
Emissions from fossil fuel combustion, especial-
ly coal combustion, are major contributors to air
pollution. Concentrations of suspended particles
and sulfur dioxide (SO2) in the air of many cities
in developing countries exceed World Health
Organization standards1. The effects of this pol-
lution on human health can be devastating and in
the most seriously affected countries the eco-
nomic costs are estimated to be a significant per-
centage of GDP.  In China, for instance, these
costs were estimated at nearly 8 percent of GDP
in 1995.2

Because of the health and economic costs, reduc-
ing air pollution from fossil fuels has become a
major issue in many countries. Technical solu-
tions include;  switching from coal or fuel oil to
natural gas in power generation, increased use of
renewable energy sources, energy eff i c i e n c y
measures, coal washing, vehicle standards and
transport fuel reformulation.  In addition, pro-
grams that implement clean coal technology in
power generation, can significantly and quickly
reduce air pollution.

Clean coal technologies are an especially impor-
tant option for reducing hazardous fossil fuel
emissions and, in developing countries where
coal is readily available, are often a cost-eff e c t i v e
option. Currently, several clean coal technologies

are in different stages of development and com-
mercialization. Market competition has resulted
in steep cost declines, so technologies that were
considered prohibitively expensive five years ago
are now being used commercially. As a result,
technologies once deployed only in industrial
countries have now started to penetrate markets in
developing countries.

This paper presents an update of the most impor-
tant technologies for reducing fossil fuel emis-
sions at power stations, including technology
readiness and costs. It covers conventional tech-
nologies, cleaner and more efficient technologies,
and advanced power generation. 
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Conventional Technology 
One conventional technology with wide applica-
tion is the subcritical pulverized coal-fired power
plant, with electrostatic precipitator for particulate
emission control. The Subcritical steam conditions
(typically 16 MPa of main steam pressure, 538ºC
or 566ºC of main steam temperature, and 538ºC or
566ºC of reheat steam temperature) are well suited
to coal-fired power plants in the range of 300–600
M W. Smaller units (100–200 MW) use lower pres-
sure. Larger units (500–600 MW) can be built for
either subcritical or supercritical steam conditions.
Local venders in China and India can currently
supply subcritical but not supercritical units. Given
current market conditions, local vendors can usual-
ly supply plants more cheaply than international
competitors. The capital cost of a subcritical plant
is estimated at US$1000/kW at international mar-
ket prices, although the price could be lower
($800/kW) in China or India.

Cleaner and More Efficient
Technologies
Several cleaner technologies are available now in
developed countries for commercial application,
and will be commercially available between now
and 2020 in developing countries. These include
supercritical steam units for pulverized coal-fired
power plants, high efficiency electrostatic precip-
itators, flue gas desulferization processes, com-
bustion modification and selective catalytic
reduction (SCR), and atmospheric fluidized-bed
combustion (AFBC).

Supercritical steam units
Supercritical steam conditions have been applied
in large power plants (typically larger than
500MW) in Europe, Japan, and the United States
for the past quarter century.  Early units were
often unreliable especially in the case of the pres-
surized draft furnaces, (most of these have since
been converted to balanced draft furnaces).  Staff
at the plants were unfamiliar with the new mate-

rials and designs.  But later supercritical steam
units now have a track record of more than 20
years of reliable service.

Supercritical units have the same or better avail-
ability and the same or lower forced outage rates
than subcritical plants. They are also more effi-
cient and use significantly less fuel to produce the
same amount of electricity.  Plants using super-
critical technology are 2–5 percent more efficient
than plants using subcritical technology.
Supercritical technology also shows enormous
potential for reducing greenhouse gasses and
other emissions as well as fuel saving.

Standard supercritical steam conditions are 24
MPa of main steam pressure, 538ºC or 566ºC of
main steam temperature, and 538ºC or 566ºC of
reheat temperature. Recent improvements in
materials and designs allow commercial plants to
apply elevated steam temperatures (593ºC or
600ºC), using ferritic steel to improve efficiency
another 2–5 percent. However, developing coun-
tries need to introduce standard supercritical con-
ditions and train operation and maintenance staff
in standard supercritical technology before using
elevated temperatures. Supercritical units with
the same steam temperature as subcritical units
will have the same fireside temperatures, and the
steam conditions will not affect the fireside ash
slagging/fouling characteristics.. When the tem-
perature is increased beyond 650ºC, austenitic
steel must be used—a difficult process that
should be placed in a different category of
advanced clean coal technology.

