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Reducing the Carbon and Sulfur Load
of the Atmosphere
Assessing Global Decarbonization and Desulfurization
and the Future of a Low-Carbon World
During the past century carbon and sulfur concentrations in
the atmosphere have increased steadily. Great efforts have been made
to lower human-related emissions: on a global scale we observe absolute
desulfurization but only relative decarbonization. Further reductions are
imperative, but it seems unlikely that the dependence on carbon will end soon.

Reducing the Carbon and Sulfur Load of the
Atmosphere. Assessing Global Decarbonization and
Desulfurization and the Future of a Low-Carbon World
GAIA 22/4 (2013): 255 – 262
Abstract
For more than a century human activities have been affecting two
key biogeochemical cycles, carbon and sulfur. Substantial declines
in average carbon intensity (carbon per gigajoule), especially in
Western countries, have not been translated into an absolute decline of global emissions, largely due to large emissions increases
in Latin America, Africa and, above all, in Asia. In contrast, global
desulfurization has taken place not only in relative but also in
absolute terms: we have seen not only lower sulfur intensities
per unit of liberated energy but substantial decline in total sulfur
emissions. We have accomplished this despite a massive increase
in global combustion of coal thanks largely to an effective technical
fix (flue gas desulfurization). There are no imminent prospects for
any major reductions in absolute emissions of carbon dioxide. In
view of climate change, this seems critical because the atmospheric behavior and the future levels of absorbed outgoing radiation
are indeed determined by the absolute atmospheric levels of the
gas, not by reductions of relative burdens per unit of product or
service. The next two decades will prove to be crucial.
Keywords
decarbonization, desulfurization, emissions, fossil fuels, hydrogen
economy, primary electricity, primary energy, sustainability
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ombustion of fossil fuels has been the most important cause
of increasing atmospheric concentrations of carbon dioxide
(CO2 ) and of the rising emissions of acidifying compounds, two
major components of global environmental change (Hester and
Harrison 2002, Mackenzie 2011). Carbon is the dominant constituent of phytomass (wood, crop residues) and fossil fuels (coals
and hydrocarbons). Its rapid oxidation is by far the largest source
of thermal energy released during combustion. And while wood
has a very low sulfur content, most coals, as well as many crude
oils and some natural gases, contain enough sulfur (commonly
one to two percent by mass) to produce relatively large amounts
of sulfur dioxide (SO2 ) (Smil 2008).
The first concerns about acidification of aquatic ecosystems
date to the late 1960s (Royal Ministry of Foreign Affairs 1971).
During the 1970s and the 1980s acid rain (more accurately acid
deposition, wet and dry) was commonly perceived as one of the
most challenging – as well as one of the most worrisome – environmental problems affecting both aquatic and terrestrial ecosystems and damaging human health and materials (Rhode 1989,
Smil 1997) (figure 1, p. 256). Subsequently, anthropogenic global
warming has emerged as the leading environmental challenge,
receiving an enormous amount of scientific and public attention
(IPCC 1990, 2007, Nordhaus 2008).
Concerns about human interference in global carbon and sulfur cycles have been translated into explicit efforts to lower the
atmospheric emissions of CO2 and SO2 . The eventual goal is to
supply all of the needed energy by a new system devoid of carbon
and sulfur. But our quest to lower these emissions predates the
concerns about global environmental change. I will show how a
combination of fuel substitutions and technical advances – pursued for a variety of reasons, ranging from economic advantages
to technical opportunities – has led to a significant relative decarbonization of modern energy systems on both national and global scales and, even more impressively, to absolute desulfurization
of the global energy system.
There are four fundamental strategies to reduce emissions of
CO2 and SO2 in any energy system: to use energy more efficient-
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ly, i. e., to derive more useful services (heat, light, motion) from
every unit of fuel and primary electricity; to burn fuels that contain less carbon and sulfur; to capture generated gases (CO2 and
SO2 ) before they are released into the atmosphere; and to rely
more on commercially available non-carbon energy conversions.
Using energy more efficiently is the most desirable general path
toward more rational energy futures. This option has received a
great deal of attention during the past four decades. In this brief
paper I will therefore focus on the other three specific options.
The substitution of solid fuels by hydrocarbons – the first option – has been the key process combining gradual decarbonization and desulfurization of modern energy supply: refined liquid
fuels and natural gases have higher shares of hydrogen than wood
and coal and lower shares of sulfur than most coals. Their combustion results in lower specific emissions of carbon and sulfur
per unit of liberated energy. In the past this transition has not
been driven by any explicit quest for decarbonization but rather
by a deliberate effort to introduce higher-quality fuels 1. that have
FIGURE 1: Combustion of fossil fuels has been one of the most important
causes of the rising emissions of acidifying compounds. The accelerated decay
of sculptures made of limestone and marble impressively demonstrates the
detrimental effects of acid rain.

