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  Note by the secretariat 

1. Paragraph 8 of article 8 of the Minamata Convention on Mercury, on emissions, provides that 

the Conference of the Parties shall, at its first meeting, adopt guidance on best available techniques 

and on best environmental practices, taking into account any differences between new and existing 

sources and the need to minimize cross-media effects; and on support for parties in implementing the 

measures set out in paragraph 5, in particular in determining goals and in setting emission limit values. 

2. At its seventh session, the intergovernmental negotiating committee to prepare a global legally 

binding instrument on mercury considered the draft guidance prepared by the group of technical 

experts and presented to the committee as a report of the group of technical experts on the 

development of guidance required under article 8 of the Convention (UNEP(DTIE)/Hg/INC.7/6, 

UNEP(DTIE)/Hg/INC.7/6/Add.1 and UNEP(DTIE)/Hg/INC.7/6/Add.2). It was agreed that the draft 

guidance set out in document UNEP(DTIE)/Hg/INC.7/6.Add.1 as amended and set out in annex III to 

the report of the intergovernmental negotiating committee to prepare a global legally binding 

instrument on mercury on the work of its seventh session (UNEP(DTIE)/Hg/INC.7/22/Rev.1) and the 

draft guidance on support for parties in implementing the measures set out in paragraph 5 of article 8, 

in particular in determining goals and in setting emission limit values 

(UNEP(DTIE)/Hg/INC.7/6/Add.2), would be submitted to the Conference of the Parties for adoption 

at its first meeting. A draft decision for the adoption of the guidance is provided as annex I to the 

present note; the guidance on best available techniques and best environment practices is provided as 

annex II ; and the guidance on implementing the measures set out in paragraph 5 of article 8 is 

presented in annex III .
1
 

  Suggested action by the Conference of the Parties 

1. The Conference of the Parties may wish to formally adopt the guidance with regard to 

paragraph 8 of article 8 as put forward by the intergovernmental negotiating committee.  

  

                                                           

* UNEP/MC/COP.1/1. 
1
 The guidance set out in the annexes has been reproduced without formal editing. 
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Annex I  

Draft decision MC-1/[XX]: Guidance in relation to mercury 

emissions  

The Conference of the Parties, 

Recognizing the importance of the control of mercury emissions in achieving the 

objective of the Convention, 

Decides to adopt the guidance with regard to article 8, particularly its paragraphs 8 (a) 

and (b), on best available techniques and on best environmental practices, taking into account 

any differences between new and existing sources and the need to minimize cross-media 

effects, and on support for parties in implementing the measures set out in paragraph 5, in 

particular in determining goals and in setting emission limit values, as put forward by the 

intergovernmental negotiating committee.  
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Annex II   

Draft guidance on best available techniques and best environmental 

practices taking into account any difference between new and 

existing sources and the need to minimize cross-media effects 
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Introduction 

1.1 Purpose of document 

This document presents guidance related to best available techniques (BAT) and best environmental practices (BEP) 

to assist parties in fulfilling their obligations under Article 8 of the Minamata Convention on Mercury (hereinafter 

referred to as ñthe Conventionò), which concerns controlling and, where feasible, reducing emissions of mercury and 

mercury compounds to the atmosphere from the point sources falling within the source categories listed in Annex D to 

the Convention. The guidance has been prepared and adopted as required by Article 8: it does not establish mandatory 

requirements, nor does it attempt to add to, nor subtract from, a partyôs obligations under Article 8. Paragraph 10 of 

Article 8 requires parties to take the guidance into account, and requires the Conference of the Parties to keep it under 

review, and update it as appropriate, in order to reflect circumstances not currently fully covered in the guidance. 

In determining BAT, each party will take account of its national circumstances in accordance with the definition of 

BAT set out in paragraph 2 (b) of Article 2, which explicitly takes into account economic and technical considerations 

for a given party or a given facility within its territory. It is recognized that some of the control measures described in 

the present guidance may not be available to all parties for technical or economic reasons. Financial support, 

capacity-building, technology transfer and technical assistance are made available as set out in articles 13 and 14 of 

the Convention. 

1.2 Structure of the guidance  

The guidance is arranged in seven chapters. The present introductory chapter includes general information on the 

challenges of mercury and the provisions of the Convention, in particular those relevant to mercury emissions to air. It 

also provides some cross-cutting information, including considerations in selecting and implementing BAT and BEP.  

Chapter 2 provides general information on common emission control techniques generally applicable to all the source 

categories covered by Article 8, and chapter 3 provides information on common elements of monitoring mercury 

emissions to the atmosphere from these sources. 

Chapters 4, 5, 6 and 7 address the source categories listed in Annex D. Each source category is presented in an 

individual chapter, although guidance on coal-fired power plants and coal-fired industrial boilers is presented in a 

single chapter, given the similarities in the processes and applicable controls. 

Appendix A contains information on some technologies that were considered not to be of sufficient maturity to be 

included in the body of the guidance but which may be of interest in the future.  

Additional information, in the form of case studies, is also available as a separate document, although these case 

studies do not form part of the formal guidance.  

Chemical forms of mercury 

Mercury is an element, but may be found in different chemical forms. The Convention deals with both elemental 

mercury and compounds of mercury, but only where mercury and its compounds are anthropogenically emitted or 

released.
2
 Inorganic mercury compounds include oxides, sulfides or chlorides, for example. In this guidance, 

ñmercuryò refers to both elemental mercury and mercury compounds unless the context makes it clear that a specific 

form is meant. This is consistent with the scope of Article 8 on emissions, which addresses controlling and, where 

feasible, reducing emissions of mercury and mercury compounds, often expressed as ñtotal mercuryò.  

The chemical form of mercury emissions from the categories in Annex D varies depending on source type and other 

factors. Gaseous elemental mercury is the most common in anthropogenic emissions to the atmosphere (UNEP, 

2013). The remaining emissions are in the form of gaseous oxidized mercury or as mercury bound to emitted 

particles. These forms have a shorter atmospheric lifetime than gaseous elemental mercury and are deposited to land 

or water bodies more rapidly after their release (UNEP, Global Mercury Assessment, 2003). Elemental mercury in the 

atmosphere can undergo transformation into oxidized mercury that is more readily deposited.  

Mercury can also be found in organic compounds ï for example methyl or ethyl mercury, which are the most toxic 

forms. Organic compounds of mercury are not emitted by the sources covered by Article 8 of the Convention, but 

elemental or oxidized mercury, once deposited, can be transformed under certain circumstances into organic 

compounds by bacteria in the environment.  

                                                           
2
 See Convention text, article 1 and article 2 
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Why are we concerned about mercury emissions? 

Mercury has been recognized as a chemical of global concern, owing to its long-range atmospheric transport, its 

persistence in the environment, its ability to bioaccumulate in ecosystems and its significant negative effects on 

human health and the environment.
3
 

Mercury is toxic to the central and peripheral nervous systems at high concentrations, in both elemental and organic 

forms, and inhaling mercury vapour can produce harmful effects on the nervous, digestive and immune systems, lungs 

and kidneys. Even at lower concentrations, organic compounds of mercury can affect developing organs, such as the 

foetal nervous system. Mercury is also widely found in many ecosystems ï elevated levels have been measured in 

numerous freshwater and marine fish species throughout the world. Mercury is bioaccumulative, and is therefore 

found in higher concentrations in organisms at the top of the food chain.
4
 The majority of human exposure occurs 

through eating fish.  

The most significant anthropogenic releases of mercury globally are through emissions to air, but mercury is also 

released from various sources directly to water and land. Once in the environment mercury persists and circulates 

in various forms between air, water, sediments, soil and biota. Emissions and releases from virtually any local 

source add to the global pool of mercury that is continuously mobilized, deposited on land and water, and 

remobilized. Rivers and ocean currents are also media for long-range transport. Even countries with minimal 

mercury releases, and areas remote from industrial activity, may be adversely affected. For example, high 

mercury levels are observed in the Arctic,
5
 far from the sources of any significant releases. 

Implementing measures to control or reduce mercury emissions can be expected to realize clear benefits in terms 

of public health, and for the environment. These benefits have an economic value. Quantified estimates have 

been made in some countries and regions of the scale of these benefits,
6
 but it is very difficult to make any global 

estimate of the value of these benefits in monetary terms. Nevertheless, their value is likely to be considerable.  

Implementing measures to control mercury emissions will, however, usually involve some cost. There may be 

either capital costs in installing control technologies, or increased costs in operating and maintaining facilities, or 

both. The chapters on each of the source categories give examples of these costs for particular facilities, where 

reliable information is available. The actual costs, however, are likely to depend on the specific circumstances of 

a facility; thus, the figures quoted should be taken only as a broad indication of the likely scale of costs. For any 

particular case, specific information will need to be obtained for that particular facility. It is recognized that these 

costs will generally fall to the operator of the specific facility, while the benefits described above accrue to 

society in general.  

Sources of mercury emissions covered by this guidance 

The Convention is concerned only with anthropogenic emissions and releases of mercury (naturally occurring sources, 

such as volcanoes, are outside its scope), and Article 8 deals with five specific source categories that are listed in 

Annex D to the Convention. The initial list contains coal-fired power plants, coal-fired industrial boilers, smelting and 

roasting processes used in the production of non-ferrous metals,
7
 waste incineration facilities, and cement clinker 

production facilities. Chapters 4, 5, 6 and 7 describe these processes in detail. Mercury may be emitted from these 

sources if it is present in the fuels and raw materials used in the associated processes, or in the waste burned in 

incineration plants.  

Emissions to the atmosphere also arise from other sources not listed in Annex D ï such as artisanal and small-scale 

gold mining, which is probably the biggest single source of emissions, or from industrial processes in which mercury 

is used as part of the process, for example as a catalyst. Other articles of the Convention deal with these sources and 

they are not covered by the present guidance. 

The 2013 UNEP Global Mercury Assessment provides estimates of anthropogenic mercury emissions to the 

atmosphere. The categories used in that assessment do not, however, correspond exactly to those set out in Annex D. 

Relevant provisions of the Minamata Convention  

The Convention deals with all aspects of the life cycle of anthropogenic mercury, and its provisions need to be 

considered as a whole. 

                                                           
3
 For example, in the preamble to the Convention. 

4
 Further information about the health effects of mercury may be found at: 

http://www.who.int/mediacentre/factsheets/fs361/en.  
5
 UNEP (2013) Global Mercury Assessment 

6
 For example, K. Sundseth, J.M. Pacyna, E.G. Pacyna  M. Belhaj and S. Astrom. (2010). Economic benefits from 

decreased mercury emissions: Projections for 2020. Journal of Cleaner Production. 18: 386ï394 . 
7
 For these purposes, ñnon-ferrous metalsò refers to lead, zinc, copper and industrial gold. 
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There are provisions on mercury supply sources and trade; mercury-added products and manufacturing processes 

using mercury; artisanal and small-scale gold mining; emissions and releases; environmentally sound interim storage 

of mercury; mercury wastes; and contaminated sites. There are also provisions on monitoring, inventories, reporting 

by parties, information exchange, public information, awareness and education, research, development and 

monitoring, and health aspects. There are also provisions relating to financial resources and capacity-building, 

technical assistance and technology transfer.  

Article 2 of the Convention sets out the following definitions of mercury and mercury compounds, and of best 

available techniques and best environmental practices:  

ñ(b) óBest available techniquesô means those techniques that are the most effective to prevent and, 

where that is not practicable, to reduce emissions and releases of mercury to air, water and land and the impact 

of such emissions and releases on the environment as a whole, taking into account economic and technical 

considerations for a given Party or a given facility within the territory of that Party. In this context: 

ñóBestô means most effective in achieving a high general level of protection of the environment as a 

whole; 

ñóAvailableô techniques means, in respect of a given Party and a given facility within the territory of 

that Party, those techniques developed on a scale that allows implementation in a relevant industrial 

sector under economically and technically viable conditions, taking into consideration the costs and 

benefits, whether or not those techniques are used or developed within the territory of that Party, 

provided that they are accessible to the operator of the facility as determined by that Party; and 

ñóTechniquesô means technologies used, operational practices and the ways in which installations 

are designed, built, maintained, operated and decommissioned; 

ñ(c) óBest environmental practicesô means the application of the most appropriate combination of 

environmental control measures and strategies; 

ñ(d) óMercuryô means elemental mercury (Hg(0), CAS No. 7439-97-6);  

ñ(e) óMercury compoundô means any substance consisting of atoms of mercury and one or more 

atoms of other chemical elements that can be separated into different components only by chemical reactionsò. 

Paragraphs 1ï6 of Article 8 of the Convention and its Annex D are reproduced below. 

Article 8 

Emissions 

This Article concerns controlling and, where feasible, reducing emissions of mercury and mercury 

compounds, often expressed as ñtotal mercuryò, to the atmosphere through measures to control 

emissions from the point sources falling within the source categories listed in Annex D. 

For the purposes of this Article: 

(a)  ñEmissionsò means emissions of mercury or mercury compounds to the atmosphere; 

(b)  ñRelevant sourceò means a source falling within one of the source categories listed in 

Annex D. A Party may, if it chooses, establish criteria to identify the sources covered within a source 

category listed in Annex D so long as those criteria for any category include at least 75 per cent of the 

emissions from that category; 

(c) ñNew sourceò means any relevant source within a category listed in Annex D, the 

construction or substantial modification of which is commenced at least one year after the date of: 

(i) Entry into force of this Convention for the Party concerned; or 

(ii)  Entry into force for the Party concerned of an amendment to Annex D where 

the source becomes subject to the provisions of this Convention only by virtue 

of that amendment; 

(d) ñSubstantial modificationò means modification of a relevant source that results in a 

significant increase in emissions, excluding any change in emissions resulting from by-product 

recovery. It shall be a matter for the Party to decide whether a modification is substantial or not; 

(e) ñExisting sourceò means any relevant source that is not a new source; 

(f) ñEmission limit valueò means a limit on the concentration, mass or emission rate of 

mercury or mercury compounds, often expressed as ñtotal mercuryò, emitted from a point source. 
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A Party with relevant sources shall take measures to control emissions and may prepare a national plan 

setting out the measures to be taken to control emissions and its expected targets, goals and outcomes. 

Any plan shall be submitted to the Conference of the Parties within four years of the date of entry into 

force of the Convention for that Party. If a Party develops an implementation plan in accordance with 

Article 20, the Party may include in it the plan prepared pursuant to this paragraph. 

For its new sources, each Party shall require the use of best available techniques and best 

environmental practices to control and, where feasible, reduce emissions, as soon as practicable but no 

later than five years after the date of entry into force of the Convention for that Party. A Party may use 

emission limit values that are consistent with the application of best available techniques. 

For its existing sources, each Party shall include in any national plan, and shall implement, one or 

more of the following measures, taking into account its national circumstances, and the economic and 

technical feasibility and affordability of the measures, as soon as practicable but no more than ten 

years after the date of entry into force of the Convention for it: 

(a) A quantified goal for controlling and, where feasible, reducing emissions from relevant 

sources; 

(b) Emission limit values for controlling and, where feasible, reducing emissions from 

relevant sources; 

(c) The use of best available techniques and best environmental practices to control 

emissions from relevant sources; 

(d) A multi-pollutant control strategy that would deliver co-benefits for control of mercury 

emissions; 

(e) Alternative measures to reduce emissions from relevant sources. 

Parties may apply the same measures to all relevant existing sources or may adopt different measures 

in respect of different source categories. The objective shall be for those measures applied by a Party 

to achieve reasonable progress in reducing emissions over time. 

Annex D 

List of point sources of emissions of mercury and mercury compounds to the atmosphere 

Point source category:  

Coal-fired power plants;  

Coal-fired industrial boilers;  

Smelting and roasting processes used in the production of non-ferrous metals; 1/  

Waste incineration facilities;  

Cement clinker production facilities. 

____________________________________ 

1/ For the purpose of this Annex, ñnon-ferrous metalsò refers to lead, zinc, copper and 

industrial gold. 
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Considerations in selecting and implementing BAT 

The definition of ñbest available techniquesò in Article 2 of the Convention, and set out in section 1.6 above, forms 

the basis for the determination by a party of BAT for a facility within its territory. 

The use of BAT to control and, where feasible, to reduce emissions is required for new sources as defined in 

paragraph 2 (c) of Article 8 and is one of several measures which a party may use for existing sources, as defined in 

paragraph 2 (e) of Article 8. A party may apply the same measures to all relevant existing sources or may adopt 

different measures in respect of different source categories. The present section is intended to support parties in 

selecting and implementing BAT.  

The process for selecting and implementing BAT could be expected to include the following general steps.  

¶ Step 1: establish information about the source, or source category. This may include, but not be limited to, 

information on the processes, input materials, feedstocks or fuels, and on the actual or expected activity 

levels, including throughput. Other relevant information could include the expected life of the facility, which 

is likely to be of particular relevance when an existing facility is being considered, and any requirements or 

plans for controlling other pollutants.  

¶ Step 2: identify the full range of options of emission control techniques and combinations thereof which are 

relevant for the source under consideration, including the techniques described in the chapters of this 

guidance on common techniques and on specific source categories.  

¶ Step 3: among these, identify technically viable control options, giving consideration to techniques applicable 

to the type of facility within the sector, and also to any physical limitations which may influence the choice 

of certain techniques.  

¶ Step 4: from these, select the control technique options which are the most effective for the control and, 

where feasible, reduction of emissions of mercury, taking into account the performance levels mentioned in 

this guidance, and for the achievement of a high general level of protection of human health and the 

environment as a whole.  

¶ Step 5: determine which of these options can be implemented under economically and technically viable 

conditions, taking into consideration costs and benefits and whether they are accessible to the operator of the 

facility as determined by the party concerned. Note that the options selected may differ for new and existing 

facilities. The need should also be taken into account for sound maintenance and operational control of the 

techniques, so as to maintain the achieved performance over time. 

Performance levels 

The individual chapters on each of the source categories include information about the performance levels which have 

been achieved in facilities operating the control techniques described in those chapters, where such information is 

available. This information is not intended to be interpreted as recommendations for emission limit values (ELVs). An 

ñemission limit valueò is defined in paragraph 2 (f) of Article 8 to mean ña limit on the concentration, mass or 

emission rate of mercury or mercury compounds, often expressed as ótotal mercuryô, emitted from a point source.ò 

Paragraph 4 of that Article provides that a party may control and, where feasible, reduce emissions from new sources 

by setting ELVs that are consistent with the application of BAT. Paragraph 5 of the Article includes ELVs in the list 

of measures, one or more of which parties may select for application to their existing sources. If a party chooses to use 

ELVs, it should consider similar factors to those described in the previous section in relation to the selection and 

implementation of BAT.  

Guidance on how parties may choose to determine goals and set ELVs for existing sources under the Convention may 

be found in a separate document, entitled: ñGuidance on support for Parties in implementing the measures set out in 

paragraph 5, in particular in determining goals and in setting emission limit valuesò (in preparations as at September 

2015).  

Best environmental practices  

The Convention defines ñbest environmental practicesò as ñthe application of the most appropriate combination of 

environmental control measures and strategiesò.  

Good maintenance of facilities and measurement equipment are important to the effective operation of control and 

monitoring techniques. Well-trained operators, who are aware of the need to pay attention to the processes, are 

indispensable to ensuring good performance. Careful planning and commitment from all levels within the 

organization operating the facility will also help to maintain performance, as will administrative controls and other 

facility management practices.  

Information on BEP specific to each source category is provided in the respective chapters on those source categories. 
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Cross-media effects 

Mercury emissions from the source categories listed in Annex D can be controlled or reduced using the techniques 

described in this guidance. Information on cross-media effects relevant to each source category is provided in the 

respective chapters on those source categories. The mercury that is removed from flue gases will appear elsewhere ï 

for example, in solid phases such as fly ash or bottom ash, or in liquid or solid-liquid mixed phases such as sludge. 

Because mercury may be more concentrated in these materials than in input materials, care should be taken to avoid 

the potential for mercury release through leaching, or cross-media transfers of mercury and other constituents of 

concern resulting from the disposal of such residues, or from their use as components in other processes. In defining 

BAT/BEP at the national level, regulators should take into account these factors. Other articles of the Convention may 

be relevant, in particular Article 11, on mercury wastes.  

Multi-pollutant control techniques 

There are techniques that may be used to control the emissions of a range of pollutants, such as particulate matter, 

organic pollutants, SOx and NOx, and heavy metals, including mercury. Consideration should be given to the 

advantages of using techniques capable of controlling several pollutants simultaneously to deliver mercury  

co-benefits. In assessing these techniques, factors such as efficiency of mercury control, control of other pollutants, 

and any potential adverse consequences, such as reduced efficiency within the overall system or cross-media effects, 

should also be considered.  

The use of a multi-pollutant control strategy that can deliver co-benefits for the control of mercury emissions is 

included in paragraph 5 of Article 8 as an option for managing emissions from existing sources. 

Other international agreements 

Parties to the Convention may also be parties to other relevant global or regional multilateral environmental 

agreements that may need to be considered alongside the Minamata Convention.  

For example, the provisions of the Stockholm Convention on Persistent Organic Pollutants cover many of the same 

source categories as those listed in Annex D of the Minamata Convention, and countries which are parties to both 

conventions will therefore need to ensure that they also take account of any relevant provisions of that Convention.
8
  

Two relevant agreements to which some parties to the Minamata Convention may also be parties are the Basel 

Convention on the Control of Transboundary Movements of Hazardous Wastes and Their Disposal, and the 

Convention on Long-range Transboundary Air Pollution adopted within the framework of the United Nations 

Economic Commission for Europe. 

Basel Convention on the Control of Transboundary Movements of Hazardous Wastes and their Disposal  

The goal of the Basel Convention is to protect human health and the environment from the adverse effects resulting 

from the generation, management, transboundary movements and disposal of hazardous and other wastes.  

The implementation of measures to control and reduce mercury emissions can generate wastes that may be hazardous. 

The handling of these wastes is covered under Article 11 of the Minamata Convention, paragraph 3 of which requires 

parties to manage mercury wastes in an environmentally sound manner, taking into account the obligations and 

guidelines under the Basel Convention, and, for parties to the Basel Convention, not to transport mercury wastes 

across international boundaries except for the purpose of environmentally sound disposal in conformity with that 

Article and with the Basel Convention. The technical guidelines developed under the Basel Convention on waste 

management are relevant to the management of sludge and other wastes resulting from the capture of mercury from 

relevant sources, and could be valuable in minimizing or preventing cross-media effects which may result from poor 

management of such wastes.
9
 

Convention on Long-range Transboundary Air Pollution 

The aim of the Convention on Long-range Transboundary Air Pollution is to limit and, as far as possible, gradually 

reduce and prevent air pollution, including long-range transboundary air pollution, caused by a range of pollutants. 

Under the Convention, the Protocol on Heavy Metals was adopted in 1998 in Aarhus, Denmark, and entered into force 

in 2003. It targets three metals: cadmium, lead and mercury. The stationary source categories covered by the Protocol 

include the relevant sources listed in Annex D to the Minamata Convention.  

