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A.I. INTRODUCTION 

F o r t h e  l a s t  several decades the combustion o f  f o s s i l  fue ls  has been the 

major source o f  anthropogenic emissions o f  oxides o f  s u l f u r  ( S O )  t o  the 

atmosphere ( C u l l i s  and Hirschler ,  1980, Logan, 1983, Saeger, e t  a7., 1989, 

V i r he l y i ,  1985, Wagner, e t  a7., 1986). Coal combustion, espec ia l l y  i n  l a rge  

e l e c t r i c  and heat power plants,  and combustion o f  r es i den t i a l  f ue l  o i l  are 

responsible f o r  most o f  the emissions. 

The s u l f u r  content o f  fuels, espec ia l ly  i n  coal, i s  a  major f ac to r  

a f f e c t i n g  SOx emissions. This content i s  extremely var iable,  ranging from 

l ess  than 1% t o  about 9%. On average, from 5 t o  15% o f  the s u l f u r  i n  fue ls  

used i n  e l e c t r i c  and heat generating power p lants  i s  re ta ined i n  bottom and 

f l y  ashes. Various types o f  f l u e  gas desu l fu r i za t ion  (FGD) con t ro l  devices 

are used t o  remove SOx from the exhaust gases, predominantly i n  power p lan ts  

i n  the United States, Canada, Western Europe, Japan and Aust ra l ia .  Crude 

petroleum i s  a1 so extremely va r iab le  i n  the s u l f u r  content, ranging from 0.3 

t o  2%, depending on the l oca t i on  o f  the petroleum f i e l d .  I n  the r e f i n i n g  

process, most of the s u l f u r  i n  the crude o i l  may be recovered; what i s  not  



recovered remains mainly in the residual 

sulfur-containing materials (e.g., roast 

oil fraction. 

ing of ores, s 

the production of sulfur compounds (e.g., sulfuric acil 

The processing of 

intering plants, etc.), 

d manufacturing), and 

the use of sulfur compounds to produce other industrial goods (e.g., cellulose 

production) generate large amounts of SOx. Although most of this sulfur may 

be recovered, not all installations do so; the sulfur that is not recovered is 

re1 eased to the atmosphere. 

A. 2. GLOBAL ANTHROPOGENIC SULFUR EMISSIONS IN 1985 

A global inventory of SOx emissions from anthropogenic sources for circa 

1985 was compiled by an international group under the umbrella of the Global 

Emissions Inventory Activity (Benkovi t z  and Graedel , 1992) of the 

International Global Atmospheric Chemistry Programme (Gal bal ly, 1989). In 

order to make the inventory useful for modeling atmospheric transport, 

transformation and removal the emissions were allocated to a I *  x I* 

longi tude/l ati tude grid. A gridded global "default" inventory was selected 

and more accurate gridded and updated regional and national inventories and 

surrogate information were eval uated and used i f appropriate. The regional 

inventories used include the regional inventories for the United States and 

Canada to 60Â° compiled by the National Acid Precipitation Assessment Program 

( NAPAP) (Saeger, et al., 1989), EMEP and CORINAIR85 for Europe (Bouscaren, 

1992, Sandnes and Styve, 1992), Kato and Akimoto (1992) and Tonooka (personal 

communication, 1993) for Asia, Carnovale (1992, Horseman and Carnovale, 1989) 

for Austral i a, and Loyd (personal communication, 1993) for South Africa. SOx 

emissions for other regions of the globe were taken from a "default" inventory 

which was based on the work by Spiro et a?. (1992) updated to 1985. Diagrams 



of the relationship between the default inventories and the regional 

inventories used are presented in Figure 1. The work and results are 

described i n  Benkovitz et  a7. (1996) ; the resulting inventory has been 

designated Version 1A and is intended to serve as a basis for modeling and 

re1 ated activities by the international scientific community. 