Supercritical technology needs to be made more
readily available. One way to enable its use is to
ensure that local markets are fully functional, so
that the price of the units for local suppliers
reflects international prices. Another is to pro-
mote technology transfers to local venders. The
capital costs of the supercritical boiler and turbine
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will be 2–5 percent higher than the those of sub-
critical technology because the pressure parts of
the supercritical unit are thicker. But since it
improves efficiency and reduces plant size, the
total capital costs of the unit will be only slightly
higher than for subcritical units.

The high-efficiency electrostatic precipitator (ESP)
for particulate control 
Since coal typically contains 10–20 percent ash,
flue gas contains particulates that must be col-
lected before the gases are emitted. The electro-
static precipitator (ESP) is the most commonly
used collection technology for electrical power
utilities, but in China the wet scrubber is used
with smaller units (200 MW or less). The wet
scrubber has less collecting efficiency than the
E S P (below 96 percent) and does not meet the
guidelines set by the World Bank (50 mg/Nm3)
as a primary measure of particulate control. But
when the wet scrubber is installed as a measure
to control SO2 and as an auxiliary to the ESP f o r
particulate control, overall efficiency rises and
particulate emissions fall.

The electric resistivity of ash affects the ESP’s per-
formance. Moisture, sulfur, sodium, and potassium
reduce this resistance and are favorable to ash col-
lection in an ESP.  On the other hand, calcium and
magnesium hamper ash collection and increase
outlet emissions. Several steps can be taken to
counter the problem associated with high resistivi-
ty ash and maintain performance at acceptable lev-
els. These include intermittent charges; pulse
c h a rges; conditioning the flue gas with moisture,
s u l f u r, or ammonium injection; and increasing the
size of the ESP by widening the plate space.

The capital cost of ESP technology is around 5
percent of the total plant or between $40 to $50
per kW. Chinese manufacturers can provide the
technology at $15/kW, but these units do not meet
the recommended level of 50 mg/Nm3. Cost-
effective technologies for improving the collec-
tion of particulate emissions need to be trans-
ferred to developing countries.

Flue gas desulfurization for SO2 control
After particulates, SO2 is usually the next target in
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reducing polluting emissions. Flue gas desulfuriza-
tion (FGD) is a well-established method of remov-
ing SO2 from flue gas and has been widely used in
electric utility plants in Europe, Japan, and the
United States since the 1970s. The technology
therefore has a long history and has been fine-tuned
to optimize performance. New and simplified FGD
technologies have been proposed and demonstrated
in China and other developing countries.

The limestone-gypsum type of FGD is widely
used, because affordable limestone is readily
available at many locations throughout the world.
Limestone is converted into gypsum by absorbing
SO2 from flue gas. Gypsum can be used as wall
board or can be sold as a byproduct where such
demand exists.

With the recent development of competitive mar-
kets and new technologies, the auxiliary power
consumption and costs of FGD systems have
been drastically reduced. FGD systems used to
consume 3 percent or more of a plant’s auxiliary
power but now can operate on as little as 1–1.5
percent. Five years ago the cost of an FGD sys-
tem was reported at $150–200/kW, but today that
cost has fallen to $70–120/kW.

Combustion modification and selective catalytic
reduction to control nitrogen oxide
Coal-fired power stations also generate nitrogen
oxide (NOx). Unlike particulate and SO2 emis-
sions, NOx emissions are affected by the combus-
tion process as well as the quality of the coal.
Modifying the combustion process by optimizing
the air flow from the burner can reduce NOx

emissions by 20–30 percent at a relatively low
cost ($5–10/kW). This low-cost option is the first
that should be applied in existing plants. Two-
stage combustion and a low-NOx burner are the
next step in further reducing these emissions and
can sometimes result in a 40–60 percent decline
in NOx. These technologies are also relatively

cheap to apply to new units ($5–10/kW), and the
cost is modest ($10–20/kW) when they are
applied to existing units.

