 26.9 Tg in 2000 to 32¢0iT 2004, respectively. Steel is manufactured tgain

by integrated steel manufacturing processes usiaglhemical reduction of iron ore, and conversibn o
iron from the blast furnace in a basic oxygen fem@OF). Steel can also be produced by meltingl ste
scrap (e.g. from shredded cars) in an electricfamace (EAF). Coke, necessary in the iron andl stee

industry,

is obtained by coking in ovens at 1000f®nore. Here, Hg from coal is passed into theayab

other products of solid, liquid and gaseous by-pobghhases of the coking process. Coal consumfiion
the production of iron and steel in India accountsabout 13% of the total consumption i.e. 48.5iffg
2004. The emission factor calculated for Hg emis$$a0.08 g Mg crude steel which is quite realistic (see
Table 4.4). It should be stated here that cokkecstiitains a small amount of Hg. Hence some Hgpels
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into the atmosphere also from the sintering plalkast furnace and steel production. Our emissiotofa
are higher than the emission factors calculateathgr authors. The simple reason for this is that t
guality of coal in India is quite poor due to athigsh content (30-40%-wt). For this reason, moed
needed per Mg of steel production than in the USAndzurope. Residual fuel oil was also used is thi
sector, although the consumption of this decrefreea 672 Gg in 2001 to 620 Gg in 2004.

In the electric arc furnace process metal from dithed cars is generally used as a raw material
for conversion into steel. It has been reported thg-lamps are often removed when scrap cars are
processed into crude steel (Personal communicatitn Dr. Pandey, TERI, New Delhi, April 2008).
Otherwise, more Hg will be emitted from the irordasteel industry.

The atmospheric deposition of Hg in the vicinityirih and steel works was cited as being in the
range of 60 to 836 g/kifmonth whereas Hg concentration measured in dust58amg kg. In surface
soil it varied between 40 and 72 mg'k@rivastava, 2003).

4.3.1 Non-ferrous metallurgical industry in India

4.3.1.1 Production of metals by different processes and emissions of mercury

The primary non-ferrous metal industries are bamedopper (Cu), lead (Pb) and zinc (Zn).
There are four copper smelters in which the Flasklfng Process, the Ausmelt process and the lalperi
Smelting are practiced. In addition, there is o zroduction plant where Zn is produced by the
hydrometallurgical process. The Cu-smelters angatdtd at Khetri, (Rajasthan), Ghatsila, (Jharkhand)
Dahej (Gujarat), Tuticoran, (Tamil Nadu) where Bepper Flash Smelting Process and the Ausmelt
Process are used, respectively, besides the lateegs at Tuticoran, where Australian Cu-concemtrat
containing 5.0 mg Hg Khwas reported to be used (Personal communicatitm Manger of Tuticoran
Cu-smelter, Decemeber 13, 2007).The Outokumpu Famsalting Process was originally developed for
Cu-concentrate in Finland. In this, dried concdetria smelted in the Flash Smelting Furnace in the
presence of pre-heated air and oxygen to prodgiedrade Cu-matte which is then converted intadnlis
copper in the converter.

On the other hand, in the Ausmelt process, feedmadd are fed through a port located in the
roof of the furnace and fall into the molten battmich favors material transfer and handling systeis
and oxygen are necessary for combustion, and moittal and slag are removed and off-gases from the
Ausmelt furnace are cooled and cleaned in gas alpasystems before discharge.

In Udaipur (Rajasthan), zinc is produced by therbguktallurgical process which comprises the
following steps: roasting, leaching, solution pigation, zinc electro-winning, melting, casting,dan
alloying.

In Tundoo (Jharkhand) lead is produced by the Bfashace Process whereas at Chhattisgarh
the Imperial Smelting Process has been erectetidoro-production of zinc and lead. The total pititun
amounts of copper, zinc and lead for 2000 — 20@4shown in Table 4.1. For Cu production, the major
part of the concentrates is imported from Austraimissions of Hg from the Cu, Zn and Pb - indestri
are shown also in Table 4.6.

Except for the hydrometallurgical process, Hg iagorated at the high process temperatures that
occur during the production of Cu, Zn, and Pb. WHeris released from ores, concentrates or fromilfos
fuels and enters into the biosphere, it can beligtobile, cycling between the Earth’s surface émel
atmosphere. Speciation of Hg is very important. ddey as HgG may be captured by some gas clean-up
devices (e.g. wet scrubbers), but elemental HJ)(l$gnot captured effectively. Once Hg is releaeth
a process, it cycles between soils, the aqueousoanvent and the atmosphere. It has been confitimeetd
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the common forms of Hg in the environment are: ttietelg®, HgChL and MeHg (UNEP, 2002).

In India, secondary Cu is produced by Boliden’s KX process (a Swedish process) where
roasting, smelting and converting occur in the saowverter, charged with Cu-scrap. Production data
shown in Table 4.1. Beside primary production, A Zn metals are also produced through secondary
routes from scrap, dross and residues. Secondapyd@biction occurs in less organized sectors (Ralso
communication with the Director of Indian Lead adthc Development Association, New Delhi,
December 6, 2007). The emissions of Hg from sucbrs#ary metals production are not known.

4.3.2 Chlor-alkali industry in India

4.3.2.1 Chlorine and caustic soda production

The basic raw materials for chlorine chemistrysodium chloride, water and energy. There are
three main electrolytic production technologiedisgd in the chlor-alkali industry, being the diaggm
process, the mercury process and the membrangroeisses. Generally, chlorine and caustic sodeoare
produced in a fixed ratio (1:1) by chlor-alkali pta and hydrogen is also produced. The primaryyroid
chlorine.

In each process, the electrolyzed salt solutiordiiectly converted from chloride ions to
elemental chlorine by direct application of elexturrent, and the overall chemical reaction ifolews:

2NaCl + 2HO — Ch +H, + 2NaOH )

According to the Alkali Manufacturers AssociatighMA) in India, forty-two chlor-alkali plants
in India have the capacity to produce a total adudt2.2 Tg of chlorine per year, whereas the world
production was cited at 55 Tg per year. On the @jlotarket, the Middle East played an important iole
the production and exporting of caustic soda in7200he western region of India is the largest
manufacturer of chlorine (1.04 Tg) in twelve chidkali plants, followed by the Southern region @.4
Tg), the Northern region (0.28 Tg) and the Eastegion (0.24 Tg). Pandey (2006) indicated thirtyefi
plants in India of which twenty-five have been certed to the Membrane process. These plants ale vit
for the chemical industry and this industry set¢tas been in operation in India since 1941. The rurab
world chlor-alkali industry plants (Hg electrolysimits) has been reduced from eighty-six in 2002 to
seventy-four in 2006 (Figure 4.3). In India 86%tloé plants have been recently converted to membrane
cell technology and the rest, 8 or 10 units, artheprocess of conversion to membrane cell tecigyol
which does not use Hg in the process (Pandey 2808\, 2007). The present list of chlor-alkali plants
operating in India is given in Appendix 1 and Figgi#.4 & 4.5 indicate Hg-Cell and converted Membran
Cell plants in India, respectively.

A non-governmental organization (NGO) in New Dédilis estimated that in 1999 — 2000, the
loss of Hg from the Hg-cell process to be 394 ggeg Mg of C} production. during the same period,
chlorine production was 0.48 Tg. This correspond aid annual Hg emission of about 185 t.
(http://mwww.toxicslink.org/ docs/06035_publicatiehs33-2.pdf). In another study, Srivastava (2003)
estimated that the Hg loss from Hg-cell plantsridia is about 142 g MgNaOH produced. From his
estimate, Hg loss to the atmosphere between thes yi297-2000 was about 79 t'yrClearly, the
information on Hg emissions from this particulaenfical sector in the past is highly unreliable. ldwer,
more recent information from AMA (2007) indicatésmt NaOH production by the Hg-cell process was at
0.3 Tg for 2006-07 whereas for the same periodptioeuction by the Membrane Process it was 1.7 Tg
NaOH. Considering the emission factor for Hg enoissifrom Chlor-alkali plants to be 20.4 g Hg Mg
total Hg passed into the atmosphere from this cbenimdustry was 6.2 t yr (Table 4.6). In the 1990s,
chlor-alkali plants were the single largest Hg eonig industry in India, consuming about 70 — 80 dfig
Hg each year (CSE, 2005). Mercury has been detéttgebundwater and surface water in the vicinity o
Hg-cell chlor-alkali plants. In addition, Hg occed also in the vicinity of dyes, paints and pigment
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manufacturing units which use Hg-based catalysteégmrmanufacturing processes (CSE, 2005). According
to the Ministry of Environment and Forest (New Dglindian chlor-alkali plants will be Hg-free ir022 .

In the near future, chlor-alkali plants may be ffieen Hg-cells, but this does not mean that atshme
time Hg will disappear from the vicinity of chlotkali plants. The metal will not disappear from the
environment, but will convert into MeHg, PFigr mercuric chloride which will then pass into the
atmosphere, to again fall on forest soils or théewahed. Speciation of Hg plays an important iole
toxicity and the exposure to living organisms.

WCC - Chlor-Alkali Industry

Number of plants and capacity of mercury electrolysis units
in USA/Canada, Europe, India and Brazil/Argentina

(+1 Uruguayan and 3 Russian plants from 2005 onwards)

Number of Capacity of
plants plants (1000 t/y)
90 9 000
+ 8600
85 1 —=
< > +8200
~ ~e-
80 > ~g
—
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Figure 4.3- The scenario of world’s chlorine plants and prdihrc
capacity, 2006 (WCC, 2007; Reproduced with perraissVeronique
Garny, 2007).

: CHLOR-ALKALI INDUSTRY
iy (MERCURY CELL PROCESS)

Mettur

Udpogmandd

Chennai.
.

Figure 4.4 - Mercury cell Chlor-alkali industry in
India. Red circles indicate Hg-based thermometer
industry. Adapted from Toxicslink, New Delhi. See
Appendix | which indicates conversion of major
number of chlor-alkali plants from Hg-cell to
Membrane cell process where no mercury is used
http://www.toxicslink.org/docs/06035_publications-1
33-2.pdf.
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However, it has also been reported that about 1Jg@Mg has been imported and consumed in
the years 2004 — 2005 (http://www.dgft.delhi.nif.irlChlorine and sodium hydroxide use also prodde
range of benefits, such as PVC manufacture whialm isnportant material. It has a long life e.dats for
more than 35 years. It emits about 50% less cadimtide and needs less oil for production. Beslaesé,
in many energy saving buildings, foam insulatiod 8vC windows are based on chlorine chemistry.
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Figure 4.5- Locations of Chlorine industries in India,
2008 (Information received from S. Sinha, Toxicklin
New Delhi, 2008: plotted in the map of India); See
Appendix 1 for details of plants.

4.4 Cement Industry

The Indian cement industry is the second largestece producer in the world with an installed
capacity of 144 Tg annually. Due to technologicavelopment some Portland cement production plants
are well advanced. In cement production, energgwmption is quite high. In the Indian cement indyst
the capacity of kilns varies between 10 Mg Haynd 7,500 Mg day Most cement, 94%, is produced in
large (capacity 600 Mg day plants. At present there are 124 large rotany gihnts. In India, in general
Ordinary Portland Cement (OPC) (56%) and blendetdete (43%) are manufactured. The dry process
(93%) route besides some (much more energy intehgigt and semi-dry processes (7%) are practiced.

In the cement industry, Hg was found to be emifteth the wide range raw materials and other
resources used. There are more than thirty raverdift materials used in the manufacture of Portland
cements.These materials can be classified as: (a) calcared) siliceous, (c) argillaceous, and (4)
ferriferous. A variety of calcareous raw materiale used in Portland cement including: limestohallg
marl, sea shells etc. The thermal treatment of maaterials for the manufacturing of Portland cenisnt
carried out in kilns. It is not known if any plantsindia use waste as an alternate fuel in a cekikn

However, there are four steps in production:

e Evaporation of uncombined water;

«  Dehydration e.g. at temperature 480 formation of oxides of Si, Al and Fe occurs;
e Formation of calcium oxide at 98G;
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« In the burning zone of the rotary kiln, the cemdirtker is formed at 1518C

In determining the emission factor, we followed thaterial balance used by Smith (1999), the
input data being as follows:

« 0.40 mg kg (Hg / coal)

* 0.1 Mg coal / cement

» 1.2 Mg limestone / cement

« 0.03 mg kg (Hg /limestone) (UNEP, 2005)

« Emission factor of coal fired kiln 1.5 x £&g /Mg cement (UNEP, 2005)

Based on the above information, the emission fdatoHg per Mg of cement production is 45.6
mg Hg Mg? cement (the EPA’s value is 65 mg Hg Mgement, USEPA (1997)). In a dry process, Hg
will leave the kiln in gaseous form, but in the 4{memater tower, it may be adsorbed both on thefkibal
and cement kiln dust (CKD). The speciation of Hgagain very important as retention of Hg in gas
cleaning equipment depends upon: a) the gas clgagnipment; b) the form of Hg; c) the temperature
and retention time (Senior et al., 2003; Mukheged Zevenhoven, 2006).

