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Foreword

Linkages between energy and the environment are evident in all phases of energy
production, conversion, and end use. They extend from highly localized effects-for example, at
the level of the household-to the global level. On the local level in developing countries, the
most serious energy-environment problems are the effects of emissions of particulate matter (dust
and smoke), indoor air pollution arising from the use of biomass fuels, and the use of leaded
gasoline. Volatile organic compounds generated mainly by automobilies and NOx emissions
from power plants contribute to the smog that is prevalent in large cities. In addition, the regional
and transnational problem of acid rain, caused by sulfur dioxide, is also severe. Worldwide
energy-related problems include the potential for global warming, caused by the increased
atmospheric accumulation of greenhouse gases such as carbon dioxide and methane; stratospheric
ozone depletion, much of it caused by the release of chlorofluorocarbons, and the pollution of
oceans. Transport, industry, and domestic energy use are prime sources of these environmental
problems, which impose serious costs for health and productivity.

To address the linkages between energy and the environment more effectively, a thematic
group has been established within the Power Development, Efficiency, and Household Energy
Division of the Industry and Energy Department. The group is focusing on the environmental
issues in energy production, conversion, and use, including the relationship with energy
efficiency. These linkages can be addressed in part through policies based on a mix of command-
and-control and market-based instruments that help internalize the environmental costs of supply
and use. The group is also exploring the scope for new, more efficient and environmentally
friendly technologies, which need to be introduced in both the developing and industrialized
countries.

This paper focuses on the status of clean coal technologies (CCTs) and on their
performance, costs, and suitability for use in developing countries. CCTs have been developed
primarily to address the problem of acid rain, which arises from sulfur and nitrogen oxide
emissions, but some of the technologies also reduce particulates and carbon dioxide and thus help
to ameliorate local pollution and global warming. CCTs have been used primarily in the
industrial countries, but the developing countries also need to evaluate them in conjunction with
specific projects and the process of establishing or revising environmental regulations.

The suitability of CCTs for developing countries is highly dependent on country-specific
factors, such as the performance of each technology with the types of coals available in the
country under consideration, present and projected levels of local pollution, local environmental
regulations, and the additional financial resources required to use CCTs compared with the costs
of operating conventional pulverized-coal plants. This paper makes a preliminary assessment of
the suitability of CCTs that developing countries can use as a starting point for their own, more
detailed assessments.

Richard Stem
Director
Industry and Energy Department
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Abstract
This report on clean coal technologies (CCTs) examines their performance, costs,

and suitability for use by developing countries. The paper reviews in detail for each
technology key elements including basic technological features, performance levels,
commercial availability, costs of operation, time required for construction, suitability for
developing countries, and issues affecting deployment.

CCTs fall into three basic categories reflecting their relation to the combustion
stage: precombustion technologies mainly involve the initial cleaning of coal by crushing
and separating out pollution-generating impurities; in situ technologies involve altering
the design and operating conditions of coal furnaces in a way that chemically or
physically reduces emissions of SO2 and NO,; and postcombustion technologies also
remove S02 and NO, through the use of catalysts and other methods and may also scrub
the gases produced by combustion and pass them through filters and precipitators to
remove particulate matter. In addition, an emerging fourth category of CCTs must be
noted: advanced coal utilization technologies. These in effect supersede the traditional
stages of burning pulverized coal by using coal in integrated energy conversion
processes.

The report concentrates on commercially available technologies that are currently
suitable and affordable for developing countries. But it also reviews more advanced
demonstration-stage technologies in anticipation of both increased regulatory
requirements and a drop in the costs of such technologies that would make them both
necessary and practical for developing countries sometime in the near future.

Commercially available technologies reviewed are as follows: precombustion:
physical coal cleaning; in situ: low-NO, combustion, advanced pulverized coal
combustion, and power plant rehabilitation; postcombustion: wet and dry flue-gas
desulfurization, advanced electrostatic precipitation, and bagfilters; advanced coal
utilization: atmospheric fluidized-bed combustion.

Demonstration-stage technologies reviewed are as follows: precombustion:
advanced cleaning methods; in situ: sorbent injection; postcombustion. duct injection,
selective catalytic and noncatalytic reduction, combined SOx / NOx reduction, and hot-
gas cleanup; advanced coal utilization: pressurized fluidized-bed combustion, integrated
gasification combined-cycle combustion.

Given the wide use of coal in some developing countries, the paper is especially
concerned to assist policymakers in choosing and justifying the use of appropriate and
cost-effective CCTs. The report thus concludes with three brief chapters. The first of
these discusses the relationship between environmental regulations and choice of
technology; the next provides an initial screening method for evaluating relevant
technologies; and the last presents conclusions and recommendations on technology
choices and some notes on World Bank strategy for promoting dissemination of CCTs.
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Executive Summary

Coal used for power generation accounts for more than 80 percent of the 4 billion
tons of noncoking coal consumed annually worldwide. an amount that is expected to
increase by an average of 2 to 3 percent per year for the next 20 years. Coal's association
with local, regional, and global pollution is a cause of significant environmental concerns.
Industrialized countries have adopted strict environimental regulations that have slowed
their use of coal. Developing countries, on the other hand, generally do not impose or
have to meet the same emission requirements, although there is mounting pressure to
reduce rural and regional pollution.

During the next 10 to 20 years the use of coal for power generation will continue
to increase, especially in Asia (e.g.. China and India), and it will remain a significant
factor in the energy supply of Eastern Europe and the Commonwealth of Independent
States (CIS). This increased use will require increasing attention to minimize the
environmental impacts.

Emerging clean coal technologies (CCTs) can be used effectively to reduce the
environmental impact of the continued use of coal throughout the world. Although
carbon emissions (CO2) cannot be reduced significantly by these technologies, emissions
of sulfur dioxide (SO2), nitrogen oxides (NO,), and particulates can be reduced by 50 to
99 percent. Many of the CCTs that have been developed and commercialized in
industrialized countries warrant consideration for use in developing countries.

The report's main focus is on the current status of CCTs and their typical
performance characteristics, costs, and suitability for use in developing countries. In
addition, the report identifies the issues and barriers that need to be overcome if the
technologies are to be implemented widely in developing countries. The paper is not
intended as an exhaustive review of CCTs; instead, it provides selected references to
more basic information on the design features of each technology.

Technologies Included in the Report

The report details the status of the following types of technologies:

* Precombustion technologies. These consist mainly of physical coal cleaning.

* In situ technologies. Low-NO, combustion and furnace sorbent injection are the
principal in situ technologies.

* Postcotm/bustion technologies. These include a variety of techniques:

- Duct injection, wet and dry scrubbers (flue-gas desulfurization; FGD) for
SO, control

- Selective catalytic and noncatalytic reduction for NO, control

- Combined SO,/NO, control

1



2 Clean Coal Technologies

- Electrostatic precipitators (ESPs), bagfilters, and hot-gas cleanup for
particulate control.

Advanced coal utilization techniologies. Again, several techniques are available:

- Atmospheric tluidized-bed combustion (AFBC)
- Pressurized fluidized-bed combustion (PFBC)

- Integrated gasification combined cycles (IGCC)
- Coal-derived fuel/electricity clean fuel coproduction.

Advances in conventional pulverized-coal technology are also presented.

Status of Clean Coal Technologies

The important findings of the report are summarized below and in Tables 1 and 2.
Table I lists technologies that have been demonstrated and used widely in industrialized
countries. Table 2 lists technologies still in the development or demonstration phases.

PhYsical coal cleaninig techlniologies. These are easily adaptable to developing
countries and are cost-effective in most cases. Coal cleaning reduces
transportation costs as well as sulfur and particulate emissions, and it improves
pcwer plant reliability. Developing countries should be encouraged to adopt coal
pricing policies that reflect the quality of the coal and its effects on power
production costs, power plant reliability, and emissions.

* LO)W-NO, burner.s. These should be included in the design specifications for all
future power plants, and provisions should be made for overfire air ports. Such
specifications increase power plant costs by less than US$5/kW and will result in
significant savings when future regulations require further NO, reductions.

* lDrY scrubbers (Table 1) and sorbent injectiotn technologies (Table 2). These offer
attractive methods for moderate sulfur removal at relatively low costs. Further
demonstraition of these technologies is required in developing countries.

* Elect rostotic precipitator technology. ESP technology has undergone significant
advances. Most options have very short payback periods, and they should be
considered by developing countries. Examples include the following:

- Intermittent energization: improves performance, reduces auxiliary power

- Flue-gas conditioning: increases the collection efficiency of ESPs

- ESP controls and energy manaigement systems: improve collection
efticiency and reduce auxiliary power requirements.

* Bogfilters. Bagtilters may be required in developing countries, especially if
.;orbent injection, dry scrubbers, and fluidized-bed combustion are used.

* Atino.vspleric f17iilidiez-17etI -ecomrsbustion technologv. Both circulating and bubbling
types ot AFBC are proven technologies at sizes below 200 MW and are well-
suited for developing countries with low-grade fuels.



Executive Summary 3

Advances in pulverized-coal techniiques. Significant advances have been made in
improving conventional pulverized-coal technology. Particularly appropriate for
developing countries are advanced techniques for rehabilitating power plants,
which can increase the plant's unit output, life expectancy, and reliability.

Table 1 Technologies Demonstrated and
Commercially Available in Industrialized Countries

Emissions
Technology Type controlled Issues/barriers Recommendations

Physical coal Pre- Sulfur and ash Coal pricing Promote coal pricing
cleaning combustion Lack of environ- according to coal

mental regulations quality
Raise awareness of
coal cleaning benefits

Low-NOx In situ NO, Lack of environ- Include technology in
combustion mental regulations all new boiler design

specifications
Wet FGD Post- Sulfur Lack of environ- Pursue FGD if

combustion mental regulations environ mental
High costs regulations require
Demonstration may high SO2 removal
be needed

Dry FGD Post - Sulfur Lack of environ- Promote demonstra-
(commercial combustion mental regulations tion for both high- and
for low-sulfur Demonstration low-sulfur coals
coals) needed

Advanced Post- Particulates Lack of environ- Promote awareness in
ESP combustion mental regulations developing countries

Lack of awareness
Bagfilters Post- Particulates Lack of environ- Promote selectively,

combustion mental regulations especially where
Higher cost than sorbent-based tech-
ESPs nologies are utilized

AFBC Advanced Sulfur and Higher cost than PC Demonstration needed
(commercial combustion NO, without FGD for some coals (e.g.,
up to 200 Lack of environ- India)
MW) mental regulations

Advanced In situ Heat rate/ CO2 Lack of incentives Promote through
pulverized- improvement, for better plant per- avvare ness-building
coal and as well as unit formance and relia- andfinancing of life
power plant reliability bility extension programs
rehabilitation Lack of awareness

Note: FGD = flue-gas desulfurization; AFBC = atmospheric fluidized-bed combustion, ESP = electrostatic
precipitator.



4 Clean Coal Technologies

Of the technologies included in Table 2, sorbent and duct injection are particularly
suitable for developing countries because of the moderate sulfur removal and low costs.
However, industrialized countries do not emphasize these technologies as much as the
high-sulfur removal technologies, and an initiative based in developing countries may be
needed to demonstrate them and adapt them to local requirements.

PFBC and IGCC technologies also may be suitable for developing countries, but
they need further demonstration. If the technology-related risks could be mitigated (e.g.,
through participation and risk-sharing by the equipment suppliers), demonstration
projects in developing countries would be appropriate.

Table 2 Clean Coal Technologies in the Demonstration Stage

Emissions
Technology Type controlled Issueslbarriers Recommendations

Advanced Pre- Sulfur and Coal pricing Monitor progress in
cleaning combustion ash Lack of environmental developed countries

regulations
Still in development

Sorbent In situ Sulfur Demonstration needed in Promote developing
injection developing countries country demonstration
Duct Post- Sulfur Demonstration needed in Promote developing
injection combustion developing countries country demonstration
SNCR Post - NO , SNCR needs further Monitor experience in
(dem on- combustion demonstration developed countries
strated up to
300 MW)
SCR Post - NO, Lack of environmental Pursue SCR if
(commercial combustion regulations environmental
for low- High costs regulation7s require
sulfur coals) Demonstration needed high NO., removal;

demonstration needed
Combined Post- Sulfur and Early development stage Monitor progress in
SO,/NO, combustion NO, developed countries

Hot-gas Post- Particulates Tied to PFBC and IGCC Monitor progress in
cleanup comnbustion developed countries

PFBC Advanced Sulfur, NO,, Demonstration needed Promote
and CO, demooistration

IGCC Advanced Sulfur, NO,, High costs Monitor
and CO - Demonstration needed deinooistrations

Note: Advanced coal cleaninc includes advanced physical. chemical, and biological cleaning methods.
SNCR = selective noncatalytic reduction: SCR = selective catalytic reduction; PFBC = pressurized
fluidized-bed combustion: IGCC = integrated gasiticalion comilbined-cycle.
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Table 4 Technology and Plant Efficiency

Technology Plant efficiency (%, LHV)

PC with ESP (reference technology) 35-38

PC with wet FGD 34-37

AFBC 35-38

PFBC 38-45

IGCC 38-45

Note: PC = pulverized coal: ESP = electrostatic precipitator; FGD = flue-gas desulfurization; AFBC =
atmospheric fluidized-bed combusion; PFBC = pressurized fluidized-bed combusion; IGCC = integrated
gasification combined cycle.

Selection of Clean Coal Technology

The most suitable technology for each project depends greatly on the
characteristics of the coal, the required environmental performance (SO2 , NO,, and
particulate control), and the cost-effectiveness. Therefore, selection of a technology
should include the steps detailed below.

Step 1: Select Fuel

The key elements in fuel selection will be to determine proximate, ultimate, and
ash analysis, heating value and ash softening temperatures, and variability of coal
characteristics. In addition, it will be necessary to decide on the desirable fuel flexibility
of the power generation facility. For example, one must determine whether the facility is
to burn only one fuel throughout its operating life or whether it should be capable of
burning other fuels as well.

Step 2: Determine Environmental Requirements

Environmental requirements may be dictated by national, regional, or local
regulations, and they may be either emnissions (effluent or poinit-source) standards or
ambient air q(l(litvI stanzd(ards. Emissions standards apply directly to the new source

(power generation facility). If air quality standards are used, the emission inventory,
dispersion, and impact of the added pollutants on air quality must be assessed, and a
maximum allowable level will be determined for each major pollutant (SO2, NO,, and
particulates) based on applicable environmental standards.

Step 3: Evaluate Technologies

An evaluation of the technology should consider the following criteria:

SuitabilitN* of tihe technology to ch 1ara,c teristics of t/e coal. For example, entrained
gasification is not suitable for many Indian coals without significant reduction of
their high ash content (coal cleaning).
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* Technology readiness. The technology should be in use in a few (at least five)
commercial-size plants and should have demonstrated its performance, cost-
effectiveness, and reliability.

* Environmental requirements. The environmental criteria of the project must be
satisfied, and technologies not meeting the requirements screened out.

* Cost-effectiveness. Finally, the most cost-effective technologies that meet the
above requirements should be selected (in many cases, several technologies will
qualify).

Step 4: Perform Site-Specific Assessment If Needed

Consideration of site requirements is particularly important when more than one
process will satisfy technological, environmental, and cost criteria.

A Hypothetical Selection Case

A hypothetical example of the selection process is provided below.

Step 1

Power Company X plans to build a 400 MW base-load power plant. Four
alternative plant sites and three coals (see Table 5) have been identified. Coal A is a
high-ash indigenous coal cleaned to reduce ash and sulfur content; coal B is a high-
ash/high-sulfur indigenous coal; and coal C is a low-ash/low-sulfur imported coal.

Step 2

Review of the federal and local environmental regulations identified the following
requirements for each of four possible power plant sites:

* Site #1: 95 percent particulate removal

* Site #2: 95 percent particulate removal and less than 800 ppm S02 (1.85 lbs SO2
/MBtu)

* Site #3: 95 percent particulate removal, less than 520 ppm SO2 (1.2 lbs SO2
/MBtu), and 50 percent NO, removal

* Site #4: 95 percent particulate removal, less than 90 ppm SO2 (0.2 lbs SO2
/MBtu), and 80 percent NO, removal.