One of the basic obligations assumed by parties to the Protocol on Heavy Metals is to reduce their emissions for these 

three metals below their levels in 1990 (or an alternative year between 1985 and 1995). The Protocol aims to reduce 

                                                           
8
 Detailed guidance on the use of BAT/BEP to meet the requirements of that Convention may be found at 

http://chm.pops.int/Implementation/BATandBEP/Overview/tabid/371/Default.aspx. 
9
 The technical guidelines are available at 

http://www.basel.int/Implementation/Publications/TechnicalGuidelines/tabid/2362/Default.aspx. 
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emissions of cadmium, lead and mercury from industrial sources (iron and steel industry, non-ferrous metal industry, 

cement manufacturing, glass manufacturing, chlor-alkali industry), combustion processes (power generation, 

industrial boilers) and waste incineration. It lays down stringent limit values for emissions from stationary sources and 

suggests BAT for these sources. The Protocol was amended in 2012 to introduce flexibilities to facilitate the accession 

of new parties, notably countries in Eastern Europe, the Caucasus and Central Asia. A guidance document on BAT for 

controlling emissions of heavy metals from the source categories covered by the Protocol was also adopted in 2012.  

UNEP Global Mercury Partnership 

The UNEP Governing Council has called for partnerships between governments and other stakeholders as a means of 

reducing risks to human health and the environment from the release of mercury and its compounds to the 

environment.
10

 The overall goal of the resulting Global Mercury Partnership is to protect human health and the global 

environment from the release of mercury and its compounds by minimizing and, where feasible, ultimately 

eliminating global, anthropogenic mercury releases to air, water and land.  

The Partnership currently has eight identified priorities for action (or partnership areas), of which four are particularly 

relevant to the present guidance: mercury control from coal combustion; mercury waste management; mercury supply 

and storage; and mercury reduction from the cement industry.  

Experience gained within these partnership areas, together with relevant guidance developed within the partnership, 

has been considered in the development of the present BAT/BEP guidelines.  

Further information may be found at: 

http://www.unep.org/chemicalsandwaste/Mercury/GlobalMercuryPartnership/tabid/1253/Default.aspx.

                                                           
10

 UNEP Governing Council decision 23/9. 

http://www.unep.org/chemicalsandwaste/Mercury/PrioritiesforAction/tabid/4487/Default.aspx
http://www.unep.org/chemicalsandwaste/Mercury/GlobalMercuryPartnership/tabid/1253/Default.aspx
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Chapter II  

Common techniques 

Common techniques for emission reduction 

This chapter provides general information on control techniques which are applicable across all the point source 

categories listed in Annex D. Additional information specifically relevant to the individual sectors may be found in 

the chapter pertaining to the sector in question.  

In order to consider all possible options relevant to the sector of interest, it is necessary to consider both the common 

techniques described in this section and the specific techniques described for each sector.  

Particle-bound emissions of mercury can be captured to a varying extent by dust-cleaning devices. Most of the  

dust-cleaning techniques are generally applied in all sectors. The degree of mercury control depends on the chemical 

state and form of the mercury, e.g., whether oxidized or elemental. Elemental mercury is mostly not captured in  

dust-cleaning devices: the mercury-removal efficiency of these devices can be enhanced by oxidizing the gaseous 

mercury. The most commonly used techniques for dust abatement are bag filters and electrostatic precipitators (ESP).  

A common technique across sectors for specific mercury removal is to use activated carbon, either injected into the 

flue-gas stream or in a filter bed. To improve the removal efficiency of the activated carbon oxidizing agents can be 

used (e.g. injected in the flue-gas stream or adsorbed on the activated carbon).  

Fabric filters 

Bag filters (fabric filters, textile filters) use filtration to separate dust particulates from gases. They represent one of 

the most efficient and cost-effective types of dust collectors available and can achieve a collection efficiency of more 

than 99.99 per cent for very fine particulates. Gases enter the filter device and pass through fabric bags. The bags can 

be made of different materials (e.g., woven or felted cotton, synthetic or glass-fibre material) depending on the 

properties of the flue-gas.  

To improve the ability to filter dust and enhance the life the filter material is often coated. The most common material 

is chemically inert limestone (calcium carbonate). It increases the efficiency of dust collection via formation of a  

so-called filter cake. A filter cake improves the trapping of fine particulates and provides protection of the filter 

material itself from moisture or abrasive particles. Without a pre-coat the filter material allows fine particulates to 

bleed through the bag filter system, especially during start-up, as the bag can only do part of the filtration leaving the 

finer parts to the filter enhancer filter cake. 

Gaseous mercury will mainly pass through a bag filter. To make the process more efficient, therefore, gaseous 

mercury should be converted as far as possible into its oxidized form, which can bind to particles. The efficiency of 

the bag filter can be increased with different measures, e.g., coupling with dry or semi-dry sorbent injection (spray 

drying), and providing additional filtration and a reactive surface on the filter cake.  

Electrostatic precipitators 

Electrostatic precipitators (ESPs) use electrostatic forces to separate dust particles from exhaust gases. The dust-laden 

gases flow through the passage formed by the discharge and collecting electrodes. The airborne particles receive a 

negative charge as they pass through the ionized field between the electrodes. These charged particles are attracted to 

a grounded or positively charged electrode and adhere to it. The material collected on the electrodes is removed by 

rapping or vibrating the collecting electrodes, either continuously or at predetermined intervals. Precipitators can 

usually be cleaned without interrupting the airflow. 

The main factors affecting the collection efficiency of electrostatic precipitators are electrical resistivity and particle 

size distribution. Other influencing factors are temperature, flow-rate of the flue-gas, moisture content, conditioning 

agents in the gas stream or an increased collection surface.  

A wet ESP operates with water vapour-saturated air streams (100 per cent relative humidity). Wet ESPs are 

commonly used to remove liquid droplets such as sulfuric acid mist from industrial process gas streams. A wet ESP is 

also commonly used where the gases are high in moisture content, contain combustible particulate, or have particles 

that are sticky in nature. 

Wet scrubbers 

There are two different types of wet scrubbers used, one primarily for de-dusting and the other for the removal of 

acidic gaseous compounds.  
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In wet de-dusting scrubbers, the scrubbing liquid (usually water) comes into contact with a gas stream containing dust 

particles. Vigorous contact of the gas and liquid streams yields high dust removal efficiency. Humidification leads to 

the agglomeration of fine particles, facilitating their collection. Examples of such scrubbers are Venturi scrubbers, 

Theissen scrubbers or Radial Flow scrubbers. The dust removal efficiency of these units can be higher than 98 per 

cent, but the final concentration of dust is relatively high (over 5 mg/Nm3). 

Wet scrubbers dedicated mainly to the removal of acidic gaseous compounds (often of the spray tower type) remove 

such pollutants as SO2, HCl and HF. A liquor is used to absorb the compounds. They often clean the gas which has 

been already de-dusted.  

The ñcleanedò gases from both types of scrubbers normally pass through a mist eliminator to remove water droplets 

from the gas stream. The water from the scrubber system is either cleaned and discharged, or recycled to the scrubber.  

Elemental mercury absorption can be improved by the addition of sulfur compounds or activated carbon to the 

scrubber liquor (Miller et al., 2014).  

Precipitation is another measure often used to remove oxidized mercury in scrubbing waters. Sulfur compounds can 

serve as a flocculation agent, added to the scrubbing water to convert soluble mercury efficiently into an insoluble 

compound. In order to bind the mercury directly after its conversion in the liquid phase, another possibility is to add 

activated carbon to the scrubbing water (Bittig, 2014). 

Re-emission of mercury can occur when reducing compounds such as sulfite are present in the scrubbing water. In 

this case, mercury can be converted back to elemental mercury and re-emitted (Keiser, et al., 2014). This can be 

avoided by ensuring the presence of ions with which mercury can react to form compounds, such as fluoride, chloride, 

bromide or iodide. 

Summary of dust cleaning devices 

Table 1 provides information on the performances of dust-cleaning devices 

Table 1 

Performance of dust-cleaning devices expressed as hourly average dust concentrations 

  Dust concentrations after cleaning (mg/m
3
)  

Fabric filters  

Fabric filters, membrane type  

Dry electrostatic precipitators  

Wet electrostatic precipitators  

High-efficiency dust scrubbers 

< 1 ï 5  

< 1  

< 5 ï 15  

< 1 ï 5  

< 20  

Source: extracted from the Guidance document on best available techniques for controlling emissions of heavy metals 

and their compounds from the source categories listed in Annex II to the Protocol on Heavy Metals 

(ECE/EB.AIR/116, 2013)
11

 

Sorbents and oxidizing agents 

Activated carbon is an effective sorbent for mercury capture from flue gas. The activated carbon can be injected into 

the flue gas upstream of dust-cleaning devices, bag filters or ESPs, or the flue gas can be distributed throughout a 

carbon filter bed. The effectiveness of activated carbon for mercury control is temperature-dependent. Specifically, 

the mercury capture or removal capacity of a particular sorbent typically increases as the flue gas temperature 

decreases. The flue gas temperature is primarily determined by plant design and operating factors. Depending on plant 

specifics, such as flue gas constituents and operation of the dust control device, mercury removal is relatively 

effective at temperatures below 175 °C with standard activated carbon. Special high temperature activated carbon 

sorbents exist for capture of mercury above 175 °C and generally up to 350 °C.  

All activated carbons are combustible and, under certain conditions, auto-ignitable, and explosive. The fire and 

explosion risk is dependent on the combustion and explosion characteristics of the pulverized product, and also on the 

process and plant conditions. Quality activated carbon is highly processed and poses a lower risk of fire and explosion 

than low quality carbon. Partially activated carbons can pose a high risk, however, and may require special handling. 

The adsorbent should be selected carefully and used with proper handling guidance, including fire and explosion-

preventing equipment, (e.g., avoidance of low-velocity air flows through beds, avoidance of large-volume deposits in 

the process by continuous and monitored discharge from the hoppers to avoid fire risks, and good housekeeping for 

spill cleanup). Dilution of carbon with inert material can suppress the potential for explosion. In applications where 

                                                           
11

 Note there is an issue with oxygen levels used as a proxy for the amount of dilution occurring, and further 

investigation should be done.  
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activated carbon is added to gas streams which have little process dust it may be advantageous to blend carbon with 

non-combustible sorbents (Licata et al., 2007; Derenne et al., 2008)  

Mercury capture can be enhanced by adding oxidizing agents (i.e., halogens) to the flue gas or by using activated 

carbon impregnated with halogens or sulfur. These techniques are described in more detail in the sector chapters. 

There is a potential risk that dioxins and furans could appear as a result, particularly in the by-products, e.g., in the 

ashes and sludges. This should be taken into account. 

Activated carbon waste should be handled in accordance with Article 11 (Mercury wastes) and in accordance with any 

applicable national regulations. 

Table 2 shows the minimum expected performances of activated carbon techniques for mercury removal.  

Table 2 

Minimum expected performances of activated carbon techniques for mercury removal expressed as hourly average 

mercury concentrations  

 Mercury content after cleaning (mg/m
3
)  

Carbon filter 

Sulfur-impregnated carbon filter 

Carbon injection + dust separator 

Injection of brominated activated Carbon+ dust separator 

< 0.01 

< 0.01 

< 0.05 

 0.001 

Source: extracted from the Guidance document on best available techniques for controlling emissions of heavy metals 

and their compounds from the source categories listed in annex II to the Protocol on Heavy Metals (ECE/EB.AIR/116, 

2013) 

The degree of mercury control in table 2 is largely dependent on the chemical state and form of the mercury (e.g., 

whether oxidized or particle-bound), and on the initial concentration. The application of these measures depends on 

the specific processes and is most relevant when concentrations of mercury in the flue gas are high. Examples of 

performance levels of single techniques or combinations of techniques are given in the sector documents.
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Chapter III  

Monitoring  

Mercury emissions monitoring  

1 Introduction 

Emissions monitoring is a key component in enabling a party to evaluate the performance of the measures that it has 

applied. This chapter therefore describes general emissions monitoring techniques that a party may consider. In 

addition, emissions monitoring techniques specific to the point source categories listed in Annex D are addressed in 

the relevant chapters of this guidance. Article 8 does not include specific obligations on emissions monitoring. In its 

paragraph 6, however, the Article does require that the measures applied by a party achieve reasonable progress in 

reducing emissions over time. In addition, paragraph 11 requires that each party report (pursuant to Article 21) on the 

effectiveness of the measures that it has taken in controlling and, where feasible, reducing emissions of mercury and 

mercury compounds from the point sources falling within the source categories listed in Annex D. 

The preparation of the guidance has drawn on relevant experience at the national and regional levels.  Some such 

experience has been referenced for information purposes. The referencing of such information in no way prejudices 

the autonomy of the Conference of the Parties or a partyôs autonomy in accordance with Article 8. Any discussion of 

costs is based on information at the time of preparation of the guidance document. It is noted that costs are expected to 

change over time.   

2 Overview  

Monitoring of mercury emissions is an essential part of overall BAT and BEP implementation for controlling mercury 

emissions to the environment and for maintaining high operating efficiency of the abatement techniques used. 

Monitoring of mercury emissions should be conducted according to overall best practices using approved or accepted 

methods. Representative, reliable and timely data obtained from mercury emissions monitoring are needed to evaluate 

and ensure the effectiveness of the mercury emission control techniques in use at a facility.  

All relevant sources of mercury emissions should undertake mercury emission monitoring. While the techniques are 

listed in this introduction, each relevant source may have particularly applicable monitoring techniques and practices, 

which are referenced in the individual chapters of this guidance.  

2.1 General steps in conducting mercury emissions monitoring  

The first step in conducting mercury emissions monitoring is to establish a performance baseline, either by taking 

direct measurements of the mercury concentrations in the gas streams or using indirect measurements to estimate 

facility emissions. Subsequently, more measurements are taken at specific time intervals (e.g., daily, weekly, monthly) 

to characterize the mercury concentration in the gas or the mercury emissions at that point in time. Monitoring is then 

conducted by compiling and analysing the emissions measurement data to observe trends in emissions and operating 

performance. Should the measurement data indicate any areas of concern, such as increasing mercury concentrations 

over time or peaks of mercury emissions associated with certain plant operations, swift action should be taken by the 

facility to rectify the situation. 

2.2 Considerations in selecting a measurement or monitoring approach 

The selection of a measurement or monitoring approach should begin with consideration of the intended outcomes. 

Periodic short-term measurements, conducted over a brief time period, such as one hour or one day, may be conducted 

to provide quick feedback for process optimization. Long-term measurements, such as over several months or a year, 

using permanently installed equipment on a semi-continuous basis, may be desirable for emission inventory reporting. 

Continuous emission monitoring which is currently being implemented in some countries may be used to control the 

process if mercury emissions are highly variable, for example owing to rapidly changing mercury contents in the feed 

materials.  

In addition, site-specific characteristics need to be taken into account when selecting the most appropriate monitoring 

method and planning for the sampling campaign. Depending on the process, mercury may be present as particle-

bound mercury, gaseous elemental mercury (Hg
0
) or in the ionized gaseous forms, Hg(I) or Hg(II) or in combinations 

of these forms. The partitioning may even vary significantly among facilities conducting similar processes. For some 

processes, it may be useful to measure these different mercury species individually, for example, to inform decisions 

on effective control technologies or to conduct risk assessments. 
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The sampling point should be easily accessible, meet occupational health and safety requirements, meet regulatory 

requirements, and allow for the retrieval of representative samples. Ideally, the same sampling points should be used 

for subsequent sampling campaigns to provide comparability between results. To prevent dilution of the samples and 

avoid false low results, ambient air should not infiltrate the sampling points. Preferably, the gas velocity flow profile 

should be considered when identifying the sample location to avoid areas of flow disturbance, which would affect the 

representativeness of the sample. Detailed information on the design and installation of measurement points is 

available in the European guideline EN 15259:2007
12

 ñAir Quality-Measurement of stationary source emissions ï 

Requirements for measurement sections and sites and for the measurement objective, plan and reportò. The guideline 

is applicable to continuous as well as discontinuous measurements. 

To provide representative data, the sample timing, duration and frequency should be determined by considering 

various parameters, including the measurement and monitoring method used, measurement location, the facility 

operating conditions, site-specific process variations, and requirements to show compliance under the applicable 

regulatory process. Samples should be taken at conditions representative of normal facility operations. If the 

emissions are highly variable, or emissions are from a batch process, longer sample duration should be used or more 

samples collected (e.g., samples taken across the entire batch) to provide a reliable average measurement. In, addition 

low concentrations of mercury in the sample stream may necessitate longer duration to provide a total sample mass 

above the method detection limit. Furthermore, periodic composite samples ï for example, over half an hour, 12 hours 

or 24 hours ï provide more representative results compared to random grab samples.  

Mercury emissions can vary significantly within a single facility over time or among facilities conducting similar 

processes, because of variable mercury content in the materials entering the process. Mercury concentrations can 

change rapidly in the fuel, raw materials or other inputs, such as waste. During the emissions measurement procedure, 

the mercury content in the process inputs should also be documented to assist with quality assurance. When 

conducting sampling, care must be taken, as far as possible, to ensure that the process is operating at representative 

conditions, mercury concentrations in the input streams are representative of normal feeds, and that fugitive emissions 

are minimized. If the operating conditions are not typical, extrapolation of the sampling data may provide results with 

a large margin of error.  

Operating conditions should be documented throughout the sampling campaign. Specific parameters, such as the 

volumetric gas flow-rate, gas temperature, water vapour content of the gas, static pressure of the gas duct, and 

atmospheric pressure,
13

 should be accurately recorded to allow for conversion of the measured mercury concentrations 

to standard reference conditions (0 °C, 1 atm, measured or reference oxygen content and on a dry gas basis). The 

quantity of mercury emitted over time can be determined by multiplying the mercury concentration in the exhaust gas 

by the stack volumetric gas flow-rate, as follows:  

For example:  

EHg = CHg × F × T 

Where: 

EHg = Annual emissions of mercury (kg/y) 

CHg = Mercury concentration in the gas stream (kg/m
3
) 

F = volumetric flow-rate of the gas stream (m
3
/h) 

T = operating time per year (h/y) 

Most direct emissions monitoring methods rely on sampling at a point source, such as a stack. Measurement of diffuse 

emissions, including fugitive emissions, is normally not practised and methodologies that do exist for measuring 

diffuse emissions typically produce results with high uncertainty. Thus, it should be noted that emissions monitoring 

results from point sources may not provide complete data on the total mercury emissions from a facility. 

Monitoring method selection should be based on various criteria, such as site characteristics, process specifics, 

measurement certainty, cost considerations, regulatory requirements and maintenance requirements. To compare the 

facilityôs mercury emissions over time, consistent sampling methods should be used in subsequent years. 

                                                           
12

 European Committee for Standardization, ñEN 15259:2007: Air quality ï Measurement of stationary source 

emissions ï Requirements for measurement sections and sites and for the measurement objective, plan and 

reportò, 18 August 2007. 

http://standards.cen.eu/dyn/www/f?p=204:110:0::::FSP_PROJECT:22623&cs=106F3444821A456A90F21590F3
BFF8582. 
13

 EU IPPCB, NFM BREF Draft, February 2013, p. 67. 

http://standards.cen.eu/dyn/www/f?p=204:110:0::::FSP_PROJECT:22623&cs=106F3444821A456A90F21590F3BFF8582
http://standards.cen.eu/dyn/www/f?p=204:110:0::::FSP_PROJECT:22623&cs=106F3444821A456A90F21590F3BFF8582
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2.3 Direct measurement methods 

Direct measurement methods are generally considered as the most reliable techniques for mercury emissions 

monitoring. When correctly conducted, these methods can provide representative, reliable data conducive to the more 

precise measurement of a facilityôs actual mercury emissions. 

2.3.1 Short-term measurements 

2.3.1.1 Impinger sampling 

Impinger sampling of mercury emissions from a stationary source is conducted by manually collecting a sample of 

exhaust gas from an outlet such as a stack or duct with an isokinetic sampling system, whereby the sample gas stream 

that is extracted is of the same velocity as the main stream. The isokinetic sampling accounts for changes in gas  

flow-rate and for some particulate loading in the gas. This method is not suitable, however, for gases with heavy 

particulate loading. 

The method requires the use of an intricate sampling train to recover mercury from the gas stream into a solution that 

is then sent for laboratory analysis. While this method allows for good accuracy in mercury concentration 

measurement, it requires continuous attendance during the sampling period. An advantage of this method is that 

recovery is possible for both mercury in gaseous form and mercury bound to particulate matter. Because of the 

complexity of this procedure, source testing tends to be performed only periodically (e.g., once or twice per year). In 

general, facilities engage specialized source testing consultants to conduct the sampling and analysis. 

A probe and sample nozzle are inserted into the outlet gas stream to extract a representative sample over a set time 

period. Since impinger sampling is typically done only a few times per year at most, sampling should be conducted 

when the process is operating at steady state to allow for extrapolation of the data over an operating year. Operating 

conditions should be documented before, during and after the sampling campaign. In the United States, the general 

practice is to take three impinger samples, each several hours in length under typical operating conditions, and to 

calculate the average of the results for the final concentration value. Careful impinger preparation and post-handling 

of solutions is critical for the success of impinger methods. Measurement errors are often related to the loss of 

mercury from the solutions. It is therefore essential to avoid any loss of the sample as this will cause the test results to 

be misleadingly low. 

As this is not a continuous emission monitoring method, the results obtained would not provide data on mercury 

emissions during irregular events, such as wide production swings, process start-ups, shutdowns or upsets. It should 

be noted that mercury emissions generated during such events could be significantly higher or lower than during 

normal operating circumstances.  

Even under normal, steady-state conditions, however, there could be significant variability in the mercury volumes 

being emitted when the mercury content in fuels or feedstocks fluctuates over short periods. In particular, for waste 

incineration and cement facilities using waste fuels, the mercury content entering the system or facility may be 

unpredictable. Similarly, in the non-ferrous metals sector, mercury in furnace feeds may change rapidly depending on 

the concentrates being processed. In such cases, results from intermittent impinger sampling may not provide 

representative data when extrapolated over a long period of time (e.g., annual averages). Thus, increasing the 

sampling frequency (e.g., to three measurements per year over many years) can provide a better understanding of 

actual source emissions over time.  

To obtain maximum value for investment, mercury emissions source testing should be conducted during broader 

sampling campaigns for air pollutants such as particulate matter, NOx, SO2, and VOC. The addition of mercury 

testing when conducting these broader air pollutant sampling campaigns may increase the operating costs of a facility. 

Actual costs will depend on various factors, such as sample method, sampling frequency, support services, analytical 

methods and site preparation. 