4.5 Wastes

4.5.1 Municipal Solid Waste (MSW)

People in India live on 3.28 million Kof land. Due to population growth, there is also a
increase in municipal solid waste (MSW) in IndideTgrowth rate of MSW is reported to be 1.33% per
capita per annum (EPTRI, 1995). The collectioncédficy of MSW is about 72.5%, but still waste
transport capacity is lacking in 70% of the cit@ERI, 1998 vide Singhal and Pandey, 2001). MSW
consists mainly of household garbage, and othemmential, institutional and industrial solid wastés.
household wastes, broken thermometers, instrumigtsapor lamps, toys, electric switches, fluoresce
tube lights, Hg-batteries etc. are the expecteldetohe Hg containing products. In addition, mostWIS
contains large amounts of organic species.

MSW Rules 2000 indicate that the municipal soligteashould be disposed of in a environment-
friendly manner such as: pelletisation, combustimivieration, land filling, bio-methanation and
composting from which power could be produced émal industry.
(http:/ftimesofindia_Indiatimes.Com/articleshow/2d8.cms) However, MSW generally disposed of by
the following ways:

* Landfill practice
e Open dumping
e Open burning

The generation figures for MSW in India are basedh® recent study conducted by Singhal and
Pandey (2001) (see Figure 4.6). Between the ye@®& 2nd 2004, 50 to 70 Tg per year MSW was
generated in India, with most waste generated tarURradesh where 166 million people live. It hasrb
estimated by those authors that in the year 20d &thount of MSW might reach 260 Tg. An estimated
emission factor for Hg in MSW is 1.0 g Mgwithout emission control. In India garbage anaediwaste
are often burnt near the road side. 94% of MSWuimpkd in landfills without any proper systems and 5
% of wastes are used for composting (CPCB, 2000 i the humid climate and rainy seasons, leaching
of Hg can be expected.

The huge amount of MSW produced is a serious pmolielndia. Unfortunately, little attention

is being paid to proper management of MSW. Probleitis wastes are not particular to India but odour
most Asian countries. Asian countries face seripiablems in the solving of disposal problems for
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wastes. It is not only a technical problem, but ynpalitical, legal and environmental factors areacal
involved. In addition, land requirements for theptisal of MSW will increase and it has been esthat
that by the middle of the 21st century 1400 lohland many be needed for MSW (Figure 4.7). Sbigrh
et al. (2007) determined the constituents of MSWAtlahabad where 1.1 million people live (20063an
these are shown in Table 4.7. This may represemiigh picture on MSW for whole India.

Table 4.7 -Estimation of the essential parts of MSW in Inbésed on the study for Allahabad
city (After Sharholy et al. 2007).

Elements in MSW % of weight % weight based on 21 class 1cities*
Paper 3.6 5.7
Cardboard 1.09 -
Metal, tin cans 254 2.1
Glass 0.73 2.1
Food wastes 453 41.80
Textile rags 2.22 35
Plastic (Poly bag) 2.86 3.9
Miscellaneous (bricks, ash, fine dust, rubber, wood 41.66 41.1
leather, wastewater etc.

Total 100 100
Moisture 25%

*(CPCB, 1999)

MSW

(million tonnes fyear)

300 7

200 1

100 1

D l» T T 1 I 1 1
1897 2001 2011 2021 2031 2041 2047

Figure 4.6- Solid waste generation in India (Reproduced frangal
and Pandey, 2001).
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Figure 4.7 - Land requirement (kfj for disposal of municipal solid
waste (reproduced from Singhal and Pandey 2001).

4.5.2 Medical wastes

There is limited information available regardingdital wastes in India. It is generally expected
that medical wastes contain more Hg than MSW dbeshis sector, there are many instruments in
hospitals which contain large amounts of Hg. Ttegeebasic regulations related to health care ira|rizlit
unfortunately these regulations are not followedperly. Visvanathan (2006) estimated medical waste
generation in Asia, the figure for India being 0B$yr*. Based on 20 g Hg emission per Mg of medical
waste (USEPA 1997), the total Hg emission to timeoaphere from this source is estimated to be 6.6 Mg
per year. The average health care waste genegaioned per day in India has been estimated & kg-
(Table 4.8). According to law experts in India #nés no lack of legislation, but the problem lieghw
implementation. Often medical waste is disposetbgéther with MSW, due to which the waste stream
becomes hazardous. Technologies available for mendhedical waste include: a) incineration; b)
autoclave; ¢) microwave; d) chemical disinfectiom &) plasma pyrolysis. In India there are incitiera
plants at some hospitals to handle medical wa3tes.capacity of these varies from 50 to 175 K dfr
infectious and non-infectious wastes generateB.dihi, there are 61 medical waste incinerators theite
is no information regarding the handling of hodpitastes in other parts of the country.

4.5.3 Electronic waste (E-waste)

In recent years, discarded electronic waste knosriEawaste” often enters into the waste
streams in India as in many other (Asian) countridatomation, increased demand for electronic
equipment including computers and increased consgimgce are believed to be the major reasons for
growing quantities of E-waste. Recently its produtin India has increased to 380 Gg in 2007 ardst
been forecast by the authorities that its produactidl increase to 470 Gg in 2011. There is aldwuge
amount of E-waste imported from the West, possitslynuch as 50,000 Mg annually; mainly discarded
computers and accessories (http://www.physorg.cewgh16912274.html accessed January 21, 2008).
Before or while burning E-wastes, scrap dealersreaover valuable metals, which is however not euith
impact on health and the environment. In Indiardhis a general lack of recycling technology. Cotapu
scrap is often reused and many different types ofakte end up in landfills, creating health and
environmental problems since this method of dispasaiot well developed. In addition, India has
dumped E-waste in other countries.
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Sarkar (2007) studied E-waste generation (excludmgprted) in India and observed that 146
Gg electronic wastes were generated from PCsgegfiors, TVs and washing machines in 2006, and the
amount is expected to rise to 1.6 Tg in 2012. ddition, India receives a large volume of E-wasts.
there is no national level policy for management Eofvaste, most of the recycling facilities are
unorganized and do not use suitable, state-of+thiehnologies for the recovery of toxic metalslested
trace elements from E-wastes in India have beereaddd by Sarkar (2007), indicating that 0.82 tyHg
escapes into the environment (Table 4.9), and @hees will increase due to increased annual E-vwasie
the lower lifetimes of newer computers. The totgl teleased from the above mentioned three types of
wastes is given in Table 4.6.

Table 4.8 -Estimated medical waste generation in selectedmsountries (Visvanathan, 2006).

Country Waste generation Total wastes

(kg bed™ day") (Mg yr?)
Bangladesh 0.8-1.67 93,075 (only in Dhaka)
Bhutan 0.27 73
China - 730,000
India 1-2 330,000
Malaysia 1.9 -
Nepal 0.5 365
Pakistan 1.06 250,000
Sri Lanka 0.36 6,600 (Only in Colombo)
Thailand 0.68 -
Metro Manila (Philippines) - 17,155
Vietnam 2.27 (Hanoi) 60,000

Table 4.9 -Mercury in electronic wastes (Tg) in India (Aftearkar, 2007).

Waste type 2001 2002 2003 2004 Emission factor g/Mg Hg in waste

(Mg yr
E-waste - 0.146 - 0.82
Total

E-waste in India — annual and total production antly into environment (Referring to the estimatedhber of annual production
of obsolete computers (1.38 million), total margige (15.5 million), MCC data on average weightaiputer (27 kg),

proportion of presence of toxic chemicals in eamimputer and recycling efficiency - annual and tptalduction of various toxic
substances from e-waste generated from discardeputers and related materials have been estimated.

Metal % in Wt Average Recyclin Yearly Max Entry into Total Total Total
(each weight of s} production  recycled environment production max. entry
computer) Hgin efficiency of toxin annually (Mg) (based on  recycled into
computer material (Mg) market possible  environ.
(Mg) sizeMg) (Mg) (Mg)
A B A-B C D C-D
Hg 0.0022 0.00059 0 0.82 0.00 0.82 9.19 0.00 9.2

Source (adapted): MCC (Microelectronics and Compligehnology Corporation), 1996, Electronics Indyst
Environmental Roadmap, Austin, Texas, details abédl at www.svtc.org/cleancc/pubs/sayno.htm (leséssed
on 20th March 2006) and Boralkar D.B. (2006), Pectipe of electronic waste management, Green Bssine
Opportunities, Vol 12 (1), pp 7 — 10.

4.6 Biomass burning

We consider Hg emissions from biomass burning toahthropogenic and it is therefore
necessary to understand its effects on the atmospmmea regional (i.e. in Asia) and global scaled&y
and Venkataraman, 2002; Streets et al. 2003). \tarkkaan et al. (2006) focused forest and crop waste
burning in India between 1995 — 2000 using foreshbareas and biomass density for Indian ecosygstem
It has been estimated that Indian forest is buateal rate of 32 (16 — 61) Tg'yand in open and dense
forest with low density biomass cover (Streets let2803). Crop waste burning, including cereal,
sugarcane waste, oilseeds, fiber crops and pulsee waiso estimated at 116 (58 — 289) Td¢ yr
(Venkataraman et al. (2006). Mercury emissionsmdubiiomass burning have been shown in Table 4.6.
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However, biomass is the main source of energy iftagers and about half of all energy in India used
cooking food. It is interesting to note that thefood consumption (kg/capita/yr) increases witlréased
altitude in the region of Garwal Himalaya. The suenitime average consumption at 500 altitudinal eang
(m asl) is 392.28 kg/person/year whereas at 200@idihal range it is 1019 kg/person/year (Bhattl an
Sachan, 2004). It means Hg emissions will be higisewell when firewood is burnt at higher altitude
the mountain region.

4.7 Miscellaneous

4.7.1 Brick industry

The Indian brick industry is the second largesttie world after China. The Energy and
Resources Institute (TERI) has estimated over D@0whits producing 140 billion bricks per year. fehe
are three types of brick works, based on productapacity i.e. small (<1 million bricks per year);
medium (1 — 2.5 million bricks per years) and lafgglities (>2.5 million bricks per year). Smallerick
facilities are generally situated in the villageas whereas the medium and larger types are looated
urban areas. It is an energy intensive processaalds the major fuel used. It has been estimbyetERI
that about 24 Tg of coal, containing 0.376 g Hg'iMare fed to the brick kilns for the productionlef0
billion bricks (e.g. 350 Tg of bricks considerifgetweight of a brick in India to be 2.5 kg, basedl&Rl,
2008). In addition, Indian brick kilns consume ansiderable amount of biomass and fuel oil, but the
amounts of these are not known (Garg et al., 2@&3ed on the use of low grade coal, the uncoettoll
emissions of Hg from these processes to the atreospre 7.5 t Hg r(Table 4.6). In addition there are
PIC (product of incomplete combustion) emissions1996, the Indian government enforced regulations
which have caused some technological improvemengtsreduced dust emissions, and improvement of
firing technology, especially in large brick worlidaithel and Uma, 2000).

It has been reported by TERI that new technologieh as vertical shaft brick kilns (VSBK) has
been introduced in several brick production faeidit The process claims to both lower investmedttan
meet emission standards.

4.7.2 Instruments, batteries and thermometers

Substantial amounts of Hg are used in the prodootibinstruments, batteries and clinical
thermometers. Table 4.2 indicates the amount ofi$¢gl in the manufacture of instruments between 1998
and 2001. Clinical thermometers and barometers oftgn be broken during manufacture. Broken
products are put aside and often cause fugitivession of Hg. However, there are no measurements by
which the total amount of Hg thus lost to the eoniment can be detected. In addition, bookkeeping is
quite poor. One of the largest thermometer comparieKodaikanal in the Tamil Nadu state, was fdrce
to close due to illegally dumping Hg-bearing wdste the surroundings. Before closing the estimatgd
emission from broken pieces at the plant, was®@4.2 t yi* (Each thermometer contains 1.0 g Hg; total
production 10-12 million pieces per year; breakalyeing production and handling 35%.) The Hg
consumption in different instruments is shown iblEa4.10.
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Table 4.10 -Total mercury consumption in instrument manufaogindustry
(from different sources).