Step 3

For site #1, because no SO2 and NO, emission removal requirements are in force,
the least-cost option is the pulverized-coal plant with electrostatic precipitators (ESP)
firing the lowest-cost coal (coal B). The capital costs of this option are $1,000/kW with a
coal price of $20 per ton, giving a levelized cost of electricity of 46 mills/kWh (Table 6).
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For site #2, Coal A (cleaned to reduce the sulfur content to 1.5 percent) burned in
a pulverized-coal plant equipped with ESP satisfies the environmental requirements of
Site #2 and is the least-cost option. Sulfur emissions from such a plant are 775 ppm SO2
(1.80 lbs SO2 /MBtu). Coal cleaning adds $4 per ton in the cost of the coal ($24 per ton
delivered to the plant) and results in 47 mills/kWh of levelized cost of electricity
(Table 6).

For site #3, four technology types satisfy the environmental requirements:
pulverized-coal plant with ESP firing imported low-sulfur coal (coal C); pulverized-coal
plant with ESP and wet FGD firing coal A; atmospheric fluidized-bed combustion with
bagfilter firing coal B; and pressurized fluidized-bed combustion with hot-gas cleanup
firing coal B. Although the capital costs of these technologies for Site #3 vary (see Table
6), the levelized costs range from 53 to 58 mills/kWh (which is within the level of
accuracy of the estimates).

Table 5 Coal Types and Characteristics for Hypothetical Case

Coal A (hiiglh - Coal B (1higli - Coal C (low-
Measfre asll/n1iediwniii-s(llisr) cislhl/higl-sulfur) as/illow-sulftur)

Proximate analysis
Volatiles (%) 16.8 12.8 44.0

Fixed carbon(%) 52.1 41.1 48.3

Moisture (%) 4.5 4.0 15.0

Sulfur (%) 1.5 3.3 1.0

Ash (%) 25.1 38.8 7.7

Heafing value (Btu/lb) 8,200 7,505 10,270
(Kcal/Kg) (4,550) (4,165) (5,700)

Uncontrolled SO2 775 1,890 430

emissions ppm (lbs/MBtu) ( 1.8() (4.4) ( 1.0)

Coal price ($/ton) 24 20 45a

;dimported coal prices ranoe fromil 30 to 60$/metric ton. See IEA. "Coal Information 1992"' and Jechoutek
and others. "Stearn Coal tor Power and Industry/Issues and Scenarios., World Bank, October 1992.

Step 4

In the case of sites #I and #2. a clear technology choice emerges. However, in the
case ot site #3. the selection ol the most appropriate technology will depend on other site-
specific considerations, advantages, and disadvantages. For example:

* Although imported coal has the lowest levelized cost, it may be eliminated
because of its adverse impacts on foreign exchange requirements.
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* If it is desirable to burn coal B as well as coal A, the design of the PC with wet
FGD plant will need to be modified, adding to its capital and levelized costs, and
making it less competitive. Also, the pulverized-coal plant may not be able to
burn coal with an ash content greater than 30 to 40 percent and still meet the
environmental requirements.

* AFBC can burn other coals, including low-quality/lower-cost coals, but it
generates more solid waste.

* PFBC has characteristics similar to AFBC, but it has higher technical risks
because it is still in the demonstration stage.

The importance of these factors for Site #3 needs to be evaluated in more detail
before a final selection is made regarding the most suitable and cost-effective technology.
Therefore, a site-specific feasibility study is required.

Table 6 CCT Options for Hypothetical Case

O&M Fuel Levelized
Capital Platit Coal price cost cost cost

Emission cost efficiency ($/ton, (mills! (miills! (millsl
Techinology optioti requirement ($/kW) (%, LHV) delivered) kWh kW) kW)

PC with ESP (coal B) 95% particulate 1,000 36 20 9 11 46
removal

PC with ESP + coal 1.85 lbs SO 2/MBtu, 1,000 36 24 9 13 47
cleanino (coal A) 95% particulate

removal

PC with ESP and 1.2 lbs SO2/MBtu, 1,000 36 45 9 19 53
low-NO x burners 50% NOX, 95e%
(coal C) particulate removal

PC with ESP. low- 1.2 lbs SO2/MBtu, 1,200 35 24 10 14 54
NOX burners and wet 50% NOX, 95%
FGD (coal A) particulate removal

AFBC with bagfilter 1.2 lbs SO2/MBtu, 1,400 36 20 11 11 58
(coal B) 50% NOX, 95%

particulate removal

PFBC with hot-gas 1.2 lbs SO2/MBtu, 1.350 42 20 11 9 55
cleanup (coal B) 50% NOX- 95%

particulate removal

IGCC (coal C) 0.2 lbs S02IMBtu, 1,600 41 45 12 17 70
80% NOX, 98%
particulate removal

Note. Levelized cost is calculated using the following assumptions: capacity factor = 65 percent; discount
rate = 12 percent; construction duration = 4 years; plant life = 30 years. PC = Pulverized coal; ESP =
electrostatic precipitator; FGD = flue-gas desulfurization; AFBC = atmospheric fluidized bed combusion;
PFBC = pressurized fluidized-bed combusion; IGCC = integrated casification combined cycle.
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For site #4, integrated gasification combined cycle (IGCC) using coal C is the
only technology that meets the SO2 and NO, removal requirements. Coal C is selected
because it is more suitable for the entrained gasification processes, which are closer to
commercialization. Coals with high ash content (above 15 to 20 percent) require
fluidized-bed gasification processes, which have not been fully demonstrated.

Recommendations

In general, for the present and near-term future environmental regulations of most
developing countries, the most suitable and cost-effective technologies are the following:

* Coal cleaning

* Sorbent injection

* Dry scrubbers

* Atmospheric fluidized-bed combustion

* Electrostatic precipitators.

For NO, control, low-NO, burners provide a low-cost solution and should be
adopted by all new power plants. Also, significant advances have been made in ESP
technology and pulverized-coal combustion that should be considered for both new and
retrofit applications. For other clean coal technologies, however, a site-specific
technology screening, including a risk assessment, is recommended.



1

Introduction
This report seeks to provide a general update on clean coal technologies, and, in

particular, on their performance, costs, and suitability for developing countries. The
technologies are categorized broadly according to their location relative to the
boiler/combustion stage:

* Precombustion technologies. These involve mainly coal cleaning.

* In situ technologies. These comprise low-NO, combustion and furnace sorbent
injection.

* Postcombustion technologies. These include duct injection; wet and dry
scrubbers for S02 control; selective catalytic and noncatalytic reduction for NO,
control; combined SO2/NO, control; and electrostatic precipitators, bagfilters, and
hot-gas cleanup for particulate control.

e Advanced coal utilization technologies. These include atmospheric and
pressurized fluidized-bed combustion, integrated gasification combined cycle, and
coproduction of coal-derived fuels and electricity. Advances in pulverized-coal
plant components, thermodynamic cycle, and plant rehabilitation are also
presented. The description of the pulverized-coal advances is not exhaustive;
rather, it is intended to raise the level of awareness of this technology.

The report provides a summary of the key elements associated with each
technology, including a brief description of the technology, along with some discussion
of its performance, commercial availability and costs of operation, construction time,
suitability for developing countries, and issues affecting deployment. The capital and
O&M costs reflect mostly costs in the U.S. and Europe, but they are applicable to
developing countries as budgetary cost estimates for technology screening purposes.
Annex A provides more detailed information on selected technologies.

The main report is organized into seven chapters, including this introduction.
Chapter 2 reviews the status of precombustion and in situ coal technologies. Chapter 3
covers posteombustion technologies, and chapter 4 discusses advanced lower-polluting
technologies. Chapter 5 is devoted to the link between technology selection and

11
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environmental requirements, especiall lertains to developing countries. Chapter 6
provides an example of a method hat can be used to evaluate clean coal
technologies on the basis of diffL I riteria, including technology readiness,
characteristics of local coals, environm i .gulations. costs, and indigenous capability.
Chapter 7 presents conclusions and rec A dations.

Two annexes are also incih Annex A provides a summary of the
environmental regulations of industria Ce untries and developing countries. Annex B
comprises several lists of equipment I rs. It is not complete, however, because it
includes only the organizations for wi ormation was readily available-mainly the
U.S. suppliers.

Table 1 . I provides a guide to ti ic s information on specific technologies.

Table 1.1 Clean, -)a' achnology Text Locator

Report location
Technology 2 NO- CO 2 Pat-ticulates (page)

Coal cleaning x x 13
Low-NOX combustion x 16
Sorbent injection x 19

Duct injection x 23
Wet FGD (scrubbers) x 26
Dry FGD (spray dryers) x 30

SNCR x 32
SCR x 34
Combined SO,/NO, x x 36

Electrostatic precipitators x 39
Fabric filter (baghouse) x 40
Hot-gas cleanup x 41

Atmospheric fluidized-bed combustion x x 45
Pressurized fluidized-bed x x x 48
Integrated gasification x x x 50

Clean coal-derived fuels x x x 54
Advances in pulverized-coIi ___ x 54

Note: FGD = flue-gas desulfurization; SNCR = selective noncatalytic reduction; SCR = selective
catalytic reduction; NOX = nitrogen oxides; SOX - sulfur oxides.
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Precombustion and In Situ Technologies
Precombustion technologies basically involve "cleaning" of selected impurities-

such as ash, sulfur, and moisture-from the coal before it reaches the furnace. In situ
technologies, on the other hand, involve either pollution-reducing modifications to the
design and operating conditions of the burner system or injection of a "sorbent" (a
substance that takes up and holds impurities by adsorption or absorption) at some phase
of the combustion process.

Coal Cleaning

Coal cleaning originally focused on removing ash and moisture from coal to
reduce transportation costs and improve the power plant efficiency. More recently,
however, coal cleaning in the industrialized countries has focused on removing sulfur to
reduce acid-rain-related emissions. Coal-cleaning methods may be classified into
conventional physical cleaning and various advanced cleaning methods, including
advanced physical cleaning, aqueous phase pretreatment, selective agglomeration, and
organic phase pretreatment.

Of these alternatives, conventional physical cleaning is widely used, well proven,
and highly suitable for use by developing countries. The advanced cleaning methods are
mostly still in the development or demonstration stages, are noted in a brief section
below.

Conventional Physical Cleaning
Conventional coal cleaning relies chiefly on gravity-based separation of inerts

(ash) and sulfur compounds before the coal is pulverized and introduced into the steam
generator (boiler) for combustion.

Technology. Conventional cleaning usually begins with crushing of the coal to a
50 mm maximum diameter, followed by screening into coarse, intermediate, and fine
particles. Crushing liberates ash-forming minerals and nonorganically bound sulfur (e.g.,
pyrites [FeS21). Grinding into smaller particles results in higher separation. Because
mineral matter has a higher density than organic-rich coal particles, it can be separated

13
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from the coarse and intermediate particles of coal bv jigs. dense-medium baths, cyclone
systems, and concentrating tables (see Table 2. 1).

Table 2.1 Conventional Physical Coal Cleaning Technologies

Technology type ______ Proces.

Crushing Grinders pulverize coal, which is then screened into coarse (< 50 mm
diameter), intermediate, and fine ( < 0.5 mm) particles. The crushing liberates
the nonorganically bound mineral particles from the coal. Because these
mineral particles are denser than the organically rich coal, they can be
separated from the coal by further processing (see next items).

Jigs (G) For coarse to intermediate particles

Dense-medium baths (G) For coarse to intermediate particles

Cyclones (G) For coarse to intermediate particles

Froth flotation (G) For fines: relies on the ditferent surface properties of ash (hydrophilic) vs. coal
(hydrophobic): high potential, but current technologies do not handle the small
particles efficiently.

Note: G = Gravity-(density)-based separation.

The fines (particles smaller than 0.5 mmin in diameter) can be separated by the
froth flotation technique, which exploits suLrface diffcrcnces between coal and ash (coal's
surface is hydrophobic. whereas ash's sur-face is hyldiophilic). Unfortunately, although
the potential for cleaning the coal fines is goreatrc than for cleaning the coarse and
intermediate coal particles, current technologies do not handle the fines efficiently.

Physical cleaning cannot rernove organically bound sulfur that requires chemical
or biological methods. Thus, the the larger the percentage of organically bound sulfur in
the coal, the lower the percentage of sulfur that can be removed by physical methods.

Performance. Ash removal can reach 60 percent; total sulfur removal is 10 to 40
percent, increasing in tandem with a rising percentage of pyritic (mineral) sulfur in the
coal. Weight recovery (the percentage of coal retained) is 60 to 90 percent, and thermal
recovery (percent ol' heating value retained) is X5 8o 98 pe.cent.

Availability. The following points dcscribc the commercial conditions under
which conventional coal cleaning is available today:

* Techniology readiness. Conventional coal cleaning methods are commercially
available throughout the world.

* Suppliers. A list of equipment suppliers is provided in Annex B, Table B. I.

* Cost-effectiveness. The cost of physical cleaning varies f'rom US$ 1 to US$ 10/ton,
depending on the coal quality, the cleaning process used, and the degree of
cleaning desired. In most cases, cleaning costs range from US$1 to US$5/ton.

Selection of the most appropriate physical coaLl cleaning niethod and the choice of
the level of cleaning desired involves balancing advantages and disadvantages (see Table
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2.2). It also involves considerations such as environmental regulations (sulfur-removal
requirements) and the cost of cleaned coal relative to that of naturally occurring coal of
the same quality.

Table 2.2 Advantages and Disadvantages of Physical Coal Cleaning

Advantages Disadv'antages

1O to 40 percent lower S02 emissions Coal grinding is energy-intensive.

Higher pulverizer and boiler availability 2 to 1 5 percent energy loss during cleaning.

(estimated: I percent imiiprovem-nent in Water-based coal cleaning methods add
availability for every 1 percent decrease in ash moisture to the coal, which reduces boiler and

content) power-plant efficiency.

Lower maintenance costs (less wear and tear
on coal preparation equipment and boiler)

Less boiler slagging and fouling

Lower dust loading of ESP/bagfilter

Lower transportation costs (applicable to
cleaning at the mine only)

Construction. Building of the necessary equipment requires from I to 2 years
(including design, manufacture, and construction).

Suitability. Although the suitability of a technology requires an evaluation of the
specific characteristics of each coal (e.g., percentage of pyritic vs. organically bound
sulfur), most coals in developing countries can be cleaned with conventional physical
cleaning methods. These technologies may need to be modified, but most developing
countries, with some initial external support, have the know-how and infrastructure to
accept, adapt, design, manufacture, and use these technologies.

Deployment. Most developing countries have no incentive to clean coal because
the price of coal does not vary with quality or with impact on power plant performance.
Also, present environmental regulations in most developing countries do not encourage
sulfur reduction.

Advanced Coal Cleaning

The advanced coal cleaning methods (advanced physical, aqueous, and organic
phase pretreatment and selective aglomeration) are at the early commercialization or
development stages, and their cleaning effectiveness and economic attractiveness are
largely untested. Because this report focuses on the near-term applicability of CCTs to
developing countries, the advanced methods are merely noted in passing (see Table 2.3).
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Table 2.3 Advanced Coal Cleaning Technologies

Technologx ivpe Process

Advanced physical cleaning Advanced troth flotatioin (S)
Electrostatic (S)
Heavy liquid cycloning (G)

Aqueous phase pretreatment Bioprocessing
Hydrothermal
Ion exchatnge

Selective agglomeration Otiscaal
LICADO a
Spherical Agglomeration Aglofloata

Organic phase pretreattrmentt Depolvymerizatiotn
Alkylation
Solvent swelling
Catalyst addlition (e.g.. carbonyl
Organic sultur renoval

Note: G = gravity-(density)-hased separation; S = surface-effect-based separation.

'Trade namnes tor ciniunercial processes.

In Situ Technologies

In situ technologies include both NO, and SO, control methods. NO, control
focuses mnainly on modification of the design and operating conditions of the burner
(combustion system). In situ SO, control technologies utilize injection of a sorbent
(usually limestone) to capture the sulfur and remove it as a dry, solid by-product.

Low-NOx Combustion Technologies

NO, emissions have been linked to acid rain, photochemical smog, and
tropospheric ozone (greenhouse effect). This has led to establishment of regulatory
measutres and to developtnent ol technologies to reduce NO, emissions from existing and
new power plants. Two general techniques are Used to reduce NO, emissions. The first
involves modification of the combustion process (staged combustion) and includes low-
NO, hurners (with and without overfire air IOFA]) and gas or coal reburning; these
methodologies are described in this section. The second type of NO, redutction strategy
involves postcombustion removal and includes selective noncatalytic NO, reduction
(SNCR), selective catalytic reduction (SCR). and combined SO,/NO, removal; these
methods are discussed in chapter 3. Both types are shown in Figure 2.1.