Global population density maps for 1985 were prepared on a I* x 1' 

longi tude/l ati tude grid by Logan (J. Logan, Harvard University, manuscript in 

preparation, 1995). Each grid cell is labeled with the country (or water 

area) occupying the major fraction of the area of the cell. The urban popula- 

tion of each country was assigned to specific locations using the longitude/ 

latitude of large cities from Rand McNally (1987), scaling the city 

populations by the ratio of the urban population to the Rand urban population 

for each country. The remaining population was distributed over the habitable 

areas of each country, using a digital data base developed at the NASA Goddard 

Institute for Space Studies (Lerner, et a 7 . ,  1988) for the purpose of locating 

animals. These population density maps were used as surrogates to allocate 

the default inventory to the lo x 1' grid and to aggregate the gridded 

emissions to the per country basis needed for this work. The regional 

inventories that were received in gridded format may have used additional 

surrogates to allocate the emissions to the lo resolution grid; therefore, a 

small uncertainty is introduced in the per country emissions obtained from 

aggregating the final gridded inventory using the Logan country code 

identifiers. This uncertainty is smaller than the uncertainties associated 

with the emissions estimation. 

Table A. 2.1 presents the per country estimates of anthropogenic sulfur 

emissions in 1985 aggregated from the GEIA Version 1A inventory. Global 



emissions t o t a l  i s  65.1 Tg S y"'. Emissions are s t rong ly  l oca l i zed  i n  the 

h i gh l y  populated and i ndus t r i a l i zed  regions i n  Eastern North America, and 

across Europe from the United Kingdom over Central Europe t o  the Donbas region 

i n  Russia. Outside these areas are smaller regions o r  hot  spots w i t h  qu i t e  

1 arge emissions, e i t h e r  i n  connection w i t h  densely populated areas w i t h  

developed indust r ies ,  o r  i n  connection w i t h  exp lo i t a t i on  o f  f ue l s  o r  mineral 

reserves. Figure 2 summarizes the 1 a t i  tud ina l  d i s t r i b u t i o n  o f  the  emissions; 

the increase i n  emissions a t  l a t i t u d e  -68'N i s  due t o  non-ferrous metal 

smelter operations i n  the Kola Peninsula. 

A.3. GLOBAL ANTHROPOGENIC SULFUR EMISSIONS IN  1990 

A.3.1 Method01 ogy and Data Sources 

A global  inventory  o f  anthropogenic s u l f u r  emissions f o r  1990 i s  being 

developed as a co l  1 aborat i  ve e f f o r t  between RIVM, B i  1 thoven, The Nether1 ands, 

IMW-TNO, De l f t ,  The Netherlands and Brookhaven National Laboratory, Upton, NY, 

USA. The Dutch e f f o r t  i s  pa r t  o f  the Emission Database f o r  Global Atmospheric 

Research (EDGAR) p ro j ec t  (Baars, e t  a ] . ,  1991, Berdowski, 1992, 01 i v i e r ,  e t  

a ] . ,  1994). This sect ion describes the methodologies and data sources used t o  

compile an i n i t i a l  vers ion o f  the inventory. Addi t ional  work i s  i n  progress 

t o  r e f i n e  these estimates using more accurate regional  inventor ies.  

Anthropogenic su l fu r  sources were d iv ided i n t o  fou r  main source 

categories: f o s s i l  f ue l  combustion ( inc lud ing  peat), b io fue l  combustion, 

i n d u s t r i a l  processes, and land use. Calculat ions were performed on a per 

country basis and aggregated t o  13 major world regions/countries, as shown i n  

Table A.3.1. l a .  Fossi 1 f ue l  and b io fue l  combustion ca lcu la t ions were done on 

a per sector  basis, i n  which the fo l low ing  sectors were dist inguished: 



industry, commerci a1 , residential, other sector, power generation, other fuel 
transformation sector (predominantly coke production and refineries) , 
transportation (excluding marine bunkers), and international shipping. The 

definition of these sector largely follow the sectoral definitions used by the 

IEA and are summarized in Table A.3.1.1b. Industrial processes consist of 

metal production (copper, zinc, lead, iron, steel) and the production of 

sulfuric acid (H2S04). Land use emissions relate to large scale biomass 

burning (deforestation and savannah burning) as well as local fires 

(agricultural waste burning). 

To illustrate the general methodology and data sources used to develop 

the emissions estimates, a detailed description of the methodology used to 

estimate the emissions from the smelting of non-ferrous metal s fol lows. 

