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1.0 Methodology for Estimating Time-Varying Emission Factors 38 
 39 

This section is adapted from previous published documentation [1,2] of the methods used for 40 

the determination of sector-specific Hg emission factors over time (shown here from 1850 to the 41 

present). Figure 1 presents a conceptual diagram of the methodology used to estimate the time 42 

variation of Hg emissions to the environment for source types that involve combustion or metal-43 

extraction techniques. The total Hg that is released in the combustion of a ton of coal or the 44 

production of a ton of silver, for example, is constrained by the Hg content of the raw coal or the 45 

silver ore. The relationship between these parameters determines an upper bound on the amount 46 

of Hg that can have been released in the all-time combustion of coal or the production of silver. 47 

 48 
Figure 1. Conceptual diagram of the methodology used to estimate the time-varying 49 
composition of Hg releases to air and land/water per unit of fuel combusted or metal produced, 50 
as a function of the Hg content of the raw material (gray dashed line), the increased penetration 51 
of emission control technologies and waste treatment systems over time (solid blue line), and the 52 
recent trend toward capturing and re-using Hg (solid red line). 53 
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The partitioning of emissions between air, land, and water is driven largely by the 54 

implementation of emission control technology. Before 1900 there were few attempts to limit air 55 

pollution, and so the release of Hg to the air was at a maximum per unit of activity. As time went 56 

on, there was a transition from old, small-scale, uncontrolled processes to modern, large-scale 57 

industrial processes with emission controls, and therefore the air emissions per unit of coal 58 

combusted or silver produced declined (Figure 1). Consequently, more Hg was released to land 59 

and water. The production of desirable materials has increased continuously, but at the same time 60 

process technology has improved and pollution controls have been adopted, so the resulting level 61 

of Hg releases at any given time is determined by competition between production growth and 62 

technology improvement. The partitioning between air and land/water is similarly determined. 63 

We use the following transformed normal distribution function to estimate the change of air 64 

emission factors over time and hence the boundary between air and land/water emissions, as 65 

shown in Figure 1: 66 
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where 68 

yr,p,t =   air emission factor in region r for process p in year t (g Mg-1); 69 

ar.p =   pre-1850 emission factor (g Mg-1) in region r for process p; 70 

br,p =   best emission factor achieved in region r for process p today (g Mg-1); and 71 

sr,p =   shape parameter of the curve for region r and process p. 72 

 The use of such sigmoid curves to simulate the dynamics of technology change has been 73 

previously applied to energy and emission control technology, carbon sequestration, and 74 

automobile technology. By selecting values of the parameters a, b, and s to correspond to the 75 

known or inferred time development pathway of relevant technologies, we can estimate the value 76 

of emission factor y at any point in time t. 77 

 Figure 1 shows that the Hg not directly released to air is composed of Hg remaining in the 78 

waste left over from the extraction and processing of the raw coal or ore, Hg left in discarded 79 

bottom ash and slag during the combustion/smelting process, and Hg contained in fly ash that is 80 

collected at the facility. Historically, and still today to some extent, these waste products have 81 
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accumulated at sites contaminated by Hg such as waste piles, storage ponds, and adjacent rivers. 82 

In recent years, greater efforts have been taken to secure these wastes in controlled landfills, to 83 

recycle the Hg and to re-use the collected wastes (in products such as cement, gypsum, and 84 

sulfuric acid), as indicated in Figure 1. The total Hg released to land/water can be calculated by 85 

subtraction of the air emissions from the total Hg content of the raw or processed material, by 86 

direct calculation of the amount of collected fly ash, or by the ratio of air to land/water releases. 87 

 Figure 2 illustrates the use of this technique for estimating atmospheric Hg emission factors 88 

for copper smelters (the solid blue line in Figure 1). We have divided the world regions into five 89 

distinctive types to represent different emission factor trajectories. Each world region is 90 

comprised of countries with similar levels of technology development, ranging from most 91 

developed (Region 1) to least developed (Region 5). Emission factors for each world region were 92 

determined from a review of reported emission rates in representative countries and used to 93 

anchor each trajectory [1]. The Supporting Information for Reference 1 presents and documents 94 

emission factor ranges for each industrial activity for 1850, 1930, and 2008 and provides 95 

citations for the studies used in the development of the emission factor curves. 96 

 97 

Figure 2. Time development of Hg emission factors for copper smelters in five world regions. 98 
Each world region is comprised of countries with similar levels of technology development. 99 



5 

 

References 100 
 101 
[1]  Streets, D.G., Devane, M.K., Lu, Z., Bond, T.C., Sunderland, E.M., Jacob, D.J., 2011. All-102 

time releases of mercury to the atmosphere from human activities. Environ. Sci. Technol. 103 
45 10485–10491 104 

 105 
[2]  Streets, D.G., Horowitz, H.M., Jacob, D.J., Lu, Z., Levin, L., ter Schure, A.F.H., Sunderland, 106 

E.M., 2017. Total mercury released to the environment by human activities. Environ. Sci. 107 
Technol. 51 5969–5977  108 



6 

 

2.0 Decadal Mercury Emissions Data by Major Source Regions, 1510–2010 109 
 110 

(A)   1510–1600 111 
 112 
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(B)  1610–1700 115 
 116 
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(C)  1710–1800 119 
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(D)  1810–1900 123 
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(E)  1910–2010 127 
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