Technology. Low-NO, burners (LNBs) are designed to "stage" combustion (see
Figure 2.2). In this technology, a fLuel-rich combItstion zone is created by forcing
additional air to the outside of the firing zone (auxilliary air) and bv delaying the
combustion of coal. Re duction of 30 to 55 percent of NO, can be achieved with low-NO,
burners. Advanced stage combustion technologies usc overfire air and gas or coal
reburning to achieve even greater reductiolIs ot NOx.
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Figure 2.1 Combustion and Postcombustion NOx Control Options

SNCR
(Ammonia or urea injection)

_ .X.TiK 2 - <SCR
; . -.; ~~~Hot-side Post-FGD
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... , 1 s ~~~~Ammornia\
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Reburning N°x / SOx\ . c~~~~~~~~~~~~~~~~~ontrol

Low NO x
burners

Air heater \/\/ 
Particulate or Stack
FGD device

Figure 2.1 shows both combustion and postcombustion NOx controls. The left side of the
figure shows technologies used in the burner-low-NOx burners, overfire air, and
reburning. The top and right sides of the figure show technologies used downstream of
the boiler-SNCR, SCR (hot-side and post-FGD), and combined NOx /SOx technologies.
Note: SCR = selective catyalytic reduction; SNCR = selective noncatalytic reduction; FGD = flue
gas desulfurization.

Figure 2.2 Conceptual Design of a Low-NOx Burner

Secondary Primary
Bulk gas combustion zone combustion zone

Overfire air . 1 /7 ~~~~~~~~~~~~~~~~~~~~~~~~uiiry air

r g Delayed air mixing <: I Gas recirculation

Pro ucts Oxygen deficient Fuel-rich
coal nozzle

Gas recirculation

Auxilary air

Figure 2.2 shows the introduction of auxiliary air outside the coal nozzle (right side of
figure), which creates an oxygen-deficient region and delayed combustion in the primary
and secondary combustion zones (center). Overfire air (left) competes the combustion.
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OFA systems introduce 10 to 25 percent of the combustion air above the main
combustion zone, creating a fuel-rich combustion. LNB plus OFA can reduce NO, by 40
to 60 percent, and gas or coal reburning can reduce NO, by up to 60 to 70 percent.

In reburning, the rate of flow of coal into the main combustion zone is reduced by
up to 20 percent; it is replaced by an equal heat input of natural gas or coal introduced
above the main combustion zone (see Figure 2. 1). The NO, reduction potential of these
three low-NO, burner systems, as well as the associated capital costs, operating and
maintenance impacts, and required outage for retrofit are summarized in Table 2.4.

Table 2.4 Key Characteristics of Low-NOx Burner Technologies

- Costs (US$/kW) NOX reduction O&M impacts (nill/kWh) Retrofit outage
Technology Retrofit New boiler (percent) Retrofit New boiler (weeks)

LNB 5 - 1n I - 3 30- 55 < I None 3 - 5

LNB+OFA 10-25 3-10 40- 60 approx. I None 4-9

Reburning 20-50 10-30 50 -70 1 -5 1 -4 5- 10

Note: LNB = low-NO, burner; OFA = overfire air.

Availability. The following points describe the commercial conditions under
which low-NO, combustion technology is available today.

x Technology readiness. LNB and LNB plus OFA are being used commercially in
Europe, Japaii, and the United States. New boilers in industrialized countries all
use low-NO, burners, and retrofits of old boilers are being legislated in many
cases. In the United States, plants with a total of 51,000 MW of generating
capacity were retrofitted with low-NO, burners during 1992-94. Reburning has
been demonstrated in six U.S. utility boilers ranging from 40 to 180 MW.

* Suppliers. A partial list of suppliers is provided in Annex B, Table B.2.

* Cost-effectiveness (see Table 2.4). The costs of retrofitting existing boilers with
low-NO, burners range from US$5/kW for LNB to US$50/kW for reburning.
The capital costs of incorporating such systems into new boilers are a fraction of
the costs for retrofitting existing boilers. For example, incorporating a LNB +
OFA into a new boiler adds only US$3 to 10/kW. whereas retrofitting an existing
boiler may cost up to US$25/kW. The cost-effectiveness (in terms of US$/ton of
NOx removed) depends on the capital costs, O&M impact, and required NO,
reduction. Typical ranges of cost-effectiveness are as follows:

- LNB: 100 to 200 US$/ton NO, removed

- LNB + OFA: 200 to 400 US$/ton NO, removed

- Reburning: 300 to 600 US$/ton NO, removed.

Construcfion. As shown in Table 2.3, retrofitting an existing boiler with low-NO,
burner technologies requires a unit outage of 3 to 10 weeks, depending on the technology.
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The use of low-NO, burners is not expected to affect the design, manufacture, and
construction of new boilers.

Suitability. Low-NO, burner technologies are suitable for developing countries.
Minor adaptations may be required to accommodate the unique characteristics of some
coals (especially in countries such as China and India), but these adaptations can be part
of commercial projects; no full-scope technology demonstration project is needed.

Most developing countries have the capability (manufacturing facilities) to
acquire the technology and to manufacture low-NO, systems locally, although transfer of
technology know-how is needed.

Deployment. Lack of environmental regulations requiring NO, emission control
is the main reason for the limited use of these technologies in developing countries.
Developing countries should include low-NO, burners in new boilers (because the
incremental costs are minimal), and either include overfire air systems or make
provisions in boiler design for easy incorporation of overfire air in the future. Reburning
may be particularly attractive where natural gas is available at the power plant site, and
required NO, emissions are below 400 ppm.

Sorbent Injection for SO 2 Control

Technology. SO2 may be removed by injecting a sorbent (lime, limestone, or
dolomite) into the combustion gases. Depending on the location of the sorbent injection
point, the technologies are classified as follows (see Figure 2.3):

* Furnace sorbent injection. The injection point is above the burners or in the
backpass before the air heater.

Duct injection. Injection after the air heater.

Furnace injection is described here; duct injection is described in chapter 3.

Furnace sorbent injection involves injection of the sorbent, together with
combustion air, above the combustion zone (preferably where the gas temperature is
approximately 1,2000 C, or 2,2000 F), together with combustion air, through special
injection ports. Alternatively, the sorbent may be injected before the economizer, where
the gas temperature is approximately 5400 C (I 1000 F).

The sorbent decomposes into lime, which reacts in suspension with S02 to form
calcium sulfate (CaSO4 ). The calcium sulfate, unreacted sorbent, and fly ash are
removed at the particulate control device (either an electrostatic precipitator or bagfilter)
downstream from the boiler. Sorbent injection, however, affects the properties of the
particulates (higher resistivity and different size and morphology than derived from
pulverized coal without SO2 control), which in turn adversely affects the performance of
the electrostatic precipitator (ESP). Gas conditioning (humidification or ammonia
injection) may be needed to maintain the ESP's performance.
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Figure 2.3 Sorbent Injection Points
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Figure 2.3 shows the points at which sorbent can be injected: at the top of the furnace or
at the backpass cavity (right side of furnace) upstream of the economizer (furnace
injection), or (bottom right) downstream of the air heater (duct injection).

Performance. S02 removal is 30 to 60 percent (with a calcium-to-sulfur [Ca/S]
molar ratio of 2: 1). Sorbent injection before the economizer is expected to require less
sorbent (Ca/S molar ratio of 1:1), but this still must be demonstrated on a large scale.
The technology is suitable for both new and retrofit applications.

Availability. The following points describe the commercial conditions under
which sorbent injection technology is available today.

Technology readiness. The technology is in the demonstration phase; several
large-scale demonstration projects have been completed in the United States,
including Ohio Edison's Edgewater #4 (104 MW wall-fired unit) and Illinois
Power's Hennepin #1 (71 MW) and in Europe. Other demonstrations (e.g., in
Springfield, Illinois, a 33 MW cyclone-fired boiler) are still under construction. A
number of issues must be addressed before the technology is considered fully
demonstrated and commercially available:

- Sorbent efficiency-the sorbent utilization needs to be improved to
enhance the economic attractiveness of the technology.

- Furnace injection adversely affects slagging.

- Injection before the economizer increases fouling of it and the air heater.

- Sorbent injection decreases electrostatic precipitator (ESP) performance.
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* Suppliers. A list of suppliers is provided in Annex B, Table B.3.

* Cost-effectiveness. Sorbent injection is simple and has lower capital and
operating costs than scrubbers, but it has limited SO2 removal (30 to 60 percent)
capability. Other advantages of the technology are that it requires very little
space, uses readily available additives (sorbent), and is easy to operate and
maintain. Capital costs are 70 to 120 US$/kW (Kataoka 1993); variable operating
costs are 3 to 7 USmills/kWh (DePero and others 1993).

In cases where low SO2 removal (30 to 60 percent) is adequate, sorbent injection
may be the technology of choice.

Construction. For retrofit projects, the unit must be off-line for 4 to 10 weeks.
Construction schedules for new boilers are not expected to be affected significantly by
the incorporation of sorbent injection into the design, however.

Suitability. This technology is particularly suitable for short- and intermediate-
term (5 to 10 years) applications in developing countries for the following reasons:

* Environmental regulations in most developing countries do not require very high
SO2 removal; 40 to 60 percent removal may be adequate.

* Sorbent injection is a simple process with low capital and O&M costs.

* Sorbent injection systems are easy to operate and maintain.

* The technology is particularly suitable for retrofit applications.

Deployment. Deployment of sorbent injection in developing countries will
require further demonstration of its performance and economic attractiveness. This can
be achieved through more demonstrations and commercial projects in developed
countries, and through one or two demonstration projects in developing countries.
Because such projects require 3 to 5 years to be completed, wide application of this
technology in developing countries is not expected before the end of the century.





3
Postcombustion Technologies

Postcombustion technologies include methods for controlling SO2 , NO,, and
particulates and may involve treating these separately or in combination. This chapter
describes the following postcombustion technologies:

* S02 control. The main technologies are duct (sorbent) injection, wet FGD (wet
scrubbers), and dry FGD (spray dryers).

* NOX control. These include selective noncatalytic reduction (SNCR) and
selective catalytic reduction (SCR).

* Combined S02 and NO, control. Such technologies include adsorption/
regeneration, flue-gas irradiation, wet scrubbing additive for NO, removal,
gas/solid catalytic operations, electrochemical processes, and dry alkali processes.

* Particulate removal. The principal methods are electrostatic precipitators (ESP),
bagfilter (baghouse) technologies, and hot-gas cleanup technologies.

SO2 Control Technologies

Duct Injection

Duct injection processes are of two types: pre-ESP sorbent injection and post-ESP
sorbent injection. These are discussed together below.

Technology. Pre-ESP sorbent injection is similar to furnace sorbent injection in
that it requires similar hardware. Post-ESP sorbent injection also requires a reaction
vessel (absorber), and it also requires either an ESP upgrade or the addition of a fabric
filter to remove particulates resulting from the recycling of the sorbent (see Figure 3.1).

In both the pre- and post-ESP sorbent injection methods, the flue gas is cooled to
the "approach temperature" by water conditioning (see Figure 3.1). In the absorber, a
calcium solution, Ca(OH2 ), and recirculated sorbent are injected into the flue gas. The
reaction by-products-calcium sulfate (CaSO4 ), calcium chloride (CaCl2 ), fly ash, and
unreacted sorbent-are removed by a downstream fabric filter.

23
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Figure 3.1 Post-ESP Duct Injection Process Flow
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Figure 3.1 shows that calcium hydroxide (top left) is injected from a silo into the absorber,
where it mixes with the flue gas to form CaSO4. As the gas enters the absorber it is
cooled to the "approach temperature" by water spraying. The unreacted sorbent and fly
ash in the flue gas are captured downstream of the absorber in a fabric filter and are
recycled into the top of the absorber or disposed (sulfite-sulfate mixture). The clean flue
gas goes to the stack.

Performance. Pre-ESP sorbent injection can achieve 30 to 70 percent S02
removal; post-ESP injection can achieve 80 to 90 percent removal. The efficiency with
which SOX is removed depends greatly on the amount of sorbent injected (Ca/S molar
ratio), the recycling of unreacted sorbent, and the approach temperature. The efficiency
of SO, removal for duct injection processes with and without sorbent recycling is shown
is Figures 3.2 and 3.3, respectively.

Availability. The following points describe the commercial conditions under
which pre-ESP and post-ESP duct injection technologies are available today.

* Technology readiness. Both technologies are in the demonstration and early
commercialization phase; some pre-ESP sorbent injection plants are in operation
in the United States; several post-ESP plants are operating in Europe. Pre-ESP
sorbent injection plants in the United States include B&W's process,
demonstrated at Ohio Edison's Edgewater 104 MW station; and Bechtel's CZD
process, being demonstrated at Pennsylvania Electric's Seward 147 MW station.
Post-ESP systems are being operated commercially at low-sulfur firing boilers in
Europe by Lurgi Corporation of Germany and Tampella of Finland.
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Figure 3.2 S02 Removal vs. Ca/S for Pre-ESP Duct Injection without Recycling
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Figure 3.2 illustrates the impact of Ca/S molar ratio and approach temperature on S02

removal efficiency in a pre-ESP duct injection system without recycling.

Figure 3.3 SO2 Removal vs. Ca/S for Pre-ESP Duct Injection with Recycling
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Figure 3.3 shows the relationship between Ca/S molar ratio, approach temperature and
SO2 removal efficiency in a pre-ESP duct injection system with recycling. Comparison of
Figures 3.2 and 3.3 shows that recycling improves the S02 efficiency significantly.



26 Clean Coal Technologies

* Suppliers. A list of suppliers is provided in Annex B, Table B.3.

* Cost-effectiveness. The cost of the pre-ESP sorbent injection process is expected
to range from 60 to 120 US$/kW (Claussen 1993); post-ESP costs are similar to
those of FGD processes (100 to 200 US$/kW).

Construction. If space is available for the installation of sorbent injection
equipment, the downtime required for retrofitting an existing unit is 3 to 6 weeks.

Suitability. Sorbent injection is particularly suitable for short- and intermediate-
term (5 to 10 years) applications in developing countries because of the following
circumstances:

* Environmental regulations in most developing countries do not require very high
SO2 removal; 30 to 70 percent removal may be adequate.

* It is a simple process with low capital and O&M costs.

* The system is easy to operate and maintain.

i It is particularly suitable for retrofit applications.

Deployment. Deployment in developing countries will require further
demonstration of the performance and economic attractiveness of the technology.
Additional demonstrations or commercial projects in developed countries and one or two
demonstration projects in developing countries may be required. Considering that such
projects require 3 to 5 years to be completed, wide application of this technology in
developing countries should not be expected before the end of the century. (For more
information on the design of duct injection systems, see Claussen 1993.)

Wet Scrubbers/Flue-Gas Desulfurization

In most developed countries, wet scrubber (flue-gas desulfurization; FGD)
technology is a well-established process for removing SO-.

Technology. A simplified process flow diagram of a conventional wet scrubber is
shown in Figure 3.4. In wet scrubbers, the flue gas enters a large vessel (spray tower or
absorber), where it is sprayed with water slurr-y (approximately 10 percent lime or
limestone). The calcium in the slurry reacts with the SO0 to form calcium sulfite or
calcium sulfate. A portion of the slurry from the reaction tank is pumped into the
thickener, where the solids settle before going to a filter for final dewatering to about 50
percent solids. The calcium sulfite waste product is usually mixed with fly ash
(approximately 1: l) and fixative lime (approximately 5 percent) and disposed of in
landfills.

