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The Energy Technology Innovation Project

The overarching objective of the Energy Technology Innovation Project (ETIP) is to
determine and then seek to promote adoption of effective strategies for developing and
deploying cleaner and more efficient energy technologies in three of the biggest energy-
consuming nations in the world: China, India, and the United States. These three countries
have enormous influence on local, regional, and global environmental conditions through
their energy production and consumption.

ETIP researchers seek to identify and promote strategies that these countries can pursue,
separately and collaboratively, for accelerating the development and deployment of
advanced energy options that can reduce conventional air pollution, minimize future
greenhouse-gas emissions, reduce dependence on oil, facilitate poverty alleviation, and
promote economic development. ETIP's focus on three crucial countries rather than only
one not only multiplies directly our leverage on the world scale and facilitates the pursuit
of cooperative efforts, but also allows for the development of new insights from
comparisons and contrasts among conditions and strategies in the three cases.



Acknowledgements

This paper draws on research carried out under the Energy Technology Innovation

Project in the Belfer Center for Science and International Affairs, Kennedy School of
Government, Harvard University, with support from the Energy Foundation, the Heinz Family
Foundation, the William and Flora Hewlett Foundation, the David and Lucile Packard
Foundation, and the Winslow Foundation.

ii



AFBC
ACFB
BFBC
BHEL
BTU
CAAA
CCPI
CCT
CENPEEP
CFB
CFBC
CO,
CPRI
CURC
DOE
EPA
EPDC
EPRI
ESP
FBC
FE
FGD
GEP
GHG
GW
HHV
IGCC
IPP
LEBS
LHV
LNB
MW
MT
NEET
NETL
NOx
NRC
NSPS
NSR
NTPC
oT
PC
PFB
PFBC
PPA
Ppm
PSDF
RD3
SC

List of Acronyms

Atmospheric Fluidized Bed Combustion
Atmospheric Circulating Fluidized Bed Combustion
Bubbling Fluidized Bed Combustion
Bharat Heavy Electricals Limited

British Thermal Unit

Clean Air Act Amendment

Clean Coal Power Initiative

Clean Coal Technology

Centre for Power Efficiency and Environmental Protection
Circulating Fluidized Bed

Circulating Fluidized Bed Combustion
Carbon dioxide gas

Central Power Research Institute

Coal Utilization Research Council
Department of Energy

Environmental Protection Agency
Electric Power Development Corporation
Electric Power Research Institute

Electro Static Precipitator

Fluidized Bed Combustion

Fossil Energy

Flue Gas Desulphurization

Greenhouse Gas Pollution Prevention
Green House Gas

Giga Watt

Higher Heating Value

Integrated Gasification Combined Cycle
Independent Power Producer

Low Emission Boiler System

Lower Heating Value

Low NOX Burner

Mega Watt

Metric ton

National Environmental and Energy Technology
National Energy Technology Laboratory
Nitrogen oxides

National Research Council

New Source Performance Standards

New Source Review

National Thermal Power Corporation
Oxygenated Treatment

Pulverized Coal

Pressurized Fluidized Bed

Pressurized Fluidized Bed Combustion
Power Purchase Agreement

Parts per million

Power Systems Development Facility
Research, Development, Demonstration, and Deployment
Super Critical

il



SCPC
SCR
SNCR
SO,
TVA
USAID
USC

Super Critical Pulverized Coal

Selective Catalytic Reduction

Selective Non Catalytic Reduction

Sulfur di-oxide gas

Tennessee Valley Authority

United States Agency for International Development
Ultra Super Critical

v






Executive Summary

India has huge domestic reserves of coal and predominantly depends on coal-based
electricity generation to meet a substantial portion of its electricity generation requirements.
Economic and security drivers are likely to ensure coal’s dominance in India’s energy scenario and
especially in the electricity sector for many more years to come. Coal-based electricity is primarily
generated from conventional sub-critical pulverized coal technologies, and most of these plants
operate with low conversion efficiencies of coal to electricity. The poor performance of coal-based
power plants in India is attributed to diverse factors:

» problems related to the coal supply industry;

» lack of performance standards;

+ insufficient incentives for performance improvements due to near-absence of market
competition, and distortions in the fuel supply and electricity market;

* inadequate investments in public R&D efforts;

* poor operational and management practices;

» insufficient investments for technological advancements;

» lack of information and awareness; and inadequate public policy initiatives.

Regulations that reduce negative environmental impacts associated with coal use are inadequate.

Increasing reliance on imported natural gas, due to rapid expansion of natural gas-based capacity

over the past decade or so, raises serious concern about security and reliability of supply. The

natural gas capacity has been driven to a large extent by inefficiencies and difficulties in coal

supply. In this context, the country is increasingly facing the challenge of being able to utilize coal

in an efficient manner, keeping in mind development priorities as well as the need to minimize

harmful environmental impacts.

At present, there is little strategic thinking in India for advancements in the current
technological stock, as well as for demonstration and deployment of advanced generation
technologies in future based on coal. The country needs to embark on a path of strategic energy
planning in its economic and security interests that lays a foundation for coal usage in an
economically efficient and environmentally sustainable manner. There remains significant need and
opportunities for advancements in coal-based electricity generation technologies in the country. As
the growth in demand is likely to be substantial for setting up base load plants, possibilities of
reaping scale economy advantages are significantly high. Additionally, many of the existing plants
will soon be due for retirement and there is likely to be a turnover of the present technological
stock. This potential for investments in substantial new capacities also presents opportunities for
leapfrogging to advanced technologies. Along with the high growth rate in demand and energy
supply, substantial investments in energy supply infrastructure are likely in future- therefore unlike
in developed countries where the energy supply infrastructure is already locked in, there is scope
for alterations in the present mix of energy supply options.

There is a lack of systematic assessment studies that evaluate different coal-based
electricity generation technology options that would best be able to address economic,
environmental, and energy security objectives. The absence of systematic assessment studies raise
concerns surrounding the dangers of a priori picking a ‘fechnology winner’. Such studies also serve
as extremely useful policy linkages by providing inputs to the policy maker on decision-making
and formulating policies with respect to technology choices. This study is an attempt to fulfill these
objectives. It reviews the historical and current state of knowledge with respect to research,
development, demonstration, and deployment efforts (RD?) in different categories of coal-based
electricity generation technologies along with ongoing efforts towards future advancements. In the
United States, RD* efforts related to coal have been long-standing, and have resulted in significant
advancements in coal-based electricity generation technologies. A historical review of overall coal-
related programmatic efforts as well as technology-specific experiences in coal-based generation
advancements in the United States could potentially be useful for India in designing public policies
and programs as well as making technology choices and launching technology-specific RD” efforts.
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One would need to keep in mind overall, however, contextual country-specific differences in terms
of the following factors- landscape features of coal and electricity industries in both countries,
historical perspectives that relate to the manner in which these sectors evolved and currently
operate, roles of actors and institutions and their networks, and national priorities and development
plans, just to name a few.

This paper analyses levelised generation costs from different coal technologies for the
Indian situation. It assesses their relative competitiveness with natural gas based technologies,
changes in relative competitiveness among these technologies with variations in certain key factors
such as natural gas and coal prices, rate of advancements in technologies and likely imposition of
global environmental constraints for controlling carbon dioxide emissions. Based on the assessment
of different technological options for India and drawing on the review of coal technologies as well
as potential lessons from U.S. experiences, the paper makes suggestions for technology-specific
RD? efforts that India could engage in. It also discusses crosscutting factors that assume importance
across all technology categories. The analysis in the paper is likely to be useful in laying a
foundation for a ‘technology roadmap’ for the future and for prioritization of current and future
energy research development, demonstration, and deployment (ERD?) efforts with respect to coal
based generation technology advancements.

An assessment of India’s clean coal technology choices indicates that there is no silver
bullet in terms of one technology that overcomes all the challenges. The country needs to develop
a portfolio of clean coal technologies with varying degrees of RD?’ efforts across these technologies
depending on short, medium and long-term targets aimed at fulfillment of macroeconomic,
security, and environmental objectives. Like in the U.S. case, development of a clean coal
technology roadmap for India that outlines RD* efforts in different advanced coal technologies will
help prioritize the country’s needs in moving towards a sustainable energy future dependent on
coal. Analysis in the paper shows that in the Indian context, competitiveness among coal and gas
technologies is extremely sensitive to natural gas price variations. Coal technologies emerge
competitive with combined cycle gas turbine technologies at relatively low levels of natural gas
prices of $3.5/GJ and higher. Reforms aimed at improving efficiency of the electricity sector should
be pursued simultaneously with coal market development that seeks alterations in present
institutions, actors, supply, and prices.

Among coal technology options, the analysis here establishes the robustness of
supercritical PC technology across a wide range of scenarios, thereby warranting top priority in
ERD?’ efforts. Supercritical PC is a commercially mature technology — so learning from technology
development and deployment experiences in the United States and other countries will be relevant
for India. Future regulations on SO, emissions from power plants are likely to push deployment of
supercritical PC with FGD as the most economic and best control technology. The analysis
indicates that under the Indian situation, the efficiency advantage of supercritical is substantial
enough to outweigh its higher costs, even with relatively high cost estimates and low coal prices.
One needs to assess India’s R&D capabilities in development of advanced materials, however, as
well as its manufacturing strengths related to supercritical development. Knowledge transfer and
co-operation with the United States in the area of advanced materials development, as well as
operating experiences, are likely to be useful for India.

Among other coal technology options — AFBC deployment in India, as in the United States,
is likely to be primarily pushed by independent power producers (IPPs), rather than Investor-
Owned-Utilities (IOUs). Co-firing using different kinds of coal and biomass/wood waste, currently
being demonstrated in the United States, may find some niche application areas in India, where a
mix of coal and biomass can be used. Experiences from such ACFB projects in the United States
may prove useful for the IPPs as well as industrial level power generators in India.

The fuel flexibility advantage of PFBC is similar to that of AFBC, and this technology also
may find some niche application areas in India for fuels that are unsuitable for utilization in PC
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plants. PFBC is unlikely to emerge as an economic choice over supercritical PC except in niche
application areas where waste fuels, which are unsuitable for use in PC, are to be utilized.

Also, medium and long-term deployment opportunities for PFBC are likely to be limited due to
competition from IGCC. Therefore, the market potential of PFBC needs to be systematically
assessed before embarking on any RD efforts. U.S. experiences show that commercial deployment
opportunities for first-generation systems are limited because they do not offer significant
efficiency and/or economic advantages over conventional PC technology to justify their high
capital costs. Demonstrations of first-generation PFBC systems may be considered as a transition
strategy for second-generation PFBC development in India that is likely to have substantial
performance improvements.

The primary driver for IGCC deployment is its superior environmental benefits. Analysis
for the Indian case shows that first-generation IGCC without carbon capture has potential to reduce
CO, emissions by a tenth as compared to emissions from supercritical PC and by a fifth as
compared to less efficient subcritical PC technologies. It is unlikely that first-generation IGCC will
emerge as an economic choice over super-critical PC unless there are significant advancements in
reducing costs and/or increasing efficiency in IGCC systems. IGCC becomes competitive with
supercritical PC and PFBC only under a considerably high penalty level of $200/tonne of carbon
and higher. But, IGCC competitiveness is significantly enhanced under a scenario that considers
carbon capture and storage. Analysis results show that under such a scenario, the break-even tax
level at which IGCC emerges as an economic choice over supercritical PC and PFBC is around $75
per tonne of carbon. Thus, addressing climate change by including a carbon capture and storage
approach is likely to significantly enhance deployment opportunities for IGCC. A thrust on IGCC
development and deployment efforts from the point of view of addressing climate change concerns
will, therefore, have to be pursued for its own sake, as technology assessments point to a disjoint
between technology choices and competitiveness among technologies for addressing local and
global environmental concerns.

For the Indian situation, the break-even natural gas price at which IGCC (first-generation)
become competitive with NGCC ranges from $5-5.5/GJ. Thus it may be useful for India to pursue
IGCC development as a hedging strategy in light of future uncertainties with respect to natural gas
prices. Learning experiences from first-generation IGCC plants may be useful for India, primarily
in terms of operating and environmental performances. Economic estimates, derived from the U.S.
projects, would have to be applied in the Indian context. U.S. experiences may provide some
guidelines towards cost estimations. A crucial aspect of demonstration would be to test operation of
several subsystems of an IGCC at full-commercial scale, as systems integration is one of the key
aspects of IGCC development. Though operational and environmental performances of first-
generation IGCC systems have been well demonstrated, exploring deployment opportunities will
require addressing substantial reliability and availability concerns, and associated high-risk
perception among utilities and investors. There remains a need to assess the viability of
polygeneration options for India that has potential to significantly improve IGCC market potential
by providing economies of scope. In India, demonstrations of advanced IGCC systems that are
integrated with fuel cell operations should be undertaken only if first-generation IGCC projects
have been demonstrated successfully. Finally, under a future scenario that imposes regulations on
mercury emissions in India, IGCC would be preferred over other coal technology options due to its
substantial cost advantages with respect to controlling mercury emissions as compared to other coal
technologies.

It is necessary at the national policy planning level to have a coherent vision for the
electricity and coal sectors in India that integrates objectives for both sectors. Without simultaneous
pursuit of coal and electricity market reforms, a clean-coal technology vision for India is likely to
fall short of attaining its objectives. Reforms in the coal industry with likely improvements in coal
supply quality and reliability, along with economic attractiveness prospects of advanced coal
technologies, are likely to induce greater private participation in this sector. Along with generators
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and coal suppliers, there needs to be increased participation of other relevant stakeholders such as
foreign and domestic equipment manufacturers, banks and financial institutions, environmental
agencies, regulatory organizations, research institutes, non-governmental organizations, and policy
makers across different relevant government departments. An institutional mechanism for
interactions among these different groups of stakeholders would enable information dissemination
and learning on technology performances and costs. A primary requirement is to integrate sectoral
policies relevant to clean-coal technology development and deployment efforts across different
government portfolios handling energy and environment issues. The capability of public
institutions in undertaking R&D activities need to be strengthened in terms of greater resource
availability as well as building stronger human and infrastructure capabilities. Last, but not least,
greater initiatives are needed on part of the government to generate mechanisms for international
co-operation in advanced coal technology RD? efforts involving different groups of public and
private stakeholders.
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1. Introduction

1.1 Context and relevance of present study

India is the third largest coal producer in the world with more than 327 MT of coal
consumption in the year 2000 (EIA, 2004). More than two-thirds of the coal produced in India is
used for electricity generation. Current coal-based generation capacity in the country is close to 65
GW'. The growth in electricity capacity has not been able to keep pace with increasing demand
leading to increasing shortages in electricity supply plaguing all sectors of the economy’.
Substantial expansion of base-load capacity is likely to meet this shortfall as well as rapidly
increasing new demand. The International Energy Outlook (EIA, 2004), forecasts that while the
country’s economy is expected to expand more than three folds in the next 25 years and the
electricity consumption more than double, coal use is likely to increase by 70 percent, implying that
India will need to build close to 57 GW of additional coal-fired capacity in the next 25 years (EIA,
2004). The reliance on domestic coal is likely to continue for many more years to come due to
substantial amount of domestic reserves’. While the growth in coal capacity has been relatively
slow, natural gas based generation capacity in the country has been increasing very rapidly. There
is increasing concern over the rapid expansion of natural gas based capacity over the past decade or
s0, driven to a large extent by inefficiencies and difficulties in coal supply. India has limited
domestic reserves of natural gas and future likely growth in demand is likely to be met by imports,
primarily in the form of liquefied natural gas (LNG) from middle-east countries. This has the
danger of exposing the country to import vulnerabilities and price fluctuations as well as substantial
investments in LNG supply infrastructure that is likely to be locked into the country’s energy
system for long periods of time. Hydro based capacity accounts for only a quarter of the total
capacity — future expansion of large hydro capacity is likely to be restricted due to significant social
and environmental difficulties confronting such projects that result in their substantial time and cost
overruns. Renewable capacity — comprising of small hydro, wind, biomass, and solar technologies
— aggregates to a present capacity of about 4.8 GW, which is close to 4 percent of the overall power
generation installed capacity*. Though renewable technologies are likely to increase their
contribution in electricity generation, especially in niche application areas, their share relative to
fossil energy sources is likely to remain small. Therefore, India’s energy landscape is likely to be
dominated by coal for many years to come. The country needs to embark on a path of strategic
energy planning in its economic and security interests that lays a foundation for coal usage in an
economically efficient and environmentally sustainable manner.

In this context, there remains significant need and opportunities for advancements in coal-
based electricity generation technologies in the country. As the growth in demand is likely to be
substantial for setting up base load plants, possibilities of reaping scale economy advantages are
significantly high. Additionally, many of the existing plants will soon be due for retirement and
there is likely to be a turnover of the present technological stock. This potential for investments in
substantial new capacities also presents opportunities for leapfrogging to advanced technologies.

" The installed coal based capacity as on 31° May 2004 was 65.45 GW. See Ministry of Coal website at
http://powermin.nic.in/JSP_SERVLETS/internal.jsp

% The electricity supply position at the beginning of Tenth Plan (2002) is one of shortages both in terms of
demand met during peak time and overall energy supply. The overall peaking shortage has been around 12%
and energy shortages 7.5% (See Background Note at India-IEA Joint Conference on Coal and Electricity in
India, 22-23 September- New Delhi).

3 India has total 246 billion tones of hard coal reserves, of which 92 billion tones are proven (See Ministry of
Coal, Government of India, website at http://coal.nic.in/)

* About 4,800 MW of power generating capacity based on renewable energy sources has been installed in the
country so far. (See Annual Report 2003-04, Ministry of Non-Conventional Energy Sources, Government of
India, http://mnes.nic.in/annualreport/2003_2004_English/chS_pgl.htm



Along with the high growth rate in demand and energy supply, substantial investments in energy
supply infrastructure are also likely in the future — therefore, unlike in developed countries where
the energy supply infrastructure is already locked in, there is scope for alterations in the present
mix of energy supply options.