Instruments Unit Used/unit

(kg) (9)
Clinical thermometers 3,100 0.61
Lab thermometer 900 3.0
Blood pressure monitors 12,000 60.0
Barometers (in kg) 125 5
Total 16,125

4.8 Mercury in the Indian Environment and the cycling in the bio-geosphere

The soil, water and air are not only a part of ¢ékesystem but also play an important role for
humans, animals and aquatic species because theaswf human, aquatic species and plants is tied
with uncontaminated soil, water, and air. Relea$eébe non-essential element Hg from industrialrees
are well documented in developed countries. Thidysaddresses emission of this element in the india
ecosystem and indicates that its presence in gbiats, air and water and aquatic species ananssds
are at alarming levels, which is also supportethleywork of Srivastave (2003) and many other atior
the West (Hylander and Meili, 2003; Pacyna and Rac2001, 2002; Pirrone et al. 1998). Coastal areas
are often contaminated by the discharge of Hg fedinHg-cell chlor-alkali plants. At one well known
clinical thermometer works in Tamil Nadu, an ambiain concentration of 1.3@g Hg m*was reported.
Outside the factory, licherP@rmelia sulcataand mossKunaria hygrometricasamples contained 7,9
kg" and 8.3ug kg', respectively. Fish in lake waters contained 12090 mg kg, whereas total Hg and
MeHg in waters were measured to be 356 — 465 hgahd 50 ng L respectively (Karunasagar et al.,
2006). Concentration of Hgn sediments in the same lake near the factomatt 2130 m above mean
sea level, varied from 279 to 350 mg'kg

High concentrations of Hg are reported in fish tipatw in saline or fresh water in coastal areas
(1.1 — 700 mg kg Table 4.11) for many states of India (WHO’s pessitile value is 0.5 mg Hg Ry
Sinha et al. (2007) studied the Hg concentratiodifferent samples from the river Ganges (Tabley.1
and a high concentration was reported for variquesies although not in the water samples themselves
Seasonal variation was also reported by these autfbese authors collected about 61 fish samples f
the river Ganges near Varanasi, where they fouat ttie Hg concentration in the fisMécrognathus
pancalu3 varied up to 91.7 mg Kg The observed Hg concentration in their study mase than that in
the fish samples collected from the western cddstnbai (0.03 — 0.82 mg K. Mercury in fish resides
as MeHg (which affects humans) bound to the preteind muscle tissues of the fish. Besides MeHg,
concentration of elemental Hg is also observedsin &nd shellfish species. It was reported alsbriba
fields contaminated by Hg from coal combustion poplants contain MeHg. In many parts of the world,
including India, high concentrations of MeHg and kltye been demonstrated in oceans, rivers, lakks an
reservoirs. Pirrone and Mahaffey (2005) revieweditdglobal fish populations. In many regions ofimd
fish is an important daily food item and the auities should make people understand the effectsgbf
concentrations of Hg and MeHg in fish. In the 1960sJapan, Minamata disease was caused by
consuming Hg contaminated fish and rice. It hasnbemported in the panel discussion of the 8th
International Conference on Mercury as a Globalu®aht at Madison, WI, USA that MeHg in human hair
is 250 to 300 times more than Hg in the blood farse who eat fish regularly or frequently. Pat@0@
studied the health impacts on humans at contandrsites of the central region, Chhattisgarh stéte o
India where 50 Tg of coal and minerals are expib@aenually by various industries and thermal power
plants. In addition over 600 rice mills are in agérn producing > 2 Tg of rice contaminated by g,
and Pb. Twenty-two human hair samples were analfroed the contaminated areas and were found to
contain Hg from 2.6 — 37.8 mg kgvith mean and median values of 12.3 and 10.4 migtagpectively.
This author believes that in this region, the taffects of Hg due to contaminated of food and wate
expected to show up shortly. However, scientifiowledge on MeHg exposure and its effects on humans
are still not complete.
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Das et al. (1998) indicated that 90% of MSW in &ds directly dumped on the land in an
improper manner and the problem with disposal iféesl in towns and cities is that they cannot kpape
with the quantity of waste generated. It has alsenbforecasted that by the middle of thé 2éntury,
MSW will be generated at a rate of 250 — 300 T¢ (@Bharholy et al., 2007; Das et al. 1998). Sewage
sludge, pesticides, composts and fertilizers atenafised on agricultural lands and these are alsaceas
of Hg in soils and groundwater. Often, untreatdlient is pumped into rivers, lakes and groundwated
through bore wells, (such as in Andhra Pradesh @oghrat states). The Hg leached from landfills
contaminates groundwater and streams, from whigtoites into soils, and agricultural lands.

Mercury emission scenarios for coal combustion, MSMId the non-ferrous metallurgical
industry are alarming. The highest Hg emission fomral combustion has been estimated in this doctumen
for the year 2004.

Table 4.11- Mercury concentration in fish and other species.

Place Fish/species Hg conc. Max. value Reference
(mg kg") (mg kg

North Koel river, Fish 600 - 700 1
Jharkhand
Mumbai, East Coast, Fish 0.03-0.082 1.6 2
Maharashtra Bivalves 0.13-10.82 21.6
Sagar Island, Gastropods 1.05-3.60 7.2
East coast West Bengal Crabs 1.42-4.94 9.9

Bivalves 0.06 —2.24 45
Binage, Karwar, Oysters 0.18 -0.54 1.1 3
Karnataka

1. “Mercury concentration of fishes in north kogkr, Rehela, Bihar, Indialndian Biologist23(2) 1992; 58 — 60.
2.Chemosphererol 33 147 — 158 (1996), cited in Global Mercury AssessimegNEP Chemicals, 2002.

3. “Heavy metal distribution in the biotic and aianatrices along Karnataka coast, West coasidifrl. Indian Journal of Marine
Sciences27, June 1998, 201 — 205.

Table 4.12 -Mercury concentration (mg Ky of different samples of the Ganges River colldcte
at Varanasi, India (Sinha et al., 2007).

Season Water Sediment Benthos Fish Soil Vegetation
Winter 0 0.106 £ 0.113 0.144+0.252 4.048 +18.67®.095+0.114  0.254 +0.397
Summer 0.00037 +0.00029 0.080+0.087 0.108 +£0.160.205+0.531  0.126 £+0.111  0.098 + 0.081
Post-monsoon 0.00032 + 0.00048 0 0.092 +0.129 94385.067 0 0.245 +0.127

4.9 Discussion

This study indicates that the atmospheric Hg emissin India from industrial sources ranged
between 321 to 253 t annually during the past ygacsasionally, Hg emissions have been given for a
single year, e.g. in brick manufacturing, medicaktes and E-wastes. The highest Hg emissions ectcurr
from the combustion of fossil fuels in power plarftdlowed by three types of waste. The Hg emission
given for Chlor-alkali plants should be used wittutton. In addition, the Hg emissions from residual
oil use over the period 2001 to 2004 were negligiblg. 0.54 — 0.47 Mg (based on the uncontrolled
emission factor 0.065 g My No information was available from the pulp & pagndustry or the oil and
petrochemical industry in India. It has been regabrby the Ministry of Environment and Forests, New
Delhi, that major Hg-cell plants have been convkttethe Membrane Cell process (Pandey, 2006)hwhic
means that Hg use and emission in chlor-alkalitplare expected to drop. At the end of the 199@Eah
chlor-alkali plants discharged Hg-contaminated essters containing Hg in the range of 0.08 to 2hg
(the Indian standard for Hg in industrial water€i601 mg ). Mercury is used often in electrical and
electronic devices, fluorescent lamps, laboratang anedical equipment, clinical thermometers and
computer components. However, strict enforcementhefregulations inside the country is needed. If
necessary, a trade ban should be implemented totheruse of Hg in India. Mercury emissions vary
widely from one region to another in India, basedimdustrial activities. Often, activities such ezl
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mining and the burning of coal in power plants, aflatgical industry, chlor-alkali facilities, andaste
disposal will produce trace element problems, idiclg Hg, in the region. We have also identified Hg
emissions from the cement industry and brick mastufang, where 24 Tg of coal are used. In addition,
Hg containing E-waste, medical waste and the MSWHgl to the ecosystem of India.

Two scientists from the Department of Botany, Sisknadevaraya University, Anantapur, India
studied Hg in plant specie$dphrosia purpurea, Cassia AuriculaaedArachis hypogaganear a cement
works at Bethamacharla, Andhra Pradesh. They foooiek Hg, 0.76+0.04 (SD) ng/mg in the leaves than
roots (0.750+0.02) or stem (0.541+0.01)dassia Auriculatelt is also confirmed that the mobility of Hg
is greater when it enters the plants through teenstr leaf. The accumulation of Hg indicates thnat t
cement industry emits Hg to the vicinity of themiky but the accumulation levels vary with specigad
direction, soil pH, aeration as well as soil maistu

Villagers and ordinary people in cities or towne aften not aware of the toxicity of Hg and how
this element enters into human food chain. Henopegareducation is necessary so that people in batia
understand the effects of Hg concentration in éism drinking water. Mercury is notorious for ttsxicity
to biological organisms. Excessive releases of hig) iss compounds may lead to severe environmental
and health consequences (Wong et al., 2006).

In India Hg emissions from most industrial souraes still increasing. The coastal areas as well
as the inside of the country are highly pollutece do chlor-alkali plants and the process by which
Cl,/NaOH have been produced since the 19¢@tgure 4.8. The six Asian countries, India, China,
Pakistan, Bangladesh, Japan, and Indonesia adersdkely populated. Mercury emissions from indulstria
sources may cause future epidemics among the gagul®ver time, excessive Hg emissions will cause
bioaccumulation and bio-magnification in the foddhin, which may create serious problems with human
health in India and surrounding countries. It hiasaaly been mentioned regarding the high concéotrat
of Hg® and MeHg in fish, shellfish and seafood, that éhare signs of Hg in the human hair when Hg -
contaminated fish is eaten often. Excessive Hg®omis in India can cause Hg deposition problema on
global scale.

Industrial progress is necessary if the econonevtir of a country is to be maintained. If India
follows this pattern, the country must adopt thetlsvailable technology to control Hg emissionsriro
industry. In coal fired power plants, electrostatiecipitators are not enough. This gas cleaninipacent
does not capture vapor-phase’lftgm the process. Management in India should widad that there is a
lack of scientific information concerning the ennisg distribution, and biogeochemical behavior af id
India. The imbalance between India and the develmpeintries regarding Hg emissions from industrial
sources is due to technical motivation, environ@leatvareness and socioeconomic conditions. India is
however, trying to curb environmental trace eleméntluding Hg, by the formulation of discussions,
mass education, strict regulations and effectivdrobtechnologies. On this subcontinent, detadidlies
on e.g. Hg emission rates from specific industriegroved analytical techniques especially for Hg i
coal, data bases, studies of biogeochemical piepesf Hg, should all be encouraged for environmlent
and health reasons. In addition, there should bens® and continuous exchange programs among
researchers and scientists between the developgtries, India and other countries in the regidn. |
should also be stated here that due to the ladkuef emission data there will be uncertaintieshie t
estimation of anthropogenic emissions of Hg noydmlindia but also in other parts of the globe.

In India the Hg emissions from certain industrialiices, such as the chlor-alkali industry, has

decreased very recently. However, the summaryeoéthimated Hg emissions is depicted in Table Ad6 a
sources are shown in Figure 4.9.
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4.10 Future directions

Our knowledge of Hg and its compounds has improyeite a lot since the*linternational
Conference on Mercury as a Global Pollutant, haldsévle, Sweden in 1990. The European Union
(especially EU-15), the U.S., Canada and Japan laweulated rules and regulations to curb Hg
emissions from industry and the results can be seanin many parts of these countries. The tectgylo
for gas cleaning equipment such as the flue gaslglasrization process and others have been improved
and the improvements also implemented. Local eornissof Hg have been reduced, but cross-boundary
deposition of Hg by dry and wet methods is incnegsiThis means that increased economic development
in India or in Asia and the burning of large amauot coal and other industrial developments assettia
with this will result in long range transport okatental Hg and MeHg from Asia to America and Europe
At present we understand the speciation of Hg ttble in the ecosystem, but the behavior of MaHg
the environment is less clear.

In India, it is vital that scientists determine gwirces of Hg and its emissions. Based on reliable
measurements, it is possible to build up emissamtofs from which emissions of an element can be
calculated. Stack measurements are expensive, dtetial balances can be applied to calculate eonissi
of Hg. This is not 100% correct but shows the pdthow emissions of an element like Hg are develgpi
In the 20" century the Hg-cell process was used for the prtialn of NaOH/CJ , and Hg emission was
reported to be 150 — 200 t'yDuring the course of this study, we have undedsthat the majority (86%)
of Indian chlor-alkali pants have been convertedh®s membrane-cell process with the remaining 8-10
plants still using the Hg-cell process. The Minisif Environment and Forests, New Delhi, has stétad
the total Hg release to the environment should ® g Mg" of product by December 2005 (Pandey;,
2006). This information is encouraging. It is nesgey for India to generate more reliable data, tvizian
be used by scientists during modeling and formatioemission inventories.

Computer modeling is often used in simulating globlg scenarios. Often information on
emissions from India and other Asian countries repmissions that are too low, as a result of wiache
differences occur between expectation and realitly mespect to Hg cycles. Hence lack of scientifida
in Asia has caused inaccurate assessments on Hgn&mand its association with environmental and
health effects.