Note that "mist eliminators' installed at the spray tower outlet or downstream
ductwork collect slurry droplets and remove moisture from the flue gas. In some
installations, the flue gas is reheated to avoid corrosion downstream in the power plant.
Many scrubbers have gas-bypassing capability, which can be used for gas reheating.
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Figure 3.4 Conventional Limestone/Lime Flue-Gas Desulfurization

Spray tower/absorber

\mo Ciean gas out

Fabric filter Calcium-based
Xgnua X esr > \1/ j ~~~sorbent spray

~~~~~ ~~~Supply tank ~ H
Flyash\

Stabilized waste

Figure 3.4 shows conventional limestone/lime flue-gas desulfurization. After leaving the
particulate removal device-a fabric filter or ESP (top left)-the gas enters a spray tower
or absorber (top center), where it is sprayed with a calcium-based water slurry. The
calcium in the slurry and the Su2 in the flue gas form calcium sulfite or calcium sulfate,
which are removed by dewatering and settling into a thickener (center). The FGD wastes
are usually mixed with the fly ash collected in the fabric filter or ESP and lime in a pug mill
(bottom center), and they are disposed of in landfills.

Note: ESP = electrostatic precipitator; FGD = flue-gas desulfurization.

Often, a spare absorber is included to allow full-load operation with one absorber
out of service, although the industry trend is to improve scrubber reliability and eliminate
the spare module. The cost estimates presented in this report assume that one spare
module is included. Presently, the largest capacity scrubber module can handle flue gas
approximately equivalent to that of a 150 MW coal power plant.

Limestone with forced oxidation (LSFO) is a variation of the traditional wet
scrubber (see Figure 3.5). In the LSFO process, the calcium sulfite initially formed in the
spray tow er absorber inearly prcent oxidized to form gypsum (calcium sulfate) by
bubbling compressed air through the sulfite slurry in the tower recirculation tank or in a
separate vessel. Because of their larger size and structure, gypsum crystals settle and
dewater better than calcium sulfite crystals, reducing the required size of by-product
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handling equipment. The high gypsum content also permits disposal of the dewatered
waste without fixation. Gypsum also has a commercial value, and this needs to be
incorporated into the overall assessment of the FGD processes.

Figure 3.5 Limestone Forced Oxidation Flue-Gas Desulfurization Process
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Figure 3.5 shows the limestone with forced oxidation (LSFO) process. It differs from the
wet FGD process described in Figure 3.4 in that calcium sulfite formed in the absorber is
oxidized to form gypsum by introducing compressed air into the slurry tank. The final
EGD waste is wallboard-grade gypsum.

Note: FGD = flue-gas desulfurization.

By controlling the gypsum quality in the dewatering step, a wallboard-grade
gypsum can be produced. The majority of scrubber installations in Europe and Japan
generate gypsum for reuse. In the United States, sale of gypsum depends on local
markets for wallboard, cement, and agricultural soil amendments.

The LSFO process with throwaway by-product is the standard process against
which other FGD processes are compared.

Although FGD designs vary widely, one worth mentioning in particular is the
Chiyoda Thoroughbred 121 (CT-121) process (Figure 3.6), which reflects a simplified
and more integrated design than the other processes. The key improvement is a
simplified absorber, which eliminates the need for spray pumps, nozzle heaters, separate
oxidation towers, and thickeners. Gypsum again is the main by-product of the process.
The CT-121 process is operating commercially in Japan in low-sulfur, coal-fired power
plants, and it is tinder demonstration in the United States (Southern Company
Services/Georgia Power's Yates #1 unit, 100 MW).
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Figure 3.6 Chiyoda CT-121 Flue-Gas Desulfurization Process
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Figure 3.6 shows the absorber of the CT-121 process (top center). It is designed to
eliminate the need for separate oxidation tower, thickener, and spray pumps.

Performance. Wet scrubbers are usually designed for efficiency of 80 to 90
percent SO2 removal. Additives (e.g., magnesium-enhanced lime or adipic acid) improve
the process efficiency by 5 to 10 percent, raising it to a total 95 to 99 percent. These
performance levels have been proven for both high- and low-sulfur coals in many
commercial applications in Europe, Japan, and the United States.

Approximately 1 to 3 percent of the unit's generating capacity is consumed to
meet the power requirements of the scrubber. An additional 1 percent is consumed for
gas reheating (when available).

Availability. The following points describe the commercial conditions under
which wet scrubber technology is available today.

Technology readiness. Wet scrubber technology is the most proven and
commercially established SO2 removal process in most developed countries
(Europe, Japan, and the United States). At the end of 1993, there were more than
132 GWs of installed capacity operating worldwide. Approximately 40 GW
(installed in the late 1980s) are in Germany and more than 62 GW in the United
States. Of the 9,200 MW of coal-fired capacity in Japan, approximately 93
percent use scrubbers (mostly wet type).
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* Suppliers. A list of the main FGD suppliers in Europe, Japan, and the United
States is provided in Annex B, Table B.4.

* Cost-effectivenzess. Wet scrubbers are the technology of choice for retrofit
applications requiring more than 80 to 90 percent SO2 removal. FGD cost
projections are shown in Table 3.1.

* Time for construction. Retrofitting an existing power plant with wet scrubbers
requires 3 to 6 weeks of outage to connect the FGD with the boiler piping and to
construct the scrubber itself (provided that space is available).

Table 3.1 Cost Projections for Retrofit and New Construction of
Flue-Gas Desulfurization Units

Cost fictor Retrofit New plant

Capital costs (US$/kW) 150 - 270 120 - 210

Variable O&M (USmills/kWh) 1.5 - 3.3 1.3 - 3.2

Total O&M (USmills/kWh) 6.6- 12.0 7.4- 13.0

Note: Costs are expressed in 1990 US$.

Suitability. In general, wet scrubber technology is suitable for power plants in
developing countries, but additional demonstration and adaptation of specific FGD
processes may be required depending on the coal quality in each case. Suitability should
also be assessed based on the SO2 removal requirements of each country; countries with
removal requirements above 80 to 90 percent should consider wet scrubber technologies;
countries with lower requirements may find dry scrubbers, sorbent injection, fluidized-
bed combustion, or coal cleaning more cost-effective.

Deployment. Demonstration and adaptation of the technology may be needed for
some coals found in developing countries (e.g., Indian and Chinese coals). In general,
deployment issues that need to be addressed by most developing countries are as follows:

* The high cost of FGD equipment puts an additional strain on the already limited
financial resources of developing countries.

* A significant percentage of the capital requirements (at least during the first 3 to 7
years of technology deployment) will be in hard currency.

* Power generation companies need to obtain additional expertise in specifying,
operating, and maintaining complex FGD systems, which are more like chemical
plants than power plants. Companies may need more chemical engineers,
chemical laboratories, and revised operating and maintenance procedures.

Dry Scrubbers (Spray Dryers)

Dry scrubbers are used commercially in Europe, Japan, and the United States.
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Technology. In dry scrubbers, a calcium hydroxide slurry (quicklime mixed with
water) is introduced into a spray dryer tower (see Figure 3.7). The slurry is atomized and
injected (close to saturation) into the flue gases, where droplets react with SO2 as they
evaporate in the vessel. The resulting dry by-product is collected in the bottom of the
spray dryer and in the particulate removal equipment (ESP or bagfilter).

Figure 3.7 Spray Dryer Flue-Gas Desulfuration Process

flue gas |Spray dryer
tower

Fabric filter Clean gas
or ESP out to stack

Lime an
water 4

Fly ash. CaSO3,
CaSO4, lime

Figure 3.7 shows how lime and water (calcium hydroxide slurry) are introduced into the
spray dryer tower (top center), where they mix with the flue gas to form CaSO4. Fly ash,
CaSO3, CaSO4, and unreacted lime are removed by a fabric filter or ESP downstream of
the spray dryer. Part of these solid wastes is recycled into the tower; the remainder is
sent to a disposal site.

A portion of the dry by-product is recycled to the spray dryer to enhance removal
of S02 and use of alkali. Chloride injection or high chloride coals improve the
performance of the spray dryer.

Performance. An efficiency of 70 to 90 percent removal of S02 has been
achieved with low-sulfur coals. Preliminary laboratory and large-scale testing indicate
that similar efficiency of SO2 removal can be achieved with high-sulfur coals (up to 4.5
percent by weight).

Availability. The following points describe the commercial conditions under
which dry scrubber technology is available today.

* Technology readiness. The technology has been demonstrated and used
commercially with low-sulfur coals in Europe and Japan. Also, approximately 6
percent of the FGD systems in the United States (3,600 MW) use spray dryers.
The performance of spray dryers with high-sulfur coals needs to be demonstrated,
however. Specific issues that require further demonstration are the impact of
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chloride contained in the coal on spray dryer performance; and the ability of
existing ESPs, if downstream from the spray dryer, to handle the increased
particulate loading and achieve the required efficiency. A minimum of 300 to 400
specific collection area (SCA) is needed, depending on the sulfur and chloride
content of the coal, as well as on particulate emission requirements.

* Suppliers. A list of suppliers is provided in Annex B, Table B.4.

* Cost-effectiveness. The capital cost requirements for spray dryers are lower than
those for wet scrubbers (see Table 3.2), and spray dryer systems are simpler and
easier to operate and maintain.

Table 3.2 Capital Cost Requirements for Spray Dryers

Cost factor Retrofit New plant

Capital costs (US$/kW) 140- 210 110- 165

Variable O&M (USmills/kWh) 2.1 - 3.2 2.1 - 3.2

Total O&M4 (USmills/kWh) 6.0(- 9.0 7.4- 11.0

Note: Cos's expressed in 1990 US$.

Construction. Unit outage of 3 to 6 weeks is needed to connect a spray dryer in an
existing power plant.

Suitability. Spray dryers are suitable for developing countries, but demonstration
may be needed (e.g., for high-ash Indian coals and high-sulfur coals generally).

Deployment. Deployment considerations are similar to those for wet FGD.

NO X Control Technologies

Selective Noncatalytic Reduction for NO x Control

Demonstrations of selective noncatalytic reduction (SNCR) technology have been
conducted in the United States and Germany.

Technology. NO, emissions in the flue gas are converted into elemental nitrogen
and water by injecting a nitrogen-based chemical reagent, most commonly urea
(CH2 CONH2 ) or ammonia (NH,; either anhydrous or aqueous). The chemical reactions,
in a simplified form, ale as follows:

2NO+CH ,CONH, + 1/2O, > 2N, +CO- +2H,O

NO, +NH, +O, +H-O+(H-,) > N, +H,O

Because the highest NO, reduction is achieved at temperatures between 870 and
1,200° C (1,600 to 2,2000 F), the reagent is introduced at the top and backpass of the
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boiler. Multiple injection locations may be required, especially in case of cycling units:
different injection locations are used as the unit operates at a reduced load.

Performance. SNCR technologies can reduce NO, emissions by 35 to 60 percent
without significant impacts on unit performance.

Availability. The following points describe the commercial conditions under
which selective noncatalytic reduction technology is available today.

Technology readiness. The technology was initially demonstrated in boilers fired
by oil or natural gas, but the use of SNCR in coal-fired boilers is presently under
way. The technology has been demonstrated in 15 utility-scale boilers in the
United States and Europe (especially in Germany and Austria).

Technical issues that remain to be addressed are as follows:

- Ability to satisfactorily minimize deposition of ammonium bisulfate on
the air heater baskets, which plugs them.

- Ammonia contamination of the ash; ammonia is odorous at
concentrations as low as 20 ppm.

- Release of unreacted ammonia into the environment through the flue gas
("ammonia slip").

- Generation of N2 O, an ozone-depleting greenhouse gas.

Suppliers. Suppliers of SNCR technologies are limited; two are Nalco/Fuel Tech
and Exxon Research and Engineering. Nalco's technology (NOXOUT) is
marketed in the United States and other countries by licensees such as Flakt
Canada Ltd.; Rertokraft AB; Research Cottrell, Inc.; RJM Corporation; Todd
Combustion, Inc.; and Wheelabrator Air Pollution Control. Exxon markets its
process (Thermal DeNOx) through sinilar arrangements with various
organizations.

* Cost-effectiveness. The cost of retrofitting a boiler with SNCR is US$10 to
20/kW, whereas incorporating SNCR in a new boiler is projected to cost US$5 to
10/kW. This difference is caused by the cost associated with modifying the
existing boiler lo install the reagent injection ports. The operating costs
associated with the reagent, auxiliary power, and potential adverse O&M impacts
are usually on the order of I to 2 mn/kWh.

Construction. Two to five weeks of outage are required to retrofit a boiler with
SNCR.

Suitability and Deployment. This technology is suitable for developing countries
that require NO, reduction above and beyond what is achieved by low-NO, burners.
Developing countries should monitor the progress in industrialized countries and decide
whether they want to acquire the technology, depending on their NO, control regulations
and the sucessful resolution of the outstanding issues mentioned above.
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Selective Catalytic Reduction for NOx Control

Although selective catalytic reduction (SCR) technology is widely available for
low-sulfur coal, its acceptance in developing countries is hindered by the high capital and
O&M costs, the need for adaptation to different types of coal, and their generally less
stringent regulations regar-ding NO, reduction.

Technology. SCR is similar to SNCR in that it uses ammonia injection in the flue
gas to convert NO, emissions to elemental nitrogen and water. The key difference
between SCR and SNCR is the presence in SCR systems of a catalyst, which accelerates
the chemical reactions. The catalyst is needed because SCR systems operate at much
lower temperatures than do the SNCR; typical temperatures for SCR are 340 to 3800 C
(650 to 7200 F), compared with 870 to 1,2000 C (1,600 to 2,2000 F) for SNCR. The most
commonly used catalysts are a vanadiunm/titanium formulation (V20 5 stabilized in a TiO2
base) and zeolite materials. Figure 3.8 illustrates hot- and cold-side SCR systems.

Performance. SCR has a demonstrated ability to remove 70 to 90 percent of the
NO, emissions from low-sulfur-firing boilers. Similar NO, reduction is expected with
mediulll- to high-sulfur coals, but such performance has not been demonstrated in utility-
scale boilers.

Availability. The following points describe the commercial conditions under
which selective catalytic reduction technology is available today.

Teclinology readiniess. SCR is commercially available throughout the world for
low-sulfur coal (less than 1.5 percent on a dry-weight basis). SCR has been
installed and is operating in more than 30 GW of coal-fired capacity in Germany
and 6 GW in Japan. In addition, Japan has more than 15 GW of oil-fired capacity
utilizing SCR. In the United States, the focus is on demonstrating the
performance and economics of SCR in medium- and high-sulfur coals.

Issues that need to be addressed are as follows:

- Quantity of catalyst required to achieve a specific NO, reduction

- Catalyst life (alkali and arsenic in the coal reduce the useful life of the
catalyst)

- Required ammonia (NH3:NO, molar ratio) to achieve a specific NO,
redLuction

- Percentage of unreacted ammonia released into the environment
(iammonia slip")

-- Conversion of SO- to SO,; most catalysts convert 0.5 to 1.5 percent of
the incoming SO, to SO3, which affects NOX removal efficiency

- Impact of SCR on unit reliability, especially the problem of air heater
plugging

- Overall cost-effectiveness, relative to other NOX control options.
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Figure 3.8 Hot- and Cold-side (Post-FGD) SCR Systems
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Figure 3.8 shows the SCR, located either between the economizer and the air heater
("Hot-side" SCR, top half of figure) or downstream from the particulate removal and FGD
("Cold-side" or "Post-FGD" SCR, bottom half). Hot-side SCRs operate at flue-gas
temperatures of 340 to 380° C (650 to 720° F). Post-FGD SCRs operate at
approximately 330' C (625° F), and thus the flue gas must be reheated before it enters
the SNCR.
Note: FGD = flue-gas desulfurization; SCR = selective catalytic reduction.

Hot-side SCR systems are installed between the economizer and the air heater;
therefore, they require extensive modifications of the boiler backpass. Lack of available
space is very often a constraint, and may result in design compromises and/or increased
costs. Post-FGD SCRs are installed downstream of the particulate control and FGD,
where there is more space. To illustrate the space requirements of SCRs: a 500 MW unit
needs a total of 38 m x 30 m plan area x 30 m high (125 ft. x 100 ft. x 100 ft.), including
structural steel, stairs, walkways, and so on.

* Suppliers. A list of suppliers is provided in Annex B, Table B.5.