At present, there is little strategic thinking in India for advancements in the current
technological stock as well as for demonstration and deployment of advanced coal-based
generation technologies in future. Over the past many decades, both coal and electricity industries
in the country have been dominated by government ownership and public monopolies. Both sectors
are currently undergoing reforms, albeit slowly, to alter ownership structure, induce private
participation and competition, and reduce price controls. The success of energy planning efforts
towards technological advancements is likely to be dependent to a large extent on the manner in
which these reforms progress. Almost all coal-based generation plants operate on subcritical
pulverized coal technology (which is the most commonly deployed technology for coal conversion
throughout the world) and a large fraction of the current stock of plants continue to operate at low
conversion efficiencies. The low level of performance of coal plants can be attributed to various
factors such as difficulties in coal supply and problems of poor fuel quality, technical problems in
operation and maintenance of plants, managerial inefficiencies and institutional bottlenecks, lack of
information and awareness, and insufficient incentives for performance improvements.

There has been a gross under-investment in technological advancement and public R&D
efforts, primarily due to shortages in funds and a lack of strategic thinking on part of policy-
makers. Private ownership constitutes less than 10 percent of the overall generation capacity and is
much more in gas-based generation than in coal power plants (IEA, 2000). Among all the public
utilities, which have almost 90 percent ownership of the generation capacity, only the federal
utility, NTPC, which owns almost a fifth of the generation capacity, has been engaged in R&D and
demonstration efforts domestically and in co-operation with international institutions. State-level
utilities with more than 60 percent ownership of the generation capacity have very little
involvement in R&D efforts (IEA, 2000). In the overall national energy planning process, decision-
making with respect to technology choices is plagued by the involvement of a large number of
entities and a loose co-ordination among their activities. Energy, electricity, and environmental
policies lack sufficient integration and are often not synchronized among different departments of
the government.

Generation technology choices will need to address current and emerging future concerns
on environmental impacts associated with coal use. Current concerns are primarily associated with
particulate matter emissions from power plants and their attendant adverse implications on human
health. Huge amounts of flyash generation by coal power plants and very low ash utilization levels
that presents significant storage and disposal problems. On the coal mining side, there remain
significant concerns on environmental impacts associated with coal mining and extraction. Present
sulfur dioxide (SO,) emission levels from coal plants are not a current concern due to the very low
sulfur content (0.2 to 0.7 percent) in Indian coal (IEA, 2000). But with the future likelihood of
multiple large capacity plants becoming clustered within a small geographical area, there are rising
concerns with respect to high regional concentrations of SO, emissions and future requirements to
control these emissions. Plants using imported coal containing higher sulfur levels are also likely to
require future emission controls. With respect to emissions of trace metals such as mercury, current
concerns in India are at best non-existent, unlike in the United States. Even for existing regulations,
implementation and performance monitoring for compliance remain weak, primarily due to
institutional problems. On the global climate change front, India has ratified the Kyoto protocol and
is a participant in international climate change arrangements that would help lower global CO,
emissions. However, India is keen to keep in mind national economic and development priorities.
Keeping all these aspects in mind, strategic energy planning can very well embark the economy on
future trajectories with low energy and emissions intensities, while fulfilling economic and energy
security objectives.



1.2 Contents of the study

India must make strategic choices with respect to utilization of its energy resources (that is
predominantly coal now and is likely to be in the future) to meet the rapidly increasing energy
demand of its growing economy while fulfilling economic, energy security, and environmental
objectives. However, there is a lack of systematic assessment studies that evaluate different coal-
based electricity generation technology options to address some of the issues discussed earlier. The
absence of systematic assessment studies raise concerns surrounding the dangers of a priori picking
a ‘technology winner’, but it is also clear that some existing but underutilized technologies could
provide significant benefits to India. Such studies also serve as extremely useful policy linkages by
providing inputs to the policy maker on decision-making and formulating policies with respect to
technology choices. The current paper conducts an assessment of coal technologies for India, and is
likely to be useful in laying a foundation for a ‘technology roadmap’ for the future and for
prioritization of current and future energy research development, demonstration, and deployment
(ERD?) efforts with respect to coal based generation technology.

The paper reviews the historical and current state of knowledge with respect to R&D,
demonstration, and deployment efforts (RD?) in different coal-based electricity generation
technologies along with ongoing efforts towards their future advancements. Along with a general
review of technologies, the paper specifically looks at U.S. technology advancement experiences. It
summarizes the technology specific efforts within the broader context of Department of Energy’s
(DOE’s) fossil energy and coal-related R&D programs, the project experiences from DOE’s Clean
Coal Technology (CCT) Demonstration program, and the factors affecting deployment of advanced
coal technologies in the United States.

Potential learning from U.S. experiences in coal technology RD* efforts is relevant to India
due to a number of reasons. The United States, like India, is primarily dependent on coal to meet
the majority of its electricity generation requirements and is likely to be so in future. Investments in
gas-based generation capacity have been growing rapidly, largely driven by attractiveness of
natural gas-based technologies and deregulation of the electricity sector, with little or no
investments in coal plants over more than two decades. However, recent rising of natural gas prices
and future uncertainties associated with gas supply and prices are prompting a renewed thrust in
coal technology options. In this context, both countries are confronted with a similar challenge of
reducing natural gas dependency by strengthening efforts towards coal technology advancements.
The United States has a diverse history of experiences related to coal-based electricity generation
advancements and is engaged in many ongoing efforts towards developing and implementing
comprehensive future energy strategies that rely primarily on coal for electricity generation. There
has been substantial public investment in coal-related R&D activities, and strong public-private
partnership arrangements have characterized technology demonstration efforts. Overall coal-related
programmatic efforts as well as technology-specific experiences in coal-based generation
advancements in the United States could potentially be useful for India in designing public policies
and programs as well as making technology choices and launching technology-specific RD” efforts.

While drawing on U.S. experiences, one needs to keep in mind the broader contextual
country-specific differences between India and the United States, such as: (1) the different
historical evolution of the coal and electricity sectors in the two countries and the different manner
in which they currently operate and are likely to do so in future; (2) current and future
macroeconomic growth patterns along with different national priorities and development plans that
are likely to affect future energy trajectories; (3) structural differences in institutions between the
two countries and in the characteristics of different actors of relevance to coal technology
advancement efforts; (4) differences in likely drivers for RD? efforts and in factors affecting
technology deployment; and (5) social and cultural differences that are likely to affect technology
choice and decision-making among actors.



In terms of assessing coal technology choices for India, the paper presents a levelised cost
analysis of different coal-based technologies and assesses their relative competitiveness with gas-
based technologies. It also analyzes changes in relative competitiveness among these technologies
with variations in certain key factors such as natural gas and coal prices, rate of advancements in
technologies and likely imposition of global environmental constraints for controlling carbon
dioxide emissions. Based on the assessment of different technological options for India and
drawing on the review of coal technologies as well as potential lessons from U.S. experiences, the
paper makes suggestions for technology-specific RD* efforts that India could engage in. Finally,
some of the crosscutting factors that assume importance across all technology categories are
discussed.



2. Review of coal-conversion technologies for electricity generation

This section briefly reviews different categories of coal technologies in terms of their
process, current status, performance evolution over a period of time, critical technology
development areas, and finally, their cost. Technologies for converting coal into electricity can be
broadly categorized into:
» pulverized coal (PC) combustion

o sub-critical PC

o super-critical PC (SCPC)

o ultra-supercritical PC (USC)
» fluidized bed combustion

o atmospheric fluidized bed combustion (AFBC)

o pressurized fluidized bed combustion (PFBC))
» integrated gasification combined cycle (IGCC)
These technologies have evolved over a period of time and are in differing stages of development
and deployment.

2.1 Pulverized coal (PC) combustion technology

Pulverized coal (PC) combustion technology is the most widely deployed coal-conversion
technology across the world for electricity generation. The process of pulverized coal (PC)
combustion replaced the earliest system for coal-based power generation — the traveling grate
stoker furnace. PC technology is a commercially mature technology for coal combustion with a
large and extensive base of operating experiences and expertise (Beer, 2000). In a PC plant, coal is
pulverized to a powder and combusted in a boiler using air (NRC, 1995). Before the coal is
grounded, it can be cleaned at the mine to reduce ash and sulfur content. The heat from combustion
is transferred to water flowing in tubes in the boiler wall to produce high pressure and high
temperature steam that in turn drives a turbine connected to an electric generator (NRC, 1995). The
condensed steam is then returned to the boiler. Though the technology is able to burn a wide range
of coals, associated costs are higher than for burning uniform coal (NRC, 1995).

The evolution of PC combustion technology has led to progressive advancements in
materials used to manufacture boilers and steam turbines, much better understanding of the water
cycle chemistry, and improvements in heat loss reductions. The thermal efficiency of the
generation cycle depends upon the temperature and pressure of steam, thermal efficiency of the
boiler, efficiency of the turbine and size of the boiler and the turbine (Joskow and Rose, 1985). The
evolution of the steam-electric generating technology has focused on improving the design thermal
efficiency of generating units, primarily by increasing steam-operating pressures (Rose and
Joskow, 1990). Until the 1960s, the primary design changes that historically led to large increases
in thermal efficiency include increasing the number of reheat and preheat cycles using multiple
bleed points from turbines to increase average cycle efficiency (NRC, 1995). Since that time, the
primary technological frontier has been in increasing steam pressure, and to a lesser extent,
increasing the unit size’ (Joskow and Rose, 1985). The subcritical pressure cycle with one stage of
reheating at 2400-psig/1000°F (166 bar/538°C) cycle has been the dominant design in the past and
continues to be the most often selected cycle (IEA, 1998). The net thermal efficiency (conversion
of fuel energy to electricity input to the grid) of U.S. coal-fired generating plants employing and
operating this technology averages 33 percent (based on HHV)® (NRC, 1995).

Supercritical boiler represents a fundamental departure from the subcritical technology —
water is heated to a temperature above 706 degrees F at a pressure above 3206 psi and it directly

> For central generating stations, unit size increase from 350 to 700 MW is likely to increase design
efficiency by only 0.5 percent (Joskow and Rose, 1985).

®33 percent efficiency based on Higher Heating Value (HHV) translates to 36.4 percent based on Lower
Heating Value (LHV).



vaporizes to dry superheated steam (Joskow and Rose, 1985). Supercritical PC plants operate at
almost 3-percentage points higher efficiency than subcritical units (that represents an 8 percent
relative improvement in efficiency) (NCC, 2003). PC plant efficiency can be increased in steps to
45 percent LHV using supercritical steam parameters (steam pressure in excess of 3206 psi and
temperatures in excess of 1050 degrees F) (NCC, 2003). Figure 2.1 illustrates improvements in
plant efficiency through measures such as reduction in waste heat loss, improved combustion to
reduce excess air, and reduction in stack temperature. SC steam parameters of 3750 psi/1000 °F
single or double reheat with efficiencies that can reach 42 percent (LHV) represent a mature,
commercially available technology for U.S. power plants (NCC, 2003). The nominal design
efficiencies based on lower heating value and at the full load condition for these plants are:
Subcritical ~ 38 percent, SC ~ 41 percent and USC ~ 45 percent (IEA, 1998). The supercritical
(SC) cycle at 3500 psig/1000°F (240 bar/538°C) cycle has been used for a smaller number of plants
and the ultra-supercritical (USC) with two stages of reheating at 4500 psig/1100°F (311 bar/593°C)
is the state-of-the-art “commercially” available plant (NCC, 2003; NCC, 2002; NCC, 2000). State-
of-the-art plants with full environmental controls have efficiencies of 38 to 42 percent, with the
higher number corresponding to new supercritical steam units operating in Europe (NRC, 1995).
Operation under supercritical conditions eliminates equipment required for saturated steam
extraction, recycling and heating equipment for

Ficure 2.1 Improving efficiencv in PC power plants
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Figure 2.1 illustrates improvements in plant efficiency through measures such as reduction in waste heat loss,
improved combustion to reduce excess air, and reduction in stack temperature. Source: Figure 3.1 in National
Coal Council, 2003. ‘Coal-related Greenhouse Gas Management Issues’, May 2003.

saturated steam- but requires additional materials expenditure. Progressive improvements in
materials technology for boilers and steam turbines, plus improved understanding of power plant
water chemistry fueled the development of this technology’. Materials development, post World
War I1, primarily related to advances in metallurgical knowledge gained during the war and used in
aircraft and artillery. New super alloy steel resisted metal fatigue and cracking, and withstood
steam at higher temperatures and pressures, thereby providing greater thermal efficiencies (Hirsch,
1989). Early units encountered operating problems in using these materials under conditions of

" See ‘Ultrasupercritical Steam Turbines: Next-Generation Design and Materials” EPRI Online journal, ;
4/26/2002 9:25:43 AM



high steam pressure and temperatures and water contaminants — leading to low unit availability®.
However, these initial operational problems have largely have been overcome with further
technological advancements (Hirsch, 1989).

Ultrasupercritical (USC) technology employs significantly higher steam temperatures and
pressures beyond those traditionally employed for supercritical plants, which then leads to new
demands on steam turbine design’. Advanced SC and Ultrasupercritical (USC) plants operate under
steam parameters of 4500 psi and above 1050 degrees F, resulting in cycle efficiencies greater than
45 percent (LHV) for bituminous PC power plants (IEA, 1998). The challenge for USC is to
maintain equipment reliability and operational flexibility under advanced steam conditions. R&D
efforts in the United States and elsewhere are in place to develop advanced materials for USC
plantslo that can have efficiency increases up to 50 percent (LHV) (NCC, 2003). They are expected
to be available for deployment by 2010. More efforts are needed in USC cycle design, including
research on steam turbine materials.

Technical and economic constraints made 1000 to 1050 degrees F the maximum practical
temperature for a Rankine steam cycle during the mid-sixties to the mid-eighties (Joskow and Rose,
1985). But with a long history of supercritical operating experiences existing at present, the
reliability of supercritical units is assessed to be at least as good as that of conventional sub-critical
plants (IEA, 1998). This has been the result of significant advancements in metallurgy, equipment
design, and water treatment methods. EPRI studies on relative reliability of coal-fired subcritical
and supercritical plants in the United States show that conventional subcritical units have better
reliability during the first ten years of operation, but by the time a supercritical unit was ten years
old, the average outage caused by the pressure parts of the supercritical unit had leveled off at less
than 500 hours/year (approximately 6 percent of availability per year) for all U.S. units, while for
subcritical units the level was the same but climbing (IEA, 1998). For high-slagging and corrosive
coals, corrosion problems at high temperatures makes supercritical less suitable — coal with greater
than 2 percent sulphur causes superheater and reheater difficulties IEA, 1998). Some solutions to
this include boiler design optimization, use of higher alloy materials, and boiler water and steam
circuitry redesign. Boiler tube leaks are a major issue for plant operation, often being the cause of
loss of reliability (IEA, 1998). The leaks are often caused by water chemistry problems. A technical
solution is to combine a 100 percent condensate polishing plant with oxygenated treatment (OT) as
the cycle chemistry (IEA, 1998). Use of OT has significantly increased reliability and operability of
supercritical units — in the United States a large number of supercritical units has been converted to
OT since the early nineties (IEA, 1998). A critical component needed for higher steam
temperatures is the materials for high and intermediate pressure turbine rotor. Research and
development through the initiatives of the American and Japanese utilities, EPRI and EPDC, as
well as through the European Power Plant manufacturers, has resulted in important progress in the
development of improved materials for these components (IEA, 1998).

Whilst most of the new pulverized coal combustion installed and commissioned in OECD
countries during the 1990s is supercritical PC, this has been predominantly in those countries where
the cost of the coal is high, such as Denmark, Germany, the Netherlands, Japan and Korea (IEA,
1998). Subcritical plants continued to be built in places where coal is relatively cheap, such as
Australia, Canada and the United States (IEA, 1998). The selection of subcritical over supercritical
PC technology has primarily been driven by low fuel costs, although site-specific factors, such as
capital cost, load factor, labour rates, and capital cost, also affect the choice. Worldwide, there are
around 500 SCPC units — 46 percent in the former USSR, 12 percent in Europe, and 10 percent in

¥ Possibilities of using special, high-alloy metals (austenitic steels) to overcome these problems increased
costs significantly and thereby restricted their use (Hirsch, 1989).

? See “Ultrasupercritical Steam Turbines: Next-Generation Design and Materials’ EPRI Online journal, ;
4/26/2002 9:25:43 AM

10 Advanced materials are required for the boiler, steam turbine, and associated piping.



Japan (NCC, 2000). In the United States, the movement to higher-pressure supercritical units (SC)
began in the early 1960s, continued into the 1970s and then reversed itself in the early eighties
(Joskow and Rose, 1985). The reverse was partially caused by relatively low reliability of
supercritical units due to initial operational difficulties, but these problems have largely been
overcome (Joskow and Rose, 1985). Low level of deployment in the United States is primarily due
to low coal prices that do not offer sufficient incentives for efficiency improvements (NCC, 2002).
SCPC plants are likely to be the choice for new central power plants in the short and medium term
because of the relatively high cycle efficiency and the long experience with pulverized coal
combustion (NCC, 2003). Costs of these plants are being continually reduced through technological
advancements and learning experiences from currently operating plants. Further developments
towards ultra-supercritical (USC) coal plants with 50 percent single cycle efficiency are dependent
on progress in materials R&D- USC applications are expected past 2010 (Beer, 2000).