Existing reference methods: 

¶ Method EN 13211:2001/AC: 2005 ï Air quality ï Stationary source emissions ï Manual method of determination 

of the concentration of total mercury
14

 

This is the reference method in Europe for the measurement of total mercury. The method is applicable for the 

concentration range of total mercury from 0.001 to 0.5 mg/m
3
 in exhaust gases. The procedure is a manual method of 

determining the concentration of total mercury using an acid aqueous solution of potassium permanganate or 

                                                           
14

 European Committee for Standardization, ñEN 13211:2001/AC:2005: Air quality ï Stationary source 

emissions ï Manual method of determination of the concentration of total mercuryò, 15 February 2005. 

http://standards.cen.eu/dyn/www/f?p=204:110:0::::FSP_PROJECT,FSP_ORG_ID:25042,6245&cs=19B884B499
893080A731C45504F6F2FB2. 

http://standards.cen.eu/dyn/www/f?p=204:110:0::::FSP_PROJECT,FSP_ORG_ID:25042,6245&cs=19B884B499893080A731C45504F6F2FB2
http://standards.cen.eu/dyn/www/f?p=204:110:0::::FSP_PROJECT,FSP_ORG_ID:25042,6245&cs=19B884B499893080A731C45504F6F2FB2
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potassium dichromate for the sampling of vapour-phase mercury, together with a filter paper for the collection of 

particle-bound mercury. The sampling time should be between 30 minutes and two hours.  

US EPA Method 29 ï Metals Emissions from Stationary Sources
 15

  

In this method, particulate emissions are isokinetically collected in the probe and on a heated filter, and gaseous 

emissions are then collected in an aqueous acidic solution of hydrogen peroxide (analysed for all metals including 

mercury) and an aqueous acidic solution of potassium permanganate (analysed only for mercury). The recovered 

samples are digested, and appropriate fractions are analysed for mercury by cold vapour atomic absorption 

spectroscopy (also referred to as CVAAS) and for various other metals using inductively coupled plasma-mass 

spectroscopy (also referred to as ICP-MS). This method is suitable for measurement of mercury concentrations 

ranging from approximately 0.2 to 100 mg/m
3
. Since this method collects oxidized mercury in the hydrogen peroxide 

solution, it is appropriate for the determination of mercury speciation.  

US EPA SW-846 Method 0060 ï Determination of Metals in Stack Emissions
16

  

This method is used to determine the concentration of metals in stack emissions from hazardous waste incinerators 

and similar combustion processes. In this method, a sample is withdrawn from the flue gas stream isokinetically 

through a probe and filter system. Particulate emissions are collected in the probe and on a heated filter and gaseous 

emissions are collected in a series of chilled impingers. Two impingers are empty, two impingers contain an aqueous 

solution of dilute nitric acid combined with dilute hydrogen peroxide, two other impingers contain acidic potassium 

permanganate solution, and the last impinger contains a desiccant. 

The recovered samples are digested, and appropriate fractions are analysed for mercury by CVAAS. Remaining 

fractions may be analysed for various other metals by inductively coupled plasma-atomic emission spectrometry 

(ICP-AES), flame atomic absorption spectrometry (FLAA), or ICP-MS. 

Method ASTM D6784- 02 (Reapproved 2008) ï Standard Test Method for Elemental, Oxidized, Particle-Bound and 

Total Mercury in Flue Gas Generated from Coal-fired Stationary Sources (Ontario Hydro Method)
17

  

In this method a sample is withdrawn from the flue gas stream isokinetically through a probe and filter system, 

maintained at 120 °C or the flue gas temperature (whichever is greater), followed by a series of impingers in an ice 

bath. Particle-bound mercury is collected in the front half of the sampling train. Oxidized mercury is collected in 

impingers containing a chilled aqueous potassium chloride solution.  

Elemental mercury is collected in subsequent impingers (one impinger containing chilled aqueous acidic solution of 

hydrogen peroxide and three impingers containing chilled aqueous solutions of potassium permanganate). Samples 

are recovered, digested, and then analysed for mercury using CVAAS or cold vapour atomic fluorescence 

spectroscopy (CVAFS). The scope of the method applies to determination of elemental, oxidized, particle-bound and 

total mercury emissions from coal-fired stationary sources with concentrations ranging from approximately 0.2 to 100 

mg/m
3
. 

¶ JIS K0222 (Article 4(1) ï Methods for determination of mercury in stack gas (wet absorption and cold vapour 

atomic absorption method)
18

  

This reference method from Japan measures total vapour phase mercury in the sample gas. In this method, vapour 

phase mercury is collected in an aqueous acidic solution of potassium permanganate (non-limiting isokinetic 

sampling). The dust containing the particle-bound mercury in the stack gas is isokinetically collected on the filter in 

accordance with reference method JIS Z8808:2013
19

 ñMethods of measuring dust concentration in flue gasò. The 

recovered samples are digested, and appropriate fractions are analysed for mercury by cold vapour atomic absorption 

spectrometry. 
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 US EPA, ñMethod 29 ï Metals Emissions from Stationary Sourcesò. 

http://www.epa.gov/ttn/emc/methods/method29.html. 
16

 US EPA, ñMethod 0060 ï Determination of Metals from Stack Emissionsò. 

http://www.epa.gov/wastes/hazard/testmethods/sw846/pdfs/0060.pdf. 
17

 American Society for Testing and Materials (ASTM), ñStandard Test Method for Elemental, Oxidized, 

Particle-Bound and Total Mercury in Flue Gas Generated from Coal-Fired Stationary Sources (Ontario Hydro 
Method)ò, 2008. http://www.astm.org/Standards/D6784.htm. 
18

 Japanese Standards Association, ñJIS K0222;1997; Methods for determination of mercury in stack gasò, 

20 August 1997. 
19

 Japanese Standards Association, ñJIS Z8808:2013: Methods of measuring dust concentration in flue gasò, 

20 August 2013.  

http://www.epa.gov/ttn/emc/methods/method29.html
http://www.astm.org/Standards/D6784.htm
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2.3.1.2 Sorbent trap sampling 

Sorbent traps provide an average mercury concentration measurement over a sampling period, similar to the impinger 

methods. In addition, sorbent traps provide more stable mercury retention and a simpler sampling protocol, which 

allows for unattended operation of the sampling over extended periods.  

Sorbent traps are used to measure mercury emissions from point sources with low particulate matter concentrations. In 

general, samples are taken at a location following a particulate control device.  

Typically, duplicate samples are extracted in parallel using probes inserted into the gas stream. The probes contain 

sorbent traps, which accumulate mercury from the gas. The sorbent material used is mainly halogenated carbon. 

Standard sorbent traps are intended to measure gaseous mercury but, because of the operation of the sampling method, 

particulates containing mercury can be drawn into the sorbent traps. This particulate is analysed and the measured 

amount is added to the carbon bed amounts to form the total mercury value. However, the sorbent trap method does 

not collect particulates isokinetically so it is not an accurate method for measuring particle-bound mercury. 

Nevertheless, because the facilities concerned would be expected to run efficient particulate matter control devices, 

there should be minimal amounts of particle-bound mercury in the gas stream.  

At the end of the sampling period, the sorbent traps are manually replaced, and the used traps are analysed for 

mercury content. If results of the sorbent tube analyses agree within a specified range, then the two results are 

averaged for the final value. Analytical methods for mercury content include traditional wet chemical methods or 

small thermal desorption systems, which can provide immediate results. A distinct advantage of this method is that 

operating personnel can be quickly trained to conduct the sampling. Another advantage is that the results from thermal 

desorption analysis may be known while the tester is still in the field. This is useful for engineering tests with varying 

conditions, or for mercury monitor relative accuracy test audits. 

Sorbent traps provide good sensitivity and accuracy for mercury across a wide range of concentrations. It is necessary, 

however, to know the expected minimum and maximum concentrations in the flue gas so that the correct sorbent trap 

and sampling time can be selected. For instance, if the concentration is too large or the sampling time too long, the 

mercury absorption capacity of the sorbent trap could be exceeded. This event would cause an under-reporting of the 

actual mercury concentration. On the other hand, a short sampling time of flue gas with very low concentrations of 

mercury can result in too little mercury captured in the traps, which would negatively affect trap analysis accuracy. 

Existing reference methods: 

¶ US EPA Method 30B ï Determination of Total Vapor Phase Mercury Emissions from Coal-Fired Combustion 

Sources Using Carbon Sorbent Traps
20

 

This method is a procedure for measuring total vapour phase mercury emissions from coal-fired combustion sources 

using sorbent trap sampling and an extractive or thermal analytical technique. This method is intended for use only 

under relatively low particulate conditions (e.g., sampling after all pollution control devices). Method 30B is a 

reference method for relative accuracy test audits (RATAs) of vapour phase mercury CEMS and sorbent trap 

monitoring systems installed at coal-fired boilers and is also appropriate for mercury emissions testing at such boilers. 

In cases where significant amounts of particle-bound mercury may be present, an isokinetic sampling method for 

mercury should be used. 

¶ JIS K0222 (Article 4(2) ï Methods for determination of mercury in stack gas (Gold amalgamation and cold 

vapour atomic absorption method)
21

 

This reference method from Japan uses a sorbent containing gold and measures vapour phase elemental mercury (Hg
0
) 

concentration in stack gas. After the sample gas is washed by water and vapour phase oxidized mercury (Hg
2+

) in the 

sample gas is removed, vapour phase mercury in the sample gas is trapped by the sorbent as gold amalgam. The 

sorbent is heated and vaporized mercury is measured by cold vapour atomic absorption spectrometry. 

2.3.1.3 Instrumental testing 

Instrumental testing can be used for short-term measurements of vapour phase mercury concentrations in gas. In this 

method, a gas sample is continuously extracted and conveyed to a mobile analyser which measures elemental and 

oxidized mercury (Hg
0
 and Hg

2+
), either separately or simultaneously. The mobile analyser uses a measurement 

technique similar to that used in continuous emissions monitoring (see section 2.4 below). 

¶ US EPA Method 30A ï Determination of Total Vapour Phase Mercury Emissions from Stationary Sources 

(Instrumental Analyser Procedure)
22
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 US EPA Method 30B, http://www.epa.gov/ttn/emc/promgate/Meth30B.pdf. 
21

 Japanese Standards Association, ñJIS K0222;1997; Methods for determination of mercury in stack gasò, 

20 August 1997. 
22

 US EPA Method 30A, http://www.epa.gov/ttnemc01/promgate/Meth30A.pdf. 

http://www.epa.gov/ttn/emc/promgate/Meth30B.pdf
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Method 30A is a procedure for measuring total vapour phase mercury emissions from stationary sources using an 

instrumental analyser. This method is particularly appropriate for performing emissions testing and for conducting 

RATAs of mercury continuous emissions monitoring systems and sorbent trap monitoring systems at coal-fired 

combustion sources. Quality assurance and quality control requirements are included.  

2.3.2 Long-term measurements 

2.3.2.1 Sorbent trap monitoring systems 

Sorbent trap monitoring systems are used to monitor mercury emissions from point sources with low particulate 

matter concentrations. These systems are permanently installed at a suitable sampling point, using sorbent traps to 

provide consistent, representative samples. In contrast to the use of sorbent traps for short-term measurements over 

brief periods, sorbent trap monitoring systems are operated on a continuous basis over set time periods, which may 

range between 24 and 168 hours,
23

 or even 14 days for samples of low mercury concentration. As with other 

extractive methods, the location of the sample point should be carefully chosen to provide representative and useful 

data. 

The cost of installing a sorbent trap monitoring system is estimated at about $150,000. Using United States data from 

2010, annual operating costs for the sorbent trap monitoring system for coal-fired power plants range between 

$26,000 and $36,000 and annual labour costs for operation between $21,000 and $36,000.
24

 

Existing reference methods: 

¶ US EPA PS-12b (Performance Specification 12b) ï Specifications and Test Procedures for Monitoring Total 

Vapour Phase Mercury Emissions from Stationary Sources Using a Sorbent Trap Monitoring System
25

  

This performance specification is used to establish performance benchmarks for, and to evaluate the acceptability of, 

sorbent trap monitoring systems used to monitor total vapour-phase mercury emissions in stationary source flue gas 

streams. This method is appropriate for long-term mercury measurements up to a sampling time of 14 days in order to 

monitor low levels of mercury emissions. 

2.4 Continuous measurements 

2.4.1 Continuous emission monitoring systems (CEMS) 

Continuous emission monitoring systems (CEMS) are used to monitor gaseous emissions from point sources over 

long durations. This monitoring method does not measure particulate mercury. With this automated method, 

representative samples are taken continuously or at set time intervals using a probe inserted into the gas stream. 

CEMS are therefore useful for uninterrupted monitoring of mercury emissions, which can be variable over short time 

intervals because of changing mercury concentrations in raw materials, fuels or reagents. For example, CEMS would 

be useful during the co-incineration of waste material as fuel because of the rapidly changing mercury content in the 

waste. Regulatory monitoring and reporting requirements have led to the growing use of this method in the United 

States and the European Union among certain sources over the last 10 years. While the cost of installation and 

operation may be high compared to other methods, CEMS provide the greatest data quantity, generating real-time 

information over various types of operations and process fluctuations. 

The location of the sample point should be carefully chosen to provide representative and useful data. In a complex 

facility with multiple outlets potentially emitting mercury, the cost of installing CEMS on each outlet may be very 

high. Using United States data from 2010, the general cost of installing a new mercury CEMS in a coal-fired power 

plant is estimated at about $500,000, of which $200,000 is for the system, including start-up, training and calibration 

systems, and between $200,000 and $300,000 for site preparation
26

 in newer systems, where daily calibrations are not 

required costs are much lower. Recent information from a provider of mercury measurement equipment in the 

European Union indicates a cost of approximately ú150,000 ($170,000), which includes the system itself, necessary 

infrastructure and installation, servicing, calibration and validation.
27

 

At facilities with multiple stacks and where CEMS would be technically and economically viable, and also 

informative, the CEMS should be located on the outlet emitting the bulk or largest mass of mercury emissions at the 
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facility. While in such cases the CEMS would not provide information from all gas outlets, the resulting data may 

provide a useful real-time indication of process performance trends and mercury control efficiency.  

For mercury CEMS, the extracted sample is filtered to remove particulate matter and the resulting vaporous sample is 

routed to a mercury analyser. In general, CEMS analysers should be kept under steady temperature control to avoid 

instrument errors and drift in the results. It should be noted that these analysers detect mercury only in the vapour 

phase (Hg
0
 and Hg

2+
), and any particle-bound mercury in the sample would be trapped by the filter. As, however, the 

facilities concerned should be operating with efficient particulate matter control devices, there should not be 

significant concentrations of particulate matter in the final stack emissions and, consequently, little particle-bound 

mercury in the final gas stream. CEMS can be used for sampling of dry flue gas or water saturated flue gas, such as 

after a wet scrubber. CEMS used to monitor water-saturated gas require a special fixed filter probe, however, to avoid 

blockage from condensation of water. It should be noted that some CEMs could also experience interference from 

other substances in the gas stream. 

Mercury CEMS directly measure elemental mercury (Hg
0
) gas using either cold vapour atomic adsorption (CVAA) or 

cold vapour atomic fluorescence (CVAF). Accordingly, gaseous oxidized mercury (Hg
2+

) in the sample gas must be 

reduced to Hg
0
 before it can be measured. This process is referred to as sample gas conversion. The reduction occurs 

when passing the sample gas either through a high temperature, thermal reduction cell or through an impinger 

containing a reducing chemical, such as tin chloride.  

CEMS can be used to provide mercury emissions data continuously, or over set time periods, such as half-hourly, or 

hourly. Notably, data from the CEMS can be relayed on a continuous basis to the process control system through a 

feedback loop to indicate real-time operating trends for process control and assist in maintaining peak operating 

efficiency.  

The CEMS must be correctly calibrated to ensure data accuracy. This is achieved by comparing readings with samples 

taken simultaneously from the same sampling point that are then analysed by relevant manual source-testing methods. 

Some calibration gas standards may be available and, if so, may be used to calibrate the instrument directly. Regular 

maintenance and quality control procedures should be conducted, as per the relevant authority or manufacturer 

specifications, to minimize data drift.  

Existing reference methods: 

¶ US EPA PS-12a (Performance Specification 12a) ï Specifications and Test Procedures for Total Vapour Phase 

Mercury Continuous Emission Monitoring Systems in Stationary Sources
28

  

This performance specification is used for evaluating the acceptability of total vapour phase mercury CEMS installed 

at stationary sources at the time of, or soon after, installation and whenever specified as per regulatory requirements. 

The CEMS measures total mercury concentration in ɛg/m
3
 of vapour phase mercury, regardless of speciation, and 

records the results at standard conditions on a wet or dry basis. This method does not measure mercury bound to 

particulate matter. 

¶ EN 14884:2005 ï Air quality ï Stationary source emissions ï Determination of total mercury: Automated 

measuring systems
29

  

This European standard describes the quality assurance procedures related to CEMS for the determination of total 

mercury in flue gas, in order to meet the uncertainty requirements on measured values specified by regulations, 

national legislation or other requirements. The standard is in line with the general standard on quality assurance on 

CEMS (EN 14181:2014 ï Stationary source emissions ï Quality assurance of automated measuring systems
30

).  

Standard EN 14181:2014 is designed to be used after the CEMS has passed a suitability test (QAL1, as defined in EN 

15267
31

) demonstrating that it is suitable for the intended purpose before installation on site. EN14181:2014 describes 
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the quality assurance procedures needed to ensure that a CEMS is capable of meeting the uncertainty requirements on 

measured values, which are specified in European Union or national legislation.  

¶ Method EN 13211:2001/AC: 2005 ï Air quality ï Stationary source emissions ï Manual method of determination 

of the concentration of total mercury
32

 

This European standard specifies a manual reference method for the determination of the mass concentration of 

mercury in exhaust gases from ducts and stacks. This is the reference method for comparative measurements for 

calibrating mercury CEMS. This method has been previously listed in section 1.1.2.1.1 on impinger sampling. 

Å JIS K0222 (Article 4(3) ï Methods for determination of mercury in stack gas (Continuous monitoring method)
33

 

This reference method from Japan directly measures total vapour phase mercury from stationary sources on a 

continuous basis using cold vapour atomic absorption spectrometry. In this method, vapour phase oxidized mercury 

(Hg
2+

) in the sample gas is reduced to elemental mercury (Hg
0
) by passing the sample gas through tin chloride.  

2.5 Indirect measurement methods 

The indirect measurement methods described below are helpful in estimating mercury emissions from a process or 

facility. In general, most indirect measurement methods are not usually considered to be as reliable and accurate as 

direct measurement techniques for mercury emissions monitoring. In contrast to direct measurement methods, indirect 

measurement methods provide no information on mercury concentrations in stack gases or total emission rates. When 

conducted according to proper test procedures, the direct measurement methods previously listed would provide more 

representative mercury emissions data than most indirect measurement methods. Nevertheless, these non-

measurement engineering methods are useful as investigative and screening tools for the monitoring of general 

process performance and estimation of mercury abatement efficiency. For reporting purposes, these indirect 

measurement methods may be used to provide a general estimate of facility-level emissions if direct measurement 

methods are not available or applicable. 

2.5.1 Mass balance 

Mass balance is conducted by applying the law of mass conservation to a system (e.g., facility, process or piece of 

equipment). In such a system, any mercury entering the process in the feedstock, additives, or fuel must exit via the 

products, by-products, waste or emissions and releases. Mercury emissions and releases are therefore determined from 

the differences in input, output, accumulation and depletion. The general equation for a mass balance is:
34

 

M in = Mout + Maccumulated/depleted 

Where: 

M in = mass of mercury entering the facility in the feedstock, fuel, additives, etc. 

Mout = mass of mercury leaving the facility in finished products, byproducts, wastes and emissions and 

releases 

 (Mout = Mproduct + Mby-product + Mwaste + Memissions + Mreleases) 

Maccumulated/depleted = mass of mercury accumulated or depleted within the facility 

To calculate mercury emissions in a system using a mass balance, the mercury concentrations and mass flow-rates of 

all other streams (e.g., products, by-products, effluents, sludges) should be tracked and recorded over a specified 

period. Mercury mass data would be calculated by multiplying the mercury concentration by the stream mass  

flow-rate and the time period (e.g., one year). An advantage of using the mass balance method is that mercury 

emissions can be estimated for both point and diffuse sources (including fugitive emissions), if a party wishes to 

estimate emissions from non-point sources as well.  

In a system with multiple emission sources and limited data from outlet stacks or ducts, the mass balance approach 

may provide useful and representative information on mercury flows over a long period, such as a year. In processes 

where the emissions could vary greatly over time, results from a complete annual mass balance may provide more 
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representative emissions data than punctual direct measurements, such as an annual stack test. For example, cement 

facilities in the European Union have come up against uncertain readings using direct measurement methods due to 

high uncertainty in emissions volume measurement at the stack. For these facilities, use of the mass balance method 

has reduced the relative uncertainty in the estimation of mercury emissions, by comparison with direct measurement 

methods. 

Accurate, representative measurements of mercury content in variable fuels or feed materials may, however, be 

difficult to achieve. In addition, in cases where internal mercury loads are recycled in the process (e.g., in stockpiles, 

intermediate products, sludges), care should be taken to account for mercury in these streams. In complex processes 

with multiple input and output flows, or where data are estimated, it may be difficult to come up with definitive 

figures for the mass balance. 

2.5.2 Predictive emissions monitoring systems (PEMS) 

Predictive emissions monitoring systems (PEMS), also referred to as parametric monitoring, operate by developing 

correlations between process operating parameters and mercury emissions rates using the continuous monitoring of 

surrogate parameters, emission factors and source testing. This method can be useful in providing an indication of 

mercury control efficiency on a real-time basis. No ongoing mercury sampling is actually conducted in this method. In 

modern facilities, parameters such as fuel usage, furnace temperature, gas pressure and flow-rate are typically 

monitored on a continuous basis using process control systems to ensure operational efficiency. While these types of 

indicators may be a useful starting point, the selection of relevant parameters and their corresponding correlations to 

mercury emission rates would likely be unique to the process or facility. 

In certain types of processes where there is little variability in the mercury content of the feedstock, fuel and other 

input streams, PEMS may offer a useful means of providing an indication of mercury emission trends. For example, 

some facilities in the industrial gold sector in the United States monitor the operating efficiency of their mercury 

chloride scrubbers, tracking the scrubber inlet solution pressure, inlet gas temperature and mercury(II) chloride 

concentration in the solution exiting the scrubber.  

PEMS may not, however, be a reliable method of mercury emissions monitoring in applications where mercury 

content in fuels or feedstocks can vary significantly over short periods. For example, in waste incineration and cement 

facilities using waste fuels, the mercury content entering the system or facility is generally unpredictable. In coal-fired 

power plants, mercury emissions can vary in response to changes in the mercury content of the coal. Similarly, in the 

non-ferrous metals sector, mercury in furnace feeds can change rapidly depending on the concentrates being 

processed. In addition, mercury emissions can vary in many processes because of temperature fluctuations and 

changes in mercury speciation. As a result, the establishment of correlations between surrogate parameters and 

mercury emissions may not produce representative results. If PEMS are considered, thorough analysis should first be 

carried out to determine the uncertainty of the method on a case-by-case basis and they should be regularly compared 

to a reference test method. When a sufficient, comprehensive pool of reference data can be collected to provide a 

substantial base to develop the PEMS algorithm, the data quality provided by the PEMS would be expected to 

improve. 