Selective catalytic reduction (SCR) is a well-estab-
lished approach to further reducing NOx e m i s s i o n s .
It typically reduces these emissions by 80 percent,
at a cost of $40–80/kW. Because SCR has been
applied to commercial plants in Europe and Japan
since the 1980s, it has over 15 years of successful
operating experience. The operation and mainte-
nance processes have been established, including
slip ammonium control and catalyst life estimation.

Atmospheric fluidized-bed combustion
Atmospheric fluidized-bed combustion (AFBC)
has been widely applied to use low-grade coal or
waste (opportunity fuel) at electric utility plants
in the United States, Europe, and Japan since the
1980s.  Hundreds of commercial plants are now
in operation. The maximum unit size has been
limited to around 200 MW, but a few 350 MW
units have been built in Japan and France.

AFBC can remove SO2 during the combustion
process when limestone is used with the fuel.
Because the combustion temperature is lower
(850ºC) with this technology, it generates rela-
tively low NOx emissions. Particulate emissions
are controlled either by ESP or bagfilter.

The capital costs of AFBC are estimated at
$ 1 , 0 0 0 – 1 , 3 0 0 / k W, a competitive price when SO2

control is required and low-grade fuel is available.

Advanced Power Generation
These relatively new technologies need to be
more widely demonstrated, as they have the
potential to reduce a number of emissions, includ-
ing greenhouse gasses significantly. They should
be commercially available in developing coun-
tries after 2010. The two most important are the
pressurized fluidized bed combustion combined
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cycle (PFBC) and the integrated coal gasification
combined cycle (IGCC).

Pressurized fluidized-bed combustion 
combined cycle
This process uses fluidized bed combustion tech-
nology under pressure to form a combined cycle
that increases plant efficiency to 42 percent or
more. It can operate with low-grade coal or waste.
Environmental emissions are low, since SO2 is
captured in the combustion process and the rela-
tively low combustion temperature reduces NOx

emissions. And because it is more efficient, this
technology also reduces CO2 emissions. 

Demonstration units of 70MW in Japan, Spain,
Sweden, and the United States have been operat-
ing since 1990. A 350 MW plant using the tech-
nology is under construction in Japan. T h e
process has not been fully commercialized yet,
and its availability, reliability, and cost-effective-
ness for application in developing countries need
to be established. 

The combustion temperature is limited to 850ºC,
so the gas turbine inlet temperature is limited to
830ºC. For this reason, the technology does not
benefit from the recently developed high-eff i-
ciency gas turbines with higher inlet gas turbine
temperatures (up to 1300–1500ºC). To increase
e ff i c i e n c y, plants using a hybrid of this technolo-
gy (advanced or topping cycle) have been pro-
posed that would incorporate a partial gasifica-
tion process, but the concept has yet to be
d e m o n s t r a t e d .

Hot gas cleanup (at temperature of 850ºC) is
another technology that has not been satisfactori-
ly demonstrated. Ceramic barrier filters (either
candle or tube type) have been applied, but the
ceramic components reportedly often fail and
thus have not demonstrated long-term opera-
tional reliability. 

The capital cost of this technology is estimated at
$1,150–1,350 /kW but should fall to $800/kW
when ten or more units are replicated. 

Integrated coal gasification combined cycle 
In the IGCC process, coal is gasified and synthe-
sized gas is introduced to the gas turbine com-
bined cycle. IGCC can increase plant efficiency
by 43 percent or more, depending on the gas tur-
bine inlet temperature. The environmental emis-
sions level with this technology (including partic-
ulate emissions, SO2, and NOx) are very low.
However, IGCC is still in the early demonstration
stage, and its performance and availability have
yet to be effectively demonstrated.

The Netherlands, Spain, and the United States
have several 100MW–400 MW demonstration
plants. Most of the early projects used an
entrained-bed oxygen-blown gasifier suitable for
low-ash coal and a few units have started com-
mercial operation. A few projects have fluidized-
bed air-blown gasifiers, which are more suitable
for high-ash coal such as the type commonly used
in India, but only one demonstration operation
has commenced operation.

The hot gas cleanup (HGCU) temperature can be
lower with IGCC (500ºC) than with pressurized
fluid-bed combustion since the gas will be ignit-
ed again at combustion. HGCU is a critical ele-
ment in increasing plant efficiency.