Environmental performance of PC plants

In terms of emissions of pollutants such as SO,, NOyx, and particulates, PC power plants are
able to meet current or anticipated emissions reductions with existing control technologies (NRC,
1995). SO, emissions up to 98 percent can be controlled using a flue gas desulfurization (FGD)
process, such as a wet limestone scrubber (IEA, 1998). Advanced limestone FGD scrubbers
typically produce gypsum as a by-product that can be safely landfilled or can be used for
manufacturing items such as wallboard (IEA, 1998). NOx emissions are primarily controlled using
low NOX burners (LNBs). Post combustion control technologies such as selective catalytic
reduction (SCR) and selective non-catalytic reduction (SNCR) can be employed for NOx emissions
control, but these raise costs (IEA, 1998). PC plants can achieve very high level of particulate
control — flyash is efficiently collected in devices such as Electrostatic Precipitators (ESPs) or
fabric filters. In terms of emissions of trace substances such as metals and organics, most volatile
and semi-volatile trace metals condense on flyash particles and are effectively removed with the
flyash. Elemental mercury may be emitted with the flue gas — operating costs for control of
mercury emissions from PC plants can be substantial, however. Some mercury control is likely
from SO, and particulate emissions control (NCC, 2002). Other elements exit with the ash and FGD
by-products. Trace organic emissions from PC plants are extremely low. CO, emissions from PC
plants may be higher than higher efficiency IGCC due to the relatively low cycle efficiency of PC
plants- but progressive advancements in ultra-supercritical technology can narrow this comparative
advantage. CO, removal from the flue gas for sequestration is much more technically complex and
incurs higher costs as compared to that for IGCC (NCC, 2002). In the area of coal combustion, one
of the latest developments is in the area of modified combustion technology that uses oxygen
instead of air for combustion, thereby avoiding dilution with large volumes of nitrogen in the flue
gas (NCC, 2000). The combustion products are re-circulated to the burner to reduce the flame
temperature and increase CO, concentration in the stack gases to well about 90 percent (NCC,
2000). This reduces the cost of carbon capture for sequestration as compared to conventional
combustion systems that have a maximum CO, concentration of 12-15 percent in the stack gas
(NCC, 2002). In terms of disposal of solid waste, bottom ash and flyash can be safely land-filled.
Trace metals are more likely to be leached with flyash adsorption rather than with slag material.
Ash has potential to be used for a variety of applications such as cement/concrete production and
waste stabilization/solidification.

Cost estimates

The cost of electricity (COE) for coal-fired (PC) plants is dominated by the capital cost
share at 52 percent, while fuel (29 percent), and fixed O&M (19 percent) account for the remainder
(IEA, 1998). The relatively low share of fuel cost in the cost of electricity makes justifications for
selection of advanced technology less favorable, especially in light of low coal prices. During the
course of its development, there have been significant cost improvements for PC technology (Beer,



2000; NRC, 1995). Pulverized coal firing with flue gas de-sulfurization (PC/FGD) is still
considered the lowest cost option when coal combustion technology is selected for large power
generation plants. Typical capital costs of modern subcritical U.S. pulverized coal plants equipped
with a FGD system range from about $1100-1500/kW, with typical electricity costs of about 40 to
55 mills/kWh (NRC, 1995). Capital costs of supercritical technology are largely a function of the
availability of special materials and manufacturing capabilities in a particular region (IEA, 1998).
Capital cost increases specific to the supercritical plant (e.g. associated with superior materials and
other design features) are counter-balanced by the capital cost savings associated with the fact that
the boiler and ancillary equipment can be smaller due to the increased efficiency (IEA, 1998).
Studies also show that supercritical units have substantial economies of scale in construction, and
may be less expensive to build than state-of-the-art subcritical units at scales above 500 MW
(Joskow and Rose, 1985). A study by Joskow and Rose points at the following- at a scale of 300
MW (the smallest size of supercritical units in the sample), supercritical units are over 10 percent
more expensive than subcritical units; the construction cost functions cross over at about 500 MW,
where the average cost of supercritical units falls below that of 2400 psi units- the crossover range
is between 500 and 600 MW; at 700 MW, supercritical units are about 7 percent less expensive per
kW than subcritical units (Joskow and Rose, 1985). For ultrasupercritical technology, even though
boiler and steam turbine costs are higher, balance of plant costs are expected to be 13 to 16 percent
lower than those for existing boiler and cycle designs because of reduced requirements for coal
handling, emissions control, and other auxiliary components'".

2.2 Fluidized Bed Combustion (FBC) technology

Technologies for coal conversion in a fluidized bed are broadly of two types- atmospheric
fluidized bed combustion (AFBC) technology and pressurized fluidized bed combustion (PFBC)
technology.

2.2.1 Atmospheric Fluidized Bed Combustion (AFBC) technology

The atmospheric fluidized bed combustion technology (AFBC) is a commercially mature
technology that has been used worldwide for over 50 years, primarily in petrochemical and small
industry steam generators (NRC, 1995). The sizes of AFBC units for these kinds of applications are
a tenth to one hundredth of the size of commercial power plant generators (NRC, 1995). In the area
of power generation, it is a mature technology with more than six hundred AFBC units operating
worldwide in the size-range of 20 to 300 MW (EPRI, 2002a). But its aggregate capacity represents
just around two percent of the overall coal-fired generation capacity in the world'%. In the United
States, there are 185 AFBC boilers with an aggregate capacity of 6 GW (Beer, 2000). The inherent
advantage of AFBC lies in its fuel flexibility- AFBC boilers can be designed to burn a range of
fuels, including bituminous and sub-bituminous coal, coal waste, lignite, petroleum coke, biomass,
and a variety of waste fuels (EPRI, 2002a). AFBC for coal combustion is therefore utilized for
burning low grade and difficult coal. FBC boilers represent the market for relatively small units, in
terms of utility requirements'®. Industrial and commercial operators in smaller sizes use them more
extensively, both for the production of process heat, and for on-site power supply. Independent
power producers, mainly in sizes in the 50 to 100 MWe range, use a few'*.

"' See ‘Evaluating Materials Technology for Ultrasupercritical Coal-Fired Plants’ EPRI online journal article
posted on January 15, 2003.

12 See ‘Atmospheric Fluidized-Bed Combustion Technology’s Status Reviewed’, EPRI online journal article
posted on June 20, 2003.

13 See International Energy Agency (IEA) Clean Coal website at http://www.iea-
coal.co.uk/site/database/cctpercent20databases/bfbc.htm

14 See International Energy Agency (IEA) Clean Coal website at http://www.iea-
coal.co.uk/site/database/cct%20databases/bfbc.htm



AFBC is in turn of two types- bubbling fluidized bed combustor (BFBC) and circulating
fluidized bed combustor (CFBC). During the fluidized bed combustion process, coal or secondary
fuel (petroleum coke), primary air, and a solid sorbent (such as limestone), is introduced into the
lower part of the combustor where initial combustion occurs (DOE, 2003b). The bed has less than 2
percent of coal, with the rest composed of coal ash and limestone, or dolomite, added to capture
sulfur. The solid particles are suspended in a stream of upwardly flowing air. As the coal particles
decrease in size due to combustion, they are carried higher in the combustor when secondary air is
introduced. During the process, reduced size coal particles along with some of the sorbent are
carried out of the combustor, collected in a cyclone separator, and recycled to the lower portion of
the combustor (in case of CFBC). In all AFBC designs, coal and limestone are continuously fed
into the furnace, and spent bed material, consisting of ash, calcium sulfate, and unreacted
limestone, is withdrawn. Steam generating tubes are immersed in the bed for cooling. Primary
sulfur capture is achieved by the sorbent in the bed. However, additional SO, capture is achieved
through the use of a polishing scrubber installed ahead of the particulate control equipment (DOE,
2003b). Steam is generated in tubes placed along the combustor’s walls and superheated in tube
bundles placed downstream of the particulate separator to protect against erosion. The main
distinguishing feature of a circulating fluidized bed (CFB) boiler is the separator device at the
furnace gas outlet, which collects bed material entrained in the flue gas for recycle back to the
furnace." In the bubbling bed type, as the coal particles are burned away and become smaller, they
are elutriated with the gases, and subsequently removed as fly ash. In CFBCs, the most common
form of separator is a cyclone, which is a steel shell lined with refractory. The recirculation results
in carbon conversion efficiencies of over 98 percent, leaving only a small portion of unburned char
in the residues.'® They have better performance and operating characteristics as compared to
‘bubbling bed’ units. They also have simplified design and are easier to scale up than bubbling bed
units. But operating costs are higher primarily due to refractory maintenance and heat loss from the
shell to ambient (Goidich and Lundqvist, 2001). In terms of environmental performance,
‘circulating beds’ have better sulfur capture and better carbon burnout as compared to bubbling
units and also better NOx control characteristics (NCC, 2000). Circulating beds also require much
lower (calcium to sulphur) Ca/S ratio for removal of SO, and therefore the cost of residue disposal
is much lower"”.

Commercialization of CFB technology began back in the late 1970s, and it has since
emerged as an environmentally acceptable technology for burning a wide range of solid fuels to
generate steam and electricity power (Goidich and Lundqvist, 2001). Since that time there has been
a steady scale-up into the utility boiler size range with implementation of many new design features
to increase reliability and operational flexibility to meet utility boiler standards. It is in commercial
operation by a large number of industrial users worldwide with units as large as 250 to 300 MWe in
operation, and designs being developed for units as large as 600 MWe in size (Goidich and
Lundqvist, 2001). The largest operating FBC is a 350 MW unit in Japan (Beer, 2000). A CFB
boiler is attractive for both base load and load-following power applications because it can be
efficiently turned down to 25 percent of full load (DOE, 2003b). The successful operating
experience of conventional CFB boilers with cyclone separators, as well as the more recently
developed Compact CFB boilers, have demonstrated the ability to scale-up unit size to meet the

'3 See Darling Scott L. ‘Foster Wheeler’s Compact CFB; Current Status’. Foster Wheeler Energy
International, Clinton, NJ, U.S.A. Publications at
http://www.fwc.com/publications/tech_papers/powgen/compact.cfm

!¢ See Darling Scott L. ‘Foster Wheeler’s Compact CFB; Current Status’. Foster Wheeler Energy
International, Clinton, NJ, U.S.A. Publications at
http://www.fwc.com/publications/tech_papers/powgen/compact.cfm

17 See International Energy Agency (IEA) Clean Coal website at: http://www.iea-
coal.co.uk/site/database/cct%20databases/bfbc.htm
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requirements for utility power generation (Goidich, 2001). CFB boiler design is simple and proven
— technology improvements are continually being developed and incorporated into the designs to
enhance performance, increase operational flexibility, and to improve reliability in a cost effective
way. Since maintenance is minimal in the CFB boiler, the availability of the boiler is relatively
higher. The advantage of fuel flexibility often mentioned in connection with FBC units can be
misleading- most efficient CFB operation is quite often specific to the design fuel. The method is
principally of value for low-grade, high ash coals which are difficult to pulverize, and which may
have variable combustion characteristics. It is also suitable for co-firing coal with low-grade fuels,
including some waste materials. Though most often AFBC boilers operate under subcritical
conditions, supercritical AFBC boiler designs are available in sizes up to 600 MW'®. This combines
the advantages of fuel flexibility and low emissions of CFB with higher thermal efficiency of
supercritical steam pressures. One of the boiler manufacturers, Foster Wheeler, is building a plant
of 460 MW capacity in Poland, with supercritical steam cycle, that is scheduled to start up in
2006'°. CFBC offers repowering opportunities for existing PC plants (with potential to extend plant
life by 20 to 25 years) (Kavidass et.al, 1999). Studies conducted by one of the leading boiler
manufacturers (Babcock and Wilcox), on feasibility of repowering PC fired boilers with CFB in
many different countries (including United States, China, India, Ukraine, and Thailand) show that
Internal Recirculation Circulating Fluidized Bed (IR-CFB) repowering is an economically viable
option to utilize existing fuel or low grade fuel, reduce emissions, eliminate high maintenance
pulverizers, and reduce auxiliary support fuel (oil/gas) consumption (Kavidass et.al, 1999).

Environmental performance

Fluidized-bed combustion evolved from efforts to find a combustion process conducive to
controlling pollutant emissions without external controls. It enables efficient combustion at
temperatures of 1,400—1,700 °F, well below the thermal NOx formation temperature (2,500 °F), and
enables high SO,-capture efficiency (around 90 to 95 percent sulfur control) through effective
sorbent/flue gas contact (DOE, 2003b). Large quantities of solid wastes are generated as mixed ash
and spent sorbent used for SO, capture- this can be used as raw material for cement manufacturing,
soil stabilization, concrete blocks, road base, structural fills, etc (Kavidass et.al., 2000). Low
furnace temperatures characteristics of CFB technology produce low NOx emissions (emission is
less than 100 ppm) (Kavidass et.al, 2000). But AFBC units have significant emissions of N,O,
which is a green house gas (GHG). Global emissions from FBC units are 0.2 Mt/year, representing
approximately 2 percent of total known sources (NCC, 2003). Typical N,O emissions from FBC
units are in the range of 40-70 ppm (at 3 percent O,). This is significant because at 60 ppm, the
N,O emission from the FBC is equivalent to 1.8 percent CO2, an increase of about 15 percent in
CO, emissions for an FBC boiler. (NCC, 2003) Several techniques have been proposed to control
N,O emissions from FBC boilers, but additional research is necessary to develop economically and
commercially attractive systems.

AFBC performance and cost comparisons with PC plants

The potential competitiveness of AFBC for power generation as compared to pulverized
coal combustion technology depends on achieving lower capital costs as compared to PC
technology, improved environmental performance and operating efficiency. The capital costs of
AFBC boilers are comparable to that of PC boilers, but often AFBC boilers have higher capital

"8 See ‘Atmospheric Fluidized-Bed Combustion Technology’s Status Reviewed’, EPRI online journal article
posted on June 20, 2003.
' See Atmospheric Fluidized-Bed Combustion Technology’s Status Reviewed’, EPRI online journal article
posted on June 20, 2003.
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costs than PC ones in case of high sulfur coal®’. As compared to the capital cost of a PC w/o FGD
and SCR, the capital cost of a CFB boiler is 5 to 10 percent higher- but as compared to the capital
cost of a PC with fitted with post-combustion SO, and NOx control equipments such as FGD and
SCR, the capital cost of a CFB boiler is 8 to 15 percent lower (Kavidass et.al, 2000). Experience
indicates that operating and maintenance costs are relatively lower than PC-fired boilers because of
the ability to burn lower rank fuels, thus reducing fuel cost escalation uncertainty (Kavidass et.al,
2000). CFB boiler O&M costs at 85 percent capacity factor are 5 to 10 percent lower as compared
to a PC boiler (Kavidass et.al, 2000). Since maintenance areas are very minimal in the CFB boiler,
the availability of the boiler is relatively higher, often exceeding 90 percent (lack of pulverizers and
stack gas scrubbers result in a simple design with low maintenance and high availability).*'
Operating experiences from Europe and North America suggests that for a sulfur fuel (>0.5 percent
sulfur) and less than 150 MW, a CFB boiler has 8-15 percent lower capital costs as well as 5-10
percent lower operating costs than a PC-fired boiler because of the FGD system (Kavidass et.al.,
2000). In terms of operating efficiency, even though the combustion temperature of CFB is low, the
fuel residence time in CFB is higher than PC that results in combustion efficiencies comparable to
PC. AFBC can have slightly higher heat rates, and consequently lower efficiency than PC plants at
the same plant size and steam conditions because of higher excess air and higher auxiliary power
requirements (Beer, 2000). In the 100-200 MWe range, the thermal efficiency of FBC units is
commonly a little lower than that for equivalent size PC units by 3 to 4 percentage points®. In
CFBC, the heat losses from the cyclone/s are considerable. This lowers efficiency and even with
ash heat recovery systems, there tends to be high heat loss associated with the removal of both ash
and spent sorbent from the system®. Cost and performance data from one of the demonstration
projects in the United States (the Nucla station repowering project with a net capacity of 100 MW)
recorded a capital cost of $1123/kW with a normalized power production cost of 64 mills/kWh
(DOE, 2003b).

2.2.2 Pressurized Fluidized Bed Combustion (PFBC) technology

Development of PFBC technology, which uses a combustion process similar to that of
AFBC but with the boiler operating at higher than atmospheric pressure (0.5 to 2 MPa), started in
1969 with the operation of a PFBC test unit in England by the British Coal Utilization Research
Institute (NRC, 1995). An 85 MW, PFBC unit was placed in the Grimethorp Experimental Facility
set up in the UK during the eighties and funded by Germany, United Kingdom, United States, and
International Energy Agency (IEA) (Beer, 2000). A R&D test facility was set up at the Stal Laval
Company in Sweden for a 70 MWe demonstration plant to be built for the American Electric Power
Company by co-operation between American Electric Power Service Company and Asea Brown
Boveri (Beer, 2000). A number of other test and pilot facilities were constructed during the eighties
in United States and Europe. Mini-plants to study environmental performance of PFBCs were set
up at Exxon in New Jersey and at U.S. DOE’s Argonne National Laboratory (Beer, 2000). EPA,
DOE, and the private sector have played a significant role in technology development efforts for
over fifteen years in the United States. A number of PFBC plants of 70 MWe capacity started
operating satisfactorily since 1991 and the technology was scaled up to 360 MW in 1999 in Japan

? See “Atmospheric Fluidized-Bed Combustion Technology’s Status Reviewed’, EPRI online journal article
posted on June 20, 2003. However, incorporating a tail-end-polishing scrubber in the case of high sulfur coal
can reduce additional sorbent requirement and has the added benefit of reductions in emissions of mercury
and of other air toxics

2! See Darling Scott L. ‘Foster Wheeler’s Compact CFB; Current Status’. Foster Wheeler Energy
International, Clinton, NJ, U.S.A. Publications at
http://www.fwc.com/publications/tech_papers/powgen/compact.cfm

%2 See IEA Clean Coal website at: http://www.iea-coal.co.uk/site/database/cct%20databases/bfbc.htm

3 See IEA Clean Coal website at: http://www.iea-coal.co.uk/site/database/cct%20databases/bfbc.htm
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(Beer, 2000). In PFBC, the bubbling-bed type is much more common than the circulating type in
commercial scale units. Around 80 MW of PFBC capacity demonstrations has taken place in the
United States and Europe to establish the technical viability of first-generation systems (NRC,
2000). Another 157 MW of capacity is being demonstrated in the United States and 350 MW in
Japan (NRC, 2000). 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 (IHI) in Japan (Tavoulareas and Charpentier, 1995). Other suppliers are Ahlstrom in
Finland, Lurgi-Lentjes-Babcock in Germany, Ebara, Hitachi and Mitsubishi in Japan (Tavoulareas
and Charpentier, 1995).