A.3.1.1. Smelting of Non-Ferrous Metals 

Smelting of copper (Cu), lead (Pb), and zinc (Zn) are the main 

metallurgy industries contributing to sulfur emissions, with Cu the largest 

contributor. Some of the sulfur in the emissions from these industries is 

recovered; what is not recovered is released to the atmosphere. The following 

paragraphs describe how sul fur emissions from- primary and secondary copper, 

lead and zinc smelters were estimated. 

The production of copper, lead and zinc for each country was obtained 

from UN statistics (United Nations, 1992). Emission factors for these 

processes were computed assuming a simple stoichiometric relationship to give 

the release of sulfur dioxide (SO,) in t(S)/t(metal) (Kato and Akimoto, 1992) ; 

AP-42 (U.S. Environmental Protection Agency, 1985) and the work of Spiro et 

a l .  (1992) were also used as sources for the emission factors. For each 
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country the gross emissions for  each metal were calculated by the sum of the 

product of the UN production figures and the appropriate primary and secondary 

emission factor.  

The Minerals Yearbook pub1 i shed by the US Bureau of Mines (U.S. 

Department of the Inter ior ,  1992) presents information on the countries which 

recover sulfur  from industrial  ac t iv i t i e s .  For the majority of countries 

l i s t e d  the yearbook presents reported values for  the sulfur  recovered from 

primary metal production; fo r  some countries the recovery values a re  

estimated. For some countries the sulfur recovered was tabu1 ated according t o  

the industrial  processes (metallurgy, o i l  and gas, e tc )  from which i t  was 

recovered;' t h u s  recovery from metallurgy was exp 

countries the values presented were for  total  su 

sources. 

For countries where the sulfur  recovered 

in the Minerals Yearbook (U.S. Department of the 

l i c i t l y  given. For other 

1 fur  recovered from a1 1 

from metal 1 urgy was included 

In ter ior ,  1992) t h i s  recovery 

was allocated to  copper, lead and zinc smelting proportional t o  the gross 

emissions from primary production of each metal. The countries where the 

sulfur  recovery was not allocated t o  the various industrial  processes included 

China, North Korea, New Zeal and, Pakistan, Taiwan, Zimbabwe, Qatar ,  and 

Turkey. With the exception of China, North Korea, and Turkey, metal smelting 

i s  not included i n  a country's industrial  processes. For Turkey, the Minerals 

Yearbook specif ies  the sulfur  recovered from petroleum sources; the recovery 

1 abel ed 'other sources' was assumed t o  be from metal 1 urgy . 
The su l fur  recovery per unit of total  o i l  refining and gas production in 

Asia and the Pacific regions was computed. In these regions, only Australia, 

Japan, and India have metal smel t e r s ;  the regional average recovery ra te  



(ton/PJ) was ca lcu la ted using the values f o r  these three countr ies.  The 

s u l f u r  recovered from the o i l  and gas indus t r ies  i n  China and North Korea was 

estimated using the  average recovery r a t e  and each country 's r e f i n e r y  

throughput f igures. Subtract ing t h i s  value from the t o t a l  sul  fu r  recovered 

y i e l d s  the recovery from metal lurgy. 

For each country, the s u l f u r  recovered from metal product ion i s  

subtracted from the gross emissions f o r  t h i s  category t o  ob ta in  the net  

emissions. 

For some countr ies the net  s u l f u r  emissions ca lcu la ted were negative. 

For count r ies  which had e x p l i c i t  data f o r  s u l f u r  recovery from metal lurgy i n  

the Minerals Yearbook (U.S. Department o f  the I n t e r i o r ,  1992), reasons f o r  the 

negative values might be: a) an incomplete t ime ser ies o f  estimated metal 

production values might r e s u l t  i n  an underestimation o f  the metal production 

and thus of gross emissions; b) the s u l f u r  content o f  ores used i n  the 

i nd i v i dua l  count r ies  may have been higher than the s to ich iometr ic  r a t i o  on 

which the emission fac to rs  were calculated, thus underestimating gross 

emissions; c)  the s u l f u r  recovery from 'Metal lurgyt might have been re l a ted  t o  

a group of a c t i v i t i e s  l a rge r  than primary metal production (i.e., i t  may a lso 

inc lude recovery from secondary production o f  these metal s) ; and d) an e r r o r  

may have occurred i n  e i t h e r  metal production and/or s u l f u r  recovery data. 