Asia is a region in which great diversity in clinaas found. One area may be hot and humid
while another region has very high precipitatiolsuas in Bangladesh (1400 mm rain per year). In
addition there is acid rain (pH < 4.5) $0oading on soils and the aquatic environment. &ltgersities
will have their effect on the bio-accumulation, fa@gnification and the uptake of Hg. There havenbee
few studies, or none at all, carried out in Asiaurdries and these now have more focus on the Hg
guestion than the Western countries. We have krfowguite some time that high concentrations of Hg
occur in pike in lakes in Sweden, Finland and Norvead that many lakes have been blacklisted.
Scientists are working to understand the caushkisfand produce remedies. In India, however peeale
fish caught in lakes, rivers and the sea, unawdréh® Hg problem in the fish and of how high
concentrations may affect, particularly the higbkripopulation i.e. pregnant women, and children.
Remedial measures can be promoted by introducing-Htp medical equipments such as digital
thermometers, blood pressure equipment, avoidinglgam fillings and for the large-scale use of
alternative energy sources (solar, hydro etc.etiuce coal use in the thermal power industry.

The scientific community has largely overlooked é&tgissions from the brick industry, which
has been in operation now for decades. In our ptegady, we have observed that India, after Chia,
the second highest producer of bricks. In this #tidu24 Tg of poor quality coal and bio-fuels (aate
amounts unknown) are consumed. Detailed studydessary to improve the processes and to determine
emissions of Hg and unburned particulates and #ffscts on the environment.
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Appendix 1 - Current lists of chlor-alkali plants in India (Pemsl communication
with U Toxicslink, New Delhi on 01.17. 2008).

S. no. Name of the Unit Location Technology Adopted
A. Eastern Region

1 Bihar Caustic & Chem. Jharkhand Membrane
2 Durgapur Chemicals Durgapur, WB Mercury

3 Hindustan Heavy Chem. Kolkata Mercury

4 Hindustan Paper (Nagaon & Cachar) Assam Mercury
5 HJI-Prop: GMMCO Ltd Amlai, MP Membrane+ Mercury
6 Jayshree Chemicals Ltd. Ganjim, Orissa Mercury

7 Kanoria Chemicals Ltd. Renukoot, UP Membrane erddry
B Western Region

8 Atul Ltd. Valsad, Gujarat Membrane+ Mercury*
9 Ballarpur Industries Ballarshah Membrane
10 Century Rayons Thane, Maharashtra Membrane
11 Grasim Industries Nagada, MP Membrane
12 Guijarat Alkalies & Chem. Dahej & Baroda, Gujarat Membrane

13 Indian Rayon Veveral, Gujarat Membrane
14 NRC Ltd. Thane, Maharashtra Membrane
15 Reliance (IPCL) Dahej, Gujarat Membrane
16 Standard Industries Mumbai, Maharashtra Membrane
17 Shriram Alkalies Jhagadia, Gujarat Membrane
18 Tata Chemicals Jamnagar, Gujarat Membrane
19 United Phosphorus Bharuch, Gujarat Membrane
C Northern Region

20 Lords Chloro Alkarli Ltd. Alwar, UP Membrane
21 Punjab Alkarlies & Chem. NayaNangal, Punjab Memb

22 Shriram Vinyl Chemicals Kota, Rajasthan Membrane
23 Siel Chemicals Complex Rajpura, Punjab Membrane
D Southern Region

24 Chemplast Sanmar (Mettur) Mettur Dam, Tamil Nadu Mercury

25 Chemplast Sanmar (Karaikal) Karaikal Membrane
26 Chemfab Alkalis Pondicherry Membrane
27 DCW Ltd. Sahupuram, Tamil Nadu Membrane
28 Solaris Chemtech. Karwar, Karnataka Mercury
29 Sreee Rayalaseema Kurnool, AP Membrane
30 Tamilnadu Petroproducts Chennai, Tamil Nadu Mambd

31 The Andhra Sugars Kovvur & Saggonda, AP Membrane
32 The Travancore Cochin Chem. Kochi, Kerala Meméra
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Summary

As a first step towards assessing Hg levels in a systematic approach in South Africa,
representatives from the South African government, academia, research councils and key industries
recently initiated a South African Mercury Assessment (SAMA) Programme (Leaner et al., 2006). The
SAMA Programme has undertaken some limited Hg inventory development and monitoring studies in
South Africa. The preliminary results of those studies and that of Hg monitoring undertaken at Cape
Point’s Global Atmospheric Watch Station (Baker et al., 2002), are discussed in this paper.

5.1 Introduction

Mercury (Hg) emissions to the environment are increasing globally, particularly in
developing countries (Pacyna et al., 2003; 2006). Important sources of Hg include amongst others, coal
combustion, waste incineration, cement production and ferrous metals production (UNEP, 2002).
Although these Hg sources have been identified for southern Africa (UNEP, 2002), information on
specific Hg emissions and concentrations in the region are poorly understood. Mercury estimates are
also often approximate, since most southern African countries do not have formal Hg emission
inventories.

Coal combustion provides the largest source of energy to South Africa, yet the information
on Hg emissions from this source is sparse. Many households, particularly in rural areas, burn some
coal for heating and cooking purposes, and the emissions of various pollutants, including Hg pose a
risk to human health. Due to South Africa’s reliance on coal as a primary energy source, it is inevitable
that emissions of compounds such as sulphur dioxide (SO,), nitrogen oxides (NO,) and Hg will
increase unless improved control measures are applied or more renewable energy sources are used.
Already, increased Hg emissions in Asia during 1990 and 2000 have been related to an increase in
demand for energy in that region (Pacyna et al., 2003).

For South Africa, Pacyna et al. (2003; 2006) estimated that anthropogenic sources released
about 256.7 Mg of Hg to the atmosphere during 2000, with most Hg emissions originating from
industry production, followed by stationary combustion. Coal combustion and gold mining were
regarded as the most important Hg sources. Furthermore, South Africa was estimated to account for
about 16 % of the total global Hg emissions (1590.7 Mg), making it the second highest emitter of Hg
after China (Pacyna et al., 2006). The assessment of Pacyna et al. (2006), combined with the limited
available information on actual Hg emission measurements or Hg concentrations in products and
resources for South Africa, signalled the need for a critical evaluation of the major Hg sources in the
country.

Mercury monitoring programmes aimed at establishing the extent to which Hg emissions
from point sources pose a problem to the South African environment are required. In addition, an
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evaluation of Hg emissions from point sources in South Africa is needed at a regional, national and
global level. A number of published studies have focused on Hg in the South African environment (e.g.
Van den Heever and Frey, 1996; McNab et al., 1997; Baker et al., 2002; Barratt and Combrink, 2002;
Oberthiir and Saager, 1986; Steenkamp et al., 2000; Oosthuizen and Ehrlich, 2001; Fatoki and
Awofolu, 2003; Wagner and Hlatshwayo, 2005; Dalvie and Ehrlich, 2006), however none of these
address the development of a Hg emissions inventory for South Africa.

In a co-ordinated attempt to assess the extent of Hg pollution in South Africa, representatives
from the South African government, academia, research councils and key industries recently launched
the South African Mercury Assessment (SAMA) Programme (Leaner et al., 2007). Stakeholders
participating in the SAMA Programme have already undertaken limited Hg inventory development,
while monitoring of total gaseous Hg has recently been undertaken in Pretoria in the Gauteng Province.
In addition, total gaseous Hg monitoring at the Cape Point Global Atmospheric Watch Station in the
Western Cape Province (Baker et al., 2002) has been continuously monitored for several years. Recent
efforts, however, have also focused on measuring total Hg concentrations in wet deposition at Cape
Point and in Pretoria.

Aside from the Hg emission estimates from Pacyna et al. (2003; 2006), this report provides
the first comprehensive assessment of Hg emissions for South Africa. This chapter attempts to refine
published atmospheric Hg emission estimates for South Africa through the development of a national
inventory and the use of data derived from past (Baker et al., 2002) and current Hg monitoring being
undertaken.

5.2 Current understanding of mercury emissions and levels in South Africa
5.2.1 Priority areas identified for monitoring air pollution in South Africa

A number of air pollution “hot spots” exist in South Africa, where severe air quality problems
have been experienced. Recently, the Department of Environmental Affairs and Tourism (DEAT)
made special interventions to improve the air quality in two of these identified “hot spots” regions. In
terms of the National Environmental Management: Air Quality Act 2004 (Act No. 39 of 2004; DEAT,
2004), DEAT declared two National Priority Areas in the country, namely the Vaal Triangle Air-shed
Priority Area and the Highveld Priority Area (Figures 5.1 and 5.2; DEAT, 2006a and 2007).

VAAL TRIANGLE AIR-SHED
PRIORITY AREA

Figure 5.1 - Location of the Vaal Air-shed Priority Area in South Africa.
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THE HIGHVELD NATIONAL :
PRIORITY AREA
e

Figure 5.2 - The Highveld Priority Area in South Africa.

The National Priority Areas have been declared because the “proposed ambient air quality
standards are being or may be exceeded in the area, or any other situation exists which is causing, or
may cause, a significant negative impact on air quality in the area; and because the areas require
specific air quality management action to rectify the situation” (DEAT, 2006a). The Vaal Triangle Air-
shed Priority Area comprises activities such as heavy industries; one coal-fired power station; several
commercial operations and transportation; small-scale boiler operations; landfill and waste
incineration; and domestic fuel burning (DEAT, 2006a). The Highveld Priority Area also has a range
of industrial, mining and agricultural activities including: coal-fired power stations; timber and related
industries; metal smelters; petrochemical plants; and heavy and small industrial operations (DEAT,
2007).

Air pollution monitoring activities in the identified National Priority Areas of South Africa
focus primarily on particulate matter (PM10 and PM2.5), SO, and other pollutants (Table 5.1), and
generally do not include Hg emissions. However, given the similarity in the sources of these pollutants,
the extent to which they are emitted is likely to be indicative of any atmospheric Hg emissions. Since
most of South Africa’s coal fired power plants are located in the Mpumalanga Province (Figure 5.2),
where approximately 83% of South Africa’s coal production takes place (EIA, 2006), any Hg
emissions monitoring in the National Priority Areas will provide an improved Hg assessment for the
country, as suggested by others (Leaner et al., 2007; Dabrowski et al., 2008). Moreover, other coal
burning industries (e.g. cement production, coal gasification facilities) are also located in the identified
National Priority Areas (Figures 5.1 and 5.2).

Table 5.1 - Current air quality parameters monitored in the Vaal Air-shed Priority Area of South Africa.

Responsible Authority Location Air Quality Parameters Monitored
City of Johannesburg Jabavu and Orange Farm PM10 and SO,
Sedibeng District Municipality Midvaal Local Municipality (Meyerton) NO,, NO, NOx, SO,, O3, CO and PM10

Sedibeng District Municipality Emfuleni Local Municipality (Vanderbijlpark) NO,, O3, SO,, CsHs, Xylene and Toluene

The DEAT is currently implementing an air quality monitoring network, with five monitoring
stations, to measure the following pollutants: SO,, nitrogen oxides (NOx), ozone (Oz), carbon
monoxide (CO), particulate matter smaller than 10 um (PMy), particulate matter smaller than 2.5 um
(PM,5), lead (Pb), Hg, benzene, toluene, ethyl benzene and xylene (BTEX), at the two National
Priority Areas. There are also plans to deploy atmospheric Hg samplers at other locations in South
Africa, e.g. Eskom plans to install a Hg analyser at one of its monitoring sites.
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5.2.2 Mercury emissions inventory for South Africa

South Africa is a primary producer of many important and strategic metals (e.g. gold,
platinum, lead and zinc) and is a major producer and consumer of coal (DME, 2003; Murkherjee et al.,
2008). Although production of these minerals and materials is known to contribute to Hg pollution,
detailed Hg emission inventories for these sources are unavailable for South Africa.

Atmospheric Hg emission estimates for different source categories were calculated as
follows:

Hg(atmosphere) = C(mass) X I:[Hg] X 10_6 X (1'ERF) (1)

where: Cimass) iS either the amount of coal combusted, commodity produced, or waste
deposited or incinerated (Mg / year); Fpg; is the fraction of Hg emitted by Cmass) in mg / kg; and ERF is
the emission reduction factor (UNEP, 2005), which is based on the type of emission control device,
and whether present or absent.

Based on the above calculation and an analysis of different Hg source categories, coal
consumption by coal-fired power plants was identified as the largest potential source of Hg emissions,
given that approximately 112.20 Tg of coal was combusted during 2004 (CoMSA, 2004; Table 5.2).
The country is reliant on the combustion of coal, with coal-fired power plants accounting for about
90% of the country’s primary energy needs (Spalding-Fetcher and Matibe, 2003). Much of the coal
used for energy production in South Africa is supplied by mines located on the Highveld coal-field
(Wagner and Hlatswayo, 2005), which is also the second largest productive coal-field in the country.