In a PFBC, the combustor and hot gas cyclones are all enclosed in a pressure vessel. The
need to pressurize the feed coal, limestone and combustion air, and to depressurize the flue gases
and the ash removal system introduces some significant operating complications. The gas is
cleaned downstream from the PFBC boiler, and expanded in a gas turbine. The combustion air is
pressurized in the compressor section of the gas turbine. The technology uses both a steam and a
gas cycle to achieve higher thermal efficiencies as compared to conventional PC combustion. The
proportion of power coming from the steam to gas turbines is approximately in the ratio of 80:20.
Generation by the combined cycle route involves unique control considerations, as the combustor
and gas turbine have to be properly matched through the whole operating range. Advanced second-
generation PFBC systems operate at pressures that are typically 10 to 15 times higher than
atmospheric pressures- this allows pressurized gas from a PFBC unit to be cleaned and fed into a
gas turbine along with waste-heat steam generation (NRC, 1995). The steam from the PFBC unit
and from the waste—heat boiler is fed to a steam turbine for electricity generation. This operation in
combined cycle mode of operation significantly increases efficiency. Additional cycle efficiency
can be achieved by hot gas cleanup systems if the exhaust gas can be sufficiently cleaned without
lowering its temperature.

In a second-generation PFBC system (Figure 2.2), coal-water slurry undergoes mild gasification in
a pressurized carbonizer to produce low heating value syngas and char (NCC, 2003). The char is
combusted in pressurized circulating fluidized bed with high excess air, and the flue gas is cleaned
of particulates and alkalis before entering the gas turbine by a hot gas cleanup system. Sulfur is
captured in the carbonizer and the boiler by using dolomite. The low value syngas or the fuel gas
from the carbonizer is cleaned of sulfur in the fluidized bed carbonizer, and of particulates and
alkali by hot gas cleanup. It is then injected into the topping combustor where it raises the
temperature at the inlet to the gas turbine to about 2280 degrees F (NCC, 2003). N,O decomposes
at the elevated temperature in the topping combustor, and therefore N,O emissions are avoided.
Further efficiency improvements possible with advanced gas turbine technology, and advanced
steam parameters such as supercritical conditions with high-temperature double reheat.

PFBC offers significant design, performance, environmental compliance and cost
advantages over AFBC technologies. PFBC systems are likely to attain substantially higher
efficiency of 39 to 42 percent (as compared to 34 percent efficiency for AFBC) and advanced
PFBC with topping combustor can attain 47 percent efficiency (NRC, 1995). For the same output, a
PFBC unit requires less land area than does an AFBC unit. The compact design of the PFBC makes
it suitable for shop fabrication and modular construction (Tavoulareas and Charpentier, 1995).
Modular construction feature also enables incremental capacity additions by utilities to match load
growth. It is an easier retrofit than AFBC for existing plants because of limited space requirements.
It also offers all advantages as AFBC including sulfur capture in bed, low NOx emissions,
capability to use low quality fuel, and enhanced efficiency of combined-cycle operation. PFBC
appears to be best suited for applications of 50 MWe or larger (DOE, 2003b). In terms of
repowering opportunities, PFBC is also very suitable for repowering existing coal plants and is
compatible with higher-pressure steam cycles. Steam flows for PFBC units are compatible with
existing steam turbines and therefore this technology is attractive for repowering units at existing
power plant sites.
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First-generation PFBC systems do not offer significant efficiency and/or economic
advantages over conventional PC technology and are larger emitters of air pollutants as compared
to coal technologies based on gasification. These factors are likely to restrict their deployment
(NRC, 2000). Key performance and cost uncertainties in second-generation PFBC development are
related to hot gas cleanup plus advanced turbine systems that is required for achieving 50 percent
efficiency target (NRC, 2000). Concerns around commercial applications of the technology are
related to ability of the turbines to withstand alkali vapors from the PFBC and to meet stringent
future environmental requirements without costly add-on control systems (NRC, 2000). Ongoing
efforts in development of hot gas particulate clean up systems have potential to improve
efficiencies and reduce costs. Supercritical steam cycle parameters are under development for
efficiency improvements. Performance improvements are possible with increased gas turbine inlet
temperatures. A critical component for PFBC development is ceramic filters in the hot gas cleanup
system (Weitzel et.al, 1996). The other areas that require particular attention are coal and sorbent
preparation and feed systems, and effects of PFBC boiler gas contaminants on gas turbine
performance, reliability, and life expectancy (Tavoulareas and Charpentier, 1995). Barriers in
commercial deployment opportunities of second-generation PFBC systems arise due to slow
progress in hot gas filter development, high turbine costs, and complex plant integration (NCC,
2003). With the current state of technology development and projections for the future, it remains
uncertain whether advanced PFBC systems can achieve U.S. Department of Energy’s (DOE’s) goal
of 20 to 25 percent reductions in electricity cost as well as capital cost reductions relative to current
PC plants (NRC, 1995).

Figure 2.2 Second-generation PFBC with tonping combustor
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Source: Figure 3.2 in ‘Coal-related Greenhouse Gas Management Issues’, National Coal Council,
May 2003, Washington D.C.

Environmental performance
As with atmospheric FBC (CFBC or BFBC), the combustion temperature between 800-
900°C in a PFBC has the advantage that NO, formation is less than in PCC, but N,O is higher (50—
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100 ppm) (IEA, 1996). Depending on NOyx emission limits, selective or nonselective catalytic
reduction systems for NO, control may be needed in addition to the combustion controls inherent in
FBC systems. SO, emissions are reduced by the injection of the sorbent, and its subsequent
removal with the ash. Fluidized bed systems were originally designed to meet the 90 percent SO,
removal requirements of the NSPS but have not yet demonstrated 98 percent or higher removal that
is currently achieved with commercially available FGD systems (NRC, 1995). It is becoming
difficult to meet increasingly stringent requirements for SO, removal with high associated costs.
Also, there are further developmental needs for emission control systems associated with second-
generation PFBC systems. Hot gas cleanup systems for SO, and particulate removal, are yet to
achieve the performance, reliability or durability for commercial applications (NRC, 1995). CO,
emission reductions are in proportion to the efficiency gains achieved over conventional PC
technology. PFBC attains very high levels of particulate control. The ash and spent sorbent are
usually collected in control device such as a cyclone. Most semi-volatile and volatile trace metals
condense on flyash particles and are removed with the ash. Mercury may be emitted with the flue
gas. PFBC also generates larger quantities of waste as compared to a PC plant with FGD. A long-
term technical challenge in the development of second-generation PFBC systems is the reduction or
elimination of solid wastes- the second generation PFBC system generates more solid waste than
today’s best commercial plants meeting stringent standards for SO, removal (NRC, 1995).

Cost estimates

Cost estimates for PFBC systems vary according to different sources. EPRI estimates costs
of a 340 MW bubbling-bed supercritical PFBC boiler (42 percent efficiency) at $1381/kW (in 1992
dollars), with a total levelised cost of 37 mills/lkWh (80 percent capacity factor, eastern bituminous
coal) (NRC, 1995). In a World Bank paper on CCTs for developing countries, capital cost
projections for PFBC are from 1150 to 1250 U.S.$/kW (Tavoulareas and Charpentier, 1995).
Another World Bank Paper estimates PFBC investment costs of 1100 to 1500 $/kW (Oskarsson
et.al, 1997). Table 2.1 summarizes results from capital cost projection studies for PFBC (these
studies were based on costs in 1995 dollars and are nth of a kind plant cost for PFBC) from one of
the equipment manufacturers, Babcock and Wilcox. A recent cost estimate performed on Japan’s
360-MWe PFBC Karita Plant (employing the same technology as the Tidd PFBC demonstration
project in the United States™), projected a capital cost of $1,263/kW (1997$) (DOE, 2003b).

Table 2.1 Cost estimates for PFBC

Babcock & Wilcox PFBC EPRI PFBC
Capacity, MWe 350 350
Heat rate, Btu/kWh 8129 8129
$kW 991 1091-1249
Plant component, percent of capital
cost 11.6percent 12.5percent
Steam turbine 36.9percent 33.4percent
PFBC 51.5percent S4percent
Balance

Source: Weitzel P.S., McDonald D.K., Whitney S.A. 1996. ‘Directions and Trends for Commercial PFBC
and Hot Gas Clean Up’. Paper presented at Pittsburgh Coal Conference, September 3-7, 1996, Pittsburgh,
Pennsylvania, U.S.A

2.3 Integrated Gasification Combined Cycle (IGCC) technology
The process of coal gasification has been practiced for over two hundred years, but it was
not until the late 1960s that pressurized gasifiers for synthesis gas production suitable for use in gas

* No cost data are available from the Tidd PFBC demonstration project in the US.
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turbine combined-cycle applications were designed (NRC, 2000). Technology for manufacture of
liquid fuels in Germany during World War II forms the foundation for present day gasifiers (NRC,
1995). During the seventies oil crisis, gasification technology development was primarily around
supply of coal-based transportation fuels, but subsequently the economics of gasification were
rendered unattractive by the declining prices of petroleum products and natural gas. Only a few
gasification units survived for manufacture of high-value products such as methanol, ammonia and
chemicals (NRC, 1995). Integrated coal gasification combined cycle technology (IGCC) involves
complete gasification of coal with air or oxygen to produce a high heating value syngas (syngas is
primarily a mixture of hydrogen and carbon monoxide) that burns in a gas turbine and produces
steam for a steam power cycle (NCC, 2003). Gasification of fuels such as coal, residue oil and tars,
and petroleum coke takes place either by air or oxygen. Bituminous coal is the most commonly
used feedstock for IGCC with a low level of operating experience with alternate fuels such as
petcoke (Hooper, 2003). Figure 2.3 gives the flow diagram of an IGCC process (NCC, 2003). In
the United States, IGCC development is seen to be critical as part of a long-term strategic plan to
develop a stable and inexpensive energy supply based primarily on domestic resources (NRC,
2000). Sustained and increasing interest in IGCC is due to the fact that it provides favorable
conditions for CO, sequestration and possibilities for efficiencies exceeding 50 percent by the
production of hydrogen and the combination of IGCC with fuel cell technology (Beer, 2000). IGCC
integrates advances in high-pressure gasifiers with combination of advanced gas turbines and
conventional steam turbines to produce electricity at thermal efficiencies at least 10 percent greater
than conventional steam power plants and with much lower emissions (NRC, 2000). The
technology also offers opportunities for the development of coal-based chemical processing as an
adjunct to electricity production (NRC, 2000). First generation IGCC plants, demonstrated in the
United States as part of DOE’s Clean Coal Technology (CCT) Program, have well demonstrated
operational and environmental performance at commercial scale, although reliability and
availability concerns remain. Existing IGCC demonstration plants in the United States have
efficiencies below 40 percent, but recently commissioned plants in Europe have design efficiencies
of 43 percent and 45 percent (mainly due to improved gas turbine, steam plant efficiencies, and
better sub-system integration) (Beer, 2000). IGCC capital costs are higher as compared to
conventional coal technologies, and therefore the impact of high capital cost on economic
competitiveness remains to be resolved. Future prospects partly depend on first cost reduction and
higher efficiencies.
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Figure 2.3 Flow diagram for an IGCC process
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Source: Figure 3.3: Integrated Gasification Combined Cycle in ‘Coal-related Greenhouse Gas Management
Issues’, National Coal Council, May 2003, Washington D.C.

The three major types of gasification are: entrained flow, fluidized bed, and moving fixed-bed
(NRC, 1995):

Entrained flow gasifiers- Commercial technologies developed primarily in the United
States (Texaco, Shell, and Destec) use entrained flow gasifiers. They have single train capacity,
resulting from the small coal particle size and high operating temperature, corresponding to about
265 MW of electricity (NRC, 1995). Gasification systems based on these gasifiers are relatively
compact, insensitive to most coal properties, involve short reaction times and produce little
methane. The reaction takes place at high temperature, and therefore the products need quenching
before cleaning, resulting in efficiency losses (efficiencies are lower than the other two types of
gasification processes). The gas produced is relatively free of tars, hydrocarbons heavier than
methane, and nitrogen compounds.

Fluidized bed gasifiers- Gasification systems based on fluidized bed gasifiers offer an
attractive option for using coal gasification for the supply of gaseous and liquid fuels, in addition to
uses for power generation, because of their temperature characteristics and hot gas cleanup
systems. The gas exit temperatures are lower as compared to entrained flow gasifiers and therefore
more amenable to hot gas cleanup systems. This results in overall efficiency advantages as
compared to entrained flow gasifiers that require gas cooling prior to gas cleanup (NRC, 1995).
The coal throughput rates are higher, that in turn reduces unit size and costs. The ash produced is
less inert than for entrained flow gasifiers, which requires careful disposal. The atmospheric
version of fluidized bed gasifiers has been in commercial use for over 65 years, but no high-
pressure systems are commercial- demonstration projects are underway in Europe and the United
States (NRC, 1995).

Moving fixed-bed gasifiers- Historically, this is the most widely used gasification system.
In this process, coal moves down in the reactor counter-current to gas flow, which leads to higher
efficiency (NRC, 1995). But these systems are more costly and complex than stationary bed
systems. The coal throughput is also lower than fluidized bed units. The commercial Lurgi Process
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yields an unfused ash clinker, and a slagging version has been developed in cooperation with
British Gas (NRC, 1995).

List of gasification technology suppliers and their installations

Table 2.2 shows IGCC processes having commercial-scale operating records. Among the
different technology suppliers, Chevron Texaco is the most active licenser accounting for almost 40
percent of the IGCC capacity. Chevron Texaco’s gasification technology has been in commercial
operation for over 40 years. It has the ability to use different kinds of feedstock such as natural gas,
heavy oil, coal, and petroleum coke. There are 60 commercial plants in operation- 12 using coke
and coal, 28 using oil, and the rest 20 using gas as feedstock. Among demonstration projects in the
United States, Tampa Electric’s Polk IGCC power plant has Chevron Texaco gasifier installed. The
E-Gas technology was originally demonstrated at LGTI IGCC plant (Dow Syngas project) that is
no longer in operation. The Wabash River IGCC project in the United States, which is currently in
operation, incorporated this technology. Shell’s experience with gasification started during the
fifties and in 1972 it started development work on coal gasification processes. Shell used its
experience at gasification plant operations at Amsterdam and Germany to construct a plant at its
existing petrochemicals complex at Deer Park in Houston, Texas, to gasify 250 tonnes/day of
bituminous coal. The Deer Park plant became operational in 1987 and demonstrated the ability to
gasify a wide range of coals using the Shell process. In 1989, the Shell process was chosen for a
250 MW plant operation at Buggenum, the Netherlands. This plant is currently in operation. The
Shell-Pernis IGCC of 127 MWe capacity started operation in 1997- it uses heavy oil as feedstock
and produces power as well as hydrogen. The British Gas/Lurgi (BG/L) gasifier was designed
during the seventies to produce a methane rich syngas in order to be able to efficiently manufacture
synthetic natural gas (SNG) from coal. BG/L based IGCC plants include two at Fife Power in
Scotland- a 120 MW plant using coal and sewage sludge and a 400 MW plant using coal and refuse
derived fuel (RDF) as feedstock. This technology is being used at Kentucky Pioneer Energy IGCC
demonstration project in the United States at 540 MW capacity. The Prenflo gasification process,
developed by Uhde in Germany, was first incorporated in a plant in Germany, following which it
was selected for the 318 MW Puertollano IGCC plant in Spain using coal and coke as feedstocks.
The Noell gasification process technology, developed in Germany by Deutsches Brennstoffintut
Freiberg for the gasification of pulverized brown coal, has been operating at Schwarze Pumpe since
1984, first on brown coal and then on sludge, ash-containing oils and slurries. This technology is
being used in a 40 MW IGCC unit, fueled with coal and oil, at Schwarze/Pumpe (Germany) since
1996. The High Temperature Winkler (HTW) gasifier was developed by Rheinbraun in Germany,
which owns and operates several lignite mines in Germany’s Ruhr region. It has been applied
commercially for methanol and ammonia synthesis. An IGCC project using this technology is
being planned in the Czech Republic. The KRW gasification process, originally developed by the
M.W. Kellogg Company in the United States, was installed at the Sierra Pacific Power Company’s
99 MW Pinon Pine IGCC demonstration project. The plant after beginning operations encountered
difficulties, primarily due to scaling-up problems and design and engineering deficiencies, and the
project was discontinued. (DOE, 2002)

Table 2.2 Gasifier Technology Suppliers

Technology supplier | Gasifier Solid Fuel | Oxidant Power
Type Feed Installations
Type
Chevron Texaco, Entrained Water Oxygen Tampa Electric, Coolwater, Chevron
US.A. flow Slurry Texaco-Eldorado IGCC plant, Eastman

Chemical, Ube Industries, Motiva
Enterprises, Deer Park

Global Energy E- Wabash River IGCC plant and Louisiana
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Gas, U.S.A. Entrained Water Oxygen Gasification Technology IGCC Project
flow Slurry
Shell, U.S.A./The Nitrogen Demkolec IGCC plant (Netherlands),
Netherlands Entrained carrier/dry | Oxygen Shell-Pernis IGCC plant (Netherlands),
flow Harburg
Lurgi, Germany Moving Bed | Dry Air Sasol Chemical Industries and Great
Plains Plant
British Gas/Lurgi, Oxygen Global Energy Power/Methanol Plant
Germany/UK Moving Bed | Dry (Germany),
Kentucky Pioneer Energy IGCC project
(US.A)
Prenflo/Uhde, Entrained Dry Oxygen Elcogas, Puertollano IGCC Plant (Spain),
Germany flow Furstenhausen in Saarland
Noell/GSP, Germany | Entrained Dry Oxygen Schwarze Pumpe, Germany
flow
H T Winkler (HTW), Air or None
RWE Fluidized Dry Oxygen
Rheinbraun/Uhde, bed
Germany
KRW, US.A. Fluidized Dry Air or Sierra Pacific (Nevada, U.S.A.)
bed Oxygen

Source: Table 1A-1: Gasifier Technology Suppliers, in ‘Major Environmental Aspects of Gasification-Based
Power Generation Technologies’, D.O.E., Office of Fossil Energy, National Energy Technology Laboratory,
December 2002.