2.5.3 Emission factors 

While the use of emission factors is not a monitoring method per se, this engineering technique can be used to provide 

a useful general estimate of mercury emissions from a system or facility. 

Emission factors are used to provide an estimate of the quantity of emissions released from a source based on typical 

levels of emissions from that activity. For mercury, emission factors could be expressed as the mass of mercury 

emitted divided by: the mass or volume of input material consumed; or the mass or volume of output material 

generated.  

Site-specific emission factors, developed by facilities on the basis of actual emissions testing data and source activity 

information, are expected to provide more accurate estimates than general, published emission factors. Site-specific 

emission factors would need to be established by testing during periods of normal operation, with a view to providing 

a better representation of the average mercury emissions rate from the particular process or facility. If site-specific 

measurement data become available, calculations based on those measured values would be preferred to the use of 

general published factors. 

Where site-specific emission factors are unavailable, published emission factors may be used to provide a rough 

emissions estimate. Published emission factors may be available for the overall process or for the particular mercury 

control device. It should be noted, however, that such general emission factors provide highly uncertain emission 

estimates. 

That said, in processes where there may be variability in the mercury content of fuels or feedstocks, emission factors 

may not provide reliable estimates of mercury emissions. For example, in waste incineration or cement manufacturing 

using waste fuels, mercury content in the fuel can vary significantly within short periods. 
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The general equation for estimating mercury emissions using an emissions factor is: 

EHg = BQ × CEFHg or 

EHg = BQ × EFHg × (100 ï CEHg)/100 

Where: 

EHg = Emission of mercury (kg or other unit of mass) 

BQ = Activity rate or base quantity (base quantity unit) 

CEFHg = Controlled emission factors of mercury (kg/BQ) [dependent on any emission control devices 

installed] 

EFHg = Uncontrolled emission factors of mercury (kg/BQ) 

CEHg = Overall emission control efficiency of mercury (per cent) 

2.5.4 Engineering estimates 

General estimates of mercury emissions can also be obtained using engineering principles, knowledge of the relevant 

chemical and physical processes, application of related chemical and physical laws, and familiarity with site-specific 

characteristics.  

For example, annual mercury emissions from fuel use can be estimated as follows: 

EHg = QF × % Hg × T 

Where: 

EHg = Annual emissions of mercury (kg/y) 

QF = Rate of fuel use (kg/h) 

% Hg = per cent of mercury in fuel, by weight 

T = operating time (h/y) 

Engineering estimates should only be considered as rapid general approximations with a high level of uncertainty. In 

order to improve accuracy, results from engineering estimates should be compared periodically with data obtained 

from direct measurement methods. Where site-specific information becomes available, those data are expected to 

provide more useful information and would be preferred in terms of understanding actual source emission rates. 

Engineering estimates are the last resort where no emissions data or emission factors are available. 

2.5.5 Emissions reporting 

Emissions reporting is an essential part of the emissions monitoring cycle at the facility level.  

Where compliance with a legal or regulatory measure must be demonstrated, the operator is generally responsible for 

reporting monitoring results to the competent authority. In addition, facility-level data constitute an essential 

component of national emissions inventories that are compiled using a bottom-up approach. Even where emissions 

reporting is not explicitly required, it is considered a best practice to share data voluntarily with authorities and the 

public concerned.  

Reporting of emissions monitoring involves summarizing and presenting the monitoring results and related 

information, such as quality assurance and quality control methods, in an effective way, according to the needs of the 

intended audience. The report should be clear, transparent and accurate. Results should be presented in a useful, 

informative format. 

Mercury emissions should be expressed in one or more of the following ways: mercury concentration in the outlet 

gas; mass of mercury emitted per amount of product produced (emission factor); and mass of mercury emissions over 

a given time period (e.g., per day or per year).  

Quality considerations regarding sampling, analysis and the results should be discussed in the report. In addition, the 

measurement results should be provided in a format that would enable the correlation of mercury emissions with 

process operating parameters.  

Clarity should be provided on the method used (e.g., standards used for sampling and analysis) and conditions 

encountered during data collection, such as: process conditions; production rate during sampling; occurrences or 

malfunctions during sampling in the production process or the abatement systems; and variations in the input material.
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Chapter IV  

Coal-fired power plants and coal-fired industrial boilers  

Guidance on Best Available Techniques and Best Environmental Practices to Control 

Mercury Emissions from Coal-fired Power Plants and Coal-fired Industria l Boilers 

Summary 

Coal-fired power plants and coal-fired industrial boilers constitute a large and important source of atmospheric 

mercury emissions. In 2010, coal burning was responsible for the emission of some 475 tons of mercury worldwide, 

the majority of which was from power generation and industrial boiler use (UNEP, 2013a). This represents about 40 

per cent of the total global anthropogenic emissions. Coals used for combustion throughout the world contain trace 

amounts of mercury that, when uncontrolled, are emitted into the atmosphere. 

This chapter provides guidance on best available techniques (BAT) and best environmental practices (BEP) for 

controlling and, where feasible, reducing mercury emissions from coal-fired power plants and coal-fired industrial 

boilers, which are covered by Annex D of the Convention. 

Most coal-fired power plants are large electricity-producing plants; some also supply heat. Industrial boilers provide 

heat or process steam to meet the needs of the facility where they are installed.  

Mercury emissions from coal-fired combustion plants are affected by a number of variables, including mercury 

concentration and speciation in coal; coal type and composition; type of combustion technology; and control 

efficiency of existing pollution control systems. Mercury emission control technologies are generally similar for all 

coal-fired boilers, however, regardless of their application at power plants or industrial facilities.  

Air pollution control systems are already widely used in a number of countries to reduce emissions of traditional air 

pollutants other than mercury, such as particulate matter, oxides of nitrogen, and sulfur dioxide. Even when not 

primarily designed for mercury capture, these systems provide the co-benefit of reducing mercury emissions, as they 

are able to capture some of the mercury in the flue gases. Dedicated mercury control techniques have been developed 

and are being applied in a number of countries to provide additional mercury control in cases where co-benefit 

techniques are not able to provide sufficient and reliable mercury reductions.  

This chapter discusses a variety of BAT used for mercury control and provides indicative information on their 

emission performance and estimated costs. It also describes important components of BEP for the operation of  

coal-fired facilities. Finally, it presents selected emerging mercury emission control techniques and discusses mercury 

emission monitoring in the specific context of coal-fired plants.  
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List of acronyms and abbreviations 

APCS  Air pollution control system 

BAT  Best available technique 

BEP  Best environmental practice 

COP  Conference of parties 

ESP  Electrostatic precipitator 

FF  Fabric filter 

FGD  Flue gas desulfurization 

ID  Induced draft 

O&M  Operation and maintenance 

PAC  Powdered activated carbon 

PC  Pulverized coal 

PM  Particulate matter (sometimes called dust) 

SCR  Selective catalytic reduction  

UBC  Unburned carbon  
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1 Introduction 

This section provides guidance on best available techniques (BAT) and best environmental practices (BEP) for 

controlling and, where feasible, reducing mercury emissions from coal-fired power plants and coal-fired industrial 

boilers, which are covered by Annex D of the Convention. 

Coal-fired power plants and coal-fired industrial boilers are a large source of local, regional, and global atmospheric 

mercury emissions, emitting over 470 metric tons of mercury worldwide (UNEP, 2013a). Coals used for combustion 

throughout the world contain trace amounts of mercury that, when uncontrolled, are emitted (along with other 

pollutants) during the combustion process. 

Most coal-fired power plants are large electricity-producing plants; some also supply heat (combined heat and power 

plants, district heating, etc.). Industrial boilers provide the heat or process steam necessary for local production at a 

facility where they are installed. Boilers in coal-fired power plants typically consume more coal than the majority of 

coal-fired industrial boilers, with a potential increase in mercury emissions. However, the number of industrial boilers 

is usually larger than the number of power plants. Another difference is that coal-fired power plant boilers are mostly 

single fuel, while coal-fired industrial boilers are often designed for and use a more diverse mix of fuels (e.g., fuel  

by-products, waste, wood) in addition to coal (Amar et al., 2008). 

From the standpoint of their technical feasibility, the same technologies can be used for controlling mercury emissions 

from all coal-fired boilers, whatever their function. In a number of countries, power plants and large industrial boilers 

are already equipped with air pollution control systems (APCSs) as a result of air pollution policies. Even when not 

designed for mercury capture, these APCSs are capable of capturing some of the mercury output from combustion 

with the direct effect of reducing the release of mercury to the atmosphere (the so-called mercury co-benefit of 

APCSs). Smaller coal-fired industrial boilers, on the other hand, are often not equipped with efficient emission control 

devices, and this will affect the consideration of how to address mercury emissions from these plants.  

Several factors affect the amount of mercury that might be emitted by similar plants burning comparable amounts of 

coal. These factors include: 

¶ Mercury concentration in coal 

¶ Coal type and composition 

¶ Type of combustion technology 

¶ Presence and mercury removal efficiency of an APCS 

The above factors will be considered in the remainder of this document in greater detail in the context of BAT/BEP 

determination. 
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 Processes used in coal-fired power plants and coal-fired industrial 

boilers, including consideration of input materials and behaviour of 

mercury in the process 

1.1 Coal properties 

Coal is a complex energy resource that can vary greatly in its composition, even within the same seam. The quality of 

coal is determined by its composition and energy content. Ranking of coal is based on the degree of transformation of 

the original plant material to carbon. The American Society for Testing and Materials (ASTM) defines four basic 

types of coal: lignite, subbituminous, bituminous, and anthracite (ASTM D388). In some countries lignite and 

subbituminous coal are termed ñbrown coalò, and bituminous and anthracite coal ñhard coalò. The ASTM 

nomenclature will be used throughout this document.  

Lignite  typically contains 25ï35 per cent fixed carbon (w/w) and has the lowest energy content (below 19.26 MJ/kg 

gross calorific value). It is generally used for electricity generation or district heating in the vicinity of the mines. 

Subbituminous coal typically contains 35ï45 per cent fixed carbon (w/w) and has a heating value between 19.26 and 

26.80 MJ/kg gross calorific value. It is widely used for electricity generation, and also in industrial boilers. 

Bituminous coal contains 45ï86 per cent fixed carbon (w/w) and has a heating value between 26.80 and 32.66 MJ/kg 

gross calorific value. Like subbituminous coal, it is widely used to generate electricity and in industrial boilers. 

Anthracite  contains a very large amount of fixed carbon, as high as 86ï97 per cent (w/w). It is the hardest coal and 

gives off the greatest amount of heat when burned (more than 32.66 kJ/kg gross calorific value). It is the most difficult 

coal fuel to burn, however, owing to its low volatile content. 

Figure 1 presents typical use of different types of coal (WCA, 2014). As shown in that Figure 1, combined bituminous 

and subbituminous coals used in electricity-generating power plants and in industrial boilers are estimated to 

constitute over 80 per cent of known coal reserves worldwide. 

 

 

Figure 1. Use of different ranks of coal (WCA 2014) 

Mercury content is a key parameter affecting the amount of uncontrolled mercury emission. Table 1, adopted from 

Tewalt et al. (2010), presents publicly available data on the mercury content of coal.  
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Table 1 

Mercury content in coals (mg/kg) 

Country Coal type Average of all samples Range Reference 

Australia Bituminous 0.075 0.01-0.31 Nelson, 2007; Tewalt et al., 2010 

Argentina Bituminous 0.19 0.02-0.96 (8) Finkelman, 2004; Tewalt et al., 2010 

Botswana Bituminous 0.10 0.04-0.15 (28) Finkelman, 2004; Tewalt et al., 2010 

Brazil 
Bituminous 

Subbituminous 

0.20 

0.3 

0.04-0.81 (23) 

0.06-0.94 (45) 
Finkelman, 2004; Tewalt et al., 2010 

Canada  0.058 0.033-0.12 (12) Tewalt et al., 2010 

Chile 
Bituminous 

Subbituminous 

0.21 

0.033 

0.03-2.2 (19) 

0.022-0.057 (4) 
Tewalt et al., 2010 

China Bituminous/Subbituminous 0.17 0.01-2.248 (482) Zhang et al., 2012; UNEP, 2011 

Colombia Subbituminous 0.069 >0.02-0.17 (16) Finkelman, 2004 

Czech Rep. 
Lignite 

Bituminous 

0.338 

0.126 

<0.03-0.79 (16) 

0.03-0.38 (21) 

Finkelman, 2003 

Tewalt et al., 2010 

Egypt Bituminous 0.12 0.02-0.37 (24) Tewalt et al., 2010 

France Bituminous 0.044 0.03-0.071 (3) Tewalt et al., 2010 

Germany 
Bituminous 

Lignite 
0.05 

0.7-1.4 

Max: 0.09 

Pirrone et al., 2001 

MUNLV 2005 

Hungary 

Bituminous 

Subbituminous 

Lignite 

0.354 

0.138 

0.242 

0.091-1.2 (5) 

0.04-0.31 (19) 

0.075-0.44 (12) 

Tewalt et al., 2010 

India 
Bituminous 

Lignite 

0.106 

0.071 

0.02-0.86 (99) 

0.053-0.093 (8) 
Tewalt et al., 2010;UNEP, 2014 

Indonesia 
Lignite 0.11 0.02-0.19 (8) Finkelman, 2003; Tewalt et al., 2010 

Subbituminous 0.03 0.01-0.05 (78) US EPA, 2002 

Iran Bituminous 0.168 0.02-0.73 (57) Tewalt et al., 2010 

Japan Bituminous 0.0454 0.01-0.21 (86) Ito et al., 2004 

Kazakhstan Bituminous 0.08 <0.03-0.14 (15) Tewalt et al., 2010 

New Zealand 
Bituminous 

Subbituminous 

0.073 

0.082 

0.03-0.1 (5) 

0.062-0.13 (9) 
Tewalt et al., 2010 

Mongolia Bituminous 0.097 0.02-0.22 (36) Tewalt et al., 2010 

Peru Anthract+Bituminous 0.27 0.04-0.63 (15) Finkelman, 2004 

Philippines Subbituminous 0.04 <0.04-0.1 Finkelman, 2004 

Poland Bituminous 0.085 0.013-0.163 Bojkowska et al., 2001 

Romania Lignite+Subbituminous 0.21 0.07-0.46 (11) Finkelman, 2004 

Russia 
Bituminous/ 

Subbituminous 
0.12 <0.02-0.25 (23) 

UNEP, 2013b 

Romanov et al., 2012 

Slovak Rep. 
Bituminous 

Lignite 

0.08 

0.057 

0.03-0.13 (7) 

0.032-0.14 (8) 

Finkelman, 2004 

Tewalt et al., 2010 

South Africa  0.157 0.023-0.1 (40) Leaner et al., 2009; Tewalt et al., 2010 

Tanzania Bituminous 0.12 0.03-0.22 (75) Finkelman, 2004 

Thailand Lignite 0.137 0.02-0.6 (23) Tewalt et al., 2010 

Turkey Lignite 0.12 0.03-0.66 (149) Tewalt et al., 2010 

United Kingdom Bituminous 0.216 0.012-0.6 (84) Tewalt et al., 2010 

USA 

Subbituminous 0.1 0.01-8.0 (640) US EPA, 1997 

Lignite 0.15 0.03-1.0 (183) US EPA, 1997 

Bituminous 0.21 <0.01-3.3 (3527) US EPA, 1997 

Anthracite 0.23 0.16-0.30 (52) US EPA, 1997 
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Country Coal type Average of all samples Range Reference 

Vietnam Anthracite 0.348 <0.02-0-34 (6) Tewalt et al., 2010 

Zambia Bituminous 0.6 <0.03-3.6 (14) Tewalt et al., 2010 

Zimbabwe Bituminous 0.08 <0.03-0.15 (6) Tewalt et al., 2010 

Note: Caution should be used when interpreting the above mercury concentration information, as populations of coal samples for 

different countries vary widely. In addition, information is not universally available to indicate whether the reported concentrations 

of mercury are based on dry coal or as-received coal figures. These data may not be representative of coal from the as-burned 

standpoint. The number in parentheses in the órangeô column reflects the number of samples. 

Mercury transformations during combustion of coal 

The principal combustible constituents of coal are elemental carbon and hydrogen, and their compounds. 

The physical and chemical transformations that mercury undergoes during coal combustion, and subsequently in the 

resulting flue gas, are shown schematically in Figure 2 (Galbreath and Zygarlicke, 2000). Mercury is associated 

primarily with the inorganic mineral components of coal, although an association with the organic components of coal 

as organo-mercuric compounds has been suggested (Swaine, 1990; Groen and Craig, 1994; Finkelman, 1994). 

Accordingly, pyrite (FeS2) is the dominant mineral host for mercury in coal. In rare cases with anomalous mercury 

enrichment, cinnabar (HgS) may also be present (Kolker et al. 2006; Kolker, 2012 and references therein). As the 

mineral (and possibly organo-mercuric) hosts of mercury decompose during combustion (>1400 °C), mercury evolves 

as elemental mercury (Hg
0
). The mode of occurrence of mercury in coal does not affect this initial combustion 

transformation mechanism. 

 

 

Figure 2. Potential mercury transformations during combustion and post-combustion (Galbreath and 

Zygarlicke, 2000) 

Mercury emissions from coal-fired boilers can be classified into three main forms: gaseous elemental mercury (Hg
0
), 

gaseous oxidized mercury (Hg
2+

), and particulate-bound mercury (Hgp) which may be elemental or oxidized mercury. 

The relative amounts of these three main forms of mercury in the flue gases are the so-called mercury speciation. 

Mercury bromination or chlorination is assumed to be the dominant mechanism of mercury chemical transformation 

affecting the speciation of mercury. Other potential mechanisms involve mercury interactions with ash particle 

surfaces where reactive chemical species, catalysts, and active sorption sites are available to convert elemental to 

oxidized mercury, and also elemental and oxidized mercury to particulate-bound mercury (Galbreath and Zygarlicke, 

2000). 

Gas phase oxidation occurs primarily via chlorine species originally present in the coal, as the gases cool down 

through the air preheater and air pollution control devices. The extent of gas phase mercury oxidation is highly 

dependent upon the coal rank, the concentration of chlorine present in the coal, and the operating conditions of the 

boiler (e.g., air-to-fuel ratio and temperature). For example, a study of mercury speciation measurements from 14 
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different coal combustion systems reported from 30 to 95 per cent oxidized mercury upstream of the air pollution 

control devices (Prestbo and Bloom, 1995). A literature survey reveals that mercury oxidation falls primarily in the 

range of 45ï80 per cent, with the oxidized form of mercury mostly being mercury chloride (Senior et al., 2004). 

Different combustion or firing methods of coal are used in power plants and industrial boilers. These methods include: 

¶ Suspension firing of pulverized coal (pulverized coal firing) 

¶ Stoker firing (i.e., firing on a slowly moving or fixed grate) 

¶ Fluidized bed firing (in either a bubbling type or a circulating fluidized bed) 

¶ Cyclone firing of crushed coal 

Most large steam generation at power plants is produced through the pulverized coal firing. In a pulverized coal 

boiler, finely ground coal is pulverized to a fine powder and blown directly to individual burners where it is mixed 

with preheated combustion air and combusted in a flame. The heat energy from the combustion process is used to 

produce steam, which drives a turbine-generator set to produce electricity. Field tests indicate that the speciation 

profile varies considerably among the tested pulverized coal boilers (Wang et al., 2010).  

Stoker firing is still in use in some parts of the world, mostly in smaller boilers. In stoker firing, heated air passes 

upward through apertures in the grate. Dampers are positioned in under-grate zones in order to achieve proper biasing 

of the airflow. Over-fire combustion (air added above the grate) adds turbulence to gases coming from the grate and 

supplies the required air for the portion of fuel that burns in suspension. In general, stokers produce less particulate 

matter (PM) per unit of fuel fired, and coarser particulates compared with pulverized coal firing, because combustion 

takes place in a quiescent fuel bed without significant ash carry-over into the exhaust gases. 

Fluidized bed firing is particularly useful for handling low-grade coals (no need for drying). In a fluidized bed 

combustor of the bubbling-bed type, coal particle size and vertical air velocity are regulated to establish a discrete 

horizontal plane that divides the active bed from the entrained-flow open furnace above. The basic mechanism for the 

control of bed temperature and heat transfer to the walls of the combustor, and to any immersed heating surface in the 

bed of a fluidized-bed boiler, is the variation in the total solids inventory. The temperature in a fluidized-bed 

combustor is controllable in a narrow range. On-site measurement of mercury concentrations from a circulating 

fluidized bed boiler shows that particulate mercury is the dominant mercury species in the boilerôs flue gas (Duan et 

al., 2010). 

In cyclone firing, crushed (but not pulverized) coal is burned in a swirling combustion chamber at high temperatures, 

making a liquid slag out of most of the mineral matter in the coal. The hot gases then enter the furnace where they 

radiate heat to the furnace walls and convect heat to generated steam, which drives a turbine generator set to produce 

electricity. Cyclone boilers generate less fly ash per unit coal burned than pulverized coal boilers, because most of the 

mineral matter in a cyclone boiler becomes a liquid slag that is collected from the bottom of the cyclonic combustion 

chamber.  
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Menu of mercury emission reduction techniques 

This section describes mercury emission reduction approaches and control technologies that could be considered for 

the determination of BAT by a given party or facility (see section 5 below). They include coal treatment, co-benefit 

mercury removal, and technologies dedicated to the removal of mercury.  

Coal washing 

Coal washing reduces ash content and improves its heating value, thus increasing boiler efficiency (Satyamurty, 

2007). Coal washing, while primarily targeting the minimization of ash and sulfur content of coal, can also decrease 

the mercury content of coal, and this is already done in some cases. Raw coal contains mineral impurities such as rock 

and clay that are referred to as ash. Where appropriate, this raw coal should be processed (or cleaned) to reduce the 

ash content, to increase the heating value, and to reduce the particulate matter (PM), sulfur and, potentially, mercury 

content to ultimately lower emissions when the coal is burned in the boiler. In addition, the removal of mineral 

impurities also reduces operation and maintenance costs and slows the deterioration of the boiler system. It should be 

noted, however, that most lignite and brown coals are not amenable to conventional coal washing (Institution of 

Chemical Engineers, 1997). 

Conventional coal washing methods may also remove some of the mercury associated with the incombustible mineral 

materials. However, they will typically not remove the mercury associated with the organic carbon structure of the 

coal (USEPA, 2002). One review quotes test data for 26 bituminous coal samples from the United States with a wide 

range in the amount of mercury removed by coal washing (USEPA, 1997). This trend was confirmed by another study 

(USGS, 2014), which concluded that coal washing was effective in reducing the concentrations of pyrite-associated 

elements such as mercury. Yet another study reported average mercury reduction on an energy basis of 37 per cent 

(Toole-OôNeil et al., 1999). 

The variation in mercury reductions quoted above might be a function of the type of process used to wash a given 

coal, the coal rank, and the nature of mercury in the coal matrix. In summary, removal of some of the mercury from 

coal is feasible when conventional coal washing methods are used. The effectiveness of mercury removal during 

conventional coal washing, however, varies widely depending on the source of the coal and on the nature of the 

mercury within it. 