Cement production (DME, 2005; CNCI, 2008), coal gasification (DME, 2008), fuel
production (DME, 2008) and ferrous metals production (DME, 2008; SAISI, 2007) are other
significant Hg source categories identified for South Africa (Table 5.2). Coal combustion in residential
heating (DME, 2008), non-ferrous metals production (CoMSA, 2006; DME, 2006) and medical waste
incineration (DEAT, 2006b) totalled an estimated 5.65 Tg during 2004 (Table 5.2). Consumer products
such as fluorescent light tubes (DTI, 2004) that contain Hg, ranked the lowest in terms of Hg waste
likely deposited to landfills (9.14 x 10 Tg; Table 5.2). Mercury emissions from these potential sources
were evaluated to the extent possible, given the limited information available for South Africa.

Table 5.2 - Total amount of coal consumed or commodity produced by major industries in South Africa

during 2004.
Coal Consumed / Total Amount per
Commodity Produced Source Category

Source Category (Tg/yn) (Tglyn Reference
Coal-Fired Power Plants - 112.200 CoMSA (2004)
Coal Gasification - 41.444 DME (2008)
Consumer Products (Hg waste)? - 9.145 x 10° DTI (2004)
Fuel Production - 20.225 -

- Minerals 2.129 - DME (2008)

- Crude Oil Refining 18.096 - DME (2008)
Cement Production - 14.922 -

- Cement Production (clinker)® 1.946 - DME (2005)

- Cement Production (new) 12.975 - CNCI (2008)
Ferrous Metals: Iron & Steel - 13.620 -

- Coke Production 2.717 - DME (2008)

- Iron & Steel (scrap smelting) 4.904 - DME (2008)

- Pig Iron & Steel (new) 6.000 - SAISI (2007)
Residential Heating - 4.996 DME (2008)
Non-Ferrous: Primary Metals - 0.629 -

- Gold 2.55x 10 - CoMSA (2006)

- Zinc 0.240 - DME (2006)

- Copper® 0.346 - DME (2006)

- Lead 0.042 - DME (2006)
Waste Incineration (medical) - 0.028 DEAT (2006b)
Total 208.064

#Based on the importation of 1 829 066 double-ended fluorescent light tubes, and assuming that each tube contains 10 mg Hg.
P Based on annual cement production, and that 15 Mg of coal are required to produce 100 Mg of clinker.
¢ Based on 103 900 Mg copper produced, and the average copper content of copper concentrate being 30%.
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As discussed below, total atmospheric Hg emissions from all potential sources in South
Africa were estimated to be about 40 Mg during 2004 (Figure 5.3). It should be noted that Hg
emissions estimated from coal combustion (i.e. coal-fired power plants) and particularly non-ferrous
metals: primary metals, of which gold contributes only a small fraction, are significantly lower (Figure
5.3) than values that have been reported previously for South Africa (see Pacyna et al., 2006).
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Figure 5.3 - Average atmospheric Hg emissions estimated for
different source categories in South Africa during 2004.

5.2.2.1 Coal Combustion: Power Plants

Mercury emissions from coal-fired power plants and the degree of Hg speciation (Hg® or
Hg'") depend on the amount of coal combusted and the emission control devices used to remove SO, or
NOy, and other particulate and gaseous pollutants (Pacyna et al., 2006; Dabrowski et al., 2008). For
South Africa, emission control devices in coal-fired power plants include electrostatic precipitators and
fabric filters (Table 5.3). The atmospheric Hg emissions from coal-fired power stations were estimated
to be 30.96 Mg during 2004 (Figure 5.3). The estimate was based on Hg concentrations measured in
coal used at South Africa’s coal-fired power stations during 2001 (Table 5.3; Gericke et al., 2007), the
amount of coal consumed at these power stations during 2004 (CoMSA, 2004; Table 5.2) and the
reduction factors associated with the emission control devices used (Table 5.3). While the data on
which these estimates are based is relatively small, and is somewhat higher than previously reported
(average 0.15 ppm; Wagner and Hlatshwayo, 2005), the Hg concentrations in coal (Table 5.3) are
within a much smaller range than that which would have been derived using the default values in the
UNEP assessment tool (range 0.1 — 1 ppm Hg in coal; UNEP, 2005). Our previous Hg emission
estimates of 9.75 Mg of Hg from coal-fired power plants were based on 0.15 ppm Hg in coal
(Dabrowski et al., 2008). This estimate is likely conservative since the average value reported by
Wagner and Hlatswayo (2005) excludes one of the coal samples (average 0.23 + 0.03 ppm Hg) as
unrepresentative and also the USGS average value of 0.2 ppm Hg. Clearly more analysis of South
African coal samples and / or Hg emission measurements is required to improve the Hg emission
estimates.
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Table 5.3 - Emission control devices used at coal-fired power plants of South Africa
(adapted from Dabrowski et al., 2008).

Power Plant Emission Control Device Hg in coal Emission
(g Mg Reduction Factor
Arnot Fabric filters 0.17% 0.50
Duvha Electrostatic precipitators and Fabric filters 0.23% 0.50
Hendrina Fabric filters 0.21° 0.50
Kendal Electrostatic precipitators 0.44% 0.50
Kriel Electrostatic precipitators 0.34% 0.50
Lethabo Electrostatic precipitators 0.36° 0.50
Majuba Fabric filters 0.29?% 0.50
Matimba Cold sided - Electrostatic precipitators 0.45% 0.10
Matla Electrostatic precipitators 0.29° 0.50
Tutuka Cold sided - Electrostatic precipitators 0.29% 0.10
Sasol (Secunda) Cold sided - Electrostatic precipitators 0.15° 0.10

& Gericke et al. (2007)
® Wagner and Hlatshwayo (2005)

The Hg emissions estimated in this study and Dabrowksi et al. (2008) are significantly lower
than previously published Hg emission estimates for South Africa (see Pacyna et al., 2006).
Nevertheless, Hg emissions estimated from coal-fired power plants are substantially higher than all
other sectors (Figure 5.3), particularly those that use coal combustion processes (e.g. cement
production, coal gasification, residential heating, iron and steel processing). With South Africa’s
increasing demand for energy, the commissioning of two new coal-fired power plants and the de-
mothballing of three existing coal-fired power plants (MRA, 2003), Hg emissions to the environment
will inevitably increase over the next decade, unless strict emission control technologies and Hg
reduction policies are implemented.

5.2.2.2 Coal Combustion: Coal Gasification Process

South Africa uses a significant amount of coal as a feedstock for the production of viable
alternative fuels and chemicals. South Africa’s largest synthetic fuels producer converts low-grade coal
into petroleum products. Synthesis gas, rich in hydrogen and carbon monoxide derived from the
gasification of coal, is converted to hydrocarbon products via the Fischer Tropsch process (Van Dyk et
al., 2006). A large facility located near Secunda in the Mpumalanga Province produces about 30% of
South Africa’s liquid fuels requirements (180 000 barrels of fuels and chemicals per day). During
2004, total coal consumption for the production of alternative fuels and chemicals in South Africa was
approximately 41 Tg (DME, 2008). Generally, about 70 % of this coal used is gasified, while the
remaining 30% is combusted to produce process steam and electricity (Wagner et al., 2008).

During coal gasification, most Hg is associated with the crude gas stream, although a small
proportion is found in the ash fraction (2.5 — 20% of Hg), and less in the liquid hydrocarbon co-
products fraction (Wagner et al., 2008). Bunt and Waanders (2008) reported that gaseous Hg® was the
most volatile of all trace metals during fixed-bed gasification. The gas cleaning process, known as the
rectisol process, is a functional sink that removes Hg® and other impurities from the crude gas, as a
solid. The Hg that is removed during maintenance cleaning is disposed of as per requirements for Hg®
containing waste. Of the 30% coal combusted for producing utilities (steam and electricity), Wagner et
al. (2008) estimated that about 80% of the Hg associated with this coal is emitted. This estimate was
based on both isokinetic sampling and mass balance calculations.

A total of 1.68 Mg Hg was estimated to be emitted from coal combustion in the coal based
petrochemical process during 2004 (Figure 5.3). This estimate was based on the following: 30% of the
coal consumed during 2004 in the coal-fired steam plants (Table 5.2); an average coal Hg
concentration of 0.15 ppm Hg (Wagner and Hlatswayo, 2005); and taking into account the emission
control devices used (Table 5.3). Overall, the Hg emissions estimated (1.68 Mg in 2004) is comparable
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to the estimate of Hg emissions (1.25 Mg per year) reported by Wagner et al. (2008). Additional
atmospheric Hg measurements are, however, required to verify the above estimates.

5.2.2.3 Crude Qil Refining and Minerals Processing

South Africa is not a major oil producer but has the second largest oil refining capacity in
Africa, following Egypt (EIA, 2007). Total Hg concentrations in crude oil used in the refining process
range between 0.01 to 0.5 ppm (Pacyna et al., 2006). Mercury concentrations in crude oil vary
substantially depending on its origin, and the affinity of Hg for mineral matter (Pacyna et al., 2006).
Since South Africa imports more than 80 % of its crude oil requirements from the Middle East (Iran
and Saudi Arabia; EIA, 2007), Hg emissions from this source is considered to not vary significantly.

Overall, a total of 0.45 Mg Hg is estimated to have been released during crude oil refining
and minerals processing in South Africa in 2004. Of this, crude oil refining is estimated to emit about
0.16 Mg Hg, while coal combustion during minerals processing accounts for the remaining fraction of
0.287 Mg Hg (Figure 5.3). These emissions were based on approximately 18 and 2 Tg of crude oil
refining and minerals processing during 2004 (Table 5.2; DME, 2008), respectively; and their
associated emission reduction factors (Table 5.4). As South Africa’s oil and fuel consumption has
increased steadily during 1986 — 2006 (EIA, 2007), with no signs of slowing in the near future, Hg
emissions from crude oil refining and minerals processing are likely to continue to increase in the
future.

Overall, a total of 0.45 Mg Hg is estimated to have been released during fuel production in
South Africa in 2004. Of this, the coal combusted during minerals processing is estimated to emit
about 0.287 Mg Hg, while the remaining fraction (0.16 Mg Hg) is estimated to be emitted during crude
oil refining (Figure 5.3). These emissions were based on approximately 2 and 18 Tg of minerals
processing and crude oil refining during 2004 (Table 5.2; DME, 2008), respectively; and their
associated emission reduction factors (Table 5.4). As South Africa’s oil and fuel consumption has
increased steadily during 1986 — 2006 (EIA, 2007), with no signs of slowing in the near future, Hg
emissions from crude oil refining and minerals processing are likely to continue to increase in the
future.

Table 5.4 - Emission reduction factors used for estimating atmospheric total Hg emissions in
different source categories in South Africa.

Source Category Emission Reduction Reference
Factor

Consumer Products (Hg waste) 0.95 UNEP (2005)
Fuel Production 0.10 UNEP (2005)
Cement Production 0.10 UNEP (2005)
Ferrous Metals: Iron & Steel (scrap smelting) 0.10 UNEP (2005)
Ferrous Metals: Pig Iron & Steel 0.05 UNEP (2005)
Non-Ferrous: Primary Metals (zinc, copper, lead) 0.90 UNEP (2005)
Waste Incineration (medical) 0.10 UNEP (2005)

5.2.2.4 Cement production

Coal for firing cement kilns and producing clinker are the major sources of Hg in cement
production. Using annual cement production data, the annual coal consumption was estimated,
considering that approximately 15 Mg of coal is burned in order to produce 100 Mg of cement clinker
(DME, 2005). Therefore, production of about 12.98 Tg cement in 2005 (CNCI, 2008) is equivalent to
utilising approximately 1.95 Tg of coal for firing the kilns (Table 5.2). Using appropriate emission
reduction factors (Table 5.4), approximately 3.77 Mg of Hg was released to the South African
environment during this period (Figure 5.3), including emissions resulting from combustion of coal for
firing of kilns.
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Pacyna et al. (2006) reported that Hg emissions for cement production in Africa were 5.3 Mg
in 2000. Thus, the Hg emissions reported in this assessment are over 50 % of the total estimate for
Africa. Cement production will likely increase as new infrastructure is required to support the growing
South African economy. Thus, Hg emissions for South Africa and the continent will increase.
Monitoring of Hg emissions from this source, however, will provide more robust Hg emission
assessments for South Africa.

5.2.2.5 Ferrous Metal Production - Iron and Steel

Relative to other sectors, a small amount of coal is used in the South African iron and steel
industry. The major source of Hg emissions from this activity is from coke production (Pacyna et al.,
2006). Using appropriate emission reduction factors (Table 5.4), the combustion of approximately 7.62
Tg of coal for coke production and scrap smelting in the iron and steel industry during 2004 (Table 5.2;
DME, 2008) is estimated to have released about 1.0 tonne of Hg to the environment (Figure 5.3).
About one-third of the Hg emitted is from coke production, with the remaining two-thirds attributed to
scrap smelting. In addition, about 0.29 Mg Hg (Figure 5.3) is estimated to be released from the
production of about 6 Tg of pig iron and steel during 2004 (Table 5.2; SAISI, 2007).