Areas for performance improvements and technology development

The performance of gasification systems varies depending on the use of air or oxygen for
gasification, and hot or cold gas cleanup systems. Use of air avoids the cost and energy
consumption in an air separation plant for oxygen production, but dilutes the exit gas stream with
nitrogen, thereby increasing the size and costs associated with the gas cleanup system (NRC, 2003).
The associated CO, separation costs from the stream also increase making air-blown systems
incompatible with carbon sequestration (NRC, 2003). For gas turbine power generation, air-blown
systems are attractive as compared to oxygen blown systems. Gasification temperature control is a
critical factor affecting performance. The temperature required to achieve a practical rate of
reaction depends on the coal characteristics and the gasifier type. Air blown systems suffer from the
drawback that they have essential requirement for a hot gas clean up system, due to the reduced
heating value of the fuel gas. Use of catalysts helps in lowering of temperature while keeping the
reaction rate high- this is being studied and piloted extensively and remains a promising
opportunity for cost reductions (NRC, 1995). No single gasification system is likely to be optimal
for all applications as extrapolation of solid reaction systems is extremely difficult (NRC, 1995).
The most efficient system across different choices is the air-blown fluidized bed gasifier hot gas
clean up plus in-bed sulfur removal (NRC, 1995). This system has three percentage-points higher
efficiency as compared to oxygen blown entrained flow gasifier with cold gas cleanup (NRC,
1995). However, the former system has 4.5 percent higher CO, emissions due to calcinations of
limestone in the gasifier (NRC, 1995). For air blown systems, the use of hot gas cleanup rather than
cold gas cleanup results in energy savings of 5 percent, and a corresponding electrical efficiency
gain of 2 percentage-points (NRC, 1995). Efficiency advantage of hot gas clean up is likely to be
less for oxygen blown systems. Energy losses in gasification and gas cleanup amount to about 15 to
20 percent of the total coal energy input, resulting in a loss of 5 to 10 percentage points in power
generation efficiency (NRC, 1995). The hot gas cleanup system is still under development. Hot gas
cleanup systems have potential to have one to three percentage point higher efficiency relative to
cold gas cleanup and this is a major aspect undergoing present demonstrations (NRC, 1995).
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Areas for further advancements in gasification-based power production systems are- gas
turbine firing temperature, hot gas cleanup of the fuel gas, co-production of both chemicals and
electricity, improvements in gasifier designs, and integration of gasification with advanced cycles
and fuel cells (NCC, 2003). A key success factor for IGCC technology is integration of components
in an operating system that requires further improvements in systems integration (NRC, 1995).
Concerns on gasifier availability remain for which advanced refractory is being developed (NRC,
2003). Increases in efficiency to the 45 percent level, projected for second-generation systems,
depend on the use of hot gas cleanup systems plus improvements in gasifier performance and
optimized systems integration. Studies estimate that IGCC can achieve 47 percent efficiency by
2010 and may be able to attain higher efficiencies by 2020 when hot gas clean-up systems become
commercially available (NCC, 2000). Efficiencies are expected to increase to 50 percent for
advanced turbine systems (NRC, 2000). A major uncertainty associated with gas turbine
applications for coal-based applications is the degree to which fuel-gas cleanup is necessary (NRC,
1995). The development of turbine materials capable of surviving the hostile environment of direct
coal-fired systems represents a major challenge. All gasification systems make use of the state-of-
the-art 1300 degrees C gas turbines (NRC, 1995). Technical issues arise related to the use of
medium and low calorific value fuel gas in combustors, and the effect of gas composition and
variability on combustion efficiency and emissions; corrosion and/or deposition on turbine blades;
integration of coal gasification with novel combustion turbine thermodynamic cycles; and potential
for low NOy technology (catalytic combustion) using coal syngas. A major issue associated with
the use of coal-derived gas in advanced turbines is the effect of contaminants, such as sulfur and
alkali metals, on turbine performance (NCC, 2002). The need for gasification systems to operate at
lower temperatures in order to lower the impact of contaminants, places a penalty on the efficiency
of the process. Therefore challenges remains for hot gas cleanup systems to reduce contaminants to
levels acceptable for high-temperature advanced turbines. The critical issue for coal-fired systems
is the extent to which corrosion-resistant turbine blade materials and coatings can increase the
environmental tolerance of advanced turbines, thereby reducing the need for gas cleanup and
associated efficiency penalties. It has been suggested that in systems using coal-derived fuel,
coatings on advanced super alloys and the alloys themselves will need to form chromia rather than
alumina scales for increased corrosion resistance (Beer, 2000). There is ongoing work in
development of alternative turbine materials with higher-temperature capability than existing super
alloys, notably monolithic ceramics and ceramic matrix composites (NRC, 1995). If constraints are
imposed on carbon dioxide emissions, fuel-flexible turbines that fire hydrogen rather than syngas
will need to be developed. Studies suggest that conversion of syngas into hydrogen for use in gas
turbines would need to consider “cradle-to-grave” costs and environmental effects of the
conversion from a fuel life-cycle and systems perspective (NRC, 2003). This would help determine
potential trade-offs vis-a-vis carbon emissions, efficiencies and costs, and whether lost energy (and
therefore more carbon emissions) compensates for the elimination of the diluents in the gas turbine.
Gas-turbine development is also critical for the scaling-up of IGCC systems — turbines having
higher firing temperatures and that utilize higher-pressure ratios and can be significantly larger, that
would enable scaling-up of single train IGCC plants with 350 to 400 MW output leading to lower
specific plant costs (NRC, 1995). Current IGCC technology has been scaled up to 530 MW, but
600 MW unit sizes are likely to evolve by 2011 (Shilling and Jones, 2003).

There are ongoing efforts to develop potentially lower cost gasification systems- in the
United States testing and demonstration of prototype gasifiers with transport reactor and partial
gasifier module as well as testing of pilot-scale novel gasifier that does not require oxygen
separation, are being undertaken at the large pilot-scale PSDF (Power Systems Development
Facility) in Wilsonville, Alabama (NRC, 2003). Development of fuel-flexible gasification
technology is the primary component of DOE’s Vision 21 Program™ that requires development in

» DOE’s Vision 21 Program is discussed in detail in Section 3
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all five components of a gasification system (feed solids handling, air separation, gasification, gas
cleanup, and power generation) to lower investment costs, improve efficiency, and availability
(NRC, 2000a). A National Research Council report titled ‘Vision 21: Review of DOE’s Vision 21
Research and Development Program- Phase 1 (2003)’ concluded that the commercial deployment
by 2008 of advanced fuel-flexible gasifiers and by 2010 of gasifier designs that meet Vision 21
requirements seem to be optimistic, looking at the current state of technology development and the
time taken for commercialization (NRC, 2003).

IGCC also offers significant repowering opportunities by retrofitting existing plants with
IGCC. Retrofitting existing plants can achieve efficiency of approximately 41 percent (HHV)™,
which is a 5 to 10 percentage point improvement in efficiency (16 to 20 percent increase), with
proportional reductions in emissions and solid waste production (NCC, 2003). Repowering (brown
field application) also provides opportunities for cost reductions by optimizing the reuse of existing
steam cycle equipment, cooling tower and other infrastructure (i.e., buildings, coal handling
systems, plant water systems, existing substation and transmission system components). The
estimated cost reductions are about 20 percent (NCC, 2003). Repowering opportunities exist for
both coal-fired units as well as natural gas combined cycle (NGCC) units (NCC, 2001). Especially
relevant in the current context of high and rising natural gas prices is the potential for transition
from natural gas based systems to IGCC. IGCC systems are amenable to phased construction- that
is building simple-cycle natural-gas-fired combustion turbines first, then converting to combined
cycle, and finally adding coal gasification as gas prices increase or gas availability deteriorates
(NRC, 1995). The flexible strategy is being viewed as a cost-effective way to make a transition
from peaking application using gas turbine to mid-load and eventually to base load. But a number
of technical issues may need to be resolved — combustion turbine optimized for simple or
combined-cycle operation is not likely to be optimal for coal-fired IGCC systems; conversion to
gasified coal lowers net power plant efficiency by 5 to 10 percentage points; and turbine design
modifications may be needed to take full advantage of integration issues that are unique to coal
based systems (NRC, 1995).
Environmental performance

The environmental benefits of IGCC cannot be matched with any other fossil fuel
technology”’. In the IGCC process, sulfur in the coal is captured as hydrogen sulfide in the gasifier,
which is removed in a conventional acid-gas removal system (NCC, 2001). The concentrated
hydrogen sulfide can be recovered as elemental sulfur or sulfuric acid, and sold as commercial
byproduct. The ash in the gasifier is recovered as a glassy, low permeability slag that can be used as
a construction material (NCC, 2001). The hot gas cleanup in IGCC systems does not presently
control nitrogen emissions (in the form of gaseous ammonia), which increases downstream costs
and complexity for NOx controls in the gas turbine/heat recovery system (NRC, 1995). In the
IGCC process, as much as 50 percent of the mercury in the coal feedstock is removed, much of it
bound in the slag and sulfur byproducts (NCC, 2001). It is estimated that the cost of mercury
removal from IGCC plants is about a tenth of the removal costs from a conventional coal-fired
power plant (NCC, 2001). An IGCC demonstration plant in the United States at Wabash River is
recorded to have achieved over 50 percent mercury removal without any additional equipment
being installed (NCC, 2002). Emissions of other trace organic compounds is minimal,
contaminated water discharges are negligible, and solid wastes are produced as vitrified material
impervious to leaching in storage (NRC, 2000). In terms of environmental performance, the most
attractive feature for IGCC as compared to other coal technologies is the ability to separate CO,
from the flue gas stream compatible with sequestration objectives (NRC, 2000). Of course, higher
fuel conversion efficiency in IGCC comes with associated reductions in CO, emissions. The CO,

%41 percent efficiency based on HHV is equivalent to 45.3 percent efficiency based on LHV.
2" Emissions are only a fraction of those prescribed under New Source Performance Standards (NSPS) in the
US.
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removal from the flue gas stream is much easier and less costly as compared to that from a
conventional coal-fired power plant due to its higher concentration (42 percent CO, concentration
in the flue gas stream produced by IGCC as compared to 12 percent concentration produced by
combustion processes) (NRC, 2000a). There are varying estimates on the costs of CO, separation
and capture, associated with IGCC. According to a particular study, for an IGCC plant, the cost of
CO; separation and capture, would add about 25 percent to the cost of electricity — vis-a-vis 60-70
percent cost addition to a conventional gas or coal fired power plant in addition to a reduction in
plant efficiency by a third (Holt et.al, 2003). CO, capture is likely to raise IGCC capital costs by 15
percent and reduce efficiency by 6 percentage points (Holt et. al, 2003).

Cost estimates

In an IGCC system, almost half of the total cost is due the gasifier and the combined-cycle
power block (NRC, 2000a). Cost and performance estimations for an IGCC system vary according
to different sources. An attempt is made here to synthesize cost estimations derived from different
sources- all cost figures, unless otherwise mentioned, are in 2004 U.S. dollars. The two primary
areas for improvements in IGCC economics are linked to development of advanced gas turbines
with firing temperatures over 1370 degrees C and to development of reliable hot gas cleanup
schemes (NRC, 1995). Systems studies suggest that integration of gasification with advanced
cycles, such as the humidified air turbine, and compressed air storage with humidification, also has
potential to reduce capital costs and provide competitive intermediate-load capacity (NRC, 1995).
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Table 2.3 Cost estimations* for an IGCC system derived from different sources

Source Cost estimations

1. | National Research Council. 1995. Coal- Energy for the Future; $ 2002/kW'
National Research Council. 2001. Energy Research at DOE- was it worth it? $1094-1641/kW*
Energy Efficiency and Fossil Energy Research 1978 to 2000

3. | National Research Council. 2003. Review of DOE's Vision 21 Research and $1532-2188/kW-
Development Program -- Phase 1

4. | National Research Council. 2000. Vision 21: Fossil Fuel Options for the Future | $1532-2188/kW-

5. | National Coal Council. 2003. Coal-Related Greenhouse Gas Management $1340/kW*
Issues

6. | National Coal Council. 2001. Increasing Electricity Availability from Coal- $1422-1532/kW°
Fired Generation in the Near-Term

7. | National Coal Council. 2002. Increasing Coal-Fired Generation $1080-1287/kW°
Through 2010: Challenges & Opportunities

8. | DOE. 2003. Clean Coal Technology Programs: Completed Projects. $1729/kW

9. | DOE. 2003. Clean Coal Technology Programs: Completed Projects. $1890/kW®

10. | Gasification Technologies Conference, 2003. Holt Neville, George Booras, $1270/kW’°
(EPRI) and Douglas Todd (Process Power Plants). A Summary of Recent IGCC $1300/kW'°
Studies of CO2 Capture for Sequestration. Paper presented at The Gasification $1470/kW"!
Technologies Conference San Francisco, CA October 12-15, 2003.

11. | Rosenberg et.al., 2004. Financing IGCC- 3 Party Covenant. BCSIA Working $1140-1580/kW"
Paper, Kennedy School of Government, Harvard University.

* All figures are in 2004 U.S. dollars.

" Cost estimation is for a 500 MW first-generation IGCC plant employing a state-of-the-art, oxygen-blown,
entrained-flow gasification process (Shell technology) with cold gas cleanup, and using eastern bituminous
coal. The net plant thermal efficiency is 42 percent. One does note that DOE cost estimates for a second-
generation IGCC system at that time (capital cost of $1490/kW) was around 25 percent lower than this cost
estimate.

% Cost estimations were for the time during which the study was conducted.

® This estimate is based on capital costs of IGCC plants operating in the U.S.. The study also quotes that
experience gained from the operation of demonstration plants, as well as from the design, construction, and
operation of coke and residual-oil-fired gasification plants can be used to reduce costs to the range $1,300 to
$1,500/kW. However, to be competitive with natural-gas-fueled, combined-cycle units after 2015 at natural
gas prices of $3.50-$4.00/MMBtu, the investment for a mature plant of this type will have to be reduced to
less than $800/kW (overnight basis for engineering, procurement, and construction costs only) in an IGCC
configuration that can achieve 45 percent (HHV) efficiency (equivalent to 49.7 percent efficiency based on
LHYV). Also there were significant scale-up requirements for single train gasifiers to 400-500 MW capacity
levels with availability of about 90 percent required for IGCC plants to be competitive (at EPC cost of
$800/kW and coal prices of $1.25/MMBTU) with natural gas combined-cycle power plants with natural gas
price of $3.5-4/MMBTU. The estimates for investment requirements for future IGCC plants are likely to far
exceed the Vision 21 Program goal of about $800/kW.

* Cost estimate for a 500 MW IGCC plant.

5 This is the cost estimate for today’s IGCC plant with an efficiency exceeding 42 percent (based on HHV)
(equivalent to 46.4 percent efficiency based on LHV). Cost goals for 2010 are set at $1094-1203/kW, based
on 45 percent HHV efficiency (equivalent to 49.7 percent efficiency based on LHV); and 2020 cost goal is
set at $985/kW, with an associated efficiency of 50 to 55 percent (based on HHV) (equivalent to 55 to 61
percent efficiency based on LHV). None of these cost estimates are based on CO2 capture. Beyond 2020,
IGCC plants are expected to cost more than $1200/kW with greater than 50 percent HHV (equivalent to 55
percent efficiency based on LHV) efficiency and with CO2 capture.

®These are GE estimates for EPC cost of next-generation IGCC systems. Cost estimates for 2010 are
$990/kW for advanced air-blown systems and $1066/kW for oxygen-blown IGCC systems.

" This cost estimate is for a new 250 MWe (net) IGCC plant based on the Polk Power Station configuration
(demonstrated at Tampa), incorporating lessons learned. A capital cost of $1,360/kW was estimated for a new
plant that allowed for benefits derived from economies of scale, technology improvements, and replication of
proven configurations to eliminate costly reinvention.
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8 This cost estimate is for the Wabash River demonstration plant in the U.S.. Based on the Wabash project
experiences, capital cost estimates for a new 285 MWe (net) greenfield IGCC plant incorporating lessons
learned, technology improvements, and a heat rate of 8,526 Btu/kWh are $1,413/kW for a coal-fueled unit
and $1,350 for a petroleum coke-fueled unit.

o Average cost estimates for an IGCC system based on Texaco Quench technology with a heat rate of 9450
Btu/kWh, without CO2 capture.

19 Average cost estimates for an IGCC system based on E Gas technology with a heat rate of 8550 Btu/kWh,
without CO2 capture.

' Average cost estimates for an IGCC system based on Shell technology with a heat rate of 8370 Btu/kWh,
without CO2 capture.

12 Cost estimates for a Conoco Philips Gasifier with corresponding heat rate range of 8380-10224 Btu/kWh
with varying coal types. The two ends of the range are for using bituminous Pitts#8 coal (lowest heat rate)
and Lignite coal (highest heat rate).

24



3. Review of U.S. RD* activities in coal-based electricity generation advancements

In the United States, RD* efforts related to coal have been long-standing, and have resulted
in significant advancements in coal-based electricity generation technologies. Concerted efforts
have been made to make the country’s energy future strongly dependent on coal due to substantial
domestic reserves and other economic and security objectives. Like the United States, India’s
electricity generation is primarily dependent on coal and is likely to be so for many years to come.
India is therefore faced with a similar challenge of utilizing its huge domestic reserves of coal in
the most efficient and environmentally-friendly manner, while protecting the country’s economic
and security interests. A historical review of overall U.S. RD* efforts related to coal as well as
technology-specific experiences, along with a discussion of current activities (of the specific
categories of technologies being discussed in this paper), are likely to be useful for drawing
potential lessons for India for its coal-based RD? activities in the area of electricity generation. The
drawing of lessons for India would of course have to consider broader contextual country-specific
differences in a number of factors. These include landscape features of the coal and electricity
industries in both countries, historical perspectives in which these sectors have evolved and
currently operate, roles of actors and institutions and their networks, and national priorities and
development plans, just to name a few.