higher energy densities which can be converted to useful energy
with higher efficiencies, 2. that are easier to handle, and 3. that
generate less particulate matter (soot, fly ash) per unit of energy.
In contrast, lower emissions of SO2 from hydrocarbons were often an important, even the dominant, consideration leading to
substitutions, first in order to improve air quality of cities whose
inhabitants suffered from exposure to classical (particulates and
SO2 ) smog, later in order to reduce acid deposition.
Post-combustion removal of CO2 – the second option – has
emerged as a possible (albeit very expensive) technical option during the 1990s, but the progress toward commercial carbon capture
and sequestration (CCS) has been slow (Metz et al. 2005, Global
CCS Institute 2013) (figure 2). Again, in contrast, installation of
the first flue gas desulfurization (FGD) units in large coal-fired
electricity-generating plants began during the late 1960s. By 1999
almost 30 percent of the United States (US) coal-fired electricitygenerating capacity had some sulfur emission controls. Today
FGD is a standard installation in all large power plants burning
sulfur-containing fuel (Hudson and Rochelle 1982, USEPA 2013a).
Most importantly, since 2000 China has far surpassed the US in
total FGD capacity: by 2009 McIlvaine’s inventory identified FGD
installed on 379 gigawatts of generating capacity compared to
only 130 gigawatts in the US (McIlvaine 2009).
Increasing reliance on non-carbon (and hence also non-sulfur) alternatives – the last approach – is an ancient option but traditional water wheels and windmills made only limited contributions (Smil 2008). Only modern primary (non-carbon-based) electricity generation has made a notable difference: hydroelectricity
has been generated on an increasing scale since the 1880s; geothermal plants made modest contributions since the early 20 th
century; nuclear fission entered during the late 1950s; wind turbines and solar photovoltaics began their ascent during the 1990s.
Compared to these conversions, geothermal and solar energy used
for water and space heating is a minor contribution. I will quantify the contributions of all of these shifts for the entire 20 th century and for the first decade of the 21st century, and will do so at
the global level as well as for four leading protagonists: the US,
France, Japan and China.

Decarbonization
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Fuel Substitutions: From Wood to Natural Gas
Wood, the dominant fuel in all pre-industrial societies, is composed mostly of three biopolymers: cellulose, hemicellulose, and
lignin (Smil 2013).Cellulose – (C6H10O5)n – is a linear polysaccharide and the biosphere’s most ubiquitous strong structural macromolecule while hemicelluloses produce essentially an amorphous and structurally weak biopolymer. Lignin is a complex polymer of conyferyl, coumaryl and synapyl alcohols and its linkages
with hemicelluloses stiffen all woody phytomass. Carbon makes
up 44.4 percent of cellulose, about 45 percent in hemicelluloses,
values for lignin range between 61 to 66 percent (Sjöström 1993,
USDA 2010).
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FIGURE 2: Coal-fired electricity-generating stations are the world’s largest point sources of both CO2 and SO2 . Jänschwalde, near Peitz in Brandenburg (very
close to the Polish border), is Germany’s largest lignite-fueled station with three gigawatts of installed electrical capacity; it generates annually 22 terawatt-hours
of electricity and it was to be the site of a large-scale carbon capture and sequestration project that was cancelled in 2011.