Cross-media effects of coal washing 

Coal washing generates waste slurry which contains mercury. There is potential soil or groundwater contamination if 

coal washing slurry is not safely managed 

Contribution of APCSs in terms of mercury removal 

The APCSs installed primarily for control of SO2, NOX, or particulate matter (PM) remove mercury from the flue gas. 

This is called the co-benefit mercury removal. Co-benefit mercury removal by non-mercury air pollution control 

equipment is most often accomplished in two fundamental modes: removal of oxidized mercury in a wet flue gas 

desulfurization (wet FGD) scrubber and removal of PM-bound mercury in a PM control device, such as an 

electrostatic precipitator (ESP) or fabric filter (FF). Co-benefit removal of mercury can also be accomplished in spray 

dryer absorbers. Depending on the configuration of pollution control equipment, varying amounts of mercury removal 

could be accomplished. An overview of the magnitude of co-benefit mercury removal for different configurations of 

existing APCSs is provided in Table 2 (Srivastava et al., 2006; EIPPCB, 2013). It should be noted that the co-benefit 

removal as shown in Table 2 will vary depending on coal properties and operational parameters of the APCS. 

Table 2 

Overview of co-benefit mercury removal in APCSs 

Existing control equipment Qualitative mercury capture 

ESPc only Good capture of particulate-bound; better capture for high chlorine coals than low rank coals. 

ESPh only Low capture 

FF only Good capture of oxidized mercury 

ESPc + wet FGD 

Generally, good capture for high chlorine coals thanks to presence of soluble oxidized mercury in 

the flue gas. Relatively poor capture for low rank coals. Elemental mercury re-emission may 
decrease the amount of co-benefit. 

ESPh + wet FGD 

Generally, good capture for high chlorine coals thanks to presence of soluble oxidized mercury in 

the flue gas. Relatively poor capture for low rank coals. Elemental mercury re-emission may 
decrease the amount of co-benefit. 

SDA + FF 
Generally good capture for high chlorine coals; less co-benefit capture expected for low rank 

coals. 

FF + Wet FGD Generally, good capture for high chlorine coals thanks to presence of soluble oxidized mercury in 
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the flue gas. Relatively poor capture for low rank coals. Elemental mercury re-emission may 

decrease the amount of co-benefit. Elemental mercury may be oxidized across the FF and captured 

in the wet scrubber. 

SCR + ESPc 
Good capture of particulate-bound mercury, better capture for high chlorine coals than low rank 

coals 

SCR + ESPh Low capture 

SCR + ESPc + wet FGD 

Good capture for high chlorine coals thanks to increased amount of soluble oxidized mercury in 

the flue gas which is promoted by the SCR. Improved capture for low rank coals thanks to greater 

amount of soluble oxidized mercury in the flue gas. Elemental mercury re-emission may decrease 
the amount of co-benefit. Good capture of particulate-bound mercury. 

SCR + HEX + LLT-ESP +  

wet FGD 

Very high capture for high chlorine coals thanks to increased amount of soluble oxidized mercury 

in the flue gas which is promoted by the SCR. Improved capture for low rank coals thanks to 

greater amount of soluble oxidized mercury in the flue gas. Elemental mercury re-emission may 

decrease the amount of co-benefit. Combination of heat exchanger and low-low temperature ESP 

enhances capture of particulate and vapour phase mercury. 

SCR + SDA + FF 

Generally good capture for high chlorine coals, less for low rank coals. SCR enhances capture by 

oxidizing elemental mercury to oxidized mercury form, given availability of chlorine in the flue 

gas. 

SCR + ESPh + wet FGD 

Good capture for high chlorine coals thanks to increased amount of soluble oxidized mercury in 

the flue gas which is promoted by the SCR. Improved capture for low rank coals thanks to greater 

amount of soluble oxidized mercury in the flue gas. Elemental mercury re-emission may decrease 
the amount of co-benefit.  

SCR + FF + wet FGD 

Good capture for high chlorine coals thanks to increased amount of soluble oxidized mercury in 

the flue gas which is promoted by the SCR. Improved capture for low rank coals thanks to greater 

amount of soluble oxidized mercury in the flue gas. Elemental mercury re-emission may decrease 
the amount of co-benefit. Good capture of particulate-bound mercury; 

Key:  

ESP = electrostatic precipitator; ESPc = cold side ESP; ESPh = Hot side ESP; FF = fabric filter; SCR = selective catalytic reduction; 

SDA = spray dryer absorber (dry scrubber); Wet FGD = wet flue gas desulfurization scrubber; HEX = heat exchange; LLT-ESP=  

low-low temperature ESP 

Low means less than 30 per cent control, high/good means more than 70 per cent control, moderate means 30 to 70 per cent control. 

One of the APCS configurations presented in Table 2 (SCR+ESPc+FGD) is shown schematically in Figure 3 below 

(Ito et al., 2006). For example, such a combination in Japan achieved an average mercury removal efficiency of 74 per 

cent (Ito et al., 2006). Co-benefit techniques can, therefore control multiple air pollutants, including mercury. 

 
Figure 3. Process diagram of a typical configuration of coal-fired power plants in Japan (Ito et al., 2006) 

(revised) 

High-level co-benefit removal of mercury can be achieved by combining selective catalytic reduction (SCR), cold 

side electrostatic precipitator (ESPc) and flue gas desulfurization scrubber (FGD). The combination of these 

techniques is quite typical at advanced coal-fired power plants in some countries and is widely used, for example in 

Japan, as shown in Figure 3. The combination of SCR, ESP and FGD as shown in these examples can achieve 

removal efficiencies of 50ï90 per cent for NOX, more than 99 per cent for PM, and 76ï98 per cent for SO2, along with 

high-level mercury removal efficiency at on average 74 per cent, which results in 1.2 ɛg/m
3
 of mercury concentration 

in the flue gas in this example. Furthermore, the combination of SCR, low-low temperature ESP (LLT-ESP), whose 

operating temperature is 90
o
C, and wet FGD can achieve mercury removal efficiency of quite a high level, at on 

average 87 per cent, which results in 0.88 ɛg/m
3
 of mercury concentration in the flue gas for this specific case. The 

LLT-ESP, which requires flue gas cooling, improves particulate control through reduced gas volume and lower ash 

resistivity due to SO3 condensation and moisture adsorption to fly ash, and increases mercury adsorption on fly ash 

due to lower flue gas temperature. It also avoids costs associated with flue gas reheat or wet stack retrofits. In cases 
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Selective Catalytic 

Reduction
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*1: ESP  includes ESPc, ESPh, Low Low Temp ESP.

*2: FGD includes Wet FGD and Moving bed of activated coke.
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where reheating wet FGD exhaust is not needed, the recovered heat can be used in the boiler or steam turbine to 

improve the efficiency of the unit, thus increasing net output (Nakayama et al, 2006, Iwatsuki et al 2008).  

The mercury concentrations in figure 4 show a wide range. This is because these units include older or smaller units 

which provide the higher concentrations. On the other hand, the two units with the moving bed of active coke (Peters, 

2010), which is a dry FGD, show higher performance than the wet FGD. The performance is higher than the 

combination with the LLT-ESP and the wet FGD (CRIEPI and FEPC, 2012). 

 

Note: ESP in SCE+ESP+FGD includes ESPh includes ESPh, ESPc and LLT-ESP 

 Operating temperature ESPh 300ï400
o
C, ESPc 130ï180

o
C, LLT-ESP 90ï100

o
C 

Figure 4. Mercury concentrations in flue gas from coal-fired power plants with SCR+ESP+FGD and 

SCR+LLT -ESP+FGD 

Table 3 summarizes the mercury removal efficiencies of APCDs for coal combustion plants in China. It shows that, in 

some cases, the combination of ESP and wet FGD achieves mercury removal efficiencies of up to 88 per cent. The 

combination of SCR, ESP and wet FGD, which is widely used in Chinese coal-fired power plants, can accomplish a 

higher mercury removal efficiency, for example, of up to 95 per cent. High mercury removal efficiencies are also 

observed for the combination of SCR, FF and wet FGD. 

Table 3 

Mercury removal efficiency by typical APCD combinations in China (in percentages) (Zhang et al., 2015) 

APCD combination Mean Min Max Standard Deviation Number of tests 

Wet PM Scurbber 23 7 59 18 8 

ESPc 29 1 83 19 64 

FF 67 9 92 30 10 

ESPc+wFGD 62 13 88 22 19 

FF+wFGD 86 77 97 10 3 

SCR+ESP+wFGD 69 36 95 24 4 

SCR+FF+wFGD 93 86 99 9 2 

ESPc+CFB-FGD+FF 68 68 68  1 

Table 4 below shows measurement values of mercury emissions for different coal-fired power plants, achieved 

through co-benefits for pollution controls. The selected examples in this table show that co-benefit control techniques 

in some cases achieve low mercury concentrations in the flue gas.  
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Table 4 

Emission levels achieved with co-benefit techniques (data compiled by ZMWG, 2015) 

Plant 
Coal type Emission level (µg/Nm³) (normalized 

to 6 % O2-content) 

Boiler size 

(MWth) 

Flue gas treatment 

technique 

Federico II ï Brindisi, Italy hard coal 0.69 1,700 ESP+SCR+wFGD 

Torrevaldaliga Nord, Italy hard coal 0.99 1,420 FF+SCR+wFGD 

Impianto termoelettrico di 

Fusina, Italy 

hard coal 
0.8 431 FF+SCR+wFGD 

Heyden, Germany hard coal 0.5 2,150 ESP+SCR+wFGD 

FHKW Mellach, Austria 
hard coal 

0.5 543 
FF+SCR+wFGD 

 

Brindisi BR III & BR II, Italy hard coal 0.5 857 ESP+SCR 

Krefeld, Currenta , 

Germany(Industrial boiler) 

hard coal 
0.2 105 FF 

Salem Harbour, USA hard coal 0.2-0.4 300 ESP 

Power plant Tusimice, Czech lignite 2.6 890 ESP+wFGD 

Neurath, A and F, Germany lignite 3.0 855 ESP+wFGD 

Teplarna Tabor, Czech lignite 3.3 199 ESP 

Note: all values are based on periodic samples except for Salem Harbour, which is based on continuous 

emissions monitoring. Data are for the year 2010. 

Particulate matter control devices 

Two major types of PM control devices include ESPs and FFs. Wet PM scrubbers are also used at coal-fired boilers. 

Electrostatic precipitators (ESPs) 

ESPs are typically designed to achieve greater than 99 per cent PM collection efficiencies, subject to various factors 

presented in the introductory section. The PM collection efficiency of an ESP is also a function of the sulfur content 

of coal, which affects the resistivity of fly ash. Coal that contains a moderate-to-high amount of sulfur produces an 

easily collected fly ash. Lower sulfur coal produces a higher resistivity fly ash that is more difficult to collect. 

Resistivity of the fly ash can be changed by decreasing the temperature in the ESP or by conditioning the particles 

upstream of the ESP with sulfur trioxide (SO3), sulfuric acid (H2SO4), water, sodium, or ammonia (NH3).  

For a given coal fly ash, the effectiveness of PM collection efficiency by an ESP is a function of particle size. 

Particles larger than about 1 µmï8 µm are typically collected with efficiencies from 95 to 99.9 per cent. However, 

particles near the 0.3 µm size are in a poor charging region that reduces collection efficiency to 80ï95 per cent 

(Lawless, 1996).  

An ESP can be used at one of two locations in a boiler system: the so-called ñcold-sideò ESP (ESPc) and ñhot-sideò 

ESP (ESPh). An ESPc is installed downstream of the air heater (flue gas temperature between 130 °C and 180 °C). An 

ESPh is installed upstream of the air heater (flue gas temperature between 300 °C and 400 °C) and makes it possible 

to take advantage of the lower fly-ash resistivity at higher temperatures. This is particularly important for units 

burning low-sulfur coal, resulting in fly ash with higher electrical resistivity. The wet ESP is a new type of ESP, 

which has higher removal efficiency for fine particles (Altman et al., 2001; Staehle et al., 2003). However, on-site 

measurements have not yet been conducted for mercury removal inside a wet ESP. 

Varying levels of mercury removal have been observed for ESPs. The level of mercury removal depends on whether it 

is an ESPc or ESPh installation, the type of coal burned, the type of boiler, and other factors such as sulfur content in 

coal and the level of unburned carbon in the fly ash. An ESPh is generally much less effective than an ESPc at 

removing mercury. For example, while the average reported mercury removal for an ESP operating on bituminous 

coal was about 30 per cent, the range of measured removals varied from 0 to about 60 per cent (US EPA, 2001). The 

range of measured mercury removals, especially for the ESP, may be an indicator of the potential for improvement of 

mercury capture resulting from the increased efficiency of a PM collector. It is important to understand the PM 

collection performance of a device since this in turn affects the deviceôs capability to reduce mercury emissions. 

Fundamental modelling of mercury removal in ESPs indicates that mass-transfer limitations, even under idealized 

conditions, may restrict the potential for mercury capture by PM collected on electrodes in an ESP (Clack, 2006 and 

Clack, 2009). ESPs remove only HgP in the process of collecting PM. HgP is preferentially bound to unburned carbon 

(UBC). The mercury adsorption capacity of inorganic fractions (fly ash) is typically low compared to the UBC present 

in fly ash. A relationship between the amount of UBC and mercury removal across ESPc has been observed for 
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bituminous coal fly ash (Senior and Johnson, 2008). This behaviour is shown in Figure 5, which shows the percentage 

capture (percentage of mercury incoming to the ESP) as a function of the amount of UBC. In figure 5, UBC is 

expressed as the measured loss on ignition (LOI). As can be seen, mercury capture of between 20 and 40 per cent was 

found in an ESP capturing fly ash containing about 5 per cent UBC. With higher UBC content, mercury capture of as 

much as 80 per cent could be seen; likely a function of the halogens present (Vosteen et al., 2003). 

 

Figure 5. Mercury removal by ESP as a function of the amount of unburned carbon (LOI%) in fly ash 

(Senior and Johnson, 2008) 

In addition to the amount of UBC, the properties of UBC such as surface area, particle size, porosity, and chemical 

composition may also affect the amount of mercury captured in an ESP (Lu et al., 2007). This study found that while 

UBC content in fly ash decreased with decreasing particle size, the mercury content of UBC generally increased with 

decreasing particle size. In addition, the particle size of UBC was found to be the major factor affecting mercury 

adsorption. Thus, increased efficiency of an ESP and the resultant increase in the capture of fine fly ash and fine UBC 

will likely cause a decrease in mercury emissions. It should be noted, however, that most of the mass of UBC is in 

very large particles. 

Other important factors governing the amount of mercury that is captured in fly ash (and subsequently removed from 

the flue gas) are the type of ESP used (e.g. ESPc or ESPh), the use of SO3 as a flue gas conditioning agent, and the 

type of coal. Typically, higher mercury capture is observed in ESPs installed on boilers burning coals with higher 

halogen contents and producing higher levels of UBC in the flue gas. Both of these parameters promote the formation 

of oxidized mercury and PM-bound mercury, which are easier to capture in the ESP than elemental mercury. It 

follows that, if the performance of the ESP can be improved, an additional amount of mercury could be removed from 

the flue gas. The amount of this additionally removed mercury would be a function of the amount of additional PM 

removed by the ESP. Low-cost approaches such as accurate alignment of plates, adjustment of rapping pattern, 

elimination of in-leakages, among other approaches, can be used to improve the PM collection efficiency of ESPs 

(Zykov et al., 2004; Deye and Layman, 2008). Low temperatures in the control device system (below 150 °C) also 

enhance mercury control and LLT-ESP has been practiced in Japan to achieve higher removal efficiency of dust and 

mercury (CRIEPI and FEPC, 2012). 

It should be noted that the positive effects of SO3 on particulate capture may be partially offset by the competition of 

SO3 with mercury for adsorption on the fly ash.  

Fabric filters (FFs) 

FFs provide higher removal efficiency of fine particles in comparison to ESPs, in particular submicron particles.  

Higher removals of mercury are generally observed in FFs than in ESPs. FFs are more effective in removing fine PM 

(most importantly, submicron PM) than ESPs, and they tend to remove more of the gas-phase mercury than ESPs. In 

addition to longer contact time, better contact is provided in a FF (gas penetrates through the filter cake) than in an 

ESP (gas passes over the surface of the cake). The result is that gaseous elemental mercury is more likely to be 

oxidized and transformed into a form that can be captured when a FF is used. For example, a study comparing the 

capture of mercury in ESPs and FFs in coal-fired power plants in China revealed between 1 and 83 per cent capture in 

ESPs and between 9 and 92 per cent capture in FFs (Zhang et al., 2015). The average mercury removal efficiencies for 

ESPs and FFs in Chinese coal-fired power plants are 29 per cent and 67 per cent, respectively (Zhang et al., 2015). 
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FFs can also be integrated with ESPs to become ESP-FFs, which are employed in China to an extent comparable to 

FFs. The mercury removal efficiency of ESP-FFs is between that of ESPs and FFs. An average of 43 per cent of 

mercury removal can be achieved with ESP-FFs (Zhang, 2015). 

Wet PM scrubbers 

Most of the small and medium-scale industrial boilers in China are equipped with wet PM scrubbers to reduce PM 

emissions. A wet PM scrubber system has chemistry similar to that of wet FGD. However, conventional wet PM 

scrubbers simply use water as the absorbent, so the re-emission of elemental mercury is significant. On-site 

measurements showed an average mercury removal efficiency of 23 per cent (between 7 and 59 per cent) for wet PM 

scrubbers at Chinese coal-fired industrial boilers. 

The integrated marble scrubber (IMS) is a special type of wet PM scrubber for concurrent PM and SO2 removal, and 

these are more and more widely used by coal-fired power plants in China owing to their technological economy. The 

IMS uses alkali liquor as the absorbent, which is more effective in capturing oxidized mercury, similar to wet FGD. 

The efficiency of IMSs in mercury removal could be higher than that of conventional wet PM scrubbers as a 

consequence of its SO2 control capacity, but no on-site measurements have yet been conducted. 

Cross-media effects for PM control devices 

There are potential cross-media effects that apply to PM control devices. Mercury in the fly ash can be re-emitted if 

the fly ash collected by PM control devices is heated during reuse. For example, the mercury in fly ash may be 

released to the air if used as the raw material in a cement kiln. There is also potential for mercury from fly ash to leach 

into groundwater. Sound management of fly ash collected by PM control devices is needed. 

SO2 control devices 

There are two main techniques used for SO2 emission reduction and dealt with below: first, wet FGD, and second, dry 

FGD, or dry scrubber. 

Wet flue gas desulfurization (wet FGD) 

In plants equipped with wet FGD, the amount of the co-benefit removal may be augmented by the increase of the 

fraction of oxidized mercury in the total mercury flue gas content or by the improvement of PM control effectiveness 

(Sloss, 2009). The increase of the fraction of oxidized mercury can be accomplished by the addition of chemical 

compounds (oxidizing agents) or by the oxidation of mercury over catalysts (Amar et al., 2010). The catalyst may be 

placed in the flue gas for the sole purpose of mercury oxidation or may be installed for another purpose (e.g., for the 

control of NOX emissions) and thus provide the co-benefit. The operation of a wet FGD requires that a PM control 

device be installed upstream of the wet FGD scrubber (Srivastava and Jozewicz, 2001).  

As mentioned before, gaseous compounds of oxidized mercury are generally water-soluble, and thus wet FGD 

systems are expected to capture them efficiently (Reddinger et al., 1997; DeVito and Rossenhoover 1999). Gaseous 

elemental mercury, however, is insoluble in water and therefore does not absorb in FGD slurries. Data from actual 

facilities have shown that the capture of oxidized mercury averaging 75 per cent (between 67 and 93 per cent) can be 

expected in calcium-based wet FGD systems (Chen et al., 2007; Kim et al. 2009; Wang et al., 2010; Sloss, 2015), 

although there are cases where significantly less capture has been measured as a result of unfavourable scrubber 

equilibrium chemistry (Niksa and Fujiwara, 2004).  

It has also been shown that, under some conditions, oxidized mercury may be reduced in wet FGD scrubbers to 

elemental mercury, which could then be re-emitted (Nolan et al., 2003). Thus, in the case of wet FGD, the 

optimization of the co-benefit strategy sometimes means preserving the amount of oxidized mercury in the system in 

order to prevent the re-emission of mercury. Mercury re-emission may take place when oxidized mercury is absorbed 

by the wet FGD slurry, converted to elemental mercury, and then transferred to gas phase to exit the scrubber.  

The net effect of re-emission is the limitation of mercury removal by a wet FGD. The occurrence and the extent of 

mercury re-emission from wet FGD depend on FGD chemistry (Renninger et al., 2004). There also appears to be 

increased potential for the re-emission of mercury in wet FGD with appreciable mercury concentrations in the liquid 

phase (Chang et al., 2008). In some cases chemical agents or activated carbon needs to be added to the FGD liquor to 

control re-emission. 

Dry FGD 

Spray dryers are typically used for the control of SO2 emissions for sources that burn low-to-medium-sulfur coal, or 

for smaller coal-fired combustion plants. Up to approximately 95 per cent mercury may be removed by SDA-FF 

combinations when used on bituminous coal-fired boilers. Much lower mercury capture, however, (about 25 per cent) 

is observed in SDA-FF units on boilers firing lignite or other low-rank coals with low chlorine content (Senior, 2000). 

Scrubbing of halogen species in the spray dryer absorber may make oxidation and subsequent capture of mercury 

(mostly in the form of elemental mercury for these coals) in the downstream FF less effective. Sometimes, the 
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mercury capture for low rank coal accomplished by FFs alone is higher than that by SDA-FFs (Srivastava et al., 

2006). 

A dry desulfurization scrubber technology, in recent times increasingly used in coal combustion plants, is the 

circulating dry scrubber, CDS. Like the SDA scrubber, the CDS scrubber has a reaction chamber and a fabric filter for 

by-product and ash capture. A differentiating feature of the CDS is that reaction materials enter the reaction chamber 

dry and are fluidized in the reaction chamber before passing on to the fabric filter. A water spray is applied to the 

bottom of the reaction chamber to control the reactor temperature. The reaction materials are hydrated lime and 

recycled solids from the fabric filter. The CDS has a higher solids concentration than the SDA, which allows it to 

achieve SO2 reductions of up to 98 per cent, as compared to a maximum of 95 per cent reduction by SDA scrubbers. 

In addition, the CDS can treat flue gas from higher sulfur coal than the SDA because SO2 capture is not limited by the 

stoichiometry of a slurry (Ake, 2009).  

Mercury capture in CDS as a co-benefit is similar in magnitude to SDA scrubbers where significant capture of 

oxidized mercury has been achieved. Accordingly, much higher co-benefit mercury capture can be achieved with 

higher chlorine coals than with low chlorine coals (Babcock Power, 2012).  