This section broadly reviews the context in which U.S. coal-related RD3 efforts have been
conducted in the United States and discusses some of the technology-specific experiences,
primarily in R&D and demonstration efforts, and factors affecting deployment opportunities. The
section is subdivided into two parts. The first part of the section reviews DOE’s R&D efforts
related to coal (historically), from the point of view of advancements in electricity generation
technologies, and demonstration efforts under DOE’s Clean Coal Technology (CCT) program. It
also discusses some of the present initiatives and programs being undertaken- Vision 21, Clean
Coal Power Initiative, and the Future Gen project, along with the Clean Coal Technology
Roadmap. The second part of this section discusses technology-specific activities along with salient
features of demonstration projects and deployment issues under the different technology categories.
Potential learning for India from U.S. experiences is drawn in Section 5 of this paper.

3.1 Review of overall RD® activities related to coal based generation advancements

3.1.1 Trends in DOE Fossil R&D activities related to coal

The U.S. Department of Energy’s (DOE’s) coal-related activities fall under two-budget
categories: Fossil Energy (FE) R&D and the Clean Coal Technology (CCT) program (NRC, 1995).
DOE’s role in technology commercialization and demonstration overlap these two categories.
While DOE’s operation and management of a cost-shared facility as part of technology
demonstration and commercialization efforts falls under the FE R&D head, its role in co-funding a
program located at an industrial site and managed by the industrial partner falls under the CCT
program head (NRC, 1995). The FE R&D program encompassing coal, oil, and natural gas, has
existed since DOE’s inception and forms the continuing basis of DOE’s coal program. A national
thrust to develop efficient, cost-effective and environmentally acceptable coal technologies started
soon after the oil embargo of the 1970’s (NRC, 2000). During that time, the Synthetic Fuels
Corporation was set up by the 1980 Energy Security Act to develop domestic non-conventional
energy resources, such as coal-derived liquid fuels (NRC, 1995). The setting up of this corporation
resulted in a rapid growth in DOE’s Fossil Energy (FE) R&D budget. Over the time period 1978-
81, a substantial portion of the RD&D expenditure related to coal conversion and utilization, was
spent on building and operating large commercial-sized demonstration plants for direct liquefaction
and gasification (NRC, 2000). In 1978, the coal portion represented a very high 68 percent of the
total expenditure, but its percentage fell with decline in funding for direct liquefaction and
gasification (NRC, 2000). However, the economic attractiveness of this venture for manufacturing
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liquid fuels from coal, primarily for transportation, greatly diminished with the concurrent decline
in petroleum prices. The Reagan administration’s emphasis on private participation and
decontrolling of energy markets resulted in significant reductions in federally sponsored fossil
energy R&D, cancellation of synthetic fuels demonstration plant and phase-out of the Synthetic
Fuels Corporation (NRC, 1995). This resulted in a marked drop in R&D funding for coal during the
early eighties.

From 1992 to 1996, the annual funding level related to FE R&D expenditure experienced
small variations around $500 million (in 2004 prices) (see Figure 3.1)®. The funding experienced a
slight decline between 1997 and 2000, and beyond that time it again started rising. A sharp increase
in FE R&D funding again occurred in 2002, with almost a 40 percent increase in FE R&D funding
over 2000 levels. A large part of the variation in FE R&D funding can be explained by variations
related to the coal portion of the funding (see Figure 3.2). Among coal, petroleum, and natural gas,
the share of coal steadily declined between 1992 and 1997, at the expense of natural gas (see
Figures 3.3 and 3.4). In 2000, coal share increased substantially from close to 40 percent to almost
70 percent share in the FE R&D expenditure. This increase in coal share was brought about by an
allocation change of the fuel cell and advanced turbine related R&D activities from natural gas to
coal. The coal share has continued to increase steadily beyond 2000 brought about by funding
increase in coal as well as decline in petroleum and natural gas related expenditures.

Next we examine broadly what resulted from the funding fluctuations related to coal.
Tables 3.1 and 3.2 give some of the expenditure details related to coal. The categories for coal
funding were altered from 1993 and remained the same till 1999. They have been altered again
from 2000. Completion of funding related to magneto hydrodynamics research brought about a part
of the reduction in coal funding from 1994 onwards. R&D funding for AFBC development too was
discontinued from 1993. The objective of the Advanced Clean Fuels Research component (that
forms the first among the three broad categories related to coal R&D funding activities) of the coal
R&D expenditure is to develop coal-derived transportation fuels, chemical, and other products at
costs competitive with oil-derived products (NRC, 1995). Between 1993 and 1999, there has been a
steady decline in funds allocated for advanced clean fuels research that primarily involves activities
related to coal preparation, and direct and indirect liquefaction (see Table 3.3). Its share in the
overall coal R&D funding declined from almost a third in 1993 to almost a tenth in 2000. This
component has at present further declined to almost 7 percent. The Advanced Clean/Efficient
Power Systems component, encompassing RD&D activities for advanced power generation
technologies, develops coal combustion or gasification systems with set efficiency, emissions, and
energy cost targets (NRC, 1995). This component forms a part of the overall FE R&D program
budget for advanced power systems supporting combined cycle development, split between natural
gas program (fuel cells and advanced turbines) and coal program (advanced combustion, PFBC,
IGCC, indirectly fired-cycle, and advanced research and environmental technology components)
(NRC, 1995) (see Table 3.2).

In should be kept in mind that in the development of advanced power systems, there is
considerable overlap of activities among different budgetary categories such as the Coal FE R&D
program, the FE natural gas R&D program and the CCT program (NRC, 1995). For example, in the

¥ Note that data for assessment of trends in DOE’s coal-related R&D activities have been derived from the
following sources:

Department of Energy (DOE)- FY 1994 Congressional Budget, Statistical Table by Appropriation, April 9,
1993; FY 1995 Congressional Budget, Statistical Table by Appropriation, March 16, 1994; FY 1996
Congressional Budget, Statistical Table by Appropriation, February 2, 1995; FY 1997 Congressional Budget,
Statistical Table by Appropriation, April 16, 1996; FY 1998 Congressional Budget, Statistical Table by
Appropriation, February 5, 1997; FY 1999 Congressional Budget, Statistical Table by Appropriation, January
30, 1998; FY 2000 Congressional Budget, Statistical Table by Appropriation, January 30, 1999; Fossil
Energy Budget for Fiscal year 2001- ; Budget for Fiscal year 2002- ; Budget for Fiscal year 2003- ; Budget
for Fiscal year 2004- ;
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development of PFBC systems- subsystem and component testing, environmental and economic
studies, and pilot-plant tests for PFBC systems are funded under the fossil coal R&D program,
while demonstration of first and second generation PFBC systems are under CCT program (NRC,
1995). The funding for advanced clean/efficient power system development related to coal
increased between 1993 and 1995, experienced a decline, and then increased again in 1999. Its
share in the overall coal R&D funding increased from almost 40 percent in 1993 to more than 70
percent in 1999. The highest funding within this component goes for gasification based combined
cycle systems (see Figure 3.5). Share of funds allocated for advanced PFB related research declined
between 1993 and 1999, as did funds for Indirectly Fired Cycle Development. Interestingly, the
budget for advanced PC development declined from 50 percent of the funds allocated for IGCC in
1993 to only a third in 1995. But funds for advanced PC development increased from 1995
onwards and in 1998 it was substantially high at 70 percent of the funds allocated for IGCC
development. Funds for advanced PFB development have been close to 80 to 90 percent of the
funds allocated for IGCC development between 1993 and 1998, while in 1999 its share in relation
to IGCC fell to less than a half.
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Figure 3.1: Total Fossil Energy R&D expenditure (in millions of U.S. 2004 dollars)
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Source: Data for the figure drawn from DOE’s Congressional Budget Tables for FY 1994 to FY 2004; See
Footnote 29 for details of the sources.

Figure 3.2: Fossil Energy R&D and coal R&D expenditures (in millions of US 2004 dollars)
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Source: Data for the figure drawn from DOE’s Congressional Budget Tables for FY 1994 to FY 2004; See
Footnote 29 for details of the sources.
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Figure 3.3: Fossil Energy R&D expenditure allocated to coal, petroleum, and natural gas (in
million U.S. 2004 dollars)
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Source: Data for the figure drawn from DOE’s Congressional Budget Tables for FY 1994 to FY 2004; See
Footnote 29 for details of the sources.

Figure 3.4: Coal, petroleum and natural gas shares in Fossil Energy R&D expenditure
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Source: Data for the figure drawn from DOE’s Congressional Budget Tables for FY 1994 to FY 2004; See
Footnote 29 for details of the sources.
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Figure 3.5: Breakup of funding activities under Advanced Clean/Efficient Power Systems
between 1993 and 1999 (in millions of 2004 U.S. dollars)
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Source: Data sourced from DOE’s Congressional Budget Tables for FY 1994 to FY 2000; See Footnote 29 for
details of the sources.

The decline in PFB related funding activities continued 2000 onwards and no funds have been
allocated for high efficiency PFB development since the last two years®’,* (see Tables 3.2 and 3.3).
Funding for Vision 21 activities related to advanced combustion systems has also been stopped from
2003 (see Table 3.3), while hybrid combustion technology development funding started in 2002.
Funds for gas stream cleanup declined significantly in 2004. On the other hand, funding for IGCC has
been increasing consistently beyond 1999 and especially for activities related to Vision 21 activities
(see Table 3.4). Specifically under the category of systems analysis/product integration subcategory
(see Table 3.4), a National Academy of Science study pointed out that systems and engineering
analyses activities conducted at different locations were insufficiently integrated and a major
shortcoming was a lack of systematic assumptions and design premises across the centers (NRC,
2003). This precluded rigorous comparison or evaluations of technologies in a given category.

Critics point out that related to advanced power systems development, setting of efficiency
and cost improvement targets in the Fossil Energy R&D program have been too optimistic and
particularly challenging (NRC, 1995). On the other hand, emissions targets have been insufficiently
challenging given the capabilities of current commercial technology and anticipated future
environmental demands (NRC, 1995). As an example, advanced power systems efficiency was
targeted to increase from 38 to 42 percent to 60 percent within a span of two decades (NRC, 1995).
However, for emissions, targets were set at one-tenth of the 1979 federal New Source Performance
Requirements (NSPS) of SO2, NOX, and particulates by 2010 (NRC, 1995). These efficiency and
emissions objectives were to be attained at an overall cost of electricity generation that was 10 to 20
percent lower (NRC, 1995).

37Beyond 1999, the funding for activities related to coal gasification and combustion fall under the broad
category of Central Systems.

% Central systems include the following subcategories for funding: a) Innovations for existing plants (formerly
AR&ET); b) Advanced systems- IGCC, Combustion systems, Turbines; c) Power plant Improvement Initiative.
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Table 3.3: Details of funding related to Pressurized Fluidized Bed* (in millions of current U.S.

dollars)

Items 2000 2001 2002 2003 2004 2005
(BR)*

Gas stream cleanup 3.92 2.739 4.09 5.31 1.35 0

Pressurized fluidized 7.729 8.883 0 0 0 0

bed combustion

Hybrid combustion 0 0 3.11 4.227 3.539 0

Vision 21 0.2 0.2 3.41 0.457 0 0

Program Support 0.122 0.122 0.11 0.103 0.50 0

Total 11.971 11.944 10.72 10.097 4.939 0

* Budgetary request

* Since funding for PFBC stopped from 2002, this category now is titled as Combustion systems including
gas stream cleanup, hybrid combustion, Vision 21, and Program support

Source: Data sourced from DOE’s Congressional Budget Tables for FY 1999 to FY 2004; See Footnote 29 for
details of the sources.

Table 3.4: Details of funding under Integrated Gasification Combined Cycle (in millions of
current U.S. dollars)

Items 2000 2001 2002 2003 2004 2005
(BR)*

Gasification systems 18.054 17.432 21.7 20.352 29.334 15.305

technology

Systems Analysis/Product 3.528 3.981 3.652 2.843 3.96 4

Integration

Vision 21 12.481 12.573 16.208 19.662 16.83 14.8

Program Support 0.352 0.351 043 0.444 0.51 0.345

Total 34.415 34.337 41.99 43.301 50.372 34.45

* Budgetary request
Source: Data sourced from DOE’s Congressional Budget Tables for FY 1999 to FY 2004; See Footnote 29 for
details of the sources.

The third component of the coal FE R&D budget, the Advanced Research and Technology
Development component’, includes all DOE coal advanced research programs, but funds for
advanced research programs (that includes research in cross-cutting areas) are not restricted to this
category alone (NRC, 1995). Crosscutting issues include research in coal combustion and
gasification, coal conversion and catalysis, and materials research®® (NRC, 1995). The coal related
advanced research programs fall into two categories- programs within the Advanced Research and
Technology Development (AR&TD) budget category and a set of technology specific programs
falling under the general category of Advanced Research and Energy Technology (AR&ET)
(AR&ET in turn falls within the Advanced Clean/Efficient Power Systems budget category) (Table
3.2) (NRC, 1995). Funding for crosscutting research maintained a third share in the coal R&D
funding between 1993 and 1999- from 2000 its share has steadily declined from almost a fifth to a
tenth, even though funds allocated continued to increase (Figure 3.6). The sharp decline in this area
funding between 1993 and 1997 contributed to a decline in the overall coal R&D funding as observed
earlier. Advanced Turbine Technology Program started receiving funds in 1992, and has been a major
recipient since then, averaging somewhere between 30 to 40 million dollars till 2001. 2002 and 2003

% This category from 2000 onwards is titled as Advanced Research.
Opportunities in materials research relevant for coal technologies fall in three areas: advanced gas turbines;
high-temperature high-pressure heat exchangers, and inorganic membranes (NRC, 1995).
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saw a decline in funding to a level close to 15 to 20 million dollars, while in 2004 it had only about
$13 million funding. The fuel cell program has been consistently funded at $40-50 million per year.
Sequestration related R&D funding started in 2000 and has been increasing steadily- there has been a
sevenfold increase since the beginning to now, with funding for present activities close to $70
million.

Figure 3.6 Funds for crosscutting research areas related to coal
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Source: Data sourced from DOE’s Congressional Budget Tables for FY 1994 to FY 2004; See Footnote 29 for
details of the sources.

3.1.2 The Clean Coal Technology (CCT) Program

The Clean Coal Technology (CCT) Program constitutes a major effort outside the traditional
coal R&D projects undertaken by the DOE and its predecessor organizations. The program was
initiated in 1986 and scheduled to run through 2004 (DOE, 2001). The origins of this lie in the acid
rain debates of the early eighties. The recommendations of the Special Envoys on Acid Rain,
submitted in 1987, were adopted and became a presidential initiative in March 1987 (DOE, 2001).
U.S. and Canadian envoys recommended a five-year, $5 billion U.S. effort to curb precursors to acid
rain formation—sulfur dioxide (SO2) and nitrogen oxides (NOX) (DOE, 2001). The Energy Policy
Act of 1992 also specifically directs DOE to conduct demonstration and commercialization programs
on coal-based technologies and the setting up of the CCT program constituted a major effort
undertaken in that direction (NRC, 1995). The initial program emphasis was on controlling SO2 and
NOX emissions from existing coal-based power generators through approaches such as coal
processing, combustion modifications, post-combustion cleanup systems, and repowering with
advanced power generation systems. As the CCT program evolved, the Clean Air Act Amendments
(CAAA) of 1990 was drafted and the CCT program was responsive to shifts in environmental
emphasis (NRC, 2000a). Aside from acid rain precursors, there were emerging concerns to control
emissions of hazardous air pollutants (HAPs), also referred to as air toxics*' (DOE, 2001). The CCT
program integrated this concern in the design of the projects. In turn, the existence of the CCT
Program helped formulate the Clean Air Act Amendment (CAAA) of 1990 by providing real-time
data on emission control capabilities (DOE, 2001). CAAA provided incentives for setting up clean
coal projects by exempting them from environmental regulations such as New Source Performance

4 Title III of the CAAA listed 189 airborne compounds subject to control, including trace elements and volatile
and semi-volatile compounds (DOE, 2001).
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Standards (NSPS) & New Source Review (NSR) for pollutants (DOE, 2001). This waiver from
environmental compliance provoked a very large number of project proposal submissions.

The early stages of the program had pollution control as the priority area. There was an
emphasis on repowering technologies that could address pollution concerns as well as respond to
growing power demands. This led to early awards of three key repowering projects—two ACFB
projects and a PFBC project (DOE, 2001). As the program progressed, a number of environmental
and energy issues combined changed the program emphasis towards seeking high-efficiency, low-
emission power generation technologies for both repowering and new power generation. Energy
demand projections in the United States showed the need for continued reliance on coal-based power
generation, with significant growth required into the 21st century (DOE, 2001). Environmental issues
included a growing concern over greenhouse gas emissions, capping of SO2 emissions, increasing
attention to NOX in ozone non-attainment areas, and recognizing fine particulate emissions as a
significant health threat. These issues prompted pursuing of projects in the area of advanced power
generation systems that could provide major enhancements in efficiency and control of SO2, NOx,
and particulates, without introducing external parasitic control devices. It led to projects in PFBC,
initiation of projects in IGCC, and projects in advanced combustion and heat engines.