Analyses of many wood species (all in terms of dry weight)
show the median values for lignin, cellulose and other biopolymers at, respectively, 26, 46 and 21 percent for deciduous trees
and 29, 44 and 23 percent for conifers (Cornwell et al. 2009). Carbon content of wood containing 25 percent lignin and 75 percent
cellulose and hemicelluloses would be almost exactly 50 percent.
This value is commonly used in approximate conversion of woody
phytomass to carbon. Actual carbon shares (all values are for dry
wood) range between 46 to 50 percent (average about 48 percent)
for hardwoods, and (due to their higher lignin content) 47 to 55
percent (average about 51 percent) for conifers (Lamlom and Savidge 2003, USDA 2010) while hydrogen accounts only for about
six percent. For coal, typical mass shares of the two elements are
65 percent carbon and five percent hydrogen, liquid fuels refined
from crude oil have 86 percent carbon and 13 percent hydrogen.
Methane (CH4, the dominant constituent of natural gas) has 75
percent carbon and 25 percent hydrogen by mass.
The first impression might be that replacing wood by coal will
not help to decarbonize energy supply: when using averages of
50 percent carbon and six percent hydrogen, wood would have an
atomic hydrogen-carbon ratio (H : C ratio) of about 1.4 compared
to 1.0 for typical bituminous coal. But that is not the ratio of
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atoms whose combustion is converted to thermal energy: a large
part of wood hydrogen is never oxidized because hydroxyl (OH – )
radicals that are part of cellulose and hemicellulose escape to
the air during the early stages of combustion (Shafizadeh 1981).
That is why Ausubel and Marchetti (2007) argued that the true
H : C ratio for wood should be just 0.1. In reality, the ratio is variable because temperate and tropical wood species also contain
organic extractives, from less than ten up to 20 percent respectively (USDA 2010). Hydrogen in these fats, waxes, resins and essential oils is oxidized during combustion but effective H : C ratios
in wood combustion are still just small fractions of coal’s 1.0.
Shifting from bituminous coals and lignites to hydrocarbons
raises hydrogen’s contributions substantially. Automotive gasoline and aviation kerosene, the two leading liquid fuels refined
from crude oil, have a H: C ratio of 1.8 and pure methane has a
H:C ratio of 4.0; actual ratio for natural gases is marginally lower
due to the presence of higher homologs, ethane (C2H6) and propane (C3H8), besides methane. In terms of typical specific carbon
emissions the declining progression – with default rates taken
from IPCC (2006) – is from 30 kilograms of carbon per gigajoule
for wood (energy density between 16 to 19 gigajoules per tonne)
to almost 28 kilograms of carbon per gigajoule for poor lignites
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(energy density less than 15 gigajoules per tonne), about 26 kilograms of carbon per gigajoule for good bituminous coal (25 to 26
gigajoules per tonne), 20 kilograms of carbon per gigajoule for refined liquid fuels (42 to 44 gigajoules per tonne) and to 15.3 kilograms of carbon per gigajoule for methane (energy density 53.6
gigajoules per tonne or 38.7 megajoules per cubic meter).
Reasonably good historical statistics for the US (Schurr and
Netschert 1960) and France (Barjot 1991) allow us to follow the
first wave of decarbonization, from wood to coal. Wood supplied
91 percent of all fuels in the US in 1850 and 21 percent by 1900.
The average emission rate declined from 29.6 to 24.7 kilograms
of carbon per gigajoule, the latter value reflecting still low but rising contribution of hydrocarbons. In France – where wood supplied 76 percent of all fuel energy in 1850 and 32 percent in 1900,
with virtually no oil or gas – the rate fell from 28.9 to 26.4 kilograms of carbon per gigajoule. By 1950 fossil fuels had reduced
wood to marginal shares in all affluent countries (by 1950 it supplied just 4.5 percent of all fuel energy in the US, 13 percent in
France). As expected, due to rising hydrocarbon extraction the
decarbonization of fuel supply progressed much faster in the US
(average emission rate of 21 kilograms of carbon per gigajoule
in 1950) than in Europe (1950 mean of 24.6 kilograms of carbon
per gigajoule in France) where imports of crude oil took off only
during the 1950s. This means that between 1850 and 1950 the
carbon intensity of fuel combustion decreased by 15 percent in
France but by nearly 30 percent in the US.
In Japan, where economic modernization began only after the
Meiji restoration during the 1880s, wood supplied still 52 percent
of all fuel energy in 1900 and about 14 percent in 1950 when coal
was the dominant fuel (SB 2013); the average emission rate was
lowered from 28.3 to 25.2 kilograms of carbon per gigajoule during those 50 years. In China traditional biofuels (wood and straw)
provided about 85 percent of all fuel energy in 1950 (down from
94 percent in 1900) and still 28 percent in 1980 when the country embarked on its rapid modernization energized mostly by coal
(Smil 1988). China’s average fuel emission rate had hardly changed
between 1900 and 1950 – it remained above 29 kilograms of carbon per gigajoule. It was still close to 26 kilograms of carbon per
gigajoule in 1980.
In the year 1950 the US were the only major economy with
a large share of hydrocarbons but post-World War II economic
expansion brought increasing oil imports to Europe and Japan.
Gas imports (pipelines and liquefied natural gas) began during
the 1960s. As a result, carbon intensities of fuel combustion decreased in all affluent economies previously dependent on coal:
between 1950 and 2010 these declines were 15 percent in the US,
26 percent in Japan, and 27 percent in France. But rising oil and
gas consumption in post-1980 modernizing China was swamped
by huge increases in coal extraction – it had more than quintupled
in 30 years and the carbon intensity of the country’s fuel combustion declined by only five percent (to 24.2 kilograms of carbon per
gigajoule) between 1980 and 2010 (LBNL 2013). Not surprisingly,
global average shows much slower shifts because traditional biofuels retain their importance in many low-income countries and