Negative emissions were obtained i n  India,  Mexico, North Korea, the  

Nether1 ands, and the Phi 1 i ppi nes . Regi onal NET emi ss i  on fac to rs  were computed 

based on the n e t  emissions and production f i gu res  f o r  a11 other  countr ies;  the 

appropr iate regional  f ac to r  was appl ied t o  estimate the net  emissions d i r e c t l y  

i n  those count r ies  where emissions estimates had resu l ted  i n  negative values. 

For count r ies  which d i d  not  have e x p l i c i t  data f o r  s u l f u r  recovery from 



metallurgy in the Minerals Yearbook (U.S. Department of the Interior, 1992) 

the negative values could be due to: a) derived estimates for sulfur recovery 

from oil  and gas and/or for recovery from metallurgy that were very different 

from the values used; or b) same reasons presented in the preceding paragraph. 

For these countries, regional recovery rates per unit ref i ni ng/product i on were 

calculated for sulfur recovery from oil refining and gas and then applied to 

the oil  and gas production d a t a  t o  yield the oil  and gas recovery. 

Subtracting this  number from the total sulfur recovery yielded metallurgy 

component. For a subset of these countries the sulfur recovered from oil  and 

gas exceeded the total sulfur recovered. For these countries, a regional 

sulfur recovery rate for metallurgy was computed f i r s t .  If th i s  estimate was 

smaller than the total sulfur recovery for the country, the difference was 

taken to be the sulfur recovered from oil and gas industries. If the estimate 

was larger than the total sulfur recovery, al l  the recovery was assumed to  be 

from metallurgy and net emissions were adjusted accordingly. 

Some of the sulfur recovered i s  used for the production of sulfuric acid 

(H2S04); a small fraction of th is  sulfur i s  not converted into H2S04 b u t  i s  

emitted into the atmosphere. Kato and Akimoto (1992) estimate that between 2 

and 5% of the sulfur input i s  emitted t o  the atmosphere; th is  amount depends 

upon the efficiency of the conversion t o  SO,. AP-42 (U.S. Environmental 

Protection Agency, 1985) presents a linear relationship to determine the 

emission factor of the SO, from sulfuric acid plants as a function of the 

above conversion. Kato and Akimoto (1992) quote 98% conversion efficiency for 

Japan, 97% for South Korea and 95.5% for the other Asian countries; these 

figures take into account the difference in the efficiency of plants and the 

fuel gas emission control. A similar high conversion efficiency of 98% can 



also be assumed fo r  most of the countr ies i n  western Europe, for  the US and 

f o r  Canada. The su l f u r i c  ac id  production was obtained from the UN s t a t i s t i c s  

(United Nations, 1992) and the emissions from su l f u r i c  ac id  production were 

calculated. These values were added t o  the net  emissions from metal lurgy t o  

g ive  t o t a l  s u l f u r  emissions from t h i s  sector. 

A.3.2 Emissions i n  the United States, Canada and Western European 
countr ies.  

The methodologies used t o  develop these i n i t i a l  estimates do not  account 

completely for  the h igh l eve l s  o f  emissions cont ro l  t h a t  are i n  e f fec t  i n  the 

i n d u s t r i a l  ized areas o f  the world. Therefore, data from the fo l low ing  

inventor ies  should be considered more appropriate f o r  the geographic areas 

covered: f o r  the United States the U.S. Environmental Protect ion Agency (EPA) 

1990 I n te r im  Inventory (1993); f o r  Canada the inventory compiled by the 

Pol 1 u t i o n  Data Analysis D iv i s ion  o f  Environment Canada (M. Desl auries, 

personal communication, 1995) ; f o r  European countr ies the CORINAIR 90 

inventory  (G. Mclnnes, European Environment Agency, personal communication, 

1995) ; and the inventory prepared f o r  the Long Term Ozone Simulat ion Model 

(LOTOS) (Berdowski and Zandveld, 1995). The European inventor ies  do not 

inc lude the same countr ies; i n  the areas where they overlap the  d i f f e r e n t  

estimates are cu r ren t l y  being studied. 