The estimated Hg emissions from these sources reported in this study are higher than Hg
emissions reported for the African continent in 2000 (0.4 Mg; Pacyna et al., 2006). As with all
developing countries, South Africa is experiencing rapid industrial growth, particularly in this sector of
the economy, and Hg emissions from this source are expected to increase in future. More detailed
information on the type and efficiency of emission control devices used would improve our
understanding of Hg emissions from this source.

5.2.2.6 Coal Combustion: Residential Heating

Although informal settlements and rural area households in South Africa use coal for heating
and cooking (Spalding-Fecher and Matibe, 2003), this source of Hg is not well defined. Approximately
5 Tg of coal was used for heating and cooking during 2004 (Table 5.2; DME, 2008). In the absence of
emission control devices, and assuming a Hg concentration of 0.15 ppm in Highveld coal (Wagner and
Hlatswayo, 2005), about 0.75 Mg Hg is estimated to have been emitted to the atmosphere during this
time (Figure 5.3). Since about 90% of Hg emitted from this source is gaseous Hg° and Hg" (Pacyna et
al., 2003), individuals would be directly exposed to about 0.66 Mg of Hg during heating or cooking in
their homes. Increased Hg emissions, concomitant with an increase in coal burning will likely occur
during winter, similar to what has been reported in China (Wang et al., 2006).

5.2.2.7 Non-Ferrous Metal Production: Primary Metals

Mercury emissions from different primary (virgin) metal ores vary according to the
technology used to process the ore, the content of Hg in the ore and the type of emission control
devices employed during processing. Overall, an estimated average of 0.64 Mg Hg was emitted during
non-ferrous metal production (Figure 5.3), as determined as below. Most of the Hg emissions was
estimated to be from gold (Au) production, followed by the production of copper (Cu), zinc (Zn) and
lead (Pb).

In South Africa, the Witwatersrand ores reportedly have Au and Hg concentrations ranging
between 80.9 — 92.9 wt. %, and 0.6 — 5.8 wt. %, respectively (Frimmel and Gartz, 1997). Gold from
these ores was traditionally extracted using the Hg:Au amalgam method, until it was replaced with a
cyanide-based process in 1890 when mining operations reached greater depths (Naickera et al., 2003).
Previously, Schroder et al. (1982) estimated that Hg emissions from the entire gold-mining industry in
South Africa is less than 0.2 Mg per year, with approximately 4% lost to the atmosphere. Others have
suggested a 6 % Hg loss to the atmosphere during gold recovery (Jones and Miller, 2005).
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Taking into account Hg:Au ratios ranging between 0.01 — 0.06 in ores (Frimmel and Gartz,
1997), and assuming that between 4 — 6 % Hg is lost to the atmosphere, approximately 0.10 — 0.93 Mg
Hg was estimated to have been emitted when about 255 Mg of Au was produced in South Africa
during 2004 (Table 5.2; CoMSA, 2006). Based on this data, the estimated average of 0.32 Mg Hg
produced by the Au mining industry during 2004 (Figure 5.3) is significantly lower than values
recently reported for South Africa (Pacyna et al., 2006). The Hg emission estimates from this industry,
which uses cyanidation and not Hg amalgamation to extract gold from ore, are based on limited
information and require Hg emission measurements at the source(s).

The production processes for other primary (virgin) metals were estimated to emit a total of
approximately 0.32 Mg Hg per year (Figure 5.3) from the production of 0.240 Tg Zn, 0.346 Tg Cu and
0.042 Tg Pb (Table 5.2; DME, 2006). Emission reduction factors for these metals are listed in Table
5.4. Overall, the Hg emissions from primary metal production in South Africa are much lower than
emissions released during ferrous metal production.

5.2.2.8 Consumer Products, Waste Deposition (landfills) and Incineration

Waste deposition, landfilling and incineration are important sources of Hg emissions to the
environment, particularly since Hg-containing products (e.g. batteries, lamps, and electric switches) are
often discarded as general waste to landfills or incinerated. Although the Hg content of municipal
waste streams is thought to be decreasing in the developed world (Van Veizen et al., 2002), little is
known about the situation for developing countries.

In South Africa, about 95% of waste was disposed of in landfills prior to 2000 (DWAF,
1998). Landfills generally release landfill gas that contains varying quantities of heavy metals,
including Hg (Lindberg et al., 2005; de la Rosa, 2006; Nguyen et al., 2007; llgen et al., 2007). Indeed,
total Hg levels in landfill gas at a Florida landfill measured up to ~12 pg/m® (Lindberg et al., 2005).
Total Hg levels in landfill gas have not yet been measured in South Africa. Currently, consumer
products such as Hg-containing fluorescent light sources (double end tubes) are not separated from
general waste and are assumed to be landfilled in South Africa. A total of 1 829 066 fluorescent light
tubes (double end) were imported into South Africa during 2004 (DTI, 2004); assuming an average Hg
content of 10 mg per item (NEWMOA, 2006), this yields an estimated 0.018 Mg Hg produced by this
source (Table 5.2). Assuming that about 0.009 Mg Hg (50 % of the fluorescent light tubes) were
landfilled, and using appropriate emission reduction factors (Table 5.4), approximately 0.46 kg Hg
(0.0005 Mg Hg) was estimated to be released from this source during 2004 (Figure 5.3). The estimate
is conservative, and Hg emissions from fluorescent tubes (and compact fluorescent lights) are likely to
increase, concomitant with the drive towards more energy efficient lighting in South Africa.

Medical waste is reported to be the fourth largest contributor of Hg to the global environment
(Zimmer and McKinley, 2008). South Africa’s National Waste Management Strategy requires medical
waste to be sorted prior to disposal or incineration; and that the disposal of potentially hazardous
medical waste to landfills should be avoided (DEAT, 1999). The authorised medical waste treatment
capacity (commercial service providers; public and private hospitals) in South Africa was
approximately 0.028 Tg of medical waste in 2005 (Table 5.2; DEAT, 2006b). Assuming that this was
the amount of medical waste incinerated during 2004, and using the relevant emission factors (Table
5.4), approximately 0.60 Mg of Hg is estimated to have been released to the South African
environment (Figure 5.3). Poor on-site incinerators in public hospitals or clinics, if present; and the
burning or illegal dumping of waste in residential areas will likely increase Hg emissions to the South
African environment.

5.2.2.9 Artisanal and Small-Scale Gold Mining Activities

Although artisanal gold miners operate in the Mpumalanga and Limpopo Provinces (COMSA,
2006), the extent to which artisanal and small-scale gold mining activities contribute to Hg emissions
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in South Africa is unknown. This activity is illegal in South Africa, yet between 8 000 to 20 000 small-
scale gold miners are estimated to be operating in the country. Mercury emissions from artisanal gold
mining in other African countries are low (e.g. 3 to 5 Mg per year in Zimbabwe; Veiga, 2004). For
South Africa, the Hg emissions from these activities are likely to be lower, considering the estimated
number of gold miners in the country is far lower than that found in Zimbabwe.

5.3 Monitoring Hg emissions in South Africa

Atmospheric monitoring of Hg concentrations in South Africa to date has mostly been made
at Cape Point’s Global Atmospheric Watch (GAW) Station in the Western Cape. There have been
measurements of total gaseous Hg since 1995 at the Cape Point GAW Station (Baker et al., 2002;
Slemr et al., 2006) and these have recently been supplemented with additional atmospheric Hg
sampling. The average yearly concentrations of total gaseous Hg in the atmosphere between 1995 and
2004 ranged between 1 and 1.5 ng m™®, similar to those measured on board ship in the South Atlantic,
and only slightly elevated compared to those measured at Neumayer on the Antarctic Peninsula (Baker
et al., 2002; Slemr et al., 2006). These concentrations therefore represent the regional background
signal and do not show enhanced concentrations that are predicted by modelling studies that use the
Pacyna et al. (2006) emission scenarios (e.g. Selin et al., 2007; Strode et al., 2007).

Initial atmospheric Hg studies are currently underway at the CSIR in Pretoria in the Gauteng
Province. While these studies are just beginning, there is evidence that the concentrations of total
gaseous Hg are occasionally elevated (~ 2 ng m™), especially during the day, and there is some
indication of a diel variation (lower concentrations at night). Such concentrations and variations may
reflect local and regional sources in the vicinity, and are not surprising given the high level of urban
and industrial activity in the Gauteng Province.

More recently, rainfall collections have been made (weekly bulk phase) at Cape Point’s
GAW station. Because the collector is continuously open, the device collects both wet deposition and
some fraction of the dry deposition. The average Hg concentration in rainfall for seven weeks of
weekly rain sampling (July and August 2007) was 6.3 + 3.0 ng L™. While this preliminary data should
not be over-extrapolated, they are not substantially elevated for what may be expected from a coastal
location on the South Atlantic Ocean, and are consistent with the air measurements. Scaling this data to
a yearly flux suggests that wet deposition could amount to around 3 pg m? yr', a value that is
consistent with the estimates of Mason et al. (1994) for the remote southern Hemisphere, and lower
than that of similar locations in the North Atlantic (Bermuda, for example, is 8 pg m? yr*, or most
locations on the east coast of the USA (e.g. Mason et al., 2000). Overall, the Hg concentrations in
precipitation and atmospheric air samples measured at Cape Point are inconsistent with the predictions
of modelling studies that use the Pacyna et al. (2006) emission scenarios (e.g. Selin et al., 2007; Strode
et al., 2007). Weekly rain collections in Pretoria in Gauteng Province are also now underway and the
preliminary results from these collections (August 2007 to February 2008) suggest higher
concentrations (21 #18 ng L™; volume weighted mean concentration 16.5 ng L™). The associated
annual flux is 8.8 pg m? yr (for an annual rainfall of approximately 0.5 m yr™). Thus, there is a
contrast in Hg concentrations and fluxes between Pretoria and Cape Point, which reinforces the notion
of more extensive anthropogenic emissions in the northern-most provinces of South Africa. The current
data support the re-evaluation that while there are substantial Hg emissions for South Africa, their
extent is lower than previously thought.

5.4 Gaps in our current understanding

The industries mentioned above are all important in South Africa and further monitoring and
research is required to verify the reported Hg emission estimates from these sources. Other important
sources of Hg emissions, such as chlor-alkali production, are also part of South Africa’s industries. In
addition to this, there is a need to evaluate the contribution of biomass burning as a potential source of
Hg to the South African environment. Measurements of total gaseous Hg at Cape Point, downwind of a
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fire on the Cape Peninsula, suggested that biomass burning could be a significant source of Hg in the
southern Hemisphere (Brunke et al., 2001). The impacts of Hg from these sources have not been
characterised in South Africa. In addition, a detailed examination of Hg levels in artisanal gold mining
areas in South Africa is needed to evaluate the potential impact that such activities may have on human
health and the surrounding terrestrial and aquatic ecosystems.

Although these are potential sources of Hg, no information is available on the Hg content of
emissions from these sources. In addition, the fate and transport processes of gaseous Hg through the
entire electricity generation process require further investigation.

5.5 Research needs

All estimates included in this study are based on the best available information. While data on
the Hg content of coal exist, these data are generally only available for the Highveld coal field. The Hg
content of coal and Hg emissions resulting from its use are likely to vary across the country. Major
gaps in our understanding of point source Hg emissions include the Hg content of raw materials used in
industry (i.e. in iron and base metal ores, limestone in the cement industry, etc.) and the type and
efficiency of control devices used in various industrial sectors. Further research on the Hg point
sources, and the actual Hg emission measurements from these sources, are required.
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CHAPTER -6: WORLD EMISSIONS OF MERCURY FROM ARTISANAL AND
SMALL SCALE GOLD MINING
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Summary

We estimate mercury releases from artisanal and small scale gold mining (ASGM) based on
available data about mercury and gold exports and imports by country and from field reports from the
countries known to have active ASGM communities. The quality of the estimates ranges from reasonable
to poor across the countries. One of the aims of this paper is to give a first order estimate of the amount
and location of mercury being released into the environment globally by ASGM, another is to motivate
stakeholders to improve the quality of these estimates, a third is to illustrate the linkages between global
mercury trade and its use in ASGM, and the fourth objective is to provide a practical outline of the options
available for reducing mercury use in ASGM.

We estimate that artisanal and small scale gold mining releases between 640 to 1350 Mg of
mercury per annum into the environment, averaging 1000 Mg y™, from at least 70 countries. 350 Mg y™ of
this are directly emitted to the atmosphere while the remainder (650 Mg y™) are released into the
hydrosphere (rivers, lakes, soils, tailings). However, a significant but unknown portion of the amount
released into the hydrosphere is later emitted to the atmosphere when it volatilizes (latent emissions). The
rate of latent emission is unknown but is particularly high where mercury is used in combination with
cyanide processing — a growing trend. Considering that ASGM is growing, the use of cyanide in ASGM is
growing, and the production of mercury contaminated waste from ASGM is growing (multi-year
accumulation of tailings), latent emissions conservatively amount to at least 50 Mg y™ bringing the total
emission of mercury to the atmosphere from ASGM to 400 Mg y™.