because China and India remain highly dependent on coal. As
a result, global carbon intensity of fuel supply declined by only
about 15 percent during the 20 th century and by just additional
six percent between 2000 and 2010.
Non-Carbon Energies: Primary Electricity
Carbon intensity of the total primary energy supply (TPES) falls
as an increasing share of total energy consumption comes from
primary electricity generated either by conversions of renewable
flows or by nuclear fission. Hydroelectric generation became the
first non-carbon source of energy beginning in the 1880s; in many
countries it remained the only – or overwhelmingly dominant –
renewable conversion for the next 100 years. Everywhere its contributions expanded notably only after World War II (Smil 2008).
Commercial exploitation of nuclear fission started during the late
1950s and it experienced its fastest growth during the 1970s (WNA
2013). In 1970 global hydro generation was more than 15 times
larger than nuclear generation, by 2010 it was less than 25 percent
higher (BP 2012). Geothermal electricity has remained a negligible contributor for decades, but in some countries wind turbines
and photovoltaic cells have become important sources of non-carbon electricity.Even so, their contribution remains modest: in Europe, where both conversions have been heavily promoted and
subsidized, their share of primary energy consumption (using
the standard Eurostat conversions) was 0.94 percent in 2010 and
1.26 percent in 2011 (Eurostat 2013).
This means that the non-carbon electricity’s contribution remains the highest in countries with large shares of hydroelectric
or nuclear generation. France has been the global leader: in 2011
fission supplied 77.7 percent of its electricity compared to the
global average of 12.3 percent (NEI 2013). After adding the country’s hydro generation this advance helped to lower the country’s
carbon intensity of TPES from 24.5 kilograms of carbon per gigajoule in 1950 to just 10.1 kilograms of carbon per gigajoule in 2000,
the rate fell to just below ten kilograms of carbon per gigajoule
in 2010 (60 percent drop in six decades). In the US the combination of hydro and nuclear generation lowered the average carbon
intensity of TPES from 20.3 kilograms of carbon per gigajoule in
1950 to 15.2 kilograms of carbon per gigajoule by 2010 (25 percent
drop in 60 years). Relative decline for the same period was much
smaller for the pre-Fukushima Japan (just nine percent) and, despite the country’s emergence as the world’s largest hydroelectricity producer, little less than 25 percent in China. In global terms
the average carbon intensity of TPES fell by 22 percent, from almost 25 kilograms of carbon per gigajoule in 1950 to 19.3 kilograms of carbon per gigajoule in 2010.
What It All Means
The table summarizes long term-declines of average national
and global carbon intensities for both total fuel combustion and
TPES for the period from 1900 to 2010. Ratios in the last column
show that during those eleven decades fuel substitutions lowered
the average carbon intensity of fuel combustion by 30 to 35 percent in affluent countries, but by only about 20 percent in China
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and worldwide, while the carbon intensity of TPES fell by 40 to
50 percent in affluent economies (and about 60 percent in France)
but only 25 percent in China and 30 percent worldwide. These realities convey not only the historic pace of the decarbonization
process but also suggest the limits to its future extent.