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Cost-effectiveenes.s. Capital costs range from US$50 to 150/kW, depending on the
required NO, emission reduction, unit layout (available space and interferences),
catalyst Linit price, cost of ammonia, and type of SCR (hot-side vs. post-FGD).
Hot-side SCRs typically cost US$50 to 100/kW, whereas post-FGD SCRs cost
US$120 to 150/kW.

O&M costs for SCR are expected to add 4 to 8 m/kWh, depending on the catalyst life
(typically 3 to 5 years) and the catalyst cost (typically 300 to 600 US$/cu. ft.).

Construction. Hot-side SCR retrofits require 2 to 3 months outage, whereas post-
FGD SCR retrofits require 3 to 6 weeks outage.

Suitability. Technically, SCR is suitable for coal-fired power plants in developing
countries. However, technology demonstration and potential adaptation to unique coal
characteristics may be reqcLui -ed. Fulthermore, environmental regulations in developing
countries often do not reCuiLre the 80 to 90 percent level of NO, reduction achieved by
SCR.

Deployment. The main factors that prevent the use of SCR technology in
developing countries arc the lack of regulations requiring high NO, reduction (80 to 90
percent) and the high cost of SCR relative to other options (low-NO, burners and SNCR).

Combined SOX/NOx Control

General Description

More than a hundred processes are under development that combine SO2 and NO,
removal to reduce the design and operating complexity of these systems. The intent is to
provide a cost-effective alternative to the combination SCR-wet FGD.

Technology. C'ombined SO2/NO, control processes include adsorption/
regeneration, flue-gas irradiationi, wet scrubbing with additive for NO, removal, gas/solid
catalytic operations, electrocheiical processes, and dry alkali processes. Each category
comiprises maniy processes, and silnce the technologies are only in the development stage,
the report will not describe themii. More information is available from Cichanowicz
(1990); EPRI ( 1993): Frank and Hirano ( 1988): Haslbeck and others (1993); and Power
Ma 'gtine (1990). The last in particular sumllmarizes the technologies, developers,
commercial status, and Linique fCatuLres.

Examples. Two examples of SO0/NO, control processes in the early
demonstration stage are shown in Figures 3.9 and 3. 10, respectively.

Performance. An NO, removal of 80 to 90 percent and a similar level of SO2
removal are expected fromii these processes. The main advantages and disadvantages of
six selected categories of combinhied SO/NOy control processes are provided in Table 3.3
(Cichanowicz 1990).
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Figure 3.9 The SO x/NOx Process
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Figure 3.9 shows the SOx/NOx process. Sorbent is injected into an absorber, where it reacts with
the S02 in the flue gas to form CaSO4 and reduces the NOx to elemental nitrogen. Sorbent
regeneration and production of sulfur (through a Claus plant, bottom right) complete the process.

Figure 3.10 The SOx-NOx-ROX Box Process
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Figure 3.10 illustrates the SOx-NOx-ROX Box process. It is based on a high-temperature fabric
filter (in the "hot baghouse," center), which includes an SCR catalyst. Sorbent injection before the
baghouse removes the S02, and ammonia injection reduces NOx into nitrogen.
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Table 3.3 Comparison of Combined SO2/NOx Control Processes

Process Advantages Disadvantages

Adsorptlon/ High-temperature gas is not required Solids recirculation is complex
regeneratlon High removal efficiency High sorbent costs

Low volume of wastes High flue-gas pressure loss
Potentially marketable by-product

Flue gas High temperature gas is not required High auxiliary power
irradiation S02, NOX, and particulate removal in High-cost reagent (ammonia)

one device Plotential for secondary emissions (e.g., N20)
Potentially marketable by-product 13y-product difficult to dispose of

Wet scrubbing Easily retrofittable to scrubbers Complex and precise process control needed
additive for Nox One vessel for SO2 and NOX removal Wastes contain nitrogen/sulfur compounds

removal Process chemistry also suitable for Flue-gas reheating may be required

high-sulfur coals

Gas/solid No solids recirculation High-temperature gas needed
catalytic High SO, and NO x removal Acid collection adds complexity

operations Potentially marketable by-product Catalysts must be replaced periodically

Electrochemical Mechanically simple High auxiliary power required
One device tor both SO-) and NOx High-temperature gas required
removal
No reagents needed
No high volume wastes

Dry alkali High-temperature gas not required High simultaneous S02 and NO, removal
Easily retrofittable to dry scrubbers may not be possible

Wastes difficult to dispose of
Potential for secondary emissions (e.g., NO2)

Source. Power Magazine (1990).

Availability. The following points describe the commercial conditions under
which combined SOJ/NOX control technology is available today.

* Technology reacditness. Most of these processes are in the early development stage
and are not expected to be commercially available before year 2000.

* SSuppliers. See Povwer MAagaZine (1990).

* Cost-effectivetie.s.s. Early projected capital costs range from US$300 to 400/ kW;
the O&M costs range from 10 tol8 U.S. mills/kWh. The cost relative to that of other
options cannot be assessed at this time because of the early developmental stage of these
technologies.

Suitability. The suitability and deploymient of the combined SO2/NOx control
processes in developing countries should he assessed after they have been demonstrated
and commercialized in industrialized countries (3 to 10 years, depending on the process).
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Particulate Removal Technologies

Electrostatic Precipitator Technology Enhancements

ESP is a well-known technology for controlling emissions of particulates. The
purpose of this section is not to describe the conventional ESP technology, but to present
a number of recent design and operating enhancements made to improve the efficiency
and cost-effectiveness of ESP, as well as to give the basic information on availability,
construction time, and so on.

ESP performance improvements were made for a variety of reasons, including the
following:

* Tightening of regulations for particulate removal

* Adverse impact of switching from one coal to another, or deteriorating coal
quality, on ESP performance

* Adverse impacts of upstream processes (e.g., sorbent injection), which affect the
morphology and resistivity of the ash.

ESP Design and Operating Enhancements. Enhancements of ESP technology
include the following:

* Wide plate spacing, which reduces the specific collection area (SCA) and overall
ESP costs while maintaining the collection efficiency by operating at higher
voltages (sparking voltage level increases with wider plate spacing)

* Intermittent energization, which improves performance and reduces auxiliary
power requirements (small performance improvement, low-cost option)

* Pulse power supply (moderate performance improvement, high-cost option)

* Increasing ESP size (high performance improvement, high-cost option)

* Flue-gas conditioning; both S0 3 and ammonia conditioning of the gas before
entering the ESP are proven technologies that substantially improve the ESP
performance

* ESP automatic voltage controls and other energy management systems (high
performance improvement and low cost).

For more information see Chang and Altman (no date), EPRI (1994), and Offen
and Altman (1991).

Availability. The following points describe the commercial conditions under
which electrostatic precipitator enhancement technology is available today.

* Technology readiness. All the above ESP enhancements are commercially
available.
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* Suppliers. Most suppliers of conventional ESPs offer the above options for new
ESPs, as well as for retrofit applications.

* Cost-effectiveness. Typical cost of a new ESP designed to remove 99.0 to 99.7
percent particulates (the U.S. standard) ranges from US$40 to 60/kW. Higher
collection efficiency may increase the cost up to 100 US$/kW. The cost of the
above ESP enhancements ranges from US$1 to 20/kW. The cost-effectiveness of
each option is site-specific and depends on a number of factors, which include the
performance and design specifications of existing ESP, ESP age and remaining
life, required performance improvement (potentially required by new
environmental regulations), and cost of power (U.S. mills/kWh).

The flue-gas conditioning equipment costs do not necessarily increase with
increasing unit size. That is, large units can be fairly inexpensive (US$1/kW) and
small units very expensive. Total O&M costs of conventional ESPs range from
US2 to 4 mills/kWh.

Construction. ESP enhancements (with the exception of an ESP size increase) do
not requiie more than 2 to 6 weeks of unit outage. Increasing the size of the ESP requires
a 2 to 3 month outage.

Suitability and Deployment. The ESP enhancements described in this section are
suitable for developing countries but have not been widely used because particulate-
related regulations are not as tight as they are in industrialized countries. If regulations
are tightened and some clean coal technologies are used (especially spray dryers, sorbent
injection, and fluidized-bed combustion) such ESP enhancements will be needed. If a
market for such enhanced ESP features develops, supply should not be a problem.

Fabric Filter (Baghouse) Technologies

Bagfilters or baghouses are based on the following operating principle: particles
and flue gas are separated in tube-shaped filter bags arranged in parallel flow paths. The
particulates are collected either on the outside (dirty gas flow from outside-to-inside) or
the inside (dirty gas flow from inside-to-outside) of the bag.

Technology. The main differences among the various types of fabric filter
technologies are related to the type of bag cleaning method. There are four general types
of baghouses: reverse-gas, shaeke-deflate, pulse-jet, and sonic cleaning. These are
described in Bustard and others ( 1988) and Carr and Smith (1984).

Performance. Baghouses have been used in Canada, Europe, Japan, and the
United States extensively during the last ten years because they are efficient at dust
collection. Industrialized countries have started using bagfilters instead of ESPs because
very often regulations require a collection efficiency above 99 percent, even for particles
in the 0.05 to 1.0 micron range, which can be achieved more cost-effectively with
bagfilters.
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Reverse gas-type baghouses are the most widely used, but they are expensive to
build and operate. In addition to their large size, the pressure drop (and hence, the
required auxiliary power) increases with time after each filter cleaning. Improved fabric
materials and the addition of sonic cleaning improve the performance and cost-
effectiveness of this technology. For more detailed descriptions of the recent advances in
baghouse technology see Carr (1988); Chang and Altman (no date); Makansi (1986).

Availability. The following points describe the commercial conditions under
which baghouse technology is available today.

* Technology readiness. Presently, more than 30 GW of baghouse capacity is
installed in the United States and Canada. Baghouse technologies have been
demonstrated adequately, and are commercially available throughout the world.
However, they are not used widely in developing countries because of the high
capital costs and, occasionally, because of the need to import the filter bag
material.

* Suppliers. A list of equipment suppliers is provided in Annex B, Table B6.

* Cost-effectivenes.s. In general, ESPs are more competitive (lower capital and
levelized costs) than baghouses for collection efficiency below 99.0 to 99.5
percent. In cases in which more than 99.5 percent collection efficiency is
required, especially for low-sulfur coals, baghouses are more cost-effective.
Typical costs for baghouses range from US$50 to 70/kW. Levelized costs are 3.5
to 4.5 mills/kWh for baghouses.

Suitability. Baghouse technologies are suitable for developing countries. In
particular, if developing countries use technologies such as spray dryers, sorbent
injection, and atmospheric fluidized-bed combustion, baghouses will be required.

Deployment. The key factors for use of baghouses in developing countries are the
following:

* Particulate emission requirements in developing countries favor ESPs, which are
the most cost-effective systems for collection efficiencies of less than 99 percent.

* The fabric bags may not be locally available and will need to be imported,
requiring hard currency.

* Power plant operating and maintenance personnel must be trained.

Hot-Gas Cleanup Technologies

Hot-gas cleanup technologies are in an early stage of development.

Technology. Hot-gas cleanup (HGCU) technologies have emerged as key
components of advanced power generation technologies such as pressurized fluidized-bed
combustion (PFBC), and integrated gasification combined cycle (IGCC). The main
difference between HGCUs and conventional particulate removal technologies (ESP and
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baghouses) is that HGCUs operate at higher temperatures (500 to 1,0000 C) and pressures
(10 to 20 bar), which eliminates the need for cooling of the gas.

The most promising HGCU technologies are ceramic candle filters (see Figure
3.1 1), ceramic cross-flow filters, screenless granLIlar-bed filters, acoustic agglomerators,
and hot electrostatic precipitators.

Figure 3.11 Hot-Gas Ceramic Candle Filter
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Figure 3.11 shows a schematic of a hot-gas filter. In the ceramic candle
filter shown, gas flows from the outside of the candle inside (lower left).
The particulates are collected on the outside surface of the candles, and
the clean gas flows to the top of the pressure vessel and the stack
through the gas outlet (upper right). Periodic cleaning of the candles is
done by injecting air from the blowback air reservoir (top).



Postcombustion Technologies 43

Performance. The particulate removal requirements of HGCU systems are driven
by particulate emissions standards and operating requirements to maintain reliable gas
turbine operation. Additional design requirements include maximum volatile organic and
alkali content at the HGCU outlet. Typical design requirements include greater than 99.9
percent removal efficiency of particulates larger than 10 microns. In some cases, similar
removal efficiencies are required for particle sizes as low as 2 microns.

Availability. The following points describe the commercial conditions under
which hot-gas cleanup technology is available today.

* Technology readiness. HGCU is in the early demonstration stage in industrialized
countries. Of the above technologies, the more advanced are the ceramic candles
and ceramic cross-flow filters (at pilot-scale demonstration).

* Suppliers. The main developers of HGCU systems are Asahi Glass of Japan
(ceramic candle filter), Combustion Power Co. of the United States (moving
granular bed filter), Research Cottrell of the United States (hot ESP), Schumacher
of Germany (ceramic candle filter), and Westinghouse Electric of the United
States (ceramic cross-flow filter).

* 'Cost-effectiveness. Because HGCU technologies are at an early development
stage, an evaluation of cost-effectiveness is premature. In addition, HGCU
technologies do not compete directly with conventional particulate removal
technologies (ESPs and baghouses).

Suitability. HGCU technologies are suitable for many of the coals found in
developing countries. However, their applicability in developing countries is tied to the
utilization of PFBC and IGCC technologies, which are still under development in
industrialized countries.
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Advanced Coal Utilization Technologies
Advanced coal utilization technologies include tluidized-bed combustion (both

atmospheric and pressurized), which is generally ready for use in developing countries, as
well as technologies still in high-cost or demonstration phases, such as integrated
gasification combined cycle, and coproduction of electricity and clean fuels such as low-
to medium-Btu gas and gasoline. In addition, this chapter discusses some advances in
conventional pulverized-coal (PC) technologies that aim at enhancing cost effectiveness
and efficiency.

Fluidized-Bed Combustion

Two basic types of fluidized-bed combustion are in operation-atmospheric
fluidized-bed combustion (AFBC) and pressurized fluidized-bed combustion (PFBC).
They are discussed below.

Atmospheric Fluidized-Bed Combustion

AFBC technologies are adaptable to both new and existing installations, work
well in combination with other technologies, and are suitable for many local coals.
However, their acceptance in many developing countries has been slowed by a lack of
regulations requiring high removal of SO2 .

Technology. AFBC boilers differ from conventional pulverized-coal boilers in
AFBC boiler/systems have the following processes and characteristics:

* Limestone is injected into the furnace to capture the sulfur and remove it as a dry
by-product.

* Gas temperature in the boiler is 820 to 8400 C ( 1,500 to 1,5500 F), which affects
the overall boiler design and the arrangement of heating surfaces.

Figure 4.1 highlights the main differences between AFBC and PC boilers, as well as the
two AFBC types: bubbling and circulating.

A more detailed description of the AFBC process is provided in Tavoulareas
(1991); Tavoulareas (1993); and EPRI and EMENA (1989).

45
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Figure 4.1 Differences between Pulverized Coal and
Atmospheric Fluidized -Bed Combustion Boilers
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Figure 4.1 shows how AFBC boilers (center and right) differ from conventional PC boilers
(left). AFBC boilers operate at lower gas temperature, have high solids/gas ratio, high