This estimate of emission to the atmosphere differs from the previous one provided in the 2002
UNEP Global Mercury Assessment both in terms of its magnitude (400 Mg y™, versus 300 Mg y™) and in
the way the estimate has been made. The current estimate is based on a more robust understanding of
ASGM and on a more robust dataset that includes a wider variety of information sources, more field
evidence, better extrapolation methods, and independent testing by analysis of official trade data.

The estimate is based on combining the following evidence:

1. Relatively good estimates of gold production and mercury use from pilot studies in 2 countries,
Brazil and Indonesia — multiple sites per country.

2. Reasonable information from 7 more countries.
Some but poor information (mostly anecdotal) from 14 more countries.

4. Enough information to hazard a guess at a specific level of mercury consumption for 24 more
countries.

5. The identification of the presence of ASGM sites in a further 22 countries. These were assigned a
fixed minimum amount of mercury consumption. This amount does not significantly alter the
estimated total release, and has almost no effect on the estimated minimum of 640 Mg y™, but
seems reasonable in order to identify potential localities of release.
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6. Independent analysis of officially recorded trade in mercury and gold.

In terms of emission reductions, we estimate that (i) if miners adopted emission control measures
(fume hoods and retorts) mercury consumption® globally could be reduced by a hypothetical maximum of
32%; (ii) learning how to re-activate or clean used mercury for re-use could reduce mercury consumption
by 25%, and (iii) elimination of whole ore amalgamation® could reduce mercury consumption by 36%. If
all three of these approaches were adopted universally, mercury consumption by ASGM globally could be
reduced by 96% (from 1000 to 40 Mg y™), direct emissions to the atmosphere could be reduced by 90%
(from 350 to 35 Mg y™), and losses to tailings, rivers, lakes and soils, could be reduced by 99.2% (from
650 to 5 Mg y™). The latter would also lead to reduced latent emissions to the atmosphere.

To put this into perspective: if the top 10 countries using mercury in ASGM, excluding China,
that together consume 400 Mg of mercury per annum, were just to adopt fume hoods and retorts and learn
how to re-activate mercury, then roughly 240 Mg less mercury per annum would be consumed. If China
participated then the reduction in mercury consumption would increase to 500 Mg of mercury per annum.
The elimination of whole ore amalgamation — the practice that uses the most mercury — although more
complicated to eradicate, must also remain a focus, as the current trend is that this practice is increasing.
For every 10% of the operations that convert from whole ore amalgamation to either (a) first producing a
gravity concentrate before amalgamation, or (b) using mercury free technology, 50 Mg less mercury would
be consumed per annum. Finally, as the above are unrealistic maximum reductions, realistically we
estimate that by working towards the three approaches (emission control, recycling, and elimination of
whole ore amalgamation) through intervention efforts, a 50 to 60% reduction in mercury use in ASGM
could be achieved on a time scale of 10 years. This is reasonable particularly because the first two
approaches have been effectively demonstrated to be profitable to artisanal miners and small scale gold
merchants — an important criterion for sustainable change in ASGM.

6.1 Introduction

We begin with a presentation of the intricacies of why mercury is used in ASGM and how it is
released to the environment. A good understanding of the use of mercury in ASGM is needed in order to
evaluate both the emission estimate and the options available for reducing mercury use.

We then begin to build the database on mercury in ASGM by identifying the known localities of
ASGM - documented to occur in 70 countries — by citing reports from governments, international bodies,
NGOs, the peer reviewed literature, and from mining companies. This is followed by a section that uses
case studies and field data collected from various intervention efforts, as well as arguments from later
sections, to make an estimate of the consumption of mercury in ASGM by country. This is further broken
down into an estimate of how much mercury is directly released to the atmosphere.

The next section examines the global trade in mercury and gold for the purposes of placing the
magnitude of mercury consumption by the ASGM community into perspective. Because reporting is
voluntary, this approach is imperfect but does provide some useful information on mercury in ASGM. It
also re-enforces the notion that improved reporting of mercury trade would greatly improve our ability to
track flows of mercury around the world. For example, despite having active dental services that
undoubtedly use mercury, there are 70 countries that do not report any trade in mercury. Analysing the

! Consumption of mercury in ASGM is equal to mercury released to the environment, including atmospheric emissions.

2 Whole ore amalgamation is an ore processing method in which mercury is brought into contact with 100% of the ore rather than with only a
concentrate (a fraction of the total ore that has been pre-processed). In terms of mercury consumption and emission to the atmosphere, it is the
worst practice.
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trade data, allows some crude but independent constraints on the magnitude of mercury consumption in
ASGM to be made.

We then explain the current knowledge gaps surrounding mercury use in ASGM. This is to point
out that despite being one of the largest sources of mercury to the environment, research on mercury in
ASGM has been relatively poorly funded and grossly unsophisticated relative to that carried out in the
northern hemisphere, and that small scale mining communities are a good place to build knowledge about
mercury. Aside from answering important questions about mercury’s behaviour, working in these
communities would additionally bring needed resources, raise awareness, and undoubtedly produce some
innovative ideas. The current lack of understanding about mercury in ASGM puts a limitation on the
development of innovative solutions towards prevention and remediation.

The final section examines the options available to reduce mercury use in ASGM and the
estimates the magnitude of reductions for each of the options discussed.

6.1.1 Why mercury is used
Mercury is used in ASGM for the following reasons:

1. Mercury use is very easy — the easiest and quickest method to extract gold from many alluvial
ores under the existing field conditions. This is sometimes debated by those who have not spent
much time in the field, but it is a verity. A simple way to look at this is as follows. In the case
study by Telmer and Stapper (2007), the effective ore grade (what is recoverable by the
miners) was about 0.1 g/Mg; the miners processed about 100 Mg of ore per day to produce a
gravity concentrate of 10 kg of ore. That represents a concentration factor of 10,000 times. The
10 kg of concentrate contains 10 g gold and so they need to further concentrate by 1000 times.
This can be done by manual gravity methods (like panning) but will require significant time
and will risk the loss of some gold (particularly the finer fraction). For example, recreational
small scale miners in Canada often spend 2 or more hours panning up their concentrate.
Capturing the gold by amalgamating the concentrate takes about 10 minutes and produces more
certain results. So in ASGM sites, the 2 hours is instead used to continue mining and produce
another 2 g of gold.

2. Mercury is very independent — the whole mining process can be accomplished by just one
person thereby eliminating the necessity of participating in undesirable and unfair labour
practices (there is no need to be indentured). Often in more mature ASGM sites the bottom of
the labour pool are still indentured to middle men or “a syndicate”, but even so, their salaries
are inevitably higher than those from their former occupation, and they always have the choice
to strike out on their own — an important and desirable psychological condition for most people
around the world.

3. Mercury is highly effective at capturing gold under the conditions found in ASGM sites.
Again, the verity of this statement is occasionally debated by academics but under the
circumstances found in ASGM sites, it is indisputably true. That is not to say it is technically
always the “most” effective method to capture gold, but it can often be the “optimal” method
under the socio-economic and political conditions found in ASGM sites. For example, in the
first point (#1) above, a centrifuge or other technology may be more effective than mercury,
but at what cost? and what infrastructure is needed to operate it? Often costs and infrastructure
are prohibitive. This is particularly true when operations are illegal, which is most of the cases.
Who is going to risk significant investment into an illegal operation?

4.  Mercury is typically very accessible — it is as portable and easy to transport as gold and so
moves across borders and into camps as easily as or more easily than many other contraband
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materials. As far as we know, eliminating mercury through local enforcement has never been
successful. In fact it often has a detrimental effect on the miners. For example, in Indonesia,
mercury was made illegal in 2006. This drove mercury trade underground and doubled the
price paid in the ASGM sites but did nothing to stem the flow of mercury — in fact it made
selling it more lucrative for merchants. However, it is also true that increased prices may have
been an incentive to increase recycling efforts — keeping in mind that the affordable recycling
technology was only made available through an intervention program, the GMP.

5. Mercury is relatively very cheap, as explained through the following perspective:

* As of Jan 22, 2008, prices were: mercury (US$600/76 Ib flask; US$17.40/kg); gold
(US$874.00/0zt)

e This is close to historical highs for both mercury and gold.
*  Therefore 1g mercury = US$0.017; and 1g gold = US$28.10
e The mercury:gold price ratio is therefore 1:1,650

e If 2 units of mercury were used to produce 1 unit of gold, the cost of the mercury would
represent 0.1% of revenue. An invisible amount.

« In the mine fields, the price paid for gold is less than the international price, typically 8
to 10 % less (~US$25/0zt) and the price paid for mercury is higher, particularly where it
is illegal making gouging by suppliers easier. Some miners have reported paying as high
as US$200/kg (US$0.20/g) (Creporizdo, Brazil). Under these prices the cost of using 2
units of mercury to produce 1 unit of gold represents a mercury:gold price ratio of 1:125
or 0.8% of revenue — still remarkably cheap.

«  However, once expenses are paid (fuel, equipment, food, shelter), and profits are divided
— usually very inequitably with the lion’s share going towards the top of the labour
pyramid — the cost of mercury may become significant for labourers at the bottom, and
so despite its apparent cheapness, an economic incentive to conserve mercury does exist
for the lowest paid labourers and for those who deal in large quantities of mercury —
often gold dealers.

6. Miners are not always aware of the health risks that mercury poses. Images of people carelessly
exposing themselves to mercury in Figure 6.1 tragically show the truth of this.

7. Miners have no choice — in many cases miners are not aware of alternatives if they do exist, or
do not have the capacity to practice them.

8. Mercury is most commonly used when simple gravity methods cannot produce concentrates
greater than 10-20% gold. This is true of many simple hydraulic sluicing operations and many
shallow colluvial or hard rock operations. If a concentrate of 20% can be produced, then direct
gold smelting is possible.

9. Mercury is used when capital (cash) is needed quickly for subsistence or to purchase materials
and supplies required for more sophisticated techniques like leaching with cyanide. This point
is often a difficult one for citizens of developed nations to fully grasp. The miners — even the
middle men — do not have bank accounts or credit cards or much, if any, access to social
assistance like health care, and therefore often cannot wait to get paid. For example, miners
who have made the transition to cyanide leaching and whom know that the maximum gold can
be obtained through cyanide leaching alone, often return to using mercury when an emergency
such as a family illness or wedding comes up, simply because they cannot wait until
completion of the more time consuming, albeit more efficient, cyanide processing method
(often a 1 month cycle).

In summary, using mercury is cheap, simple, fast, independent, and reliable. And so in many
settings, it is hard to beat. That is why, as a first line of intervention, it may be more appropriate to try to
reduce mercury consumption through conservation practices like retorting, fume hoods, and mercury re-
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activation or cleaning (making dirty mercury usable again and thereby preventing it from being
discarded into the environment), rather than immediately aiming for the total elimination of mercury use.
The introduction of conservation practises can easily reduce mercury consumption by 50 to 90% and it is
an easily accepted change in practice — one that can even have the powerful incentive of being profitable
(Agrawal, 2007).

6.1.2 How mercury is released to the Environment

Mercury is released to the environment during artisanal gold mining in a variety of ways. When it
is used to amalgamate gold, some escapes directly into water bodies as elemental mercury droplets or as
coatings of mercury adsorbed onto sediment grains. The mercury that forms the amalgam with gold is
emitted to the atmosphere when the amalgam is heated — if a fume hood or retort is not used. As well
naturally occurring mercury in soils and sediments that are eroded by sluicing and dredging becomes
remobilised and bioavailable in receiving waters (Telmer et al. 2006). Finally, where a combination of
cyanide and mercury are used, the formation of water soluble cyano-mercuric complexes enhances
transport and bio-availability. Albeit the fate of mercury in any of these processes is poorly understood, the
interactions of cyanide and mercury are the least understood at this time.

When miners use cyanide, this dissolves not only gold but also mercury, forming cyano-mercury
complexes. These complexes are easily mobilized by rain and often, due to poor containment practices,
quickly reach stream waters. It is expected that water-soluble mercury cyanide is either more bioavailable
or easier to be biomethylated than elemental mercury. This possibility deserves more investigation, but
indirect evidence collected by the Global Mercury Project sites in Indonesia, Zimbabwe and Brazil suggest
this is the case. Dangerously high levels of mercury in fish (average 2.53+3.91 mg Hg/kg; carnivorous
fish: 4.16+5.42 mg Hg/kg) were found in Brazil when mercury and cyanide were used together compared
to when only mercury amalgamation was performed (UNIDO, 2006). Other similar investigations were
carried out in Indonesia (Castilhos et al., 2006; Baker and Telmer, 2007).