When expressed in terms of the H:C ratio of fossil fuels (leaving out wood), the global indicator of decarbonization rose from
1.0 in 1900 (when coal supplied all but five percent of all fossil energies) to about 1.6 by 1950 and 1.8 by 1980, but during the next
two decades it had leveled off at roughly 1.9. By the year 2010 it
declined a bit to 1.83. This plateau, followed by a slight decline,
has been due to China’s extraordinarily large rise in coal extraction, from about 600 megatonnes in 1980 to 3.25 gigatonnes in
2010; that kept China’s fossil fuel H : C ratio at 1.15 between 1980
and 2000 and then, even with large increases in consumption of
hydrocarbons (crude oil combustion nearly doubling in a decade,
natural gas use more than quadrupling) it allowed it to rise only
marginally to 1.17 by the year 2010.
When Ausubel (1996) plotted the weighted H : C ratio of global fuel consumption he found that the long-term trends indicated the global mean of about 3.0 by 2010 – but the actual ratio was
only 1.83. Ausubel foresaw the arrival of global methane economy (H : C of 4.0) shortly after 2030, and of hydrogen-dominated
economy (predicate on massive generation of H2 without fossil
fuels) in the closing decades of the 21st and the early decades of
the 22 nd century. Two decades later he still expected, according to
the historical trend in decarbonization, “methane to provide perhaps 70 % of primary energy soon after the year 2030” (Ausubel
2003, p. 3) and that “large-scale production of carbon-free hydrogen should begin about the year 2020” (p. 6).
In reality, the decarbonization process has slowed down since
1990, the global H: C fuel ratio has been stagnating, and natural
gas rose from 26 percent of the world’s primary fossil fuel supply to 29 percent by 2000 before declining a bit to 28 percent by
2010. That was a gain of eight percent in two decades – while a
gain of 250 percent would be required to lift the gas to 70 percent
of the global fossil fuel supply shortly after 2030, clearly a most
unlikely shift. Ausubel has been right to foresee a much more
important role for natural gas than most people thought possible in the early 1980s – but his anticipated rise of hydrogen, the
good element, has been clearly proceeding at a slower pace. Hydraulic fractioning has already boosted production and lower natural gas prices in the US, but few other countries can replicate
that pace of expansion: China’s vast shale gas deposits are more
complex and deeper than those in the US. Moreover, they are located mostly in water-short areas (USEIA 2011), while several European countries with shale gas reserves have already prohibited
any recovery of this rich resource.1
Substantial declines in average carbon intensity have not been
translated into an absolute decline of global emissions. All Western countries have seen recently a clear moderation in the growth
of CO2 emissions: during the 25 years between 1985 and 2010 the
US carbon emissions rose by 22 percent – or at most by 24 percent after adding emissions generated by net imports of goods
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TABLE: Carbon intensities per gigajoule of fuel combustion and per gigajoule
of total primary energy supply (TPES). The table shows the long-term decline,
with China and the rest of the world still lagging behind the affluent economies.
Data sources for calculating the intensities: Barjot (1991), BP (2012), SB (2013),
Schurr and Netschert (1960), Smil (1988, 2010).
1900