furnace heat transfer rates, and high mass transfer rates for efficient S02 removal.
Source: EPRI and EMENA (1989), page I l.

Performance. AFBC boilers can remove up to 90 to 95 percent S02, while
generating 100 to 300 ppm NO, emissions. Bubbling AFBC Llsually removes 70 to 90
percent of the SO, depending on the coal's characteristics and the amount of limestone
added. Circulating AFBC can achieve 95 percent SO2) removal, with a calcium-to-sulfur
(Ca/S) molar ratio of 1.5 to 2.0. NO, emissions can bc redLuced further (to 10 ppm) with
the addition of selective noncatalytic reduction (SNCR) processes. Boiler and overall
plant efficiency of both AFBC types are similar to those of conventional pulverized-coal
plants.

AFBC boilers are capable of burning low-quality coals (e.g., low-heating-value
lignites, coal cleaning wastes, petroleum coke, and other waste materials). Also, the same
boiler can accommodate a wider range of fuels than conventional pulverized-coal boilers.

Because of the addition of limestone to the process. AFBC plants generate more
solid wastes than conventional pulverized-coal plants. However, pulverized-coal plants
with sorbent injection or spray dryers are expected to generate similar amounts of solid
wastes, while wet scrubbers produce sludge, which is more difficult to handle and dispose
of. In the United States, AFBC solid wastes have been classified as nonhazardous and
therefore can be used for a number of applications (sub-base material for road
construction, lightweight aggregate, cement production, and low-strength concrete
materials).
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AFBC technology is suitable for new power plants, retrofit (replacement of the
existing boiler with an AFBC), and boiler conversion (replacement of part of the boiler
with AFBC) applications. AFBC can also be combined with other technologies to meet
the specific needs of each site. Of particular interest is the combination of coal cleaning,
pulverized-coal, and AFBC technologies. Physical coal cleaning may be used to provide
clean coal for a pulverized-coal plant, whereas the coal cleaning wastes and raw coal can
be burned in the AFBC. The ability to burn the coal wastes in the AFBC introduces
significant flexibility as to how the coal cleaning plant operates. It can be operated in
such a way that it produces lower sulfur coal without regard to the generation of wastes
with high thermal value. This concept is described in more detail by Miliaras (1991).

Availability. The following points describe the commercial conditions under
which atmospheric fluidized-bed combustion technology is available today.

Technology readiness. AFBC technology has been demonstrated and is
commercially available for modules up to 200 MW. More than 160 boilers (5.5
GW of installed capacity) are operating in North America, similar capacity is
operating in Europe, and China has more than 2,000 small bubbling AFBC boilers
in operation.

A number of projects are planned or presently implemented in the 250 to 350 MW
size range. Electric Power Development Corporation of Japan has converted a
350 MW PC boiler at Takehara to a bubbling AFBC. EdF of France is building a
250 MW circulating AFBC (Lurgi technology), and a 250 MW project is under
consideration for funding by the U.S. Department of Energy. In general, projects
above 200 MW have higher technological risks, which must be addressed on a
project-by-project basis.

Because of the high S02 removal requirements in developed countries (usually
above 90 percent removal), most of the recent projects utilize the circulating
AFBC option. Bubbling AFBCs are not expected to be widely used in developed
countries.

* Suppliers. A list of suppliers is included in Annex B, Table B.7.

* Cost-effectiveness. AFBC technology is 5 to 15 percent less expensive than a
similar size pulverized-coal plant with dry or wet scrubbers (70 to 90 percent S02
removal). Projected capital costs for a 150 to 200 MW AFBC range from
US$1300 to 1600/kW. AFBC technology is the technology of choice when fuel
flexibility is desirable, low-quality fuels are available, low-NO, emissions are
required, and high (70 to 90 percent) SO- removal is desired.

Construction. Lead time is one year less than that for conventional PC because of
the ability to utilize small, standardized modules (e.g., 90 or 150 MW each).

Suitability. AFBC technology is particularly adaptable for developing countries
because it can burn the local coals (especially in China, India, Pakistan, and Eastern
Europe). In addition, AFBC is similar in design, manufacturing, and operation to
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pulverized-coal technology. Thus, it can be introduced and used by developing countries
with minimal transition and effort.

Although ci-culating AFBC is the preferred option in developed countries,
developing couLntries may also choose bubbling AFBC technology, which provides
adeqUate SO, removal (70 to 90 percent). is less expensive, and is simpler to operate.

Deployment. The main barrier keeping AFBC from wide application in
developing countries is the lack of high SO, removal reqLuirements. In developing
countries, AFBC has to compete against conventional pulverized-coal plants, which have
no SO, control technology. As SO, removal reClUirements incr-ease to 60 to 90 percent,
more and more AFBC boilers are likely to be used in developing countries.

Pressurized Fluidized-Bed Combustion Technology

Four PFBC plants are operating in Europe, Japan, and the tJnited States.

Technology. PFBC technology uses a combustion process similar to that of
AFBC. but the boiler operates at higher than atmospheric pressure (5 to 20 bar), the gas is
cleaned downstream trom the PFBC boiler, and the gas is expanded in a gas turbine (see
Figure 4.2). More details of the PFBC process, and the design variations, are presented in
Tavoulareas (1991).

Performance. PFBC has the advantages ol AFBC technology (high SO2 removal,
low-NO, emissions, ability to burn low-quality fLiels, and fuel flexibility) in addition to:

* Compact design suitable for shop fabrication and modular construction

* Easier retrofit than for AFBC into existing power plants, because of the limited
space requirements

* Potcntial lor achieving higher plant etficiency (up to 45 percent) than
conventional pulverized coal or AFBC (36.5 percent)

a Lower capital costs than IGCC or pulverized-coal with wet scrubbers.

The demonstrated performance of PFBC technology is as follows:

* More than 90 percent SO, removal, with a calcium-to-sulfur (Ca/S) molar ratio of
1.5 to 3.0

* NO, emissions at 100 to 200 ppm; NO, emissions can be reduced further with the
utilization of selective noncatalytic reduction technologies

* 40 to 42 percent efficiency in a combined cycle arrangement.

Availability. The following points describe the commer-cial conditions under
which pressurized fluidized-bed combustion technology is available today.

* T>Technology readiness. PFBC technology is in the demonstration phase. Four
PFBC plants are in operation (American Power Electric's Tidd in Ohio,
ENDESA's Escatron in Spain, Stockholm Energi's Vartan plant, and EPDC's 70
MW Wakamatsu plant in Japan); all utilize PFBC modLIles of approximately 70
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MWe. One demonstration plant is in the design-construction phase: Kyushu
Electric's 350 MW KI plant in Japan.

The leading PFBC suppliers are willing to provide the technology, with
commercial guarantees. However, a thorough risk assessment is recommended as
specific design features may not be proven and might introduce increased risks.
Areas that should receive particular attention are

- Hot-gas cleanup technology; especially the demonstrated performance
and reliability of the specific cleanup technology

- Coal and sorbent preparation and feed systems

- Effects of the PFBC boiler gas contaminants on gas turbine performance,
reliability, and life expectancy.

Sluppliers. The leading developer and supplier of PFBC technology is ABB
Carbon, with a number of licensors, such as Babcock & Wilcox in the United
States and Ishikawajima Heavy Industries (Ihl) in Japan. Other suppliers are
Ahlstrom in Finland and Lurgi-Lentjes-Babcock in Germany.

Figure 4.2 PFBC Combined Cycle Technology
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Figure 4.2 shows a typical pressurized fluidized-bed combustion (PFBC) combined-cycle
system. Coal and sorbent are introduced at the bottom of the PFBC boiler (left), where
the coal is burned and the sorbent reacts with the S02 to form CaSO4. Cyclones (top
center) or other hot-gas cleanup devices remove the particles from the flue gas, which
expands in a gas turbine (bottom center) and then (center right) passes through a heat
recovery steam generator (the turbine and steam generators constitute the "combined
cycle"). Finally, the gases are directed through a conventional particulate removal device
(ESP or baghouse) before they reach the stack (right).
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Cost-effectiveness. Projections of capital costs for PFBC range from US$1200 to
1550/kW (equivalent to or up to 20 percent less expensive than pulverized-coal
with wet scrubbers). However, PFBC has other advantages over pulverized-coal
with scrubbers: fuel flexibility, modularity, and suitability for retrofit.

Construction. Time for construction can be reduced by up to 2 years (relative to
PC with scrubbers) using shop fabrication and modular construction. Therefore, a 70
MW PFBC plant can be built in 2 to 4 years.

Suitability. PFBC technology is particularly suitable for most coals available in
developing countries, but technology demonstration may be needed. Local
manufacturing may not be feasible for the key components (boiler pressure vessel, hot-
gas cleanup system, and gas turbine) because of the need for specialized equipment and
highly trained personnel. As such, a larger percentage of the capital costs may be
required in foreign currency (as compared to that for PC with scrubbers).

Deployment. Some risks still remain associated with the performance of key
PFBC components. Further demonstration of the performance, reliability, and cost-
effectiveness of these technologies is needed in developed countries. Additional
demonstration projects with different coals are needed in developing countries.

Coal Gasification Technologies

Integrated Gasification Combined-Cycle

Because of its high cost and early stage of development, IGCC technology is, for
the near future, an unlikely choice of technology for developing countries with lenient
S0 2 removal and NO, emission regulations. However, it is one of the few technologies
(the other being PFBC) that significantly increases power plant efficiency and will have a
beneficial effect in reducing emissions of CO,. As such, IGCC, like PFBC, is a
technology that may be used in developing countries in the long term.

Technology. Coal gasification is a process that converts solid coal into a synthetic
gas composed mainly of carbon monoxide and hydcrogen. Coal can be gasified in various
ways by properly controlling the mix of coal, oxygen, and steam within the gasifier.
There are also several options for controlling the flow of coal in the gasification section
(e.g., fixed-bed, fluidized-bed, and entrained-flow systems; see Figure 4.3). Most
gasification processes being demonstrated use oxygen as the oxidizing medium.

IGCC, like PFBC, combines both steam and gas turbines ("combined cycle").
Depending on the level of integration of the various processes (see Figure 4.4), IGCC
may achieve 40 to 42 percent efficiency.

The fuel gas leaving the gasifier must be cleaned (to very high levels of removal
efficiencies) of sulfur compounds and particulates. Cleanup occurs after the gas has been
cooled, which reduces overall plant efficiency and increases capital costs (see Figure 4.4),
or under high pressure and temperature (hot-gas cleanup), which has higher efficiency.
However, hot-gas cleanup technologies are in the early demonstration stage.
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Figure 4.3 Generic Coal Gasification Reactors
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Figure 4.3 shows the main three coal gasification processes: Left: fixed bed; center:
fluidized bed; and right: entrained flow.

Figure 4.4 Highly Integrated Gasification Power Plant Configuration
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Figure 4.4 shows a typical IGCC process. Plant efficiency can be improved further by
injecting the nitrogen from the air separation unit into the fuel gas before the gas turbine
and using air from the gas turbine/compressor in the air separation unit (dotted lines).
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After the fuel gas has been cleaned, it is burned and expands in a gas turbine.
Steam is generated and superheated in both the gasifier and the heat recovery unit
downstream from the gas turbine. The fuel gas is then directed through a steam turbine to
produce electricity.

Performance. IGCC plants can achieve up to 45 percent efficiency, greater than
99 percent SO, removal, and NO, below 50 ppm.

Availability. The following points describe the commercial conditions under
which integrated gasification combined-cycle technology is available today.

Technology readiness. IGCC is in the demonstration phase. After the completion
of the 100 MW IGCC demonstration at Cool Water, California, in the United
States (5-year program completed in 1989), a number of other demonstration
projects have entered the design or demonstration phase in Europe, Japan, and
North America.

Most of these projects use entrained gasifiers (e.g., Texaco, Dow, and Shell
technologies). However, the U.S. Department of Energy's Clean Coal
Technology Program has selected two projects (Siei-rra Pacific's Pifion Project (80
MWe IGCC) using Kellogg technology, and the Tom Creek project (107 MWe
IGCC) using the U-Gas technology developed by IGT), that are suitable for high-
ash coals (such as those found in India and China). Also, a demonstration of
Rheinbraun AG's HT Winkel fluidized-bed gasification process is planned in
Europe. The results of these demonstration projects will be critical for assessing
further the feasibility of these technologies for developing countries.

* Suppliers. A list of IGCC suppliers is provided in Annex B, Table B.8.

* Cost-effectivene.s. IGCC cost projections range from US$1500 to 1800/kW; 10
to 20 percent higher than for pulverized-coal with wet scrubbers. IGCC
technology may be the technology of choice wheni high SO2 removal (e.g., 99
percent or higher) and low-NO, emissions (below 100 ppm) are required.

Construction. Time for construction is expected to be similar to PC with wet
FGD. However, phased construction (building of the gas turbine first, followed by the
gasifier) can improve the economics of the IGCC plant by producing power as soon as
the gas turbine is constructed.

Suitability. IGCC technology is in the early demonstration phase and is more
expensive than competing alternatives. Entrained IGCC technologies are suitable for
low-ash coals. High-ash coals, such as those in India, would require fluidized-bed
gasification processes.

Deployment. The primary constraints to the application of gasification and IGCC
plants in developing countries are that the technology needs further demonstration, the
costs are higher than those of competing technologies, and the fact that environmental
regulations in developing countries do not require the high SO2 removal and low-NO,
emissions achieved by IGCC.
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Coproduction of Electricity and Clean Fuels

Because of the high cost of technology for the coproduction of electricity and
clean fuels and its low cost-effectiveness at present price levels for coal and natural gas, it
is currently not a sLitable technology choice for developing countries.

Technology. Coproduction of electricity and clean fuels, such as methanol and
gasoline, can be accomplished through the combination of coal gasification technology
with other processes. Some potential applications, in addition to electricity generation,
are as follows:

* Production of medium-Btu gas for industrial users

* Production of synthesis gas (hydrogen and carbon monoxide) for manufacturing
of ammonia, methanol, and other chemicals

* Production of gasoline and other distillate fuels.

A generalized process flow diagram of coal gasification for coproduction of electricity
and gas is shown in Figure 4.5.

Figure 4.5 Generalized Flow of Coal Gasification for Production of Fuel Gas
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The system shown in Figure 4.5 differs from that shown in Figure 4.4 in that it uses only part of
the fuel gas generated by the coal gasification process to produce electricity; the rest may be
processed further to produce gasoline and distillate fuels or used as it is by the process industry.
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The gas produced by a plant with a flow such as that shown in Figure 4.5 could be
processed further to produce gasoline and distillate fuels. Similar arrangements are
needed to produce synthesis gas.

Availability. The following points describe the present state of commercial
development for coproduction technology.

* Technology readiness. A number of alternative technologies have been
demonstrated, but are not fully commercialized.

* Cost-effectiveness. Coproduction processes using coal gasification are not cost-
effective at present fuel prices (oil below US$20/barrel and natural gas below
US$4/MBtu). Most technologies are expected to become cost-effective when oil
prices exceed the US$40 to 50/barrel level.

Suitability. These coproduction technologies are not considered suitable for
developing countries because they are in the early stages of development and their costs
are high relative to those of conventional power generation methods.

Advances in Pulverized-Coal Output and Efficiency

To present a balanced picture of the coal-fired power generation and
environmental control technologies, it is essential to mention developments in
conventional pulverized-coal technology, which is used widely throughout the world.
Whereas the clean coal technologies described in chapters 2 and 3 are developments