Cross-media effects for SO2 control devices 

For the wet FGD system, retention of mercury through the FGD system requires high quality wastewater and sludge 

treatment to ensure that the mercury is not simply being transferred from air to water. 

When the FGD gypsum is used for wallboard production, mercury contained in gypsum has the potential to be  

re-emitted. With an SDA-FF system, there is potential for mercury from fly ash collected by FF to leach into 

groundwater. Accordingly, there is a need for the sound management of fly ash collected by FFs. 

Cross-media effects for SO2 control devices (non-mercury related) 

The operation of an FGD system generally increases energy consumption, typically by as much as 5 per cent. 

Selective catalytic reduction for NOx control 

SCR technology has been designed to reduce NOX through a catalytically enhanced reaction of NOX with NH3, 

reducing NOX to water and nitrogen. This reaction takes place on the surface of a catalyst, which is placed in a reactor 

vessel. Under certain conditions, SCR catalysts have been shown to change mercury speciation by promoting the 

oxidation of elemental mercury to oxidized mercury, particularly for high chlorine coal. It should be noted that the 

SCR itself does not remove mercury. Instead, by increasing the amount of oxidized mercury the SCR improves 

mercury capture in PM control devices and wet FGD systems, resulting in the enhanced removal of mercury (Chu, 

2004; Favale et al., 2013). 

Since the operational parameters of the SCR (e.g., temperature, concentration of NH3 in the flue gas, catalyst bed size, 

and catalyst age) will generally be dictated by the NOX control strategy, the parameter that shows the most promise 

for the optimization of mercury removal is the chlorine content of the coal. As discussed in the section on coal 

blending below which is based on United States data, oxidation of elemental mercury to oxidized mercury is greater 

for bituminous coals than for subbituminous coals. Thus, the maximum co-benefit of the existing SCR may be 

achieved by an appropriate coal-blending or by bromide addition (Vosteen et al., 2006). SCR catalysts are being 

designed to optimize both the NOX removal and mercury oxidation. 

Use of SCR increases the extent of mercury oxidation and capture, in particular with increases of the fraction of 

bituminous coal in a subbituminous and bituminous coal blend. A field study at a large utility plant firing a 60 per 

cent subbituminous and 40 per cent bituminous blend at two identical boilers (one with SCR and the other without 

SCR) demonstrated an increase in the oxidized mercury fraction from 63 per cent without SCR to 97 per cent with 

SCR. Generally, in systems with SCR, mercury oxidation across the SCR system rises with an increasing percentage 

of bituminous coal in a subbituminous-bituminous coal blend. For example, for a 65:35 subbituminous-bituminous 

coal blend, the increase was 49 percentage points (from 13 to 62 per cent). For the 79:21 blend, however, the increase 

was only 14 percentage points (from 6 to 20 per cent) (Serre et al., 2008). 

The unblended subbituminous coal in a unit without SCR would have achieved between 0 and 40 per cent oxidized 

mercury (ICAC, 2010). In another field study, tests conducted in three bituminous coal-fired plants showed mercury 

oxidation across the SCR of up to 90 per cent and more. The resultant mercury removal in downstream wet scrubbers 

was from 84 to 92 per cent with SCR operation compared to  

43ï51 per cent without SCR operation. Plants firing subbituminous coals, however, showed little change in mercury 

speciation across the SCR reactors (Laudal, 2002). 

On-site measurements from four Chinese coal-fired power plants showed that the elemental mercury oxidation rate 

inside SCR was in the range of 34ï85 per cent, affected by the total mercury and chlorine content in coal and the NH3 

injection rate of SCR (Zhang et al., 2013).  
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Cross-media effects for NOX control devices 

With the mercury oxidation by SCR, there is possibility of increasing the mercury content of fly ashes and FGD 

gypsum. The used SCR catalyst might be hazardous in nature. The used SCR catalyst should be either regenerated or 

disposed of in an environmentally sound manner. 

Cross-media effects for NOX control devices (non-mercury-related) 

The operation of an SCR system generally increases energy consumption, typically up to 3 per cent. 

Co-benefit enhancement techniques 

Co-benefit enhancement may be achieved by coal blending, coal additives, or by a number of other techniques 

described below.  

Coal blending 

Coal blending (or switching) at power plants is used as part of a strategy to meet SO2 emission limits in a  

cost-effective manner, provided coal blending is compatible with the power plant design. Typically, high sulfur 

bituminous coals are blended with low sulfur subbituminous coals to lower SO2 emissions. As an undesired side effect 

of this SO2 emission control strategy, mercury speciation may be altered, reducing the amount of oxidized mercury 

and increasing the amount of elemental mercury, thus compromising mercury capture in a downstream FGD system. 

Blending of coals may also be used, however, to increase the amount of oxidized mercury in flue gas. In addition to 

mercury content, certain coal characteristics such as chlorine and bromine content or alkalinity content are important 

for mercury removal and should be known. Bituminous coals typically produce a higher fraction of oxidized mercury 

in the flue gas than do subbituminous coals. Since oxidized mercury is water-soluble, it is more readily captured in 

wet FGD systems. Consequently, the mercury capture efficiency of FGD systems depends largely on the fraction of 

oxidized mercury at the FGD inlet (Miller et al., 2006). 

An example of coal blending that is used to improve mercury removal in downstream air pollution control equipment 

is discussed below. Table  (UNEP, 2010) shows data on properties of typical subbituminous coal (from Wyoming, 

United States) and bituminous coal (from Illinois, United States). It should be noted that the properties given in Table 

5 are for illustration only and will vary depending on the origin of the coal. 

Table 5 

Comparison of properties of subbituminous and bituminous coals 

Content 
Subbituminous coal, 

wt% 

Bituminous coal, 

wt% 

Bromine a 0.0006 0.02 

Chlorine a 0.003 0.100 

Sulfur a 0.37 4.00 

CaO 26.67 3.43 

MgO 5.30 3.07 

Na2O 1.68 0.60 

Hg, ppm 0.1 0.1 

a ultimate analysis, as received, wt % 

It should be noted from Table 5 that, even though in these averaged data, mercury content is the same at 0.1 ppm for 

both types of coals, chlorine content varies significantly, from 0.003 per cent by weight for subbituminous coal to 0.1 

per cent for bituminous coal. In addition, alkaline material (such as CaO) content varies from 3.43 per cent for 

subbituminous coal to 26.67 per cent for bituminous coal by weight. This illustrates that lower chlorine content in 

subbituminous coals may result in lower mercury oxidation and hence a higher percentage of elemental mercury. 

Blending bituminous coal with subbituminous coal provides the double benefit of higher chlorine concentration and 

lower alkalinity. In the context of mercury control, the objective of coal blending would be to increase halogen 

concentration by mixing relatively high halogen content coal with low halogen coal that might be used at the plant. 

Figure  below shows the trend of increasing mercury capture in a dry FGD system (dry FGD plus FF) with an 

increasing fraction of bituminous coal in a bituminous-subbituminous coal mixture (UNEP, 2011). As can be seen, 

coal blending has the potential of increasing the mercury capture by up to almost 80 per cent. Again, it should be 

noted that incremental mercury removal values are of an illustrative nature and that actual incremental mercury 

removal values may vary depending on sources of the coals used for blending. 
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Figure 6. Possible effect of coal blending on mercury capture in dry FGD 

Thus, blending of coal may potentially increase mercury oxidation for plants firing low chlorine, high calcium coal. 

The characteristics of different coal types play a major role in determining the speciation of mercury. This, in turn, 

can dramatically affect the amount of mercury captured in existing pollution control devices like FGD systems. The 

effect may be more pronounced in plants equipped with SCR systems, as will be discussed later. 

Mercury oxidation additives 

The amount of mercury captured generally increases as the amount of halogens in coal increases. Consequently, to 

promote increased capture for coals that have low halogen concentrations, additional halogens such as bromine or 

chlorine salts are often added. Alternatively, HCl or ammonium chloride (NH4Cl) may be added. Halogen additives 

promote formation of oxidized and particulate-bound mercury, which is more easily captured in downstream devices. 

Halogen additives may be particularly useful in improving mercury removal for units firing low-halogen coals. The 

additives may be sprayed on coal or added as solids to a coal stream either upstream of the coal pulverizer or injected 

into the boiler. 

Bromine is thought to have an advantage over chlorine in that it interacts more actively with mercury than chlorine 

does (Vosteen et al., 2002; Vosteen et al., 2003; Vosteen et al., 2003b; Vosteen et al., 2003c; Buschmann et al., 2005). 

A heterogeneous oxidation pathway is thought to be important under coal-fired flue gas conditions despite the fact 

that chlorine content in coal is typically much higher than that of bromine (Vosteen et al., 2006b, Rini and Vosteen, 

2008, Senior et al., 2008, Vosteen et al., 2010). Full-scale tests were conducted using a 52 weight percentage water 

solution of calcium bromide as a pre-combustion additive at a concentration of 25 part per million (ppm) in coal 

equivalent level, and mercury emission reduction was increased from 55 to 97 per cent in a 600 MW unit firing 

subbituminous coal and equipped with an SCR system and wet FGD (Rini and Vosteen, 2009). Full-scale tests 

conducted by the Electric Power Research Institute of the United States at 14 units firing low chlorine coals 

demonstrated more than 90 per cent flue gas mercury oxidation for bromide additions, equivalent to 25ï300 ppm in 

coal (Chang et al., 2008). 
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Figure 7. Performance of bromine-based and chlorine-based additives with different coals  

(PRB-subbituminous coal; TxL-lignite coal; NDL-lignite coal) 

A comparison of the performance of bromine-based and chlorine-based additives at coal-fired boilers firing different 

coals is shown in Figure ; this comparison gives the per cent reduction of baseline elemental mercury as a function of 

halogen addition rate (EPRI, 2006; Vosteen and Lindau, 2006; Chang et al., 2008). As can be seen in fFigure , for any 

amount of halogen addition, bromine was much more effective in decreasing the amount of baseline elemental 

mercury than chlorine. Baseline elemental mercury reduction of 80 per cent could be achieved by adding less than 200 

ppm of bromine-based additive. Much more chlorine-based additive (by approximately an order of magnitude) was 

needed to achieve the same level of baseline elemental mercury reduction. 

Cross-media effects for mercury oxidation additives 

The use of mercury oxidation additives has potential impacts on the boiler, APCSs, emissions and emission 

measurement. It increases corrosion potential in air preheaters and wet FGD (Srinivasan and Dehne, 2013). Bromine 

additive or brominated activated carbon results in an increase in bromine in fly ash (Dombrowski et al., 2008). 

Halogens added in coal may be emitted from the stack (ICR, 2010). Mercury measurements can be very difficult in 

the presence of bromine in the flue gas. There is also potential for bromine FGD discharges to form disinfection  

by-products at drinking water plants downstream from coal-fired power plants and potential for impacts on other 

pollutants such as Se (McTigue et al, 2014; Richardson, et al., 2007; BREF, 2013). The full range of scientific 

uncertainties associated with pollutant releases from bromine addition is still unclear.  

Wet scrubber additives for mercury reemission control 

The absorption of oxidized mercury, followed by its retention in an aqueous phase, is the basis of the co-benefit 

contribution provided by wet SO2 scrubbers. That said, however, there are many documented cases where scrubbers 

are not able to retain all of the aqueous phase mercury which has been absorbed. This condition is measured as a 

greater concentration of elemental mercury exiting the scrubber than entering the scrubber and has been labelled as 

ñmercury re-emissionò (Keiser et al., 2014). 

In the re-emission of mercury from a wet scrubber, soluble ionic mercury is reduced to the insoluble, elemental form, 

resulting in its release back to the flue gas. Figure  below shows the chemical path through which absorption and  

re-emission can occur. 
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Figure 8. Illustration of flue gas mercury absorption/desorption across WFGD (Keiser et al., 2014) 

Much effort has been put into the development of techniques and products to avoid mercury re-emission and a number 

of these have been commercialized. In principle, all these techniques are based on a method of reducing the soluble 

mercury content in the scrubber liquor. This is accomplished by either absorption of the ionic mercury into a particle 

or the precipitation of ionic mercury out of the liquor (Chethan et al., 2014). 

In the absorption technique, ionic mercury is absorbed by activated carbon. The activated carbon is added to the 

scrubber liquor either directly into the scrubber liquor lines or injected into the flue gas upstream of the scrubber. The 

activated carbon is removed from the scrubber via the dewatering step. 

A number of precipitation agents have been identified and these can be grouped into five categories: first, inorganic 

sulfides; second, organic sulfides; third, organic compounds containing nitrogen and sulfur; fourth, organic 

compounds containing oxygen and sulfur; and, fifth, low molecular weight sulfur-containing polymers (Keiser et al., 

2014). 

Cross-media effects for wet scrubber additives 

Depending on the scrubber additive, the captured mercury exits the scrubber either in the liquid or solid phases. 

Selective mercury oxidation catalyst 

It is well known that SCR catalysts can oxidize elemental mercury emitted from coal-fired boilers in a gaseous state 

and particulate form (Laudal et al., 2002). However, the mercury oxidation rate on the SCR catalyst correlates to the 

SO2 oxidation and conversion rate which forms SO3, which can cause air heater fouling, stack corrosion, and visible 

stack plumes. 

A special type of SCR catalyst achieving high mercury oxidation and high NOx removal with simultaneous low  

SO2-to-SO3 conversion (known as the selective mercury oxidation catalyst) has therefore been developed. The basis 

for this approach is to oxidize as much elemental mercury as possible to then allow the downstream APCS to remove 

the oxidized mercury (Favale et al., 2013). 

A selective mercury oxidation SCR catalyst that increases the mercury oxidation rate while maintaining its original 

SCR capability enhances the mercury removal in a co-benefit technique (Bertole, C., 2013). In some existing plants in 

North America, SCR catalysts have already been replaced by high mercury oxidation SCR catalysts. It has been 

confirmed that partial replacement can also lower mercury concentration in the stack gas (Favale et al., 2013). 

Cross-media effects for selective mercury oxidation catalyst 

Use of a selective mercury oxidation catalyst possibly increases the mercury content of fly ashes and FGD gypsum. 

The used catalyst should either be regenerated or disposed of in an environmentally sound manner. 

Activated carbon injection for dedicated mercury control 

Sorbents with or without chemical treatment may be used for injection in order to accomplish mercury removal. 

Injection of sorbents into the flue gas of coal-fired boilers for mercury control has been applied at boilers in Germany 

since the 1990s (Wirling, 2000) and has been implemented in the United States on over 100 full-scale systems (GAO, 

2009; Amar et al., 2010). Since about 2005, activated carbon injection technology has been commercially applied in 

the United States (ICAC, 2010a, Amar et.al, 2010). In addition, it has been demonstrated at a Russian power plant 

burning Russian coal (USEPA, 2014). Since 2007, in a number of states in the United States, such as Massachusetts, 

New Jersey and Connecticut, for many existing coal-fired boilers using bituminous or subbituminous coals, activated 

carbon injection has been routinely used in order to meet regulatory emission limit values (ELVs) in the range of  



UNEP/MC/COP.1/7 

45 

1.1ï3.3 grams per Gigawatt-hr (representing 85ï95 per cent control). Regulatory compliance with these ELVs has 

been shown through measurements with mercury continuous emissions monitoring (CEM) systems or sorbent trap 

methods (Massachusetts Department of Environmental Protection, 2015; with similar reports from the New Jersey and 

Connecticut state environmental departments). ACI requires a downstream PM control device. 

Table 6 below shows the emission values of four coal-fired power plants with dedicated mercury abatement 

techniques in the United States. 

Table 6 

Emission levels of coal-fired power plants with activated carbon injection 

Name Coal type 

Emission level 

normalized (µg/Nm
3
) 

(normalized to 6 % O2 

content) 

Averaging 

period  

Boiler size 

(MWth) 

Flue gas treatment 

technique 

Oak Grove, Boiler 1 

USA 

lignite 
<0.80 in 2012 

monthly/ 

cont. 
870 

FF+SCR+FGD + 

ACI 

PPI Montana Corette 

(USA) 

sub-

bituminous 
0.9 Cont. 163 

ACI with C-PAC + 

ESP 

Brayton Point, Units 

1,2,3 (combined), 

Massachusetts,USA 

bituminous 

0.2 

Annual,  

12-month 

rolling 

average 

1350 
ACI+ 

SCR+ESP+SDA 

Bridgeport Harbor, 

Unit # 3, Connecticut, 

USA 

bituminous 

0.2-0.5 periodic 400 ACI + ESP 

Note: C-PAC: Cement-friendly pulverized activated carbon; data are for year 2010 except for Oak Grove.  

Injection of sorbent without chemical treatment 

Some of the factors that affect the performance of any particular sorbent with regard to mercury capture include the 

physical and chemical properties of the sorbent, the injection rate of the sorbent, flue gas parameters (such as 

temperature, concentrations of halogen species, concentration of SO3) and existing APCS configuration (Pavlish et al., 

2003; Srivastava et al., 2006; Martin, 2009). 

Figure 9 provides a summary of a number of tests conducted more than ten years ago with untreated activated carbon 

injection at four power plants (Pleasant Prairie, Gaston, Salem Harbour, Brayton Point). Mercury removal efficiency 

by injection of untreated activated carbon depends strongly on the rank of coal and the type of PM control used in the 

plant. The Pleasant Prairie power plant used low-sulfur, Powder River Basin (PRB) coal and was equipped with an 

ESPc. PRB coal is a low rank subbituminous coal which contains low chlorine and high calcium, making it difficult 

for the elemental mercury to be oxidized by chlorine in the flue gas. Activated carbon injection was not effective for 

mercury control for this plant with mercury emissions consisting predominantly of elemental mercury, as untreated 

activated carbon is not effective for capturing the unreactive elemental mercury. As a strong contrast, the Gaston 

power plant demonstrated that activated carbon injection was extremely effective for controlling mercury emissions 

from this plant that burned low-sulfur bituminous coal and was equipped with an ESPh followed by a small, specially 

designed FF called a compact hybrid particulate collector (COHPAC). The injection of untreated activated carbon 

took place at the outlet of the ESPh because the temperature at the inlet was too high. The COHPAC was used for 

removing the injected carbon. Application of a COHPAC as an effective means of mercury control was demonstrated 

in the Gaston power plant.  

In some cases low mercury removal by untreated activated carbon is the result of a combination of lower levels of 

chlorine in subbituminous coal in the United States and the neutralization of halogen species by high levels of sodium 

and calcium in the subbituminous coal fly ash. As a result, there is little free chlorine in the flue gas stream for 

mercury oxidation. Mercury oxidation (with chlorination of the surface as the initial step) is necessary for the capture 

of elemental mercury by untreated activated carbon and, in general, the efficiency of mercury capture with untreated 

activated carbon increases with the amount of oxidized mercury in the flue gas (US DOE, 2005).  

Thus, mercury capture with untreated activated carbon may be limited in plants firing low-rank coals, such as lignite 

and subbituminous.  
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Figure 9. Testing of mercury removal efficiency as a function of untreated ACI rate 

Injection of chemically treated sorbent 

To overcome limitations described above and associated with the use of untreated activated carbon for mercury 

control in power plants, treated activated carbon sorbents have been developed (Nelson, 2004 and Nelson et al., 

2004). The treatment most often used and that has been demonstrated as the most effective in enhancing the 

performance of activated carbon was bromination. 

Relative to untreated activated carbon, brominated activated carbon:  

(a) Expands the usefulness of sorbent injection to situations where untreated activated carbon may not be 

effective;  

(b) In general, can be operated at lower injection rates, which leads to fewer plant impacts and a lower 

carbon content in the captured fly ash;  

(c) Results in better performance with low chlorine coals. 

Improvement in the performance of mercury control was observed during full-scale field tests of chemically treated 

activated carbon injected upstream of the existing PM device (Feeley et al., 2008) and is shown in Figure . As may be 

seen in Figure , improved mercury capture efficiency was achieved using relatively low injection rates of treated 

activated carbon at power plants burning low-chlorine coals. The treated activated carbon achieved in excess of 90 per 

cent mercury capture at an injection rate of about 50 mg/m
3
 (Feeley et al., 2008). Higher injection rates were required 

to achieve high mercury removal efficiency when untreated activated carbon was used, and in some cases, it was not 

possible to achieve 75 per cent capture. 

 

Figure 10. Comparison of untreated activated carbon and treated activated carbon performance for 

mercury removal 
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Activated carbon injection applicability restrictions 

Despite the activated carbon injection method being commercially implemented in multiple and diverse applications, 

some issues remain, including the marketability of fly ash for concrete manufacturers and the effect of SO3 on the 

performance of activated carbon injection systems. 

A typical activated carbon injection system is located upstream of a PM control device, which leads to mixing of the 

sorbent and fly ash. While this is not a concern in cases where fly ash is not sold for concrete production, this mixing 

can negatively affect the use of fly ash in concrete production. Concrete quality is particularly sensitive to carbon 

content, and also affected by the surface area of the carbon present in the fly ash. 

An effective method of eliminating fly ash contamination is to add an additional FF downstream of the existing ESP 

or to inject the activated carbon after the PM device and into a wet FGD, which may affect the quality of the gypsum 

produced by the FGD (Miller et al., 2014; Mimna et al., 2014). In addition, in some plants which burn low mercury 

coal and use FFs for PM control, the amount of treated activated carbon required for a mercury reduction greater than 

85 per cent is as low as 8 mg/m
3
. In such cases, the presence of activated carbon in the fly ash may not affect the sale 

of fly ash for concrete. 

Concrete-compatible carbon sorbents have been developed that allow some coal-fired power plants to continue 

marketing fly ash for concrete production (Nelson et al., 2006; Landreth at al., 2012). These are commercially used in 

the United States. 

Tests have also been carried out on other non-carbon sorbents designed to preserve fly ash quality while still allowing 

sorbent injection rates capable of delivering up to about 85 per cent mercury removal (Kang et al., 2007). Likewise, 

techniques for the post-treatment of fly ash to remove UBC and activated carbon have been developed. These include 

thermal treatment of fly ash and electrostatic separation of carbon from fly ash. 

Testing has shown that SO3 in the flue gas, even at low concentrations, can interfere with the performance of activated 

carbon injection systems. It appears that SO3 competes with mercury for adsorption sites on the sorbent surface, 

thereby limiting its performance. This phenomenon may be particularly relevant to activated carbon injection 

applications at plants firing high-sulfur coal. One possible solution to the SO3 interference issue is the combined 

injection of mercury sorbents and alkaline materials. Some alkaline materials are being used as suggested in Feeley 

and Jones (2009) These include calcium hydroxide (Ca(OH)2), sodium bicarbonate (NaHCO3), and sodium 

sesquicarbonate (trona). 

Cross-media effects for activated carbon injection 

The use of non-concrete-compatible activated carbon injection methods can result in the loss of the use of fly ash in 

concrete, and therefore may increase the quantities of fly ash sent to landfill. Tests on two commercial activated 

carbons indicate that the mercury captured by activated carbon is sufficiently stable to provide permanent 

sequestration of mercury in activated carbon sorbents after disposal (Graydon et al., 2009; US EPA, 2006; US EPA, 

2009a).  