1950

2000

2010

2010/1900

fuel combustion (kg C/GJ)
France

26.4

24.6

17.3

18.0

0.68

US

24.7

21.0

17.8

17.8

0.72

Japan

28.3

25.2

18.9

18.6

0.65

China

29.8

29.4

25.5

24.2

0.81

world

27.6

25.1

23.2

21.9

0.79

France

26.4

24.5

10.1

9.9

0.38

US

24.1

20.3

15.6

15.2

0.63

Japan

28.0

16.7

15.4

15.2

0.54

China

29.8

29.3

21.5

22.4

0.75

world

27.5

24.8

21.2

19.3

0.70

TPES (kg C/GJ)

produced abroad – compared to 63 percent during the 25 years
between 1960 and 1985), those of Japan increased by 18 percent
and Germany’s emissions had recorded 27 percent decline, largely due to the post-unification collapse of the former East German
economy. But these slow-downs and moderate declines have been
overwhelmed by large emissions increases in Latin America, Africa and, above all, in Asia: Chinese CO2 emissions had quadrupled, and Indian releases of fossil carbon rose by nearly 430 percent (CDIAC 2013).
The net result: in 2010 total emissions from combustion of
fossil fuels and from all biofuels (wood, charcoal, crop residues,
ethanol, biodiesel) were about 10.5 gigatonnes carbon (or 38.5
gigatonnes CO2 ), roughly 30 percent higher than in 2000 and 4.2
times above the 1950 level). But further decarbonization gains are
certain. Widespread commitment to accelerated transition from
coal to natural gas (akin to the recent development in the US) has
the potential to push the average global carbon intensity of fuel
combustion to 19 kilograms of carbon per gigajoule within two
decades, and continued expansion of non-carbon electricity generation could lower the overall carbon intensity of TPES below
17 kilograms of carbon per gigajoule. This means that in the early 2030s specific carbon emissions would be about 20 percent below their 2000 level – but even if the growth of global TPES would
average only half of its 1990 to 2010 rate the overall demand would
still expand by nearly 25 percent, negating the relative decarbonization gains. This means that only major efficiency gains (greater
than those achieved during the past two generations) or an extraordinary commitment to expensive CCS or accelerated transition
to non-carbon supplies could bring a slight absolute decline in
global carbon emissions.

1 For detailed and current information on shale gas policies see Shale Gas
Europe, Latest News: www.shalegas-europe.eu/en.
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The verdict is clear: although the generations-old process of
relative decarbonization of the world’s fuel supply had experienced
a significant slowdown during the second half of the 20 th century, reductions in carbon intensity of fuel supply are bound to continue in coming decades, above all thanks to substantial gains in
natural gas production; in terms of the overall primary energy supply it should be helped by further gains in hydro, wind and solar
electricity. Even so, there are no imminent prospects for any major reductions in absolute emissions of CO2 – and, of course, the
atmospheric behavior and the future levels of absorbed outgoing
radiation are determined by the absolute atmospheric levels of the
gas, not by reductions of relative burdens per unit of product or
service.