directed at improving the environmental performance of pulverized-coal technology,
other developments are enhancing its cost-effectiveness and overall efficiency. These
include technological advances in designl, contr-ol, and fault diagnosis, cutting-edge
advances in thermodynamic efficiency, and wider applications of advanced plant
rehabilitation and life-extension methods.

The purpose of this section is not to provide a complete review of these aspects
but to raise the level of awareness about advances that need to be taken into account in
comparing coal-fired technologies. More detailed assessment of pulverized-coal
technology, as it pertains to utilization in developing countries, is needed.

Technology Advances

Significant improvements have been made in three main technical areas:
improvements of the power plant design, instr-unmentation, and maintetnance.

Design. The following improvements in the design of power plants are
noteworthy for application in developing countries.

* Dynamic pulverizer classifiers for improved coal fineness and better combustion
efficiency

* New types of air heaters (e.g., plate-type and heat pipe)
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* Corrosion-resistant alloys or coatings (e.g., Cr-9 and 3.5 NiCrMoV steels), which
make power plants more reliable

Instrumentation and Controls. Advances here include the following:

* Performance monitoring and optimization systems

* Digital controls

* Instrumentation for coal flow and size distribution measurement, acoustic
pyrometry for furnace temperature measurements, unburned carbon loss
monitoring and on-line coal quality monitoring

* Continuous emission monitoring equipment (especially for CO, 02, CO2 , and
NOx).

Predictive and Preventive Maintenance. Systematic maintenance techniques are
used widely in industrialized countries to minimize forced outages and maximize power
plant output. With the rapidly increasing power and decreasing costs of personal
computers, a variety of software has been developed and made available to the power
industry at affordable cost.

A number of technologies have been developed also to provide early diagnosis of
equipment deterioration and prediction of remaining life (next failure). Diagnostic
monitoring equipment for rotating machinery (pulverizers, turbines, fans, and pumps) and
pressure part components (e.g., boiler tubes) are commercially available and can assist
the power plant operator in predicting when these components will fail and in taking
preventive measures to avoid unit forced outages.

Thermodynamic Cycle Improvements. Recent thermodynamic cycle
improvements include the utilization of supercritical, double-reheat steam cycles and
once-through/variable pressure boilers with spiral-wound waterwalls, which have raised
the plant efficiency to the 41 to 43 percent level (based on low heating value). Also,
research has been initiated in many industrialized countries (Europe, Japan, and the
United States) to integrate pulverized-coal technology with gas turbines into combined
cycles with higher overall plant efficiency. However. the11' efforts are still in the pilot-
stage and are not considered suitable for developing couniii i.

Life ExtensionlRehabilitation

Use of diagnostic monitoring equipment for power plant life extension
(rehabilitation) is, very often, the most cost-effective option available. Power plant
reliability and, therefore, unit output (MW), decrease with time, even in well-maintained
units. According to EPRI (no date-b), availability may drop from nearly 80 percent at the
20th year of operation to about 50 percent after the 30th year, to less than 30 percent after
the 40th year. Poor maintenance accelerates the decline in reliability and output.
Moreover, as one would expect, the expenses of refurbishment increase as the system
output and availiability decline. On the other hand, an effective enhanced maintenance
program can keep system availability at 80 percent or better over the life of the plant.
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Life extension/rehabilitation methods have advanced significantly during the last
two decades. Such methods apply to all critical power plant components (pulverizers,
boiler, turbines, and balance-of-plant equipment) and include replacement of parts (e.g.,
air heater baskets and boiler economizer section) or whole components (e.g., replacement
of low-pressure steam turbine), coatings with new materials (e.g., erosion-resistant
coatings of boiler tubes), and installation of additional components (e.g., dynamic
classifiers on the pulverizers).

Steam turbine and generator manufacturers have confirmed that considerable
design margin exists in old (pre-1965) turbines, which can be refurbished to increase
output with relatively small cost (Miliaras 1991). This output increase can be
accomplished with design improvements such as

* Enhancement in steam admission and flow-path design geometry

* Replacement of several rows of last-stage blades with those of a more advanced
design (before the early 1960s, blades were designed using two-dimensional flow
theory; now, more advanced flow analysis has improved blade designs).

* Improved generator insulation

* Advanced controls.

Technology Readiness

Most technologies mentioned above are commercially available in industrialized
countries and are highly suitable for developing countries. However, a lack of awareness
about these technologies, as well as lack of incentives to improve power plant
performance and methods to evaluate and plan life extension/rehabilitation projects, limit
their utilization in developing countries.

Recommendation

Assessment of the status and suitability of the power plant life extension and
rehabilitation technologies for developing countries is needed. It should include

* Status of the key technologies

* Suitability for developing countries and selection of the most suitable
technologies

* Information on commercial availability

* Guidelines on how developing countries should evaluate and utilize key
technologies

* Case studies (examples from specific power plants in developing countries).
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Relationship between Environmental Regulations
and Technology Choice

As described in chapters 2 to 4, each clean coal technology is capable of
achieving a different level of emission reduction at a different cost level; or, for a given
emission level required by environmental regulations, one or more technologies may
satisfy the emission criterion in a cost-effective manner. Therefore, technology choice is
closely tied to environmental requirements. The link between required removal of SO2
and most cost-effective technology choice is summarized in Table 5.1 The most cost-
effective processes for required levles of NO, removal are shown in Table 5.2

Table 5.1 Most Cost-Effective Processes for SO2 Removal

Required SO2
removal (%) Most cost-effective processes

< 30 Coal cleaning (depending on coal characteristics)

30 to 70 Dry sorbent injection (furnace sorbent injection, duct injection, dry
scrubbers [FGD])

70 to 90 Atmospheric fluidized-bed combustion and dry scrubbers (FGD)

80 to 95 Atmospheric and pressurized fluidized-bed combustion and wet
scrubbers (FGD)

>95 Integrated gasification combined cycle, wet scrubbers and
pressurized fluidized-bed combustion

Note: FGD = flue-gas desulfurization.

Table 5.1 indicates that for each level of S02 removal, different technologies
should be selected as more cost-effective.
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Table 5.2 Most Cost-Effective Processes for NOx Removal

Required NOr
reduction (%) Most cost-efective processes

30 to 60 Low-NO, burners with or without overfire air are the most cost-
effective. Similar NO, reduction can be achieved with selective
noncatalytic reduction and reburning, but these technologies are
more expensive than low-NO, burners.

50 to 70 Low-NO, burners with reburning or SNCR are the most suitable
technologies.

70 to 90 Selective catalytic reduction is the technology of choice.

Note: SNCR = selective noncatalytic reduction.

Because each technology has a different level of emissions (e.g., SO2 , NO,, CO2 ,
particulates, solid wastes), statements regarding its attractiveness ("this is the technology
of choice") should be accompanied by the main environmental requirements (e.g., SO2
removal, NO, emissions, particulate removal).

Sample environmental regulations of different countries are provided in Annex A.
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Suitability of Clean Coal Technologies:
A Screening Method

The most suitable technologies for each developing country and each project are
unique. To identify the technology best suited for a particular situation, a number of
criteria must be considered. This brief chapter lists some criteria for evaluating the
suitability of CCTs and provides a general rating of the main technologies in tabular
form.

Evaluation Criteria

The primary criteria for evaluation are listed below:

* Technology readiness

e Suitability for the characteristics of the coal to be used

i Suitability for environmental requirements (SO2 removal, NO, emissions,
particulate removal, solid waste generation and disposal, and plant efficiency)

* Desirability of modular construction

* Capital and O&M costs

* Applicability to existing and new power plants

* Capability of indigenous personnel to specify, procure, design, manufacture, and
operate the plant

* Impact on foreign exchange requirements.

A technology evaluation begins by checking and clarifying the criteria listed
above. The next step is to identify all the relevant power generation and environmental
control technologies. Finally, one can move on to evaluate each technology relative to
the criteria and select the most appropriate technologies. These steps are discussed in
detail below:

* Readiness. The technology should be commercially available in industrialized
countries; at least 3 to 5 utility scale facilities (100 MWe or larger) should be in
operation, demonstrating the successful implementation of the technology.
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0 Suitability. The technology should be suitable for the characteristics of the
coal(s). Minor adaptation of the technology to the unique characteristics of
certain coals would not be perceived as a major disadvantage. However, if major
design changes are required, this would not reflect favorably on the technology.

* Perfonmance. Parameters include SO2 removal efficiency, NO, generation,
particulate emissions, solid waste generation, and plant efficiency (heat rate or
CO2 emissions).

* Modularity. Most developing countries will prefer prefabricated, easy-to-install
modules, usually up to 100 to 200 MW each.

* Costs. Both capital and O&M (operating and maintenance) costs must be
considered.

* Applicability. This indicates whether the technology is suitable for new power
plants or retrofit applications. Considering that life extension and rehabilitation of
existing power systems is of primary importance, in developing countries,
technologies that are applicable for both new plants and retrofits would receive
higher ratings.

e InJigenous capability. This relates to the ability to train local personnel easily in
the process and power plant design, to develop the necessary manufacturing
capability, and to be able to operate and maintain the facility.

* Foreignl excliange imipact. This relates to the foreign exchange requirements for
technology acquisition, training, and purchasing of power plant components that
cannot be manufactured in developing countries. (Note: a high rating means a
small impact on foreign exchange requirements.)

The total rating reflects the cumulative score of all criteria considered and is
accompanied by an indication of the applicability ot a technology for short- or long-term
applications. The total rating can be developed either by comparing the ratings of the
technologies relative to each criterion or by assigning a weighting factor to each of the
ratings (e.g., I for low, 2 tor medium, and 3 for high).

Relevant Technologies

Table 6.1 summarizes the ratings of the technologies described in chapters 2 to 4.
It should be noted that the rating, according to the above criteria, and the selection of the
most promising technologies are to illustrate the methodology. The results are not
applicable to all countries. However, they are based on realistic requirements and could
be applicable to most developing countries.

Use of the word Ion¢g-terin means that the technology is either in the early stages
of development in industrialized countries or needs extensive adaptation to the unique
requirements of developing countries, which usually takes more than three to five years.
It does not mean, however, that there is nothing to be done in the near future.



Table 6.1 Clean Coal Technologies for Developing Countries

Indigenous

Planl Applicabilit _ capability O&M Foreign

Readi- Suit - Reductioni of Solid effic- Modu- Capital O&M New Existing Process capa- exchange Total

Technology niess abiliht S02 NOQ PM waste iencv larity costs costs un its units atnd design Mfg. bility inmpact rating Termn

Physical coal cleaning * *na 0 0 0 0 0 0 Y Y 0 a 0 0 0 S

Low-NO, burners 0 S n.a. * 0 n.a. 0 n.a. Y Y 0 S

Sorbent injection 0 0 0 n.a. n.a. 0 n.a. n.a. 0 Y Y 0 0 0 0 S

Duct injection 0 S O n.a. n.a. 0 n.a. n.a. * 0 Y Y 0 0 0 0 0 S

Dry scrubber 0 0 * n a. nia. 0 n.a. 0 0 0 Y Y 0 0 0 0 0 sv

Wet scrubber * 0 * n.a. n.a. 0 0 0 0 i y Y 0 0 0 0 0 L 

SNCR 0 0 n.a. 0 n a. n.a. 0 n.a. 0 0 Y Y 0 0 0 0 0 L _.

SCR 0 O n.a. * n.a. n.a 0 0 0 0 Y Y 0 0 0 0 0 L

DeSOX /DeNO x 0 - * 0 n.a. - - - 0 0 Y Y 0 0 0 0 0 L
CD

Advanced ESP * S n.a. n.a. 0 0 n.a. * * * Y Y 0 0 a 0 0 S

Bag filter * S n.a. n.a. 0 0 n.a. 0 0 Y Y 0 0 0 0 0 S 

Hot-gasclean-up 0 - n.a. n.a. 0 n.a. n.a. S 0 0 Y N 0 0 0 0 0 L

Bubbling AFBC * * * * n.a. 00 0 0 Y Y 0 0 0 0 0 S

Circulating AFBC S * * * n.a. 0 0 S 0 0 Y N 0 0 0 0 0 S o

PFBC 0O * * n.a. OS * 0 0 Y Y 0 0 0 0 0 L cQ

Entrained IGCC 0 ea * *S 0 *0 0 0 0 Y N 0 0 0 0 0 L

Fluidized bed IGCC 0 *b55 * 0 *0 0 0 0 Y N 0 0 0 0 0 L >

Large subcritical PC * S n.a. n.a. n.a. n.a. 0 0 0 0 Y N * 0 * 0 0 S
CD

Large supercritical PC * * n.a. n.a. n.a n.a. 0 0 0 0 Y N 0 0 0 0 0 L

Plant life extension * * n.a n.a. n.a n.a. * n.a. * * N Y 0 0 0 0 0 S

* High rating (good performance, low cost, good capability, low impact -= Data not available n.a. = Not applicable L = long Y yes

on foreign exchange) Mfg. = manufacturing PM = particulate matter S = short N = no

0 Medium rating 
C

0 Low rating
a For high-heating-value coals only. b For lignites and high-ash coals only.
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Conclusions and Recommendations
Many clean coal technologies are available or in development, including coal

cleaning; improved or new methods for coal combustion; environmental control
technologies (add-ons to existing plants); and advanced methods for using coal in
environmentally cleaner ways (fluidized-bed combustion, gasification, and coal-derived
clean fuels). These technologies have been developed primarily in industrialized
countries, although some have been demonstrated adequately in the industrialized
countries and can be considered as available for use in developing countries. Ultimately,
the choice of a particular technology for a specific country must take into account the
close relationship between a proven technology and that country's environmental needs
and regulations.

Technology Choices for Developing Countries

Considering the environmental regulations of most developing countries, the state
of development of clean coal technologies, the limited financial resources available in
developing countries, and other factors, it is worth summarizing the technologies that
have been identified as suitable for short- and long-term applications in developing
countries.

Technologies for Short-Term Applications

Technologies suitable for the short term include the following:

* Conventional physical coal cleaning

* Low-NO, combustion technologies

* Sorbent and duct injection

* Dry scrubbers

* Circulating AFBC

* Advanced electrostatic precipitator technologies
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* Bagfilters (only when sorbent/duct injection and AFBC technologies are also
introduced)

* Large subcritical pulverized-coal and life extension/rehabilitation technologies.

Technologies for Long-Term Applications

Technologies suitable for application in the long term include the following:

* Pressurized fluidized-bed combustion (PFBC)

* Large supercritical pulverized coal

* Wet scrubbers (flue-gas desulfurization).

This selection is generic and may not be applicable to all developing countries.
Country-specific assessments are recommended to identify the most suitable technologies
and the specific actions to be undertaken.

Additional Recommendations for Developing Countries

The following additional recommendations are offered on appropriate clean coal
technologies for developing countries:

Plhysical coal cleaninlg technologies ave casilY adaptable for use in developing
couiintries anld clre cost-effective ie i)iost cases. Coal cleaning reduces
transportation costs, sulfur and particulate emissions, and improves power plant
reliability. Developing countries are urged to adopt coal pricing policies that
reflect the quality of the coal and its impacts on power production costs and
emission generation.

- Low-NO, burners shloluld be inclucded in the designi specifications of all future
povter plants and prOvisions shold be alade for overfire air ports. Such
specifications will not increase the power plant costs by more than US$5 per kW,
but they will result in significant savings when future environmental regulations
requir-c further NO, reductions.

* Efficienit operation ol power plants, especiallY whleni NO, emissions nmuest be
mniniuized, is aIs important as in.stall(ation of low-NOr burnier.v. Therefore, power
plant operators must be trained and supplied with the appropriate power plant
instrumentation, controls, and optimization software needed to keep NO,
emissions low.

* Dry scrubbers and sorbent injection techInologies offer anl attractive alternative to