Activated carbon injection located upstream of a PM control device affects the quality of fly ash as a consequence of 

mixing of the activated carbon and the fly ash. There is the potential of secondary mercury release from fly ash when 

exposed to elevated temperatures during reuse of fly ash, for example, the use of fly ash for cement manufacture or 

brick-making (Pflughoeft-Haassett et al, 2007).  

Cost of mercury control technologies 

Mercury emission control can be accomplished as a co-benefit removal by the equipment already in place, which 

might have been installed for a different purpose. Defining the cost of mercury removal accomplished as a co-benefit 

is complex because cost apportionment needs to be considered between the costs of mercury control and those of 

controlling other pollutants such as PM, SO2 or NOX (Sloss, 2008). Usually mercury reduction through co-benefit 

effects (the installation of technologies such as FGD and SCR which also reduce mercury emissions) can be regarded 

as minimal in cost or even cost-free. This is because high capital cost technologies like SCR and FGD are generally 

added for the purpose of NOx or SOx control, respectively, and would not be added solely for mercury control. 

Alternatively, mercury control may be accomplished by dedicated technology such as activated carbon injection at a 

much lower cost provided that there is an existing PM control device. Assigning costs for the latter is more 

straightforward. 

There are three cost components resulting from the application of dedicated mercury emission control technology: 

capital cost, fixed operating and maintenance cost, and variable operating and maintenance cost. For activated carbon 

injection, the variable operating and maintenance cost is estimated to be small even though it is a major component of 

the total cost (EPA, 2005; Amar et al., 2010) because capital costs are relatively low. This depends on the application. 

Sorbent requirements can vary significantly between different sites. The major components of the variable operating 

and maintenance costs are sorbent costs and disposal costs. There may also be lost revenue from fly ash sales due to 
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the contamination of fly ash by activated carbon. To overcome this, so-called ñconcrete-friendlyò activated carbons 

have been developed, along with technologies to separate activated carbon from fly ash.  

Costs for co-benefit mercury control technologies 

The actual capital costs of air pollution control at a particular facility are often proprietary and agreed to during direct 

negotiations between technology vendors and their clients. A substantial amount of cost information is publicly 

available, however, and this is presented below. Some general guidelines should be adhered to when evaluating these 

data: 

¶ Capital costs for a new installation may vary depending on redundancy factors used for design and on locally 

prevailing financing options (e.g., capital charge rates); 

¶ Capital costs for a retrofit installation may vary depending on the on-site conditions such as availability of 

space, and the so-called ñretrofit difficulty factorò; 

¶ Levelized cost of control equipment varies with the capacity factor of plant, with the levelized cost generally 

decreasing as the capacity factor increases (Celebi, 2014). 

The costs of control technologies vary significantly when applied to different countries. Table 7 and 8 show the costs 

of co-benefit technology in China and United States. It can be seen that the capital cost of a wet FGD installed in a 

600 MW unit may be 20 times lower in China than in the United States. It should be noted that, when considering 

nationwide or even region-wide deployment of BAT, a range of costs should be considered for any given BAT rather 

than an exact figure. In this context, the values in Table 7 and 8 should be considered to be indicative only, and 

reference should also be made to the other cost data (e.g., UK Department of Trade and Industry (2000); Sargent and 

Lundy (2007)). 

The conventional APCSs are not dedicated to mercury emission control, however, and therefore the total costs of co-

benefit mercury control technologies need to be apportioned to different air pollutants. A Chinese study (Ancora et al., 

2015) used a pollutant equivalent apportionment method based on the health and environmental impact of each 

pollutant and distributed the total annual cost to mercury, PM10, SO2 and NOX (see Table 9). 

Table 7 

Costs of air pollution control devices in power plants (CNY/kQ, 2010 Yuan), China (Ancora et al., 2015) 

APCD Capacity (MW) Capital cost (CNY/kW) O&M cost (CNY/kW/yr) 

ESP <100 108±8 7±2 

ESP <300 100±7 6±2 

ESP >300 94±7 5±2 

FF <100 91±8 10±4 

FF <300 80±7 9±3 

FF >300 71±6 9±3 

WFGD <100 736±178 74±29 

WFGD <300 410±99 56±22 

WFGD >300 151±37 36±14 

SCR <100 123±29 43±18 

SCR <300 99±23 31±13 

SCR >300 75±18 20±8 

Key: APCD ï air pollution control device; CNY ï yuan renminbi; O&M ï operating and maintenance 
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Table 8 

Capital cost of co-benefit technology in the United States ($/kW, 2012 dollars) (US EPA, 2013) 

Technology Unit size, MW Coal type 
Total capital cost 

(US$/kW) 

Total O&M coats , 

fixed and variable 
(US$/MWh) 

Wet FGD 500 Bituminous 531 11.52 

SDA FGD 500 Sub-Bituminous 470 10.45 

SCR 500 Bituminous 274 1.85 

FF 500 Bituminous 195 1.02 

Table 9 

Costs of APCS combinations apportioned to different pollutants for a 600MW unit, China (million CNY, 2010 

Yuan)(Ancora et al, 2015) 

APCS combination 
Total annual 

costs 

Costs 

apportioned to 

Hg removal 

Costs 

apportioned to 

PM10 removal 

Costs 

apportioned to 

SO2 removal 

Costs 

apportioned to 

NOX removal 

ESP 8.324 0.479 7.845 - - 

FF 9.241 1.167 8.075 - - 

ESP+WFGD 39.871 1.613 11.571 26.687 - 

SCR+ESP+WFGD 56.992 2.200 14.636 33.759 6.396 

FF+WFGD 40.789 2.181 11.759 26.849 - 

SCR+FF+WFGD 57.909 2.874 14.811 33.817 6.407 

Costs for co-benefit enhancement techniques and ACI 

The costs for activated carbon injection comprise of two components: first, capital costs for the sorbent storage and 

injection equipment; and, second, fixed and variable operating and maintenance costs (associated with the expendable 

sorbent). To assess the cost of mercury removal via the co-benefit route, a distinction must be drawn between the 

investment and operating and maintenance cost of the APCSs, such as FGD and SCR, which are well defined, and the 

cost of enhancing or optimizing the mercury removal in those APCSs. 

In general, the cost of co-benefit enhancement techniques is difficult to assess since it is dependent on multiple 

variables such as coal origin and quality, the extent of refurbishment required for the existing PM controls (in the case 

of ESP), or site-specific operating regimes of wet FGD. As a result, relative costs were first arrived at for approaches 

discussed in this document; these approaches are shown in Table 10, which were, among other things, based on 

information presented in the process optimization guidance document (UNEP, 2010). The relative capital and 

incremental operating and maintenance costs shown in Table 10 should only be treated as trend indications, and 

should not be construed as universally applicable guidelines to the selection of cost-effective approaches to mercury 

emission control from coal-fired power plants or industrial boilers that might be located in different countries. Locally 

prevalent economic conditions (e.g., cost of supplies and materials, efficiency and cost of labour, transportation cost, 

etc.) should always be considered during the selection of a mercury control option, while acknowledging the fact that 

many markets for emission control equipment and engineering construction companies are also global (Pacyna et al., 

2010). 

Table 10 

Relative cost of mercury removal for various methods 

Approach Capital cost O&M cost Comments 

Coal washing Moderate Low Washing less expensive than chemical treatment. 

Coal blending Very low Very low 
May require adjustment and/or refurbishment of 

pulverizers 

Hg oxidation additives Very low Low 
Halogenated additives significantly increase Hg 

oxidation and capture 

Re-emission control 

additives 
Very low Low Potential for re-emission of Hg should be mitigated 

Selective Hg-oxidation Low Low Only referring to Hg-specific catalyst, may require coal 
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Approach Capital cost O&M cost Comments 

SCR catalyst* blending 

Activated carbon 

injection (ACI) 
Low Low to Moderate 

Preservation of ash quality an issue. Higher incremental 

costs for ñconcrete-friendlyò sorbents 

* with downstream wet FGD 

Table 11 

Capital cost of ACI in United States ($/kW, 2007 dollars) 

Technology 
Unit size, MW 

100 300 500 700 

ACI 3ï8 2ï6 2ï5 2ï5 

Notes: 

Data in table 11 from tables 5ï16 in USEPA, 2010 

Cost ranges are for modified pulverized activated carbon injection with FF or cold-side ESP 

Case considered is for bituminous coal and other assumptions in EPA Base Case v.4.10 

Relatively low sensitivity of capital cost of ACI to unit size, as shown in Table 11, may be interpreted as resulting in 

comparable cost effectiveness of mercury removal via activated carbon injection (cost of removing a unit mass of 

mercury) for small and large units (e.g., small industrial boiler vs. large utility boiler at a power plant). In-depth 

analysis of activated carbon injection costs for control of mercury emissions (USEPA, 2010), from which Table 11 

was derived, gave capital costs in 2007 ranging from 2 to 8 $/kW depending on configuration, activated carbon type 

(standard or modified), and unit size (from 100 to 700 MW). It should be noted that the cost values in Table 11 do not 

include the capital cost of FFs or ESPs. The cost of installing a new FF or baghouse is 55ï70 $/kW regardless of plant 

size. For the same range of variables, the study arrived at a fixed operating and maintenance cost varying from 0.03 to 

0.1 $/kW/year. 

The actual cost of mercury control with activated carbon will also depend on the particulate control system used. 

Table 12 shows the operating costs for ESP and COHPAC (advanced hybrid particle collector) fabric filters. The 

estimates are for a 250 MW plant with an 80 per cent capacity for firing bituminous coal and assumed the cost of the 

COHPAC system would be around 50 $/kW ($12.5 million). 

Table 12 

Operating costs for activated carbon injection systems (on a 250 MW plant) followed by either ESP or FF for 

bituminous coals (IJC, 2005) 

 ESP COHPAC 

Mercury removal, % 70 90 

PAC injection rate, kg/Macm 160 48 

PAC injection cost, $ 790 000 790 000 

Activated carbon cost, $ 2 562 000 796 000 

The sorbent costs depend upon the coal characteristics, type of existing APCSs at the plant, and the level of mercury 

capture required. Jones and others (2007) listed the costs of carbons from several different suppliers and they ranged 

from 0.87 $/kg to 2.11 $/kg. 

The type of activated carbon affects both the injection rate and the operating cost. The unit price of brominated 

activated carbon can be 30 per cent higher than that of the untreated activated carbon. The performance of brominated 

activated carbon, however, can be significantly better than that of untreated activated carbon for certain types of coal 

(Chang et al., 2008). 
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BAT and BEP for coal combustion 

General principles for the choice of BAT for the point source categories listed in Annex D are described in the 

introductory chapter of this guidance document. Here we focus on the choice of mercury controls in the coal 

combustion sector.  

Best available techniques 

There are four main types of control measures for atmospheric emissions of mercury from coal-fired power plants and 

industrial boilers.  

Primary measures to reduce the mercury content of coal 

The first type involves the removal of mercury prior to combustion. Coal washing, selection or blending are effective 

technologies for improving efficiency in the use of coal and for reducing the emission of air pollutants. The extent to 

which coal washing has been applied in coal-fired power plants and in industrial coal-fired boilers has been quite low, 

however, and the proportion of coal washing has grown slowly, because by itself it does not constitute BAT. Yet, 

when combined with other control measures described below, it can provide reasonable reductions in mercury 

emissions. 

Measures to reduce mercury emissions during combustion 

The second type of control measures involves the removal of mercury during combustion. The use of a fluidized bed 

boiler plays an important role in mercury removal downstream. Particularly important are the much higher 

percentages of particulate mercury in flue gas from fluidized bed compared with pulverized coal firing. This high 

percentage of mercury present as particulates leads to high mercury removal efficiency of downstream FFs or ESPs. It 

should be noted, however, that the use of a fluidized bed boiler itself does not constitute BAT. 

Mercury removal by co-benefit of conventional APCSs 

The third type of control measures for mercury removal involves the use of APCSs which are mainly used for the 

removal of PM (ESP, FF or a combination of both), SO2 (dry or wet FGD), and NOX (SCR), but can result in 

substantial reductions in mercury emissions as a co-benefit. In some countries, the co-benefit removal of mercury is 

the first measure considered for the reduction of mercury emissions from coal-fired power plants or industrial boilers.  

Emission levels and removal efficiencies achieved through the application of APCSs were shown in section 3.2 

above. This demonstrates that the combination of SCR, ESP and FGD, which is widely used in the coal-fired power 

plants in Europe, the United States, China and Japan, can accomplish mercury removal efficiencies of up to 95 per 

cent and a concentration of less than 1 ɛg/Nm
3
 of mercury in the flue gas from plants burning hard coal.  

The combination of SCR, FF and FGD can achieve mercury removal efficiencies of up to 99 per cent and a 

concentration of less than 0.5 ɛg/Nm
3
 of mercury in the flue gas from plants burning lignite. 

Dedicated mercury control technologies 

The fourth type of control measures involves dedicated technologies for the reduction of atmospheric mercury 

emissions, including activated carbon injection technology or the use of additives. Currently, activated carbon 

injection technology has been widely commercialized and adopted for coal-fired power plants in the United States and 

has successfully complied with regulatory emission limit values representing 85ï95 per cent control over more than 

five years (Massachusetts Department of Environmental Protection, 2015). The operations of activated carbon 

injection technology in the United States show that the mercury concentration in flue gas after activated carbon 

injection and fabric filters may be lower than 1 ɛg/Nm
3
.  

Best environmental practices 

Effective pollution control management strategies, well-maintained facilities, well-trained operators, and constant 

attention to the process are all important factors in controlling and, where feasible, reducing the emissions of mercury 

from coal combustion. As such, these practices, applicable to existing and new sources, are considered to be BEP and 

should be performed in a manner which is consistent with the application of BAT. 

Key process parameters 

The first step in determining BEP for the coal combustion process is to identify the key process parameters (including 

mercury input control in coal and related monitoring), either from site-specific investigations or from testing 

undertaken on similar facilities elsewhere. Based on the investigations and testing, measures that enable control of key 

process parameters should be introduced into the management system. 

Consideration of energy efficiency for whole plant 

Energy efficiency of a coal-fired power plant is defined as the ratio between the output (net electricity, net heat, or 

both) from the plant and the amount of source energy (in coal) supplied to the plant over the same period. The 
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efficiency of the steam turbine (based on lower heating value of coal) in a new pulverized coal-fired plant varies from 

39 to 47 per cent, depending on steam conditions (Eurelectric, 2003). Newly constructed plants designed for 

subcritical steam conditions operate at the lower end, whereas plants designed for supercritical and ultra-supercritical 

steam conditions operate at the higher end of this efficiency range. Circulating fluidized bed combustion (CFBC) 

boilers typically operate above 40 per cent efficiency. As recently as 2011, only about half of all new coal-fired power 

plants were designed for high efficiency low emission operation (IEA, 2012). 

As plants age their efficiency decreases, requiring more coal to generate the same amount of output. For any given 

coal-fired power plant or industrial boiler, the amount of uncontrolled mercury emissions from the plant or the boiler 

is directly related to the amount of coal burned. It follows that, if the amount of coal burned could be reduced, then the 

overall mercury emissions from a given power plant or industrial boiler would also decrease. This reduction in the 

amount of coal burned could be accomplished by measures undertaken to improve the energy efficiency of an existing 

power plant or industrial boiler. 

Energy-efficient design, equipment maintenance, and improved efficiency also provide for the reduction of all emitted 

pollutants from the same volume of coal used, including greenhouse gases such as CO2, in addition to a reduction of 

mercury emissions. Should the upgrading of a plant be implemented for business or economic reasons, it would result 

in more energy and less emissions being produced from the same volume of coal used (Sloss, 2009). 

Examples of measures to improve energy efficiency in coal-fired power plants or coal-fired industrial boilers can 

include detailed measurements to identify thermal losses, fixing leakages in flue-gas ducts, upgrading air heaters, new 

blading for turbine, overhauling or upgrading of the condenser, new packing for the cooling tower, or improving the 

electrical efficiency of the plant. 

High efficiency combustion is facilitated by establishing a monitoring regime of key operating parameters, such as 

carbon monoxide (CO), volumetric flow rate, temperature and oxygen content. Low CO is associated with higher 

combustion efficiency in terms of the burnout of the feeding coal. Combustion efficiency depends on several factors, 

including steam conditions, type of coal, local climate at location, age of plant, capacity, and operation mode (IPPC, 

2013). 

APCS maintenance and removal efficiency  

Beyond better energy efficiency, improving the efficiency of APCSs offers the opportunity to maximize the removal 

of mercury. The incremental amount of mercury removal is achieved as a result of operating APCS equipment 

originally designed to limit non-mercury emissions such as PM, SO2, or NOX, which is already in place at the power 

plant or an industrial boiler. Depending on the available APCS equipment, these approaches could include decreasing 

the parasitic power requirements of APCSs, modernization or upgrades of ESPs or FFs, alteration of SCR design and 

operation, or a combination of the above (Sloss, 2006). 

Environmentally sound management of the plant 

To improve the prevention and control of mercury emissions, an environmental management system that clearly 

defines responsibilities at all levels is needed for a coal-fired power plant or a coal-fired industrial boiler. Some of the 

most commonly applicable measures are dedicated to the improved operation of the boiler, such as implementing 

appropriate inspection and maintenance cycles. Operating and maintenance practices have the potential to improve 

plant performance, including its efficiency and reliability, and also to decrease the overall operating and maintenance 

costs themselves. Deterioration of plant equipment is unavoidable; however, the rate at which this deterioration occurs 

depends greatly on the operating and maintenance practices. Some of the good operating and maintenance practices 

include for example, steam line maintenance, water treatment, and a reliable protocol for monitoring and reporting. In 

addition, process improvements may be necessary to reduce bottlenecks and delays. 

Adequate resources should be allocated to implement and continue the application of BEP, and staff should be 

appropriately trained relevant to their duties. Independent third-party field-based and remote auditing protocols are 

also important to ensure that BEP are actually being followed. 

Environmentally sound management of coal combustion residues 

Environmentally sound management of coal combustion residues (CCRs) is important to minimize the potential for 

increasing the risk of mercury re-emission and other potential problems. 

Throughout the process of mercury emission control from coal-fired sources, mercury is removed from flue gas and 

transferred to CCRs, including boiler bottom ash, fly ash, and sludge from wet FGD. Sludge from wet FGD and other 

CCRs are either stored at the site or reused, including through further processing into gypsum wallboard. In the latter 

case, after FGD gypsum has been filtered out of the sludge, mercury may need to be extracted from the FGD 

wastewater effluent depending on the levels present. This may be accomplished via chemical treatment, ion exchange, 

or with membrane filtration. In the processes of gypsum wallboard production, other use of CCRs, including during 

storage of CCRs at the site, mercury contained within them may have the potential of being re-released.  
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In the process of gypsum wallboard production, a fraction of mercury may be re-released because the production 

processes often include high-temperature units. In one study, total mercury loss across the wallboard plant represented 

about 5 per cent of the incoming FGD gypsum mercury content (Marshall, 2005). Another study by Liu et al. (2013) 

indicated, however, that 12ï55 per cent of total mercury in the FGD gypsum would be emitted during wallboard 

production and a third study found releases ranging from 2 to 66 per cent of the mercury in the incoming FGD 

gypsum (Sanderson et al, 2008). Given the potential variability in release rates, wallboard production using FGD 

gypsum is not regarded as BEP unless the mercury re-emissions are shown to be minimal or are captured during the 

wallboard production. 

In the case of on-site storage of CCRs, there may be a potential for cross-media impacts (e.g., for leaching of mercury 

into groundwater). A multi-year study of leaching characteristics of CCRs concluded that any potential release of 

metals from CCRs to the environment is affected by leaching conditions (USEPA, 2006; USEPA, 2008; USEPA, 

2009a).
35

 Leaching conditions are affected by the pH and by the amount of water contact (ratio of liquid-to-solids). 

When evaluated over the pH range from 5.4 to 12.4 (plausible range for management of CCRs), the mercury leach 

results did not exceed existing standards for the concentration of mercury in well-water in the United States. In these 

same studies, some leach results for some other heavy metals, such as arsenic, were found to exceed existing 

standards for concentration in well-water in the United States. It should be noted that the data presented do not include 

any attempt to estimate the amount of constituent that may reach an aquifer or drinking water well. Groundwater 

transport and fate modelling, including the consideration of many additional factors ï including how the fly ash is 

managed ï would be needed to assess the potential risk. The storage of CCRs with impervious surfaces at the site can 

be considered as one aspect of environmentally sound management. 

                                                           
35

 The leach testing methods used in these studies have been developed into standard tests, known as the ñLEAFò 

methods, by the USEPA. The methods are numbered 1313ï1316, and can be found at: 
http://epa.gov/wastes/hazard/testmethods/sw846/new_meth.htm. 
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Mercury emissions monitoring 

General and cross-cutting aspects of testing, monitoring and reporting are discussed in the introductory chapter of this 

document. The present section is limited to specific aspects of mercury emissions monitoring for coal-fired power 

plants and industrial boilers.  

Continuous emissions monitoring 

Mercury monitoring using continuous emissions monitoring (CEM) instruments is effective for coal combustion flue 

gas streams (Sarunac, 2007). For emission compliance purposes, CEM instruments are located in the stack and 

measure a gas stream of low particulate concentration. 

For mercury process optimization purposes, CEM instruments are sometimes used to sample the particulate-laden gas 

stream before a particulate control device. A commonly used filter probe technology for this purpose is the inertial 

filter. It uses a technique of sample gas acceleration and relies on the inertial forces of the particulate and a sintered 

filter to separate the gas and particulates. 

CEM monitoring of sample gas saturated with water by a wet scrubber is commonly practised although it requires 

more elaborate procedures. A special fixed filter probe is used to avoid blockage from the condensation of water and 

typically employs a frequent filter media cleaning cycle using compressed air. All applications of CEM monitoring 

use heated sample lines with careful regulation of sample gas temperature to avoid the condensation of water and the 

resulting absorption of oxidized mercury into this water. 

A CEM instrument provides the coal combustion operator with real time mercury analysis which can be used in a 

feedback loop with the sorbent injection or coal additive feed equipment. This feature allows tight control over the 

concentration of mercury emissions, despite changes of mercury concentration in the fuel. 

The CEM also provides the advantages of sensitivity to low concentrations of mercury, down to 0.5 ɛg/m
3
, speciated 

mercury measurements, and high repeatability of results when calibrated with a dynamic mercury spiking 

methodology. 

Sorbent trap monitoring 

Sorbent traps for mercury monitoring in coal combustion gas streams have been shown to provide accurate and 

replicable data, even at very low mercury emission concentrations (Sarunac, 2007). It is possible to monitor using one 

set of traps over a sampling period lasting several days in coal combustion plants. 

Impinger sampling 

The use of impinger methods for mercury monitoring in coal combustion plants has historically been the prominent 

method. Impinger methods are not appropriate for long sampling periods and in practice are limited to several hours in 

length (Sarunac, 2007). 