Desulfurization
A Neglected Success Story
Except for some natural gases that are almost pure methane, or
mixtures of methane and higher homologs of the straight-chained
alkanes series (mostly ethane and propane), all fossil fuels contain some sulfur, with shares ranging from less than 0.5 percent
in the lightest (sweet) crude oils to more than four percent in lowquality lignites: 1.5 to two percent is the most common range for
bituminous coals and globally traded crude oils (Smil 2008). Fuel
combustion generates more than 80 percent of all anthropogenic
sulfur with the rest originating largely in the smelting of copper,
zinc and lead. Atmospheric oxidations convert the emitted SO2
to sulfates. The resulting acid precipitation (and also acidifying
dry deposition) affects soils, plants and both aquatic and terrestrial ecosystems. It also damages exposed metals as well as limestone and marble(Smil 1997).Beginning in the late 1960s and early 1970s its effects became particularly noticeable across parts of
Western and Central Europe, Eastern North America, and China.
The best series of global and regional SO2 emissions, going
back to 1850, and based on emissions inventories and mass balances, were published by Smith et al. (2010) and Klimont et al.
(2013). They show total global SO2 emissions rising from about
20 megatonnes in 1900 to 58 megatonnes by 1950, peaking at just
above 130 megatonnes in 1979 to 1980, which means that SO2 released from fossil fuels (stationary combustion of coal and hydrocarbons, and mobile conversions of liquid fuels on land and water) rose from about 16 megatonnes in 1900 to 105 megatonnes in
1980; their increase was accompanied by rising intensity of emissions, from about 370 grams SO2 per gigajoule in 1900 to almost
500 grams SO2 per gigajoule by 1960.
There are three main reasons for the subsequent decline of
average sulfur intensity of global energy use: 1. higher shares of
hydrocarbons in global energy supply had, on average, much lower sulfur content than coal; 2. high-sulfur crudes and natural gases rich in hydrogen sulfide (H2S) became routinely desulfurized
(in refineries and gas treatment plants) before combustion; 3. after 1980 flue gas desulfurization (FGD) became a common component in large coal-fired power plants, with the adoption starting