Aa3.3. Ini ti a1 Results 

An ove ra l l  summary o f  the 1990 global  SO, emissions from anthropogenic 

a c t i v i t i e s  by main source category and sector i s  presented i n  Table A.3.3.la. 

Table A.3.3.1b presents emissions on a by-country basis. This t ab le  also 

includes emission estimates from the regional  inventor ies  described i n  Section 
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3.3.2. I n  est imat ing the emissions from European countr ies the EDGAR and 

LOTOS systems addressed the pre-1990 countr ies, ( f o r  example, Czechoslovakia), 

wh i le  the CORINAIR90 addressed the post-1990 countr ies (Czech Republ i c  and 

Slovakia) ?1 Global t o t a l  emissions are estimated a t  75 TgS/year using the 

EDGAR values and a t  71 TgS/year using estimates from regional  inventor ies.  

The f o l  lowing studies were developed using the EDGAR estimates because 

the sectoral  reso lu t ions  needed were not  always ava i lab le  from the regional  

inventor ies.  The p r i nc i pa l  charac te r i s t i cs  o f  SO, emissions from 

anthropogenic sources are presented i n  Tab1 e A.3.3.2, where emissions are 

reported f o r  each main region and f o r  each main source category. Foss i l  f ue l  

combustion i s  the main con t r ibu t ing  source category, a t  almost 80% o f  the  

anthropogenic g loba l  t o t a l ,  w i t h  more than h a l f  o f  these emissions o r i g i n a t i n g  

i n  the USA, OECO Europe, the former USSR, and China regions. I n d u s t r i a l  

processes are the second la rges t  con t r ibu t ing  source category w i t h  15% o f  

g loba l  t o t a l ,  fo l lowed by land use a t  5% and b io fue ls  use a t  1%. I n  the La t i n  

America and A f r i c a  regions emissions from f o s s i l  fue l  use account f o r  l ess  

than 50% o f  the regional  t o t a l  due t o  the high con t r ibu t ion  o f  land use and 

i n d u s t r i  a1 emissions. Emissions from i ndus t r i  a1 processes are a1 so important 

i n  the Oceania region; emissions from land use also have a r e l a t i v e l y  h igh 

con t r i bu t i on  t o  regional  emissions i n  the I nd ia  region. 

Table A.3.3.3 SO, presents emissions from the f o s s i l  f ue l  use source 

category by sector  and region. The power generation sector  i s  the l a rges t  

con t r i bu to r  t o  emissions from t h i s  source category a t  48% o f  the  t o t a l  

fo l lowed by the  i n d u s t r i a l  sector  a t  25%. This i s  the r e s u l t  o f  the high 

consumption o f  coal i n  these sectors, making coal combustion the  highest 

con t r i bu to r  t o  emissions from foss i l  fue l  use source category. The aggregate 



s t a t i s t i c s  f o r  the 'Commercial ' , 'Residential ' and ' Otherf sectors are often 

not  we l l  separated; t h i s  could r e s u l t  i n  the r e l a t i v e l y  low con t r ibu t ion  from 

these three sectors t o  the emissions from the f oss i l  f ue l  use source category. 

About 70% of g loba l  emissions from the f o s s i l  f ue l  use source category 

o r i g i na te  i n  four regions: USA, OECD Europe, former USSR and China. The China 

reg ion cont r ibutes about 30% o f  the global  emissions from i n d u s t r i a l  use o f  

f o s s i l  f ue l s  and over 50% t o  the global  emissions from res iden t i a l  use o f  

f oss i l  f ue l .  Due t o  the high consumption o f  coal and/or the h igh e f f e c t i v e  

emission f ac to r s  for  coal combustion, the power generation sector  cont r ibutes 

60 t o  70% o f  the t o t a l  regional  emissions f o r  t h i s  source category i n  the 

Canada, USA, Eastern Europe, and Oceania regions. Coal consumption i n  the 
.. - 

i n d u s t r i a l  and res i den t i a l  sectors i n  the China region i s  r e l a t i v e l y  high; 

these sectors con t r ibu te  about 40% and 15% respect ive ly  o f  the regional  

emissions from the f o s s i l  fue l  use source category. For the I n d i a  and Japan 

regions the t ranspor ta t ion  sector  has a r e l a t i v e l y  h igh con t r i bu t i on  o f  about 