The capital costs of coal-based IGCC are estimat-
ed at $1,200–1,400/kW—still high compared
with conventional power generation. But the cost
is expected to fall to $850/kW or less after ten or
more commercial replications.

Oil residue-based IGCC projects have been pro-
posed. This technology reduces the risk of
ash/slag problems, which can occur in gasifiers in
coal-based IGCC. And with the availability of
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opportunity fuel (oil refinery residue), the tech-
nology is becoming competitive with convention-
al power generation. The capital costs of oil-
based IGCC are estimated at $1100/kW.

Strategies for the Future
Cleaner and more efficient technologies need to
be more widely used to meet the immediate need
for a cleaner environment that promotes human
health and reduces national expenditures.
Advanced power generation shows the greatest
potential for reducing emissions but it is more
expensive and carries more technical and com-
mercial risks. 

Country-specific technology assessments can
address the differences across countries in the
required levels of emissions reduction and in the
quality and cost of coal. Case studies of selected
cities and provinces can help to determine local
energy demand and supply conditions and envi-
ronmental requirements (Fig. 1).

Methodologies to reduce technical risk and the
uncertainty of costs for future commercial plants
along the capital cost learning curve (Fig. 2) need
to be developed. An example of such develop-
ment work is a study under way in support of the
Biomass Gasification Combined Cycle Pilot
Project. Once the methodology is established, it
will be used to estimate the costs, risks, and
uncertainty of replications at commercial plants.
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Figure 1. Clean Coal Technology Assessment and Case Study

1. World Bank. 1997. Clear Water, Blue Skies: China’s Environment in the New Century. Washington, D.C.
2. idem.



Table 1. Technology Readiness

Applications in Issues for deployment 
Technology readiness developing countries in developing countries

Subcritical technology Completely proven Many

Supercritical technology Completely proven A few in China Technology transfer

Electrostatic precipitator (ESP) Completely proven Many Performance improvement

Flue gas desulfurization (FGD) Completely proven A few Cost reduction

Combustion modification Completely proven A few Technology transfer

Atmospheric fluidized-bed Proven at small scale A few Technology transfer
combustion

Pressurized fluidized-bed Only a few commerc i a l None Need demonstration
combustion units built; limited 

experience.

Integrated coal gasification Only one commercial  None Need demonstration
combined cycle (IGCC) unit; limited experience.
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Table 2. Environmental Performance and Cost

Particulate reduction SOx NOx Cost per kW

Subcritical Base Base Base $800–$1,000
technology

Supercritical technology 2–5% 2–5% 2–5% $850–$1,050

Electrostatic precipitator 50mg/Nm3 or – – $40–$50
(ESP)  less or 99.9%

Flue gas desulfurization (FGD) 90% 80–99% – $70–$120

Combustion modification – – 20–60% $5–$20

Selective Catalytic Reduction  – – 80% $40–$80
(SCR) 

Atmospheric fluidized-bed 99.9% 70–95% 50–80% $1,000–$1,300
combustion

Pressurized fluidized-bed 99.9% 80–95% 60–80% $1,150–$1,350
combustion

Integrated coal gasification 99.9% 90–99% 60–90% $1,200–$1,400
combined cycle (IGCC)

Additional information is contained in the Environmental Manual for PowerDevelopment http://www.worldbank.org/html/fpd/em/



8 Technologies for Reducing emissions in Coal-Fired Power Plants

Energy Issues is published by
the Energy, Mining and
Telecommunications Sector
Family in the World Bank.
The series is intended to
encourage debate and dis-
semination of lessons and
ideas in the energy sector.
The views published are
those of the authors and
should not be attributed to
the World Bank or any of its
affiliated organizations. 
To order additional copies
please call 202-458-0247.
f you are interested in writing
an Energy Issues note, 
contact Kyran O’Sullivan,
editor, internet address,
kosullivan@worldbank.org. 

The World Bank also
publishes the Viewpoint
series. Viewpoints are
targeted at a multidiscipli -
nary audience and aim to
promote debate on privatiza-
tion, regulation and finance
n emerging markets, espe-
cially in the energ y, transport ,
water, and telecommunica-
tions sectors. The series aims
to share practical insights
and innovations that cross
sectoral boundaries. The
series is available on-line at
www.worldbank.org/html/
fpd/notes/notelist.html