The Congressional funding for the Program started in 1986 and the initial funding was for
almost $400 million, to be spread over 1986 to 1988 (NRC, 1995). But in March 1987, in response to
the Joint Canadian and U.S. Special Envoy recommendations concerning acid rain, President Reagan
expanded the CCT program’s funding by $2.35 billion (NRC, 1995). The funds were to be offered in
five solicitations for cost-shared projects in which industry would provide at least 50 percent of the
cost of design, construction, and operation of the demonstration projects (DOE, 2001). The objective
of these projects was to demonstrate advanced coal technologies at a large enough scale that would
establish the basis for the commercial deployment of these technologies. This cost-sharing approach
represented a marked departure from traditional DOE FE R&D Programs in that industry partners
must contribute 50 percent of the costs (NRC, 1995). A unique feature was that each project was
committed to repaying the government’s share of the project’s funding from the proceeds of
successful commercialization of the technology. As of May 31, 2003, there were 36 active or
completed projects that had resulted in a combined commitment by the federal government and the
private sector of nearly $4.8 billion (DOE, 2003 b). DOE’s cost-share for these projects exceeded
$1.5 billion, or approximately 32 percent of the total, while the remaining 68 percent contribution has
come from private participants (DOE, 2003 b). CCT demonstration projects have been in four major
product line categories- environmental control devices, advanced electric power generation, coal
processing for clean fuels, and industrial applications, though majority of the projects constitutes
advanced electric power generation systems and associated high-performance pollution control
devices (DOE, 1999; DOE, 2001). It should be pointed out that many of the technologies
demonstrated under Advanced Power System projects are the ones that were also targeted in the FE
R&D program. As a result, a number of CCT demonstrations were considered demonstrations under
the FE R&D Program, notably the first and second-generation PFBC, first- and second-generation
IGCC, IGFC, and mild gasification technology demonstrations (NRC, 1995). Table 3.5 gives the
detailed status of demonstration projects (ongoing and completed) under the CCT Program. Project
specific details are discussed under specific technology categories in later sections. Figure 3.7 shows
appropriations from the CCT Program.
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Figure 3.7: Appropriations for CCT Program* (in millions of 2004 U.S.$)

-100

-200

Note that the negative bars in the figure imply net payback from CCT demonstration projects
Source: Data sourced from DOE’s Congressional Budget Tables for FY 1994 to FY 2004; See Footnote 29 for
details of the sources.

The cost-sharing approach adopted by DOE in the CCT program has raised criticisms. The Clean
Coal Technology Council (CCTC) (CCTC represents coal, utility, manufacturing, design and
construction industries and states) recommended revision of DOE’s cost-sharing approach (NRC,
1995). It suggested that DOE’s cost-sharing should be only on certain cost differentials (including
both capital and operating costs) as compared to a conventional technology- financing of the ‘risk
gap’ for a new technology as compared to a conventional one would also bring down DOE’s share
from 50 percent of the total project cost (NRC, 1995). A study conducted by the National Academy
concluded that an incentive program be developed and implemented in order to offset the capital and
operating risks associated with early commercial applications of technologies demonstrated at a
commercial scale (NRC, 1995). The National Coal Council, a federal advisory committee to the
Secretary of Energy, recommended the setting up of a federal incentive program (with $1.1 billion of
capital incentives and $0.3 billion in operating incentives over the 15 year period from 1995 to 2010)
that could offset both capital and operating risks, based as a percentage of the cost (both capital and
operating) differentials between a CCT and a conventional technology (NRC, 1995). A study
conducted by the National Academy of Sciences in 1995 concluded that even though the CCT
program can be considered to be an excellent start in the commercialization of advanced power
generation technologies, further incentives in the form of federal cost-sharing programs were needed
for commercial deployment of many of the technologies demonstrated in the program (NRC, 1995).
The future of technologies demonstrated commercially would depend on a follow-up
commercialization program that addressed cost and reliability concerns. Financial risks associated
with second-and third-of-a-kind demonstration projects impede commercial acceptance of new power
generation technologies. There are suggestions on providing tax incentives to encourage commercial
deployment of demonstrated technologies so that they move along a “learning curve” that reduces
technical risks to the point that these plants can attract commercial financing (NCC, 2003). This
concept is embodied in the National Environmental and Energy Technology (NEET) legislation,
introduced in both the House and the Senate. For existing facilities, the bill provides a production tax

2 Beginning in FY 2003, all CCT balances are considered to be part of the total Coal Program.
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credit of 0.34 cents/kWh for retrofitting or repowering with CCT as defined in the bill so that it meets
efficiency and emissions objectives (NCC, 2003). For new units, NEET provides a 10 percent
investment tax credit, and production tax credits of varying amounts (NCC, 2003). A National Coal
Council report made a specific set of recommendations for financial incentives to promote early
commercialization of CCTs (NCC, 2002). These recommendations include- providing investment tax
credit to the project owner’s equity; providing variable production tax credit tied to energy production
and energy efficiency over the first 10 years of operation along with higher benefits to early
implementation of high efficiency technologies; and set up a ‘risk pool’ to cover repairs or
modifications necessary during startup and first three years of operation. This package was estimated
to cost the government $1.5 billion over a 23-year period from 1999 to 2021 (NCC, 2002). Of that
amount, the investment tax credit would cost $203 million while the production tax credit would
account for $1.02 billion while the risk pool would be $276 million (NCC, 2002).

Innovations in some particular areas, like the development of lower-cost low-NOX burners
and lower cost sulfur dioxide controls have been quite useful and have led to widespread deployment
of these technologies. Concerns on deployment of CCTs by both merchant plants and utilities remain
and the DOE recognizes that “despite the performance and emission advantages of these technologies
[IGCC and FBC], high capital costs threaten competitiveness in the utility market” (Tell Us, 2001).
FBC seemed to be making some inroads due to its inherent fuel flexibility advantage- examples
include a 440 MW Red Hills Power project plant that burns lignite and a Kentucky plant that would
burn coal wastes (Tell Us, 2001). Studies on the CCT program also point to the fact that the program
failed to achieve significant improvements in coal plant efficiencies (Tell Us, 2001). Coal gasification
technologies linked with combined cycle units or fuel cells that could potentially exceed 50 percent
efficiency offers promising prospects for the future, but demonstration plants are yet to come close to
this performance level and commercialization in the United States seems many years away (Tell Us,
2001). A National Academy study also examined to what extent all of DOE’s coal program activities
were in line with the mandate of the Energy Policy Act of 1992- the study noted a significant
discrepancy in priorities (NRC, 1995). While the DOE programs related to coal focused on relatively
near-term activities- notably the development, demonstration, and commercialization of coal-based
power generation systems by 2010, at the expense of longer-term research programs, the EPACT
endorsed development of a longer-term, more balanced spectrum of coal-based technologies (NRC,
1995). Last but not the least, critics point to the fact that the program has been plagued by
mismanagement, and has been the target of seven GAO investigations over its 16-year life, largely as
the result of project bankruptcies and overruns (Tell Us, 2001).
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3.1.3 Vision 21 Program

The Vision 21 Program is an R&D Program funded through DOE’s Office of Fossil
Energy and NETL (NRC, 2003). It is focused on the development of advanced technologies ready
for commercial deployment by 2015. Vision 21 is a collection of projects that involve conversion
of fossil fuels into electricity, process heat, fuels, and/or chemicals cost effectively, with very
high efficiency and very low emissions, with the overall objective of developing these
technologies that would fit into Vision 21 energy plants (NRC, 2003). The projects have
developed as an outgrowth of ongoing R&D activities in the Office of Fossil Energy Coal and
Power Systems Program as well as a result of Vision 21 solicitations by DOE/NETL. The Vision
21 energy plants have a specific set of performance targets defined- for example, for coal-based
systems the targeted efficiency is 60 percent based on higher heating value (HHV) (equivalent to
66 percent efficiency based on Lower Heating Value (LHV)), not accounting for the energy
required for CO2 capture; near zero emissions of traditional pollutants, including smog and acid
rain forming pollutants; no solid or liquid discharges; and carbon dioxide emissions reductions by
40 to 50 percent by efficiency improvements and zero emissions when coupled with carbon
sequestration (NRC, 2003).

In the Vision 21 Program, the technologies are compartmentalized into modules and
enabling and supporting technologies are distinguished. Twelve technology modules are to be
developed (NRC, 2003). One of the primary components is the development of fuel-flexible
gasification technology (NRC, 2003). The capital cost of the syngas generation plant, the
“gasification island”, is projected to be about 65 percent of the total installed cost of the Vision 21
energy plant (NRC, 2003). Other technology modules include gas purification, gas separation,
fuel cells, turbines, environmental control, sensors and controls, materials, computational
modeling and virtual simulation, systems analysis and systems integration, synthesis gas
conversion to fuels and chemicals, and combustion and high-temperature heat exchange. Figure
3.8 gives a schematic of the DOE Vision 21 plant (NCC, 2003). The gross and net power output
of the plant are planned to be 561.3 MW and 520.9 MW respectively (NCC, 2003). Syngas is
going to be produced in an oxygen-blown DESTEC gasifier and the gas after cleaning is sent for
CO2 capture. The H2 part in the cleaned syngas, along with compressed air, is used to generate
electricity in a solid oxide fuel cell while the CO component of the syngas is burnt in a
combustion turbine that drives the compressor.

Specifically with respect to coal combustion technology development as part of the
Vision 21 Program, there remain considerable uncertainties as to whether 60 percent efficiency
could be attained with combustion technologies at a commercially viable plant investment level,
nominally $800/Kw (NRC, 2000a). A report published by the National Research Council titled
‘Vision 21: Fossil Fuel Options for the Future’ concluded that perhaps 50 percent efficiency
plants based on combustion technologies could be competitive in future as these require lower
capital investments than gasification technologies (NRC, 2000a). It is not however certain that
advanced coal combustion technologies such as first and second-generation PFBC technologies
have lower capital costs as compared to IGCC.

In 2002, Vision 21 projects and activities spent around $50 million, which is almost a
quarter of the Fossil Energy’s total R&D budget®. The National Research Council report titled,
“Vision 21: Review of DOE’s Vision 21 Research and Development Program- Phase I (2003)’,
while reviewing the funding of Vision 21 activities, concludes that, funding levels are not
adequate for the Vision 21 projects and that there is an imbalance between program requirements
and future funding levels (NRC, 2003). For the FY 2003, budget request for gasification is
approximately $40 million that is barely enough to fund portions of the Vision 21 component
development effort (NCC, 2002). The National Research Council study, ‘Vision 21: Review of
DOE’s Vision 21 Research and Development Program- Phase I (2003)’ comments that the

3 Based on data from DOE’s Fossil Energy Budget for Fiscal year 2003;
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Vision 21 is a very broad and inclusive program that would need to sharpen its focus on the
development of cost-competitive, coal-fueled system for electricity production on a large-scale
(200-500 MW) (NRC, 2003). This would require using gasification-based technologies that
produce sequestration-ready carbon dioxide and near-zero emissions of conventional pollutants.
Achieving it in turn would require a very strong component of systems integration and analysis
that at present was being handled in a piecemeal manner.

Figure 3.8 Schematic of a Vision 21 Plant
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Figure 3-4. Gasification/Fuel Cell/Gas Turbine/Steam Turbine Cycle (DOE Vision 21). [11]

Source: Figure 3.4 in ‘Coal-related Greenhouse Gas Management Issues’, National Coal Council, May
2003, Washington DC.

The National Research Council, 2003 report ‘Vision 21: Review of DOE’s Vision 21
Research and Development Program- Phase I (2003)’ also recommended that Vision 21 should
have focus on R&D in areas that are high-risk and have “leapfrog” potential in which private
industry investment in R&D is not likely (NRC, 2003). The report suggests that financial
incentives in the form of tax incentives, which are better tied to performance than direct
subsidies, could be implemented to offset the technical and financial risks associated with the
introduction of Vision 21 technologies (NRC, 2003). In setting up public-private partnerships, a
consortia arrangement to spread investment risks would allow better dissemination of
demonstration project experiences as was demonstrated in the financing of the Coolwater project
through a consortium (NCC, 2001). Another example of a successful consortium approach was
the Power Systems Development Facility that is jointly developed by DOE, EPRI, and six
industrial concerns (NRC, 1995). A 2001 National Research Council report ‘Vision 21: Fossil
Fuel Options for the Future’ suggested that Vision 21 goals were very ambitious- the
achievements of combined objectives of very high efficiency, near zero emissions, and
competitive cost attainment were unprecedented and would require technological breakthroughs
(NRC, 2000a). The assessment in this report concludes that commercial deployment of first
generation Vision 21 plants is unlikely before 2020 and full commercial deployment is expected
only by 2030 (NRC, 2000a).
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3.1.4 Clean Coal Power Initiative (CCPI)

Following-on demonstration activities under the CCT Program, demonstrations for
advanced coal based generation technologies, especially IGCC, are likely to continue under the
Clean Coal Power Initiative (CCPI) (DOE, 2003d). CCPI was established in the fiscal year 2002
to implement the President’s National Energy Policy recommendations to “fund research in clean
coal technology” (DOE, 2003d). It responds to more stringent environmental standards in place,
since the enactment of the CAAA, for pollutants such as ozone, particulate matter, and potentially
mercury. Like the CCT Program, it is set up as a cost-shared partnership program between the
government and the industry to demonstrate advanced coal-based, power generation technologies
in order to accelerate their commercial deployment. It is a ten-year initiative tentatively funded at
a federal cost share estimated at $2 billion with a matching industry cost share of at least 50
percent (NRC, 2003). Referring back to Table 3.2, funding for CCPI increased from 150 million
U.S. dollars in 2002 to close to 180 million in 2004, with a Congressional request for almost $290
million in 2005. The first CCPI solicitation, CCPI-1, was designed to support the President’s
proposed Clear Skies Initiative (CSI) through advanced pollution controls and the Global Climate
Change Initiative through efficiency improvements for existing plants (DOE, 2003d). Subsequent
rounds are scheduled on a two-year cycle. As part of CCPI-1, eight projects valued at more than
$1.3 billion, including $317 million in federal cost sharing support, were selected for funding®
(DOE, 2004). Among the projects selected, there are two advanced power demonstration projects
with a federal fund contribution of $517 million (DOE, 2004). The second round of solicitations
under CCPI-II is likely to lay emphasis on IGCC and carbon sequestration projects. IGCC
demonstration projects are going to be continued under CCPI. For this, federal cost share of $2
billion is estimated to be sufficient to provide for 50 percent funding of several full-scale IGCC
plants on the road to commercialization (NRC, 2003). At present, DOE is reviewing proposals
received under Round 2 solicitation. Among these is the proposal for setting up a 615 MW hybrid
gasification system (project valued at $756.2 million with 18.5 percent cost sharing request for
DOE) repowering project (DOE, 2004b). This would use a pressurized gasifier to produce syngas
from lignite for combustion in a gas turbine combined cycle. The system is to be coupled with an
atmospheric pressure circulating fluidized bed boiler to burn unused carbon in the form of char
and ash from the gasifier and generate steam for use in a steam turbine, while utilizing the
exhaust waste heat from the gas turbine. This technology has the potential to reduce capital costs
and increase system reliability.

3.1.5 The FutureGen Project

FutureGen is a research prototype project that is budgeted to spend $10 billion over a
period of 10 years with maximum cost sharing by DOE set at 80 percent (Der, 2003). The
objective is to set up a 275 MWe facility that produces both electricity and hydrogen (employing
advanced IGCC technology) and sequesters one million metric tonnes of carbon dioxide per year
(Der, 2003). The integrated demonstration of different components is a key feature of the project.
Industry is expected to provide 26 percent of the overall funding (DOE, 2004a). An oxygen-
blown transport gasifier (under development at the Power Systems Development Facility (PSDF))
is likely to be demonstrated- it offers potential to reduce capital costs of IGCC by 20 percent from
present designs due to its simple design and lower temperature of operation (DOE, 2004a). Other
key components include- advanced ion transport membranes (ITM) for large-volume production
of oxygen, advanced membranes for hydrogen separation, advanced gas cleanup technology,
hydrogen-fueled gas turbines, fuel cell and fuel cell/turbine hybrids, and activities related to
carbon sequestration (DOE, 2004a). Advanced crosscutting research in materials and in
instrumentation, sensors, and controls is also critical to FutureGen’s success. A number of

* The two active projects under CCPI are the NeCo Inc. project on Integrated Optimization Software
demonstration and the We Energy Toxecon Retrofit project for Mercury and Multi-pollutant Control (DOE,
2004).
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technical and programmatic challenges remain to be overcome, with the latter mainly in the form
of availability of funds and commitment by different stakeholders.

The Clean Coal Technology Roadmap

In order to fulfill both long-term Vision 21 objectives as well as meet the short-term
requirements of the existing fleet for cost-effective environmental control technologies to ensure
regulatory compliance, a Clean Coal Technology Roadmap has been developed cooperatively by
the National Energy Technology Laboratory, the coal and power industry represented by the Coal
Utilization Research Council (CURC) and the Electric Power Research Institute (EPRD)*. The
roadmap sets the following targets in terms of costs and performance achievements:

Table 3.6: New plant performance targets in the Clean Coal Technology Roadmap

Reference plant* 2010 2020 Vision 21
Plant efficiency (HHV) | 40 percent’ 45-50 percent” 50-60 percent’
Availability >80 percent >85 percent >90 percent
Plant Capital cost 1000-1300 900-1000 800-900
($/kW)
Cost of electricity 35 3-32 <3
(c/kWh)
Air emissions 98 percent SO2 removal | 99 percent SO2 removal | >99 percent SO2
removal
0.15 1b/1076 Btu NOX 0.05 1b/1076 Btu NOX <0.01 1b/1076 Btu NOX
0.01 Ib/1076 Btu 0.005 1b/1076 Btu 0.002 Ib/1076 Btu
Particulate matter Particulate matter Particulate matter
90 percent Hg removal 95 percent Hg removal
By-product utilization 30 percent 50 percent Near 100 percent

* This is a plant that can be built using current state-of-the-art technology and meeting New Source
Performance Standards (NSPS).

! Equivalent to 44 percent efficiency based on LHV.

2 Equivalent to 50-55 percent efficiency based on LHV

3 Equivalent to 55-66 percent efficiency based on LHV

Source- http://www.netl.doe.gov/coalpower/ccpi/pubs/CCT-Roadmap.pdf

The roadmap does not set specific targets for CO2 emissions reductions- it sets broad carbon
management goals with greater than 90 percent removal for CO2 (including sequestration) at less
than 10 percent increase in the cost of electricity.