in the US and Europe, then spreading worldwide. FGD removes
SO2 from exhaust flue gases by reactions with basic compounds
(mostly lime or ground limestone); calcium sulfate (CaSO4), its
main product, is either land-filled or it can be used in wallboard
manufacture.
By the year 2000 nearly 40 percent of the world’s coal-generating capacity had some level of FGD (Smil 2008). Emissions declines were impressive. In the US they were cut nearly by half between 1970 – the first year the United States Environmental Protection Agency (USEPA) began to make consistent calculations –
and 2000 (USEPA 2013b). In Europe the emissions decreased by
half between 1980 and 2004 to 15 megatonnes SO2 (Vestreng et
al. 2007). And the average global SO2 intensity of emissions from
fossil fuel combustion was reduced from about 360 grams SO2
per gigajoule in 1980 to about 150 grams sulfur per gigajoule in
the year 2010 when the total emissions from fossil fuel combustion declined to about 82 megatonnes (Smith et al. 2010). But this
decline was far from universal: as emissions were cut in Europe
and North America, they were rising rapidly in the fast growing
Asian economies China and India. Between 1990 and 2005 both
China’s and India’s total SO2 emissions doubled, respectively to
more than 32 megatonnes and nearly ten megatonnes per year:
the combination of deep cuts in the West and large increases in
the East resulted first in a slight rise of global SO2 releases between 2000 and 2005 and then in a roughly ten percent decline
by 2010.
Rising share of Asian emissions has also introduced a greater
uncertainty into the global estimates. For example, a comparison
of half a dozen estimates of SO2 emissions by China, the world’s
worst polluter, shows that the difference between the lowest and
the highest value was 38 percent for the year 2000 and 35 percent
for the year 2005 with, predictably, the lowest totals claimed by
China’s Ministry of Electric Power (Lu et al. 2010). Whatever the
actual total might be, it seems that even the Chinese emissions
finally began to decline after 2007 because of FGD installed at
many of China’s new (and some older) coal-fired power plants, a
reduction that has been confirmed by the Ozone Monitoring Instrument aboard National Aeronautics and Space Administration’s
(NASA) Aura satellite (Li et al. 2010). Another post-2007 event that
helped to reduce the global SO2 emissions was the worst postWorld War II economic crisis. Klimont et al. (2013) showed that
by 2011 the global emissions were nearly a third lower than the
global record in 1980.
Even accounting for the uncertainties cannot change this conclusion: unlike in the case of CO2 emissions, global desulfurization has taken place not only in relative but also in absolute terms,
we have seen not only lower sulfur intensities per unit of liberated energy but substantial decline in total sulfur emissions. And
we have accomplished this despite a massive increase in global
combustion of coal – thanks to an effective technical fix (FGD).
With continuing transition to natural gas and with almost universal deployment of FGD in coal-fired power plants there is an
excellent prospect for further reduction of SO2 emissions on both
national and global scales.
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Conclusion: Limits of Decarbonization
Unfortunately, decarbonization of flue gases is a much greater
technical challenge than their desulfurization. Recent years have
seen too many exaggerated promises regarding the near-term
performance of CCS, and too many unrealistic forecasts (Metz
et al. 2005, Muradov and Veziroglu 2012, Global CCS Institute
2013). During the next two decades it should become clear if effective (and affordable)decarbonization of large stationary sources
is a practical solution or if the best way to decarbonize is to keep
changing the make-up of primary energy supply.
On that score we must also remain realistic. The world, contrary to some impressions one might gain by reading European
green stories,2 is not going to discard fossil fuels any time soon.
Our dependence on fossil fuels remains a matter of existential
necessity: according to the International Energy Agency (IEA) 81
percent of the world’s TPES came from fossil fuels in 2010 (IEA
2012), according to BP (2012) the share was 87 percent in 2011
(the difference is largely due to conversion of primary electricity
to the common energy denominator) – while the new renewables
(mostly wind and solar electricity) supplied just 1.6 percent of the
global TPES. Moreover, indisputable historical evidence (an expression of many technical and infrastructural imperatives) shows
that energy transitions are always gradual, protracted affairs and
our dependence on fossil fuels will remain high for decades to
come (Smil 2010). Hydrogen economy, the ultimate solution to
dependence on carbon, remains in the realm of promises and speculations (U.S. House of Representatives 2006, Ball and Wietschel
2010).
But even after another century the historical progression of
the H : C ratio may not terminate at pure hydrogen. A less than
ideal outcome is more likely because high-density chemical energy will be always preferred for many uses, and liquid hydrocarbons in general, and gasoline and kerosene in particular, are a
near-perfect choice, not only due to their high energy densities
but also due to their other desirable properties. Decarbonization
may thus trend toward optimal carbonization, with a H : C ratio
at 4.0 for stationary applications, and close to 2.0 for mobile uses.
Consequently, we will continue to interfere in global biogeochemical cycles of carbon and sulfur. The good news is that the
interference in the former is now proceeding with reduced relative intensity and the interference in the latter is, finally, decreasing even in absolute global terms. But if the concerns about the
former conform to current expectations (that is, if we will experience rising tropospheric temperatures caused primarily by anthropogenic emissions of greenhouse gases) then the latter news may
not be so good because, beyond any doubt, atmospheric sulfates
have had a cooling effect, partially counteracting the warming effect of CO2 , methane and nitrous oxide (N2O) (Lelieveld and Heitzenberg 1992, Mendelsohn et al. 2001, IPCC 2007). In any case,

2 For the ongoing discussion of low-carbon and energy strategies for the EU
see Hey (2012).
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the next two decades will be a critical period: by its end we should
have a much better appreciation of the most likely consequences
arising from more than a century of human intervention in two
key biogeochemical cycles.
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