dh'velopinig colltries ithrougl ithI/ichl moderate sWhril '- removal cani be achlieved at
relatively lowl cost. However, further- demonstration of most sorbent-based
technologies will be required in developing couintries.
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Electrostatic precipitator technology has uindergone significant advances and
should be introduced more vigorously into developing couintries. This technology
also has a short payback period (I to 5 years).

Bagfilters may be required in developing countries, especially if technologies
such as sorbent injection, dry scrubbers, and fluidized-bed combustion are used.

Atmosphericfluidized-bed combutstion technology, especially the circulating tvpe,
is particularly suitable for developing countr-ies. Use of this technology should be
promoted.

Recommendations for the World Bank

To promote the use of environmentally benign technologies without encouraging
developing countries to select high-risk/high-cost technologies, the following actions are
suggested:

* Develop a set of criteria that mnust be m1et by each technology before it canl qlualify
for use in developing countries. One criterion, for example, could require that the
technology have been used in at least five to ten power plants of 100 MW or
larger in industrialized countries, and that it has performed well and reliably.
Another criterion would require that the technology have demonstrated good
performance with a coal similar to the coal to be used for projects in developing
countries.

* Performii a technology risk assessment thzat identifies the risks associated with the
technology and proposes a risk managemlenit plan. Such an assessment should
identify all the risks, as well as their source, and provide ways to minimize them
or manage them. For example, in some cases, the technology developers would
be willing to accept the technology-related risks through equity-participation or
special guarantee arrangements.

* Initiate a study to assess the cost-effectiveness of power plant life
extension/rehabilitationi techlnologies. This would be a prelude for identifying the
most suitable technologies for developing countries, and developing guidelines on
how to screen and select the best options.





Annex A
Sample Environmental Regulations in

Selected Countries
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Table A.1 Standards of Ambient Air Quality and Emissions in Asian Countries

(Unit: mg/m3, unless otherwise indicated)

Pollutant Counitry Annual average 24-hour maximum Daily average

S0 2 China 0.06 0.50 0.15
India
Indonesia 0.26(0. 1 ppm)
Philippines 0.85 (0.3ppm)a 0.37 (0.14ppm)
Thailand 0.10 0.30
(Reference)
World Bank 0.10 0.5 (Outside)

I .0 (inside)
USA 0.06(0.02ppm)b 0.26 (0.lppm)b

0.08 (0.03ppm)C 0.365 (0.14ppm)c
1.3 (0 5ppm)td

FRG 0. 14 (0.05ppm) 0.40 (0.14ppm)
Japan 0.26 0.11 ((. 04ppm)

NOx China 0.15 0.1
India
Indonesia 0.093 (0.05ppm)
Philippines 0. 19 (0. lppm)a
Thailand 0 .32 a
(Reference)
World Bank 0.1 (0.O5ppm)
USA 0.1 (0.O5ppm)
FRG 0.1 (0.O5ppm) 0.30 (0.15ppm)
Japan 0.04-0.06

Dust China 1.0ie 00 30e
0.50f 0. I ff

India
In(donesia 0.26
Philippines 0 2 5 a 0.15
Thailand 0.10 0.33
(Reference)
WVolid Bank 0.10 0.50
USA 0065b 0,15b

0.075c 0.26c
FRG 0 1 0.29

(-)1h 0,4h

Japan 0.20 0.1

Source: Kataoka 1993).
" I-hr axerage. h Secondarv-based on environrncrtal efiects. c Primary-based on health cl'fccts on humans.
d max 3-hr-once yearly. CTot;;l suspend. t Flv dust. S <lOum. h <IOum.
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Table A.2 Air Emission Standards for Large (> 50 MW) Coal-Fired Boilers
(Unit: mg/Nm3)

Coun tr/reg ion Suispendted par!iczulates Nitrogeni oxides Suljir oxides

Australia 80 500;a 2.000

800 (>30 MW)b
Austria 50 200 (>300 MW); 200

250 (>300 MW FBC
boilers);

300 (150-300 MW);
400 (50-150 MW)

Belgium 50 650 (>300 MW); 200 (>300 MW);d
400 (50-300 MW)c 400 (>300 MW);e

1,200 (100-300 MW);
2,000 (50-100 MW)

Bulgaria 650
Canada 125 (43 g/GJ) 740(258 g/GJ) 715 (250 g/GJ)
China 200;6400:f60 Calculated according to the formula

q=Px 10-6xHe2
where P is a factor specified by
regulation to various regions and He
equals stack height.9

Czech Republic 100 650 500(>300 MW);
1.700 (50-300 MW)

Denmark 50 200 400 (>500 MW);
2.000-400(101-499 MW, sliding scale);
2,000 (<100 MW)

European 50 (>500 MW); 650; 400 (>500 MW);
Union 100 (<100 MW) 1,3 0 0 h 2,000-400 (101-499 MW, sliding scale);

2,000 (<100 MW)i
Finland 60(20 g/GJ) 135 (>300MW), (50 380 (>150 MW); (140 g/GJ);

gI/GJ): 620 (50-150 MW); (230 g/GJ)
405 (50-300 MW) (I50
glGJ)

France 50 (>500 MW); 650 (>50 MW): 400 (>500 MW);k
100 (<500 MW) 1,300 (>50 MW)j 800 (400-500 MW);1

2,400-4xMW (100-500 MW)m
Germanyn 50 200 (>300 MW); 400 (>300 MW) and 85% sulfur removal;

400 (50-300 MW) 2,000 (100-300 MW) and 60% sulfur
removal;

2,000 (50-100 MW)
Indiao I50 (>210 MW);9

350 (<210 MW)
IndonesiaP 400-600 170-460 570-866q
ltalv 50 200 (>500 MW); 400 (>500 MW);

300 (300-500 MW utility 800 (>400 MW);
FBC boilers); 1,600-400 (200-500 MW, sliding scale);

650-200 (300-500 MW, 2,000-1,600 (100-200 MW, sliding
sliding scale); scale);

650(50-300 MW) 2.000(50- 100 MW)

Con2tinues on next page
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Table A.2 (continzued)

CountrY/region Suspendedr!paricidiaes Nitrogei oxides Sulfur oxides

Japan 50 (>200,000 410 (>700,000 Nm3/hr Set individually according to the formula
Nm3 / hr gas gas emission), (200 K x 10-3 x He2 = (m3 /h)
emission); ppm); K = area constant; He = stack height (m).
100 (40,000- 510 (40,000-700,000 Range: 170-860 (60-300 ppm)
200,000 Nm3 /hr Nm3 /hr gas emission),'r
gas emission); (250 ppm);

150 (<40,000 720 (<40,000 Nm3/hr gas
Nm3 /hr gas emnission), (350 ppm)
emission)

Koreas 250 875, (350 ppm) 2,200, (700 ppm)
Netherlands 50 200 (>300 MW); 200 (>300 MW) and 90% sulfur removal

5 00 t (<300 MW) by FGD;
700 (<300 MW)

New Zealandu 125;V 2 50W 410, (200 ppm) 125
Philippinesx 150;Y 2OOz 1,000; (350 g/GJ) 1,500; (573 ppm)
Poland 190-600; 100-490, 540-1,760,

(70-1,370 (35-170 g/GJ)bb (200-650 g/GJ)CC
gIGJ)aa

Romania 400 (>500 MW);
2,000-400 (100-500 MW, sliding scale);
2,000 (50-100 MW)

Spain 50 (>50() MW); 650; 1,3 0 0dd 400 (>500 MW);
100 (50-500 2,000-400 (101-499 MW, sliding scale);
MW) _ 2.000 (50-100 MW)ee

Sweden 50 X0 (>300 MW); 160 (>500 MW);
(30 g/GJ); (30 g/GJ);
135 (<300 MW): 270 (<500 MW);
(50 g/GJ)ff (50 g/GJ)

Switzerland 50 200 (>300 MW); 400 (>100 MW) and 85% sulfur removal;
400 (50-300 MW) 400 (<100 MW)99

Taiwan 2 5 - 50 0 hh 720-1.025; 1,430-3.145;
(350-5(N ppm) (500-1.400 ppm)i

Thailandii 400 940. (500 ppm) 1,.300, (500 ppm)
Turkey I 5(kk 800) 400 (<300 MW FBC boiler):

I .801ll 1.)000 (>300 MW);
2,000 (<300 fixed bed boiler)

Uniited 5(t (>500 MW); 650 400 (>500 NIW);
Kinldonimm 100 (5 0-1 00 2'.000-4(MW-100) (100-500 MW);

MW) 2.000 (50-(100 MW)nn

United States 60; 615-740; 1,480 (>73 MW),
(0.05 lb/MBtu) (0.5-).6 lb/NlBtu. and (1.2 lb/MBtu)PP

65% removal)oO

Con tin iies oni next page
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Table A.2 (continueld)

Units of imeasure: MW = megawatt; mg/Nm3 = milligrams per normal cubic meter; g/GJ = grams per
Gigajoule; lb/MBtu = pounds per million British thermal unit; ppm = parts per million parts of flue gas.

Coniversioni factors: I mg/Nm3 = 2.86 g/GJ; I mg/Nm3 = 1,230 lb/MBtu; I mg/Nm3 NOX = 2.05 ppm
NOx; I mg/Nm3 S02 = 2.86 ppm SOx.

Note: Table A.2 was compiled by Ms. Magda Lovei, World Bank Environment Department.
Source: Except as otherwise indicated, the source for suspended particulates and NO, standards is Soud
(1991) and that for SO2 standards is International Energy Association (1993).

a. Applicable to industrial plants.
b. Applicable to utility plants.
c. Standards applicable to plants built after December 31, 1995:

* 200 mg/Nm3 (>100 MW)
* 400 mg/Nm3 (50-100 MW).

d. Post-1995 standard, applicable to plants for which first application for authorization was submitted after
June 3, 1987.

e. Pre-1995 standard, applicable to plants for which first application for authorization was submitted before
June 3, 1987.

f. Applicable to Class 1-111 areas, respectively (Resources for the Future, 1992):
- Class 1: nature reserves, scenic spots, places of historic interest
- Class 11: urban areas, suburbs, industrial areas
e Class 111: other places.

g. Dingrong (no date).
h. Applicable to fuels with less than 10 percent volatile compounds.
i. For combustion plants firing indigenous high- or variable-sulfur coal, the following standards apply:

* 90 percent removal (>500 MW)
* 60 percent removal (<300 MW)
* 40-90 percent removal sliding scale (167-499 MW)
* 40 percent removal (100-166 MW).

j. Applicable to fuels with less than 10 percent volatile compounds.
k. Plants that, because of special characteristics of the coal, cannot meet the set standards must achieve 90

percent sulfur removal.
1. Applicable to plants with less than 2,200 hours/year operating time.
m. Plants that use domestic coal and, because of special characteristics of the coal, cannot meet the set

standards should achieve
* 40 percent sulfur removal (100<167 MW) and
* (0. 15 MW + 15) percent sulfur removal (167•500 MW).

n. International Energy Agency (1992).
o. Government ol India (1986).
p. Budihardjo (1993).
q. In SO3 .
r. Applies where construction started after April 1, 1987. International Energy Agency (1992).
s. Moon (1993).

t. For PF boilers licensed after 1993, applicable standard is 100 mg/m3 .
u. International Energ! Agency (1992).
v. Applicable to large emitters.

Continues on next page.
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Table A.2 (continued)

w. Applicable to small and medium emitters.
x. Philippines Department of Natural Resources (1993).
y. Applicable to urban and industrial areas.
z. Applicable to other areas.
aa. Lowest standard applicable to PF wet bottom boilers firing lignite, highest to stationary stroker boilers

firing hard coal.
bb. Depending on coal type and removal technology.
cc. Depending on coal quality and furnace type.
dd. Applicable to fuels with less than 10 percent volatile compounds
ee. Additional standards:
* utility plants firing indigenous coal: 60 percent sulfur removal

* utility plants firing imported coal: 800 mg/Nm3
* plants firing indigenous high or variable sulfur coal: 60 percent sulfur removal.
tf. Additional guidelines:

* combustion plants emitting more than 300 t NOx per year: 135-270 mg/m3
(100-200 g/GJ)

* combustion plants emitting less than 300 t NOx per year: 270-540 mg/m3
(100-200 g/GJ).

gg. Additional requirements lor FBC boilers under 100 MW: 75 percent sulfur removal.
hh. Lihits depend on quantity of flue gas emitted and location of power plant.
11. Additional standards tor

* utility plants: 1,430-2,145 mg/m3 (500-750 ppm)
* imported coal fired plants: 3,145 mg/mi3 (1, I 00 ppm)
* domestic coal fir-ed plants: 4,000 mg/hn3 (1,400 ppm).

jj. Source: Chiewwattakee, 1993.
kk. Limit can be doubled by governmient permission for lignite-burning facilities. International Energy

Agency (1992).
11. For units using pulverized coal. International Energy Agency (1992).
mm. Her Majesty's Inspectorate of Pollution (1991).
nn. Additional standards tor combustion plants firing indigenous high or variable sulfur coal:

* 9)0 percent sulfur removal (>500 MW)
* 4)0 + 0.15 (ME- 166) percent sulfur removal (155-500 MW)
* 4)0 percent sultur removal (100-166 MW)
* 2.250 mng/n3 (50-100 MW individual boilers and furnaces).

OO. Depending on mine location and furnace type.
pp. Additionally, maximum achievable limits:

* greater than 90 percent sultur removal: 1,480 mg/NnO (1.2 Ib/MBtu)
* ninety percent sultur removal: 740-1,480 mg/Nm3 (0.6-1.2 lb/MBtu)
* between 70 and 90 percent sulfur removal: 740 mg/m 3 (0.6 lb/MBtu).
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A general reference to U.S. suppliers is provided in the "93/94 Buyers' Guide Issue to
Power Plant Products and Services," in Power Enginieering, September 1993.

Table B. 1 Suppliers of Coal Cleaning Technologies

Headquarters Contact Telephone Fax
Supplier namtie (couintry) Address person nzwnber nlumnber Notes

AO Energomachexport Germany

Allen and Garcia Co. United States

Daniels Co. United States

Envirotech Coal United States
Services Corp.

Hey] & Petterson. Inc United States

Lively Mfg & United States
Equipment Co.

McNally Pittsburgh. Inc. United Stales

Roberts & Schaeffer United States
Corp.

Warman International United States
Inc.

Note: Suppliers from other countries were not readily availahle at the time of preparation of this report. Countries such

as Germany, United Kingdom and Australia have organizations providing coal cleaning technologies throughout the
world.

Table B.2 Suppliers of Low-NOx Combustion Technologies

Ileodquorurt.s Coltact Telephone [(Ia

Sup phier ,bamn e (coo 1 ir) Add(rtess pecrsoni nzumber n umtplber Notes

Babcock Energy UniLcd
Kingdom

International I l.ited
Combustion lItd Kinedom

Burmaister & Wain Germ;anv

Steiinmuller Gcrmiany

M itsuhishi JLpan
Hfea) lndustries

Bahcock-Ililtachi Japan

ABB/CE UJnited States Windsor. CT or
Chattanooga. TN

Babcock & Wilcox United States Barberton, Oli
Corp

Foster Wheeler Corp. lnited Stales Livingston. NJ

Phconix Corp United Statcs

Riley Stoker UniLcd Statcs Boston. MA

Pillard Francc 13 Rue Raymond NMr. MIaurice (33) 91 8() (33) 91
Teissere Idoux. 90 21 25 72
13272 NMarseille Export Manager 71
Cedex 1)8
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Table B.3 Suppliers of Sorbent and Duct Injection Processes

Headquartcrs Cotztact Telephon e Fax
Supplier name (counitry) Address person niunmber number Notes

Babcock & Wilcox United States

CONSOL Inc. United States
(Coolside process)

Dravo Corp. (HALT United States
process)

Bechtel Corp.a United States

Lurgi Corp. Germany

Wulff GmbH (Reflux
CFB)

Tampella Corp. of Finland
Finland (LIFAC)

Airpol Inc. (AIRPOL) United States

Damp (ADVACATE) United States

a Markets the Confined Zone Dispersion (CZD) process.
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Table B.4 Suppliers of Wet and Dry FGD Processes

Headquazrters Comtact Telephzone Fax
Supplier niamne (countwi) Address person number numbzer Notes

ABB Environmental United States Windsor. CT
Systems

Air Products Inc. United States Allentown. PA

Airpol, Inc. UniLed States

General Electric United States Schenectady, NY
Environmental Syslems

Joy Environmental United Slates
Teehnologies

NaTec Resources, Inc. United States

Research Cottrell United States Atlanta. GA

WheelabraLor Air Ulnited States
Pollution ConLrol

Chiyoda Corp. Japan

Flakt Denmiark

Lurgi Corp. Germainy

Tampella Power Corp. Finlaind

CNIMa France 35 Rue De Bassano Mr. Guy ChanLV. (33 1)44 (33 1)
75008 Paris Export Manager 31 II 00 47 23

09 2(0

LAB SA France Tour Credit Lonnrais (33) 78 63 (33) 78
129 Rue Servienl 7090 60) 94
69431 Lyon Cedex (03 87

Procedair France 25-27 Boulevard De La (33 1) 39 (33 1)
Paix 73 92 15 39 73
781 00 St-Gernmain En 09 17
Lave

Genevetb France 37 BI\Nd Malesherhes Nr. Michel (33 1) 42 (33 I)
750)08 P)aris Comte, 65 91 72 42 65

Export Manager 63 04

INORb France 8 Rue I lenri Becquerel (33 I) 47 (33 1
92508 Rucil 1t()(3 50 47 32
Malmaison Cedex 04 54

GEC Alsthom Group France 38 Avetrue Kleher (33 1)47 (33 1)
Boilers & 75795 Paris Cedex 16 55 2(0 00 47 55
En% ironmental Systerms 21 1 )
Division

a Postcombustion flue-eas cleanirin (semi-wet limest(ne injection process lor SO- neutralization).

b Posteombustion advanced flue-gas cleaning
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Table B.5 Suppliers of SCR Systems

Headquarters Con tact Telephlone Fax
Supplier name (couIntry) Address personz numtber nunber Notes

ABB United States

Babcock & Wilcox United States

Cormetech. Inc. United States

Engelhard Corp. United States

Joy Environmental United States
Systems

Norton Co. United States

Riley and Rhoen- United States
Poulenc Inc.

Siemcns Germany

GEC Alsthom Group France 38 Avenue Kleber (33 1) 47 (33 1)
Boilers & 75795 Paris Cedex 16 55 20 00 47 55
Environmcntal Systems 21 10
Division
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Table B.6 Suppliers of Bagfilters

Headquarters Conltact Telephone Fax
Supplier name (counitry) Address person niuimiber inuember Notes

ABB Environmental United States
Systems

Airpol, Inc. United States

Babcock & Wilcox United States
Corp.

Electric Power United States Menlo Park. CA
Technologies

Fishcr-Klostcrman Inc. United States

Flex-Klccn Corp. United States

Fuller Co. United States

Hoffman Air & United States
FilLration Systems.
Division of Clarkson
Industries. Inc.

Joy Environmental United States
Technologies

Research Cottrell United States Atlanta, GA

Southern Research United States Birmingham. AL
Institute

Wheelabrator Air United Statcs
Pollution Control

Zurn Air Systems UniLed States

Flakt. Environmental Denmark
Systems

Deutsche Babcock AG Germany
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Table B.7 Suppliers of AFBC Boilers

Headquarters Contact Telephone Fax
Supplier name (country) Address person number nunber Notes

Ahistrom Finland

Pyropower United States

Foster Wheeler United States

Lurgi Corp. Germany

ABB/Combustion United States
Engineering

Stein Industries France B.P. 74 Mr. Jacques (33 1) 34 (33 1)
78141 Velizy Barthelemy, 65 45 45 34 65
Villacoublay Cedex Export Director 43 99

Gotaverken and Sweden
Studsvik

Tainpella Power Corp. Finland

Babcock & Wilcox United States

Combustion Power United States
Corp.

Energy Products of United States
Idaho

KCeelcr/Dorr-Oliver United States

Deutsche Babcock Germany
Werke

Table B.8 Suppliers of IGCC Processes

Headquarters Conteact Teleplione Far
Supplier name (countrv) Address person number number Notes

Dow Chemical United States

GEC Alsthom Group France 38 Avenue Kleber (33 1)47 (33 1)
Boilers & 75795 Paris Cedex 16 55 20 00 47 55
Environmental Systems 2110
Division

M.W. Kellogg United States

Shell (USA) United States

T1' \u.I, "United States

o s (iils United States
'IcI hii .loty (IGT)

Notes:

European suppliers: British Gas, Lurgi, Shell and Rheinbraun AG (HT Winkel fluidized-bed gasification process).
Japanese suppliers: Mitsubishi is developing a air-blown entrained gasification process.
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