Overall, therefore, the pathway that mercury from ASGM takes into the environment, whether it
is emitted to the atmosphere, first released into surface water and soils and later emitted (latent emissions),
or exported in products (see later section); as well as the amount of mercury consumed per unit of gold
produced, varies greatly across ASGM operations and communities.

6.1.2.1 Whole ore amalgamation

Whole ore amalgamation is the process of bringing mercury into contact with 100% of the
material being mined. Typically, mercury is either added when the ore is being ground in mills or the
slurry produced from grinding is passed over a mercury coated copper plate. Amalgamating the whole ore
uses mercury very inefficiently and so between 3 and 50 units of mercury are consumed to produce 1 unit
of gold, with an average of around 5. Most of the mercury loss during whole ore amalgamation initially
occurs into the solid tailings which are often discharged directly into receiving waters and soils.
Importantly, however, it is well documented that this mercury continues to evade into the environment for
centuries (Alpers and Hunerlach, 1999; Al et al., 2006; Shaw et al. 2006; Winch, 2006). Further, although
little studied, it is certain that mercury in tailings that are subsequently leached with cyanide to recover
more gold (a growing trend already observed in 10 countries) undergoes enhanced aqueous transport and
emission to the atmosphere. This is because of the complexation of mercury by cyanide. It is well known
that mercury and cyanide, like gold and cyanide, readily form soluble complexes, and that when cyano-
mercury complexes degrade, mercury readily volatilizes.
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Figure 6.1 - lllustration of some of the many knowledge gaps remaining about
mercury in ASGM.

Immediate emissions to the atmosphere during whole ore amalgamation occur when the
recovered amalgam is heated to produce the gold. In the simplest case, such as the use of mercury coated
copper plates, immediate losses to the atmosphere are therefore roughly equal to the amount of gold
produced. However, there can be significant additional emissions to the atmosphere on a time scale of
weeks to months from tailings and in particular from operations that employ cyanide. For example, in a
whole ore amalgamation operation like those in Indonesia documented in Sulaiman et al. (2007), if 20 g of
mercury are consumed to produce 1 g of gold, then 19 g of mercury are lost to the tailings and 1 g of
mercury is immediately emitted to the atmosphere. However, additional mercury is released to the
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atmosphere shortly thereafter from: (i) volatilization from cyanide rich tailings; (ii) during cyanidation
gold is adsorped from the solution by activated carbon. Mercury is also unavoidably adsorped. To recover
the gold, the carbon is burnt and so any adsorped mercury is emitted at that time; (iii) the “ash” produced
by burning the activated carbon is often re-amalgamated with mercury and this amalgam is also thermally
decomposed to produce the gold, releasing an additional amount of mercury to the atmosphere equal to the
total gold produced. In such cases, immediate emissions to the atmosphere are minimally greater than the
total gold produced and this includes the amount of gold produced via cyanide leaching.

6.1.2.2 Amalgamation of a concentrate

In cases where only a gravity concentrate is amalgamated, losses are normally about 1 to 2 units
of mercury for each unit of gold produced, but can be significantly lower if a mercury capturing system is
used when the amalgam is burnt — retorts or fume hoods. For example, in Central Kalimantan, commonly
1.3 g of mercury is consumed to amalgamate 1 g of gold from a gravity concentrate produced by sluicing
alluvial ore (Telmer and Stapper, 2007). In this case 0.3 g of mercury is discharged to water with the
tailings and 1 g of mercury is emitted to the atmosphere when the amalgam is burnt. Consumption of
mercury in Brazil as recorded by Sousa and Veiga (2007) is similar.

Sometimes the tailings are rich in minerals such as zircon which are valuable to the ceramics and
abrasives industries and so the tailings are not discarded but rather are further processed and then export
(often to China or Korea). During reprocessing the tailings are often amalgamated a second time to recover
any residual gold, and then further processed to produce (i) a high grade heavy mineral concentrate which
is contaminated in mercury and export, and (ii) a waste which is discarded. The mercury that is export with
the zircon is certain to be emitted to the atmosphere during later industrial use. The fate of the mercury in
the residual waste is unknown but may end up in aggregate products such as bricks or be discarded into
local waterways.

An additional cause of mercury pollution that is frequently overlooked is the discarding of “dirty
mercury”. When ore is amalgamated with mercury the products are (i) solid amalgam; (ii) tailings; and (iii)
residual liquid mercury. For example, a miner may add 100 g of mercury to 10 kg of concentrate and then
recover 20 g of amalgam (50% gold, 50% mercury), and 87 g of residual liquid mercury with 3 g lost to
the tailings. They would then re-use the residual liquid mercury to amalgamate the next day’s concentrate.
However, the effectiveness of the liquid mercury is reduced as it becomes oxidized and contaminated with
impurities — this is referred to as “dirty mercury”. Typically, after 3 or 4 uses, mercury becomes much less
effective at amalgamation and so it is discarded. In the case of dredge operations in Kalimantan, dredge
operators just throw it into the river. This causes mercury consumption to be higher than the 1.3 units of
mercury for every 1 unit of gold described above. When mercury is not recycled through re-activation
(described in the final section), consumption is likely to be at least twice the ratio established by recording
only the immediate losses that occur during amalgamation.

6.2 Where ASGM is Occurring

There is reasonably good information about where ASGM is occurring. The Information sources
are: reports from the MMSD (2002); 16 years of archives from the Northern Miner (1992-2008); reports
and conference materials from the World Bank’s Secretariat on Communities and Small Scale Mining
(CASM, 2007) up to 2007 (7 meetings); 5 years of reports and conference materials form the
UNDP/GEF/UNIDO Global Mercury Project (GMP) up to 2007; reports from other intervention programs
such as the Swiss Development Agency (SDA), the Canadian International Development Agency (CIDA),
the World Wildlife Fund (WWF); reports and abstracts from the International Congresses on Mercury as a
Global Pollutant (ICMGP) up to 2006 (8 congresses); numerous articles published in the peer reviewed
literature; and personal communications with field operatives of intervention programs and people
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employed in the ASGM economy — miners and gold and mercury merchants. Table 6.1 lists the countries
and column 3 of Table 6.1 lists the sources of information that identify the presence of ASGM by country
(note that these information sources are in some cases different from those used later to estimate current
mercury consumption — column 7). Accordingly, ASGM has been documented to occur in 70 countries.
Figure 6.2 illustrates the global distribution of ASGM based on data from Table 6.1. There are at least 6
more countries that are likely to have ASGM occurring bring the likely total to 76 countries but with no
firm documentation for those countries we will use the more conservative number of 70.
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Figure 6.2 - Map of mercury consumption by artisanal small scale gold
mining globally.
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Table 6.1 - Mercury consumption by country for 2008 in artisanal small scale gold mining (ASGM) estimated by the authors; official imports and exports of
mercury and gold as recorded in the UN’s Comtrade database per annum for the five year period 2002-2006; the number of chlor-alkalai plants
per county in 2004 that use mercury (data from the Chlorine Institute). Note: Iraq and Libya do not report any trade in Hg or Gold. However Iraq has 3

mercury based Chlor-Alkalai plants and Libya has 1.

Country ASGM Presence ASGM Mercury Basis for Estimate
_ (Mg y™)
min max mean
Amount 641.9 1352.5 997.2
Count 163 70 70 70 70
1 Albania
2 Algeria
3 Andorra
4 Anguilla
5 Argentina
6 Armenia
7 Australia APLA (2004) 0 2 1.0 Guess
8 Austria
9 Azerbaijan ? 0.05 0.5 0.3 Min
10 Bahrain
11 Bangladesh
12 Barbados
13 Belarus
14 Belgium
15 Benin Yager et al (2002) 0.05 0.5 0.3 Min
16 Belize
17 Bolivia Graham (2002); Hentschel et al. (2002) 5 10 75 MMSD, GMP, CASM
18 Bosnia Herzegovina
19 Botswana Madawo (2007) 0.5 1 0.8 GMP
20 Brazil Blore (2007); Veiga (1997) 30 60 45.0 Sousa and Veiga (2007); Telmer and
Stapper (2007)
21 Bulgaria
22 Burkina Faso Hiyate (2008); Saywell (2008); ILO (1999) 3 7 5.0 MMSD, Northern Miner
23 Burundi Cumming (1997) ; Priester and Hentschel (1992) 0.05 0.5 0.3 Min
24 Cambodia Sotham (2001) 5 10 75 Sotham (2004); Murphy (2006)
25 Cameroon ? 0.05 0.5 0.3 Min
26 Canada Basque (1991) 0 2 1.0
27 Central africa Republic Yager et al (2002); Northern Miner (2001, v87, no.2) 0.05 0.5 0.3 Min
28 Chad Mobbs (1996) 0.05 0.5 0.3 Min
29 Chile Castro and Sanchez (2003) 3 5 4.0
30 China Saywell (2007); Gunson and Veiga (2004) 237 652 444.5 Gunson (2004)
31 China, Hong Kong SAR
32 China, Macao SAR
33 Colombia Harris (2006); Lacerda (2003) 50 100 75.0 Gov. of Antiogquia
34 Cook Isds
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Table 6.1 (continued)

Country ASGM Presence ASGM Melrcury Basis for Estimate
(Mgy™)

35 Costa Rica Northern Miner (1998, v 84, no. 17); Veiga (1997) 0.05 0.5 0.3 Min
36 Cote d'lvoire Mobbs (1998)
37 Croatia
38 Cuba
39 Cyprus
40 Czech Rep.
41 Denmark
42 Dominica
43 Dominican Republic Veiga (1997) 0.05 0.5 0.3 Min
44 Democratic Republic of Vaccaro (2007); ILO (1999) 1 2 15 Guess

Congo
45 Ecuador Robertson (2006); Betancourt et al (2005) 10 20 15.0 GMP
46 El Salvador
47 Estonia
48 Ethiopia Labonne (2002) 0.05 0.5 0.3 Min
49 Faeroe Isds
50 Fiji
51 Finland
52 France
53 French Guiana Fréry et al (2001) 5 10 7.5 Viera (2008)
54 French Polynesia
55 Gambia Dolley (1996) 0.05 0.5 0.3 Min
56 Georgia
57 Gabon Northern Miner (2003, v. 89, no. 40); Priester and 0.05 0.5 0.3 Min

Hentschel (1992)

58 Germany
59 Ghana Northern Miner (2007, v. 93, no. 39); Babut et al (2003) 3 6 45 GMP
60 Greece
61 Guatemala UNEP (2005) 1 2 15 GMP
62 Guinea Labonne (2002) 0.05 0.5 0.3 Min
63 Guinea-Bissau Dolley (1996); Bermudez-Lugo (2002) 0.05 0.5 0.3 Min
64 Guyana Couture and Lambert, (2003) 10 20 15.0 Viera (2008)
65 Honduras Attenborough (1999); Veiga (1997) 0.05 0.5 0.3 Min
66 Hungary
67 Iceland
68 India Duval (2004); Siddaiah (2001) 1 2 15 Guess
69 Indonesia Castilhos et al (2006) 130 160 145.0 Telmer and Stapper (2007)
70 Iran ? 0.05 0.5 0.3 Min
71 Ireland
72 Israel
73 Italy
74 Ivory coast Yager et al (2002) 0.05 0.5 0.3 Min
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Table 6.1 (continued)

Country ASGM Presence ASGM Mercury Basis for Estimate
(Mg y™)
75 Jamaica
76 Japan
77 Jordan
78 Kazakhstan ? 0.05 0.5 0.3 Min
79 Kenya Yager et al (2002) 5 10 7.5 GMP
80 Kyrgyzstan Appel et al (2003) 5 10 7.5 Appel
81 Laos Boungnaphalom (2003) 0.5 2 13 GMP
82 Latvia
83 Lebanon
84 Lesotho Coakley (2002) 0.05 0.5 0.3 Min
85 Liberia DLI (2003) 0.05 0.5 0.3 Min
86 Lithuania
87 Luxembourg
88 Madagascar Rajaobelina (2003) 1 2 15 Guess
89 Malawi Dreschler (2001) 0.05 0.5 0.3 Min
90 Malaysia Priester and Hentschel (1992) 2 5 35 Google Earth
91 Maldives
92 Mali Northern Miner (2008, v93., no. 47; no. 50); MMSD 1 2 15 MMSD
(2002)
93 Malta
94 Mauritius
95 Mayotte
96 Mauritania Mbendi (2004) 0.05 0.5 0.3 Min
97 Mexico Graham (2003); Veiga (1997) 5 10 7.5 Guess
98 Mongolia Grayson (2007) 8 15 115 Grayson (2007)
99 Montserrat
100 Morocco
101 Mozambique Spiegel et al (2006) 3 5 4.0 GMP
102 Myanmar UNESCAP (2003) 5 8 6.5 UNESCAP (2003)
103 Namibia
104 Nepal
105 Netherlands
106 New Caledonia
107 New Zealand ? 0.05 0.5 0.3 Min
108 Nicaragu