Many impinger methods separately collect particulate, oxidized, and elemental mercury and are therefore useful in 

coal combustion plants for determining the mercury speciation. 

The impinger methods use multiple impingers in series to allow a certain measure of quality control.  

Mass balance 

Mass balance measurements in coal combustion plants are not a direct monitoring method for mercury air emissions 

and it can be expected that the accuracy of air emissions calculated from mass balance will be low. 

The data required to perform a mass balance measurement of mercury in coal combustion plants are readily available 

in some regions because the mercury content of solid and liquid waste streams from the plant is regulated. Waste 

streams include bottom ash, fly ash, scrubber wastewater, scrubber products such as gypsum, and scrubber waste 

solids. Mercury measurement of the coal burned is also regularly measured in certain regions and is necessary for the 

mass balance calculation. 

Mass balance accuracy is heavily dependent on representative sampling of the coal and waste streams and of proper 

sample stabilization. Special procedures must be followed to avoid loss of mercury from collected samples. Greater 

accuracy of the mass balance results can be achieved with a greater number of samples collected and analysed. A 

significant variation in the mercury content of the coal may be expected, so frequent coal analysis is required for an 

accurate mercury input value. Periodic mercury air emissions monitoring must be practised to validate the mass 

balance calculations. 

Considering the number of material streams which require monitoring and the frequency of sampling to achieve an 

accurate mass balance, it may be more difficult to use a mass balance method for the monitoring of mercury air 

emission in coal combustion plants than a direct flue gas monitoring method. 
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Predictive emissions monitoring systems (PEMS) 

Predictive emissions monitoring is a good screening tool for coal combustion plants but, owing to the wide mercury 

content variation of coal, it is not an accurate means of monitoring mercury air emissions. 

The predictive monitoring systems are useful for estimating the mercury air emissions in preparation for sorbent trap 

or other monitoring activities. A good estimate of the air emission range will allow for a more efficient sorbent trap 

test.  

Emission factors 

Emission factors are not an accurate means of monitoring mercury air emission for coal combustion gas streams. This 

is due to the variation of mercury content in coal and the wide variation in mercury capture within a coal combustion 

plantôs emission control equipment. This latter point makes emission factors very difficult to accurately apply across 

the fleet of coal combustion plants. 

Engineering estimates 

Engineering estimates are not an accurate method of monitoring mercury air emission for coal combustion plants. 
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Chapter V   

Smelting and roasting processes used in the production of non-

ferrous metals (lead, zinc, copper and industrial gold as specified in 

Annex D to the Convention). 

Non-ferrous metal smelting subgroup (copper, gold, lead and zinc) 

BAT/BEP Guidance and Case Studies  

Summary 

The main aim of the smelting process is to convert metal concentrates from their native state into pure metals; hence, 

smelting is a form of extractive metallurgy. Metals commonly exist in nature as oxides, sulfides or carbonates and the 

smelting process requires a chemical reaction in the presence of a reducing agent to liberate the metal. Mercury exists 

in trace amounts in nearly all metallurgical raw materials, and the thermal process can release this mercury to the 

atmosphere.  

Metal production in general, and non-ferrous metal production in particular, is a large source of anthropogenic 

mercury emissions and estimated to account for some 10 per cent of global emissions. It is recognized that this 

estimate is subject to considerable uncertainty, and that site-specific data will be required to manage mercury at the 

local plant level. 

The present chapter gives guidance on the control options for mercury from the non-ferrous metal sector (specifically 

for copper, zinc, lead and industrial gold, as listed in the Convention). It aims to provide parties to the Minamata 

Convention with guidance on identifying best available techniques (BAT) and best environmental practices (BEP), to 

enable them to meet their obligations under the Convention. 

The guidance refers only to emissions from smelting and roasting processes used in the production of the  

above-mentioned non-ferrous metals. Processes other than smelting and roasting, such as hydrometallurgical 

processes, may also lead to emissions of mercury but they are not listed in Annex D of the Convention. Accordingly, 

these other processes are not addressed in this guidance. 

The secondary smelting of metals from the non-ferrous sector usually results in negligible amounts of mercury 

emissions, because these metal recycling processes use scrap metal and drosses as feed. An exception may be seen in 

the secondary smelting of electronic waste but the techniques used to reduce emissions from secondary smelting are 

not likely to be substantially different from those used for primary smelting.  

The chapter presents the processes required in the production of the metals covered in the guidance (copper, zinc, lead 

and industrial gold). It covers control technologies, including both technologies designed specifically for the control 

of mercury emissions, and also control technologies for other pollutants which may have co-benefits in reducing 

emissions of mercury. Emerging technologies are described, and guidance on BAT and BEP is provided. Information 

on monitoring specific to the non-ferrous metal sector is also provided.  
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1 Introduction 

Mercury exists as a trace element in nearly all metallurgical raw materials and hence thermal processing and other 

smelting operations have the potential to release mercury to the atmosphere. The main aim of the smelting process is 

to convert metals from their native state in ores to pure metals and hence smelting is a form of extractive metallurgy. 

Metals commonly exist in nature as oxides, sulfides, or carbonates and the smelting process requires a chemical 

reaction in the presence of a reducing agent to liberate the metal.  

The 2013 UNEP Report on the Global Mercury Assessment (AMAP/UNEP 2013) presents an emissions inventory for 

2010, which, while based on, and similar in total to the 2005 inventory which was presented in a 2008 UNEP report 

(AMAP/UNEP 2008), contains a number of significant differences in several of the key sectors. Data in both these 

inventories illustrate that metal production in general, and non-ferrous metal production in particular, is a large 

anthropogenic source of mercury emissions and estimated to account for around 10 per cent of global emission. It is 

recognized that this estimate is subject to considerable uncertainty, and that site-specific data will be required to 

manage mercury at the local plant level. 

This guidance document addresses the control options for mercury from the non-ferrous metal sector (specifically for 

copper, zinc, lead and industrial gold as listed in the Convention). It aims to provide parties to the Minamata 

Convention with guidance on identifying best available techniques (BAT) and best environmental practices (BEP) to 

enable them to meet their obligations under the Convention. 

The guidance refers only to emissions from smelting and roasting processes used in the production of the above-

mentioned non-ferrous metals. Processes other than smelting and roasting, such as hydrometallurgical processes, may 

also lead to emissions of mercury but they are not included in the Convention as listed in Annex D. Therefore, these 

other processes are not addressed in this guidance. 

Secondary metals smelting produces negligible amounts of mercury emissions because these are, in fact, metal 

recycling processes that use scrap metal and drosses as feed. The only case where there may be small amounts of 

mercury released is during the recycling of zinc batteries that contain trace amounts of the element. Given the treaty 

requirements on products (controlled under Article 4, with permitted mercury content of button zinc silver oxide 

batteries set out in Annex A), the mercury content of batteries is also expected to decrease significantly.  

This is supported by available data on mercury emissions from secondary smelters. For example, the United States 

Environmental Protection Agency required testing for mercury emissions from several secondary lead smelters in the 

United States in 2010 and established that in about 70 per cent of cases, the emissions were below the detection limit.  

In some cases, secondary smelting of electronic material may produce significant mercury emissions. In such cases, 

however, activated carbon is usually used to reduce emissions and hence secondary smelting is not separately 

addressed in this guidance.  
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2 Process descriptions 

The configuration of smelting and roasting operations depends on site conditions and specific characteristics of the 

ores or concentrates being processed, and multiple steps are often involved. In this section, general and brief 

descriptions of the relevant smelting and roasting processes for the lead, zinc, copper and industrial gold sectors are 

given.  

The first stage in the processing of lead, zinc and copper ores is the production of concentrates. The concentrates are 

then often initially processed using a high temperature thermal process such as roasting, sintering or smelting. 

Because of the high temperature, mercury will be volatilized and thus be present in the exhaust gas.  

In the exhaust gas, mercury will be adsorbed on particulate matter or present as soluble mercury compounds (e.g., 

mercury(II) chloride), and will also be present as elemental mercury. Oxidized species of mercury can normally be 

removed by using scrubbers, and wet electrostatic precipitators (ESPs). Particulate-bound oxidized mercury can be 

removed by baghouses. Elemental mercury, however, passes all such standard gas cleaning equipment. Therefore a 

second mercury removal stage may be needed to reduce the mercury to acceptable concentrations if it is present in the 

ore. Options are presented in section 3.  

The reason elemental mercury cannot be effectively removed from an ambient temperature gas stream by scrubbing 

with water alone is its low solubility in water. One possibility is to adsorb mercury on sorbents like activated carbon. 

Another possibility is to oxidize mercury in some suitable manner, so that it can then be collected in solution or in the 

form of a solid compound. 

If sulfidic raw materials are processed, the gas will contain sulfur dioxide, which is normally used to produce sulfuric 

acid. To produce sulfuric acid that meets commercial standards, low mercury content of the acid is required and will 

depend on the acidôs ultimate use. 

Techniques to reduce mercury emissions from smelting and roasting in the non-ferrous sector may also result in the 

production of mercury-containing materials. An example is calomel (mercury(I) chloride), produced in the  

Boliden-Norzink process (see section 0). This guidance does not address the management of these materials but under 

Article 11 of the Convention they should be stored or disposed of in an environmentally sound manner as waste. 

Mercury may also be present in the wastewater produced by these processes and will require similar storage or 

management. Wastewater from the different sections of the plants is usually treated to remove harmful elements, such 

as heavy metals, residual oils or trace chemical reagents. Mercury is often precipitated as a very poorly soluble 

mercury sulfide and removed by decantation and filtration. The final sludge from the wastewater treatment plant is 

stored appropriately as waste. The sludge containing mercury should be managed in a manner consistent with other 

relevant articles of the Convention in an environmentally sound manner.  

2.1 Process steps in lead production 

The primary lead production process consists of three main stages: concentrate pretreatment; sintering or smelting; 

and refining. A schematic representation of the process is presented in Figure 1. Mercury is liberated mainly during 

the sintering and smelting processes and must be captured to minimize its emissions from the final stack. 

2.1.1 Concentrate pretreatment 

In the concentrate pretreatment stage, various lead concentrates are blended to form a homogenous feed to the 

smelting process. Concentrate blending provides a more consistent metal content in the feedstock and reduces surges 

of impurities that could cause process or environmental upsets, or product quality issues. During blending, other raw 

materials may be added, such as fluxes or particulate matter recovered downstream from pollution control devices. 

Depending on process requirements, the blended lead concentrates may be dried to reduce moisture content. Some 

mercury emissions may be released during drying, either as gaseous mercury or as particulate matter. 

2.1.2 Smelting 

Two main processes exist for smelting lead concentrates. The traditional process consists of first sintering the blended 

lead concentrates to remove sulfur and produce lead oxide. The lead oxide sinter product is then fed to a blast furnace 

where, using coke, it is reduced to lead bullion.  

The second, more recently developed process, is the direct smelting of lead concentrates (also known as flash 

smelting). In direct smelting, the oxidation and reduction of the lead occurs within a single furnace. Heat released by 

the oxidation of sulfur in the concentrate drives the subsequent reduction reaction to produce lead bullion by the use 

of coal. Compared to the sinter-blast furnace smelting process, direct smelting uses less energy and generates lower 

levels of air emissions due to better sealing and capture of off-gas. 

The off-gas from the sintering or direct smelting process contains particulate matter, sulfur dioxide, mercury and other 

impurities. The off-gas must be sent for gas cleaning prior to sulfuric acid production. 
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2.1.3 Refining 

The lead bullion is refined through several stages of pyrometallurgical treatment to remove other metals and 

impurities. During the drossing stage, lead bullion is cooled in a kettle until a dross forms on the surface. The dross, 

containing lead oxide and other metals, is skimmed off and treated elsewhere to recover the metals. The lead bullion 

is further refined by adding various reagents at different stages to remove specific metal impurities. The final pure 

lead can be cast into specific shapes or mixed with other metals to create alloys. Alternatively, lead refining can be 

carried out using an electro-refining technique, producing pure lead cathodes. It is not expected that significant 

emissions of mercury would occur during refining. 

2.1.4 Sulfuric acid plant 

Smelter, or sintering plant off-gas, is treated to remove particulate matter and most metals, including mercury, using 

gas cleaning devices such as scrubbers and ESPs. If the gas still contains significant mercury, it then undergoes a 

mercury removal stage which removes the element as a waste. The management of mercury-containing materials, 

including storage, disposal and trade, should be consistent with other relevant articles of the Convention. 

Following mercury removal, the gas contains a high concentration of sulfur dioxide, which is usually converted into 

sulfuric acid in an acid plant. Any remaining mercury will be contained in the acid. Commercial grades, however, 

typically specify a mercury concentration of less than 1 ppm in the acid, so effective mercury removal is required 

prior to the acid plant. The emissions from the final stack are expected to contain trace concentrations of mercury. 
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Figure 1. Processes in primary lead production 
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2.2 Process steps in zinc production  

The primary zinc production process consists of five main stages: concentrate blending; roasting or sintering and 

smelting; leaching and purification; electro-winning; and melting and alloying. A schematic representation of the 

process is presented in Figure 2. Mercury is liberated mainly during the roasting process and must be captured to 

minimize mercury emissions from the final stack. 

2.2.1 Blending, roasting and dust recovery 

A schematic representation of the process steps in zinc production is presented in Figure 2. For commercial and 

logistical reasons, each zinc refinery will purchase zinc concentrates from several different mines. The mercury 

content from an individual mine can vary between 1 and 200 ppm but may range as high as 1,000 ppm. The key to 

smooth, environmentally managed and efficient operations is to ensure that all impurities, including mercury, are fed 

into the zinc process at a controlled rate. Blending is a well-established feed preparation process to mix concentrates 

of different quality. This prevents unexpected surges of impurities that can cause process or environmental upsets or 

lead to product quality problems. 

Zinc concentrates are roasted by injection into a fluidized bed furnace at 950 °C where sulfides are transformed 

(roasted) into oxides and SO2 gas. To avoid diffuse emissions, the furnace is operated under negative pressure. 

Virtually all mercury compounds present in the concentrates will vaporize in this furnace. Dust, also called particulate 

matter, is recovered from the gas stream. This dust goes to the leaching section, along with the zinc oxides from 

roasting. The gas flows to the gas cleaning stage. 

Alternatively, in the Imperial Smelting process, zinc concentrates or bulk concentrates containing zinc and lead are 

first sintered, then smelted in an Imperial Smelting Furnace (ISF) (Morgan 1968). 

2.2.2 Gas cleaning 

In the wet gas cleaning, the last traces of dust are removed using particulate matter abatement devices, such as 

scrubbers and ESPs. Wastewater from this gas cleaning contains mercury and other heavy metals and is treated in a 

wastewater treatment plant or is injected into the roasting furnace to maximize mercury collection via the dedicated 

mercury removal process. Different types of mercury removal processes exist and are described below. These specific 

mercury removal units reduce mercury concentrations to low levels. The output of this mercury removal process is a 

mercury concentrate. Some 50ï90 per cent of the total mercury input ends up in this concentrate.  
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Figure2. Processes in primary zinc production 

2.2.3 Sulfuric acid plant 

After mercury removal, the SO2 from the gas is transformed into sulfuric acid. Approximately 90 per cent of the 

residual mercury in the gas stream will be trapped in the acid. To comply with commercial grades of sulfuric acid, 

mercury concentration in the acid should be less than 1 ppm. Less than 2 per cent of the total mercury input ends up in 

the sulfuric acid. The mercury emission from the stack where controls are in place is typically less than 0.1 ppm or 

less than 100 µg/Nm³ and represents less than 0.25 per cent of the mercury input. 
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2.2.4 Leaching 

In the leaching step, the oxidized zinc concentrate (known as ñzinc calcineò), is dissolved in acid. The solution is 

purified by cementation on zinc metal dust (powder), containing no mercury and sent to the electrolysis plant to 

recover zinc metal. Other metals ï e.g., copper, cadmium, lead, silver, cobalt and nickel ï are recovered in separate 

fractions and further refined in other plants. A final leach residue, containing mainly iron in the form of jarosite, 

goethite or hematite, lead sulfate and silicates, will require management consistent with relevant articles of the 

Convention. Often the leach residue, which may contain some mercury, is recycled to a lead smelting process. 

In the leaching process, there may also be a direct feed of unroasted mineral concentrates which do contain mercury. 

The input of unroasted concentrates in the leaching process is typically about 10 per cent of the total concentrate input 

but can increase to as much as 50 per cent when direct leaching is applied. Mercury from these unroasted concentrates 

ends up in the leach residue as a nearly insoluble mercury sulfide. Since mercury is not dissolved, there is no emission 

to air in the leaching process. Depending on the amount of unroasted concentrate present in this process step, some  

5ï50 per cent of the mercury input will end up in this leach residue. 

2.3 Process steps in copper production 

Primary copper can be produced by pyrometallurgical or hydrometallurgical processes. Approximately 20ï25 per cent 

of primary copper is produced by hydrometallurgical technologies such as leaching of oxide type ores. The remainder 

of primary copper production uses the pyrometallurgical process. Since the hydrometallurgical process does not 

involve roasting or smelting, these processes are not covered by Annex D of the Minamata Convention and are, 

therefore, beyond the scope of this guidance document.  

The copper ores that require processing through the pyrometallurgical process are sulfidic. When the 

pyrometallurgical process is used, any mercury present in the concentrate will be liberated primarily during 

concentrate smelting and matte converting into the process gas. Depending on the temperature of the dryers used, 

mercury may also be emitted during the drying process for facilities which use a concentrate dryer.  

A schematic representation of various parallel pyrometallurgical processes in copper production is presented in  

Figure 3: 

¶ Roasting, smelting and converting 

¶ Smelting and converting 

¶ Direct to copper smelting  

2.3.1 Concentrate drying  

The pyrometallurgical process starts with the blending of concentrates and fluxes to produce a stable and 

homogeneous feed, especially when processing concentrates with varying concentrations of copper or impurities. For 

flash smelting vessels, the blended concentrates then undergo drying to reduce moisture content. At this stage the 

concentrate is dried to 0.2 per cent moisture, usually using rotary, multicoil or fluidized bed dryers, operating at an 

outlet temperature ranging from 100 °C to 200 °C. Dry concentrate is then sent to smelting vessel and dust from the 

dryer process gas is removed in baghouses or ESPs. For facilities using IsaSmelt or similar technologies, the 

concentrate blend is not dried prior to introduction to the smelting vessel and conversion to a molten matte-slag 

mixture.  

2.3.2 Roasting 

Older technologies may still be used where concentrates are roasted prior to smelting. In facilities conducting this 

process, the blended concentrates are first roasted to convert the copper sulfides to oxides before treatment in the 

smelter. The roasting process gas, which contains sulfur dioxide and some mercury, is treated using scrubbers and 

ESPs to remove particulate matter. The gas is then sent to the acid plant. 

2.3.3 Smelting 

Once dried, the blend of concentrates and fluxes is smelted to produce a matte (or less frequently to blister copper), 

usually in an oxygen-enriched atmosphere in a smelting furnace. Several types of copper smelting processes exist 

which include flash smelting and bath smelting. Another process, not shown in figure 3, involves a multi-furnace 

continuous smelting and converting stage, which produces blister copper. 

In particular, flash smelting is widely used, as it is an efficient technology whereby the heat released from the 

oxidation of the sulfide minerals drives the smelting process. In addition to producing the matte (or, less frequently, 

blister copper), the smelting produces a slag. The operating temperature of the furnaces is 1230ï1250 °C. At this 

temperature, elemental mercury and mercury sulfide compounds will be completely volatilized. The process gas is 

captured and sent to the gas cleaning system. 
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2.3.4 Converting 

For smelting processes that produce a copper matte, the matte is then transferred to the next stage in the process: 

converting of matte or copper alloy (produced from the cleaning of what is known as ñdirect to blisterò smelting slag) 

to blister copper. A by-product of this process is the production of converter slag, which is reprocessed to recover 

copper in a slag cleaning furnace or returned to the smelting furnace. Process gas generated from the converters 

undergoes particulate matter removal and is finally mixed with the gases from the smelting furnace before entering 

the gas cleaning system of the sulfuric acid plant. 

2.3.5 Refining and casting 

Blister copper is then refined in anode furnaces, mainly to eliminate oxygen, sulfur and trace contaminants. The 

process gas generated in the anode furnaces is treated in a wet scrubber and then in a wet ESP or in a baghouse. 

Refined copper is cast into anodes. The final stage of copper production is electro-refining of anodes to copper 

cathodes containing more than 99.995 per cent of copper.  

2.3.6 Slag cleaning  

The molten slag produced in the smelting furnace and converters may be treated in an electric slag cleaning furnace to 

recover copper and other valuable metals contained in the slag. This produces a high grade matte which is transferred 

to the converters. The final slag may be granulated with water. The slag is either sent for disposal or used as an 

aggregate material.  

In processes conducting direct smelting to blister copper, slag cleaning can produce copper alloys, which are sent to 

the smelter for reprocessing in converters. 

Alternatively, instead of treatment in a slag cleaning furnace, slag cleaning can be carried out using mineral 

processing techniques. After slow cooling, the slag is crushed, milled and processed through flotation. A concentrate 

containing copper is produced and returned to smelting.  

2.3.7 Sulfuric acid plant 

Smelting and converting process gases are directed to the gas cleaning section of the sulfuric acid plant. The process 

gas is first cooled and treated to remove particulate matter, metals and acid mist using gas cleaning devices such as 

scrubbers and wet ESPs. During gas cleaning, the gas is cooled down to 35ï40 °C. Most of the mercury coming from 

the smelter is removed at this stage by the three following mechanisms:  

A portion of the mercury reacts to form solid mercury sulfate, which is removed as a sludge. 

Elemental mercury is condensed by rapid quenching and cooling in scrubbers and packed cooling towers. 

Selenium present in the copper concentrates is liberated in the smelting and converting processes and is contained in 

the smelter process gas as selenium oxide. Selenium oxide dissolves in the weak acid scrubbing solution and is 

immediately reduced by sulfur dioxide to form red selenium, which reacts with the elemental mercury to form solid 

mercury selenide (HgSe). Mercury selenide is a compound of extremely low solubility in water, stable in acidic 

conditions.  

Following gas cleaning, specific mercury removal technology may be required before acid production to remove any 

remaining mercury in the process gas to meet commercial standards. The emissions from the final stack are expected 

to contain trace concentrations of mercury. The management of mercury-containing residues and sludges resulting 

from gas cleaning or mercury removal processes, including storage, disposal and trade, should be consistent with 

other relevant articles of the Convention. 
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Figure 3. Processes in primary copper production 

2.4 Process steps in gold production 

Some gold ores require pretreatment before leaching while other ores can be leached directly. This section will focus 

on those ores that require roasting as a pretreatment to leaching, since Annex D to the Minamata Convention covers 

roasting. An overview of the processes involved is given in Figure 4. 

2.4.1 Roasting 

Ground gold ore, typically containing mercury at 0ï100 ppm, is fed into the roaster. Roasters operate at 500ï600 °C, 

the heat being used to oxidize both the sulfur and the carbon from the ore so that the gold can be leached and 

 














