15% t o  the regional  emissions from the f o s s i l  fue l  use source category, which 

i s  probably the r e s u l t  o f  h igh coal consumption i n  r a i l  t ranspor t .  The use o f  

heavy f ue l  o i l s  w i t h  h igh s u l f u r  content as marine bunker f ue l s  predominates 

over o ther  fue ls ;  combustion o f  these f ue l s  accounts f o r  about 5% o f  the 

g loba l  emissions from the f ue l  use source category. I n  the Middle East and 

East Asia regions marine bunkers con t r ibu te  a r e l a t i v e l y  high  15% t o  the 

regional  emissions from f o s s i l  fue l  use, the r e s u l t  o f  a very h igh consumption 

o f  bunker f u e l  i n  the  United Arab Emirates and Singapore. 

B io fue l  combustion i s  only a minor source compared t o  the other three 

main source categories. Table A.3.3.4 presents the d i s t r i b u t i o n  o f  emissions 

from t h i s  category by sector and by region. The t o t a l  g lobal  energy output 



from biofuels has been estimated at 49.5 EJ (Hall et a l . ,  1994); about 78% is 

assumed to be used in the residential sector where fuel wood is the dominant 

type. The remaining 22% is related to industrial consumption, mostly in the 

form of wastes. We can clearly distinguish two groups of regions in the 

industrial and residential sectors using biofuel s, developed regions and less 

developed regions. Developed regions contribute at 1 east 80% to regional 

biofuel emissions. About 50% of the global emissions from biofuels originates 

from industry in the OECD Europe and USA regions (each about 25%), while 

residential emissions in the India and China regions together contribute 

another quarter (17% and 10%, respectively). The 58% relative contribution of 

the industrial sector to emissions from biofuel use is much higher than the 

fraction of biofuel consumption in this sector; the high contribution is the 

result of the higher emission factors for non-woody biofuels. For example, 

black liquor used in the Canada, OECD Europe and Oceania regions has a very 

high emission factor of 1000 g/GJ as compared with 5 g/GJ for fuel wood. 

Table A.3.3.5. presents emissions from the industri a1 processes source 

category by sector and region. More than 50% of emissions from this source 

category stem from primary and secondary copper production; the production of 

zinc contributes another 20% and the production of H2S04 contributes another 

15% to these emissions. Copper production in the Latin America, OECD Europe 

and the former USSR regions contribute about 30% of the emissions from the 

i ndustri a1 processes source category. Production of H2S04 accounts for 

approximately 50% of the regional emissions in the India region. Iron and 

steel, although regionally important as in the case of Japan, are minor 

sources of emissions from the industrial processes source category. Except 

for zinc production in the OECD Europe region, copper production in the USA 



and China regions, and z inc  and H2S0, production i n  the former USSR region, 

which con t r ibu te  about 5% each t o  the emissions from the i n d u s t r i a l  processes 

source category, the remaining emissions from t h i s  category are scat tered over 

various sectors and regions. 

Emissions from the land use sector, presented i n  Table A.3.3.6, stem 

from l a rge  scale biomass burning and ag r i cu l t u ra l  waste burning w i t h  a global  

r a t i o  o f  2/3 and 1/3. Biomass burning occurs predominantly i n  the  Af r ica  and 

- L a t i n  America regions, where deforesta t ion and savannah burning together 

con t r ibu te  about 40% and 20%, respect ively,  t o  g lobal  emissions from the land 

use sector. Approximately 35% o f  emissions from ag r i cu l t u ra l  waste burning 

o r i g i n a t e i n  the  I nd ia  and China regions. 

I n  general the d i s t r i b u t i o n  o f  g lobal  SO, emissions i s  1 arge ly  dependent 

on the l oca l  economic s t ruc tu re  and ava i l ab i l  i t y  o f  resources, whether i t  i s  

the use o f  coal, the production o f  metals, o r  regional  a g r i c u l t u r a l  pract ices.  

Although i n  a number o f  regions emission reduct ion technologies are  being 

appl ied t o  some extent  i n  the use o f  coal f o r  power generation, i n  the i r o n  

and s tee l  industry,  and i n  copper production, these sectors con t r ibu te  about 

66.7% o f  g loba l  SO, emi ssions from anthropogenic sources. 
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