3.2 Technology specific ERD? activities
3.2.1 Pulverized coal combustion

RD&D activities related to PC combustion

Fossil R&D funds have supported activities related to improvements in currently
available PC systems through integration with advanced combustion and emissions control
technology and state-of-the-art supercritical generators. These activities formed part of the
program for development of low emission boiler system (LEBS), the goal for which was set at
demonstrating a 42 percent efficient system with emissions one-half to one-third of the NSPS by
the year 2000 (NRC, 1995). The LEBS is a highly advanced pulverised coal-fired power plant

45 See Department of Energy (DOE), the Electric Power Research Institute (EPRI), and the Coal Utilization
Research Council (CURC). “CURC/EPRI/DOE Consensus Roadmap”
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that uses supercritical steam conditions and low-level heat recovery to achieve a targeted
efficiency level of 42 percent efficiency that is significantly higher than efficiency levels of 33 to
35 percent existing in U.S. plants (NRC, 1995). This efficiency target approaches the limit that
can be achieved with a simple Rankine (steam) cycle given materials of construction limitations
and the targets were considered to be commensurate with the performance of state-of-the-art
pulverized coal technology available. LEBS design features a novel U-fired furnace and moving-
bed copper-oxide flue-gas cleanup system (Ruth, 1997). The furnace converts all of the coal ash
into a glass-like slag that has a third of the volume of fly ash and is a high value product used as
blasting grit and roofing granules. A fabric filter controls particulate matter. Reacting with copper
oxide on an alumina sorbent and oxygen to form copper sulfate controls SO2. NOX control is
achieved in the U-fired furnace by staged re-burning and by injecting ammonia upstream of the
sulfated sorbent. DOE’s Pittsburgh Technology Centre along with three boiler manufactures
(ABB Combustion Engineering, Babcock and Wilcox Company, and DB Riley) headed up
technology teams, each with a “user” advisory panel comprised of utilities and non-utility
generators, to develop LEBS in 1992 (Ruth, 1997). The cost of the LEBS Program, over its eight-
year duration, was expected to be $85 million (Ruth, 1997). LEBS development is considered to
be an evolutionary step in the development of industry-proven PC generating systems, taking
advantage of advanced low NOX combustion and flue gas cleanup technologies, along with
materials improvements for boiler tubes, while capitalizing on the experience base of power
generators and the existing industry support structure. In 1997, the DB Riley team (now Babcock
Borsig power) was selected to construct and operate a 91 MWe LEBS unit in Illinois (Ruth,
1997). In 2000, the Corn Belt Energy Corporation, a member-owned energy co-operative in
Illinois committed to building the plant at an Illinois site (DOE, 2001a). The total plant costs are
estimated to be $137 million, with cost sharing of $51 million by DOE and some state
organizations (DOE, 2001a). The plant is expected to start production sometime during 2004.

With respect to market deployment opportunities for LEBS in the United States, a
National Research Council study ‘Coal-Energy or the Future’ concluded that market for LEBS in
the United States was likely to be small, while the export market demand was likely be high
(NRC, 1995). System components are proven and opportunities for cost reductions and
performance improvements arose mainly through improved systems design and integration. The
report was critical of DOE cost sharing in LEBS development- DOE investment required an
assessment of the market potential with industry cost sharing at least 50 percent (NRC, 1995).
The study also concluded that the LEBS system did not seem to offer opportunities for
development of a substantially more-efficient, lower emission system and its development could
be justified only if it attained significantly lower costs with comparable performance as existing
systems.

Specifically in the area of materials development for supercritical boilers, R&D efforts
have been supported by NETL, co-funded by the Ohio Coal Development Office, and managed
by Energy Industries of Ohio*®. This has been in the area of materials development for
construction of coal-fired boilers with advanced steam cycles capable of operating at much higher
efficiencies than current state-of-the-art facilities (significant efficiency gains of at least 8 to 10
percent targeted through advanced materials technology application). Private participants
included boiler manufacturers such as Alstom Power, Babcock Power, Babcock and Wilcox, and
Foster Wheeler”’. DOE R&D funding related to advanced pulverized coal power plant averaged

% See ‘Evaluating Materials Technology for Ultrasupercritical Coal-Fired Plants’ EPRI online journal
article posted on January 15, 2003
*7 See ‘Evaluating Materials Technology for Ultrasupercritical Coal-Fired Plants’ EPRI online journal
article posted on January 15, 2003
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around 10 million dollars (in 2004 prices) between 1992 and 1997*. In 1998, funding increased
to around 17 million dollars and remained at that level before dropping to 2 million dollars in
2000. With completion of LEBS activities, from 2000 onwards, there has been no R&D funding
for advanced PC related activities. It should be noted that activities funded under the

‘Combustion Systems’ head in 2003 and 2004 include hybrid combustion, gas stream cleanup and
support for Vision 21 activities* are not related to PC combustion.

In the area of ultra-supercritical (USC) development, EPRI is taking the lead in
technology advancements- materials development aimed at steam temperatures in excess of 1300
degrees F and enabling further efficiency gains of up to 50 percent (LHV). This program is being
undertaken by NETL, with the Ohio Coal Development Office, and with U.S. boiler
manufacturers as participants and major contractors™. The SOAPP (state-of-the-Art power plant)
design developed by Electric Power Research Institute (EPRI), Sergeant & Lundy and SEPRIL
Services, has a design cycle efficiency of ~44 percent (LHV), based on turbine inlet steam
conditions of 4500 psig and 1100°F (IEA, 1998). A National Research Council Study titled
‘Vision 21: Fossil Fuel Options for the Future’ forecasts 2015 as the likely time for deployment
of this technology (NRC, 2000a).

U.S. experiences in deployment of PC systems

Central generating units based on the Rankine cycle were first introduced in the United
States around the turn of the 20™ century and have since been the primary basis for electricity
generation in the United States (Joskow and Rose, 1985). Most U.S. coal plants operate under
subcritical conditions, which give lower efficiency (36 to 37 percent based on LHV) (NRC,
1995). Supercritical (SC) plants have a long history in the United States and there are more than
170 supercritical units operating (EPRI, 2002). These have three-percentage point higher
efficiency than subcritical PC plants, without increased outages, over subcritical units. The first
supercritical unit began service in 1957 at the Philo Plant of the Ohio Power Company (part of
the of the American Gas and Electric System) with steam pressure of 4500 psi and steam
temperature of 1150 degrees F (Hirsh, 1989). It established a record of the most thermally
efficient unit of its time, designed to produce power at an efficiency of just over 40 percent. A
subsequent unit installed in 1960 had a steam pressure of 5000 psi and steam temperature of 1200
degrees F (Hirsh, 1989). Despite all these early experiments with very high pressure and
temperature steam in supercritical units, almost all supercritical units installed since 1960 have
had steam conditions close to 3500 psi/1005 degrees F (Joskow and Rose, 1985). Some early
supercritical units still continue to operate satisfactorily (NRC, 1995). The original Eddystone
Unit 1 with the most advanced steam parameters of 4800 psi/1150 °F was constructed in1960 and
is still in operation (NCC, 2003). This plant has significantly better efficiency than any plant of
that era. The design efficiency of this plant was 43 percent (LHV) based on the original steam
conditions and 41 percent (LHV) based on the plant’s re-rated conditions (NCC, 2003).

U.S. experiences with supercritical technology installed during the sixties and the
seventies was generally unfavorable because of a lack of operator experience and reliability and
maintenance problems (NRC, 1995). While the technology accounted for almost 60 percent of the
new capacity by the mid seventies, it was almost abandoned in the mid-eighties (the installation

8 Data for assessment of trends in DOE’s R&D funding related to pulverized coal are drawn from DOE’s
Congressional Budget, Fossil Energy, Statistical Table by Appropriation- FY 1994 to FY 2004; See
Footnote 29 for source details.

* R&D funding support for Vision 21 activities related to combustion systems have been discontinued
from 2004. Advanced combustion systems, except perhaps oxygen based combustion, are unlikely to
achieve the goals of a Vision 21 system (NRC, 2003).

0 See ‘Evaluating Materials Technology for Ultrasupercritical Coal-Fired Plants’ EPRI online journal
article posted on January 15, 2003
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rate for supercritical technology in the early eighties dropped to just 6 percent) (Joskow and Rose,
1985). Poor reliability along with high maintenance and replacement power costs made the
overall economics of this technology unattractive (Joskow and Rose, 1985). Reliability problems
and unexpectedly high maintenance costs for supercritical units during the seventies reduced or
eliminated the expected savings from this technology (Rose and Joskow, 1990). However, early
problems in first and second-generation supercritical boilers and steam turbines have been
overcome (IEA, 1998). Experience over the past decade shows that the reliability and availability
of the supercritical cycle, after more than two decades of research and development, can match or
better the subcritical cycle for base load operation throughout the life of the unit (IEA, 1998).
Studies on the relative reliability of coal-fired conventional PF and SCPF plants in the United
States show that the conventional units have, in the past, had better reliability during the first ten
years of operation (IEA, 1998). By the time a SCPF unit was ten years old, the average outage
hours caused by the pressure parts had leveled off at less than 500 hours/year (approximately 6
percent/year unavailability) for all U.S. units, while for subcritical units the level was the same
but climbing (IEA, 1998).

A third of the SC units are in the United States (NCC, 2002). No SC unit has been built in
the United States since 1991, though a large number of plants are being built in Europe and Japan
(NCC, 2002). One SC unit in the United States is being planned in the Midwest. We Power,
which is a non-utility subsidiary of Wisconsin Energy, is planning to build future SCPC units-
two 615 MW units are being planned at Oak Creek that are likely to be commercial by 2008-09
(Derenne, 2003). For the near-term (prior to 2007), supercritical and advanced supercritical
cycles with steam conditions up to 4500 psi and temperatures up to 1100 degrees F have potential
to have a significant share in power generation (NCC, 2002). New plants being added in the next
five to ten years are very likely to utilize conventional subcritical and supercritical technology,
but none of plants are likely to operate at steam conditions beyond 3750 psi/1000 degrees F/1100
degrees F (NCC, 2002). However, European power plants are being installed with advanced
steam conditions. The reason for this is primarily relatively low fuel costs in the United States, as
compared to other countries of Europe and Japan where supercritical technology is being built,
makes economic justification for higher capital investments for higher efficiency plants difficult
(NCC, 2002).

3.2.2 Fluidized bed combustion (FBC)

RD&D activities related to AFBC

DOE has played a critical role in the evolution of FBC technology development (NRC,
2000). DOE involvement can be traced back to technology development, during the mid to late
1960s, by the Department of Interior’s Office of Coal Research (NRC, 2000). The objective was
to develop a compact coal-boiler that could be pre-assembled at the factory and shipped to a plant
site at a cost lower than conventional technology (NRC, 2000). During the mid sixties, the
Government recognized that a fluidized bed boiler not only represented a potentially lower cost,
more efficient way to burn coal, but also a much cleaner technology. A 500 kW fluidized bed test
plant, built in Virginia in 1965, can be called the “grandfather” of U.S. fluidized bed combustors
(Banales-Lopez and Norberg-Bohm, 2002). During the seventies, focus shifted to developing the
technology as a substitute for oil-fired industrial boilers with objectives to improve efficiency and
environmental performance. The first commercially successful fluidized bed was an industrial
size atmospheric unit (equivalent to a 10 MW combustor) built with federal funds on the campus
of Georgetown University in 1979 that continues to operate today (Banales-Lopez and Norberg-
Bohm, 2002). The technology progressed to larger scale utility applications due, in large part, to
Federal partnership programs with industry. During the early eighties, development for power
generation applications started with support from DOE, EPRI, and the private sector (NRC,
1995). The technology development has been pushed primarily by independent power producers,
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rather than by investor-owned utilities. During 1980 and 1987, 20 MW Bubbling bed AFBC was
constructed and operated by TVA and EPRI (NRC, 1995). By the end of the eighties, the
technology was commercial for industrial steam generation, cogeneration, and utility-scale
applications (NRC, 1995). The eighties saw a focus on AFBC demonstrations and development
of PFBC systems- both these categories of FBC technologies have been demonstrated under the
CCT Program. R&D funding for AFBC development ended during the early nineties.

AFBC demonstration projects

The Nucla ACFB repowering project, set up at Nucla-Montrose County-Colorado, was
the first ACFB demonstration project under DOE’s Clean Coal Technology Program during 1988
to 1991 (see Table 3.5 under CCT program section) (DOE, 2001). This 100 MW capacity
repowering project provided the database and operating experience requisite to making ACFB a
commercial technology option at utility scale. Its objective was to demonstrate ACFB at the
utility-scale and the plant capacity at that time was 40 percent larger than any ACFB unit’'. This
project represents the first repowering of a U.S. utility plant with ACFB technology and continues
to operate commercially. Though the project operated with an average capacity factor of only 40
percent during the demonstration period and with an average availability of less than 60 percent,
most of the technical problems were overcome during demonstration (DOE, 2001). The average
availability was improved to 97 percent and the capacity factor to 66.5 percent during the last
three months of its demonstration (DOE, 2001). In terms of environmental performance, the unit
removed 95 percent SO2 and NOX emissions were low at 0.18 1b/1 0° BTU (DOE, 2001).

The next demonstration of ACFB under DOE’s CCT Program is the 297.5 MWe
Jacksonville Electric Authority (JEA) project that started in 2001 (see Table 3.5) (DOE, 2001).
This project’s objective is to demonstrate operating and environmental performance (to achieve
greater than 90 percent SO2 removal and to reduce NOX emissions by 60 percent as compared to
conventional technology) of ACFB at a scaled up unit size as compared to previously constructed
facilities (DOE, 2001). During operation, the plant achieved a heat rate of approximately 34
percent (HHV) (equivalent to 37.5 percent efficiency based on LHV) and attained expected
environmental performance (DOE, 2001). The fuel has been switched from its design of eastern
bituminous coal to an 80/20 blend of petcoke and coal (DOE, 2001). A second 300 MW
repowering unit at Jacksonville was commissioned three months after the commissioning of the
297.5 MW unit, that is completely privately financed (Goidich, 2001). This second unit has the
distinction of being the largest ACFB in the world, as well as one of the cleanest (DOE, 2001).
Performance data from these units is likely to provide benchmarks against which utility,
independent power, and financial industries can assess large-scale application of CFB technology.

A third next-generation ACFB demonstration project is ongoing at Colorado Springs
Utilities to demonstrate a 150 MW advanced low-emission CFB combustion system that is
expected to achieve 96-98 percent sulfur removal, while reducing limestone consumption to less
than half of conventional CFB systems, and employ advanced selective non-catalytic reduction
(SNCR) technology for NOX removal (DOE, 2001). The system also features an integrated trace
metal control system that can remove up to 90 percent of mercury, lead, and other metals, as well
as virtually all-acid gases in the flue gas (DOE, 2001). The plant is designed to use a suit of fuels
including Powder River Basin sub-bituminous, Illinois and Pittsburgh eastern bituminous, waste
coal and biomass/ wood waste while achieving high levels of emissions control (DOE, 2001).

*! See Darling Scott L. ‘Foster Wheeler’s Compact CFB; Current Status’. Foster Wheeler Energy
International, Clinton, NJ, U.S.A. Publications at
http://www.fwc.com/publications/tech_papers/powgen/compact.cfm
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Deployment experiences with AFBC

By the end eighties, AFBC was commercial for industrial steam generation, cogeneration,
and utility-scale applications in the United States. Among the 293 bubbling bed and 276
circulating bed units operating worldwide by mid-1993, almost 35 percent of the units were
estimated to have been sold in the United States (NRC, 1995). AFBC capacity represented around
3.7 percent of the total cumulative non-utility operational capacity at the end of 1999 (Banales-
Lopez and Norberg-Bohm, 2002). AFBC has been adopted mainly by independent power
producers and co-generators qualified under Public Utilities Regulatory Policy Act (PURPA).
PURPA primarily provided the spur for the development and diffusion of CFBC in the non-utility
market as most of the AFBC units qualified among one of the three categories for non-utility
generators (Banales-Lopez and Norberg-Bohm, 2002). Among the bubbling and the circulating
types, EPRI estimates that 75 percent of the U.S. capacity is CFBC (NRC, 1995). At present,
there are more than 170 fluidized-bed combustion boilers of varying capacities operating in the
United States, primarily using low cost fuel and wastes as feedstock for smaller-scale operations,
and every major U.S. boiler manufacturer offers an ACFB in its product line (NRC, 2000). CFBC
is used for conversion and utilization of the abundant resources of waste coal scattered across the
northeastern part of the United States (Hooper, 2003). The first CFB plant set up was by WMPI-
the Gilberton Plant, which started operation in 1988, with a net capacity of 80 MW (Hooper,
2003). The plant successfully operated on culm and gob (with an ash content of 40-50 percent
after beneficiation), which paved the way for setting up of similar plants (Hooper, 2003). AFBC
systems in the size range of 250 to 400 MW are the most preferred for dispatch and availability
reasons (NRC, 2000). In the utility market, the penetration of AFBC units has been almost
negligible and there have been six AFBC units commissioned by utilities in the United States
with an aggregate capacity of 600 MW (Banales-Lopez and Norberg-Bohm, 2002). The very low
level of AFBC penetration among utilities is partly explained by difficulties in scaling up the
technology. With respect to AFBC cost competitiveness with respect to PC boilers, AFBC is
more competitive when low grade or high sulfur fuel was available. AFBC in general has a higher
capital cost than PC boilers, which is offset by lower operating costs using low-grade fuel.
Therefore this technology has been adopted widely by non-utilities, but higher capital costs
relative to PC hinder technology adoption by utilities. Even though early operational problems
with AFBC have been overcome and large-scale utility size demonstrations have been successful,
it remains an inherently more risky technology in the minds of utilities as compared to the much
more widely deployed and proven PC technology.

RD&D activities related to PFBC

The development of PFBC systems in the United States started during the eighties, the
primary drivers for its development cited as energy security and environmental concerns (NRC,
2000). Though funding support for AFBC development ended during the early nineties, PFBC
development continues to be supported under the recently initiated clean Coal Power Initiative
(CCPI). DOE’s R&D funding for PFBC development has ranged 20 to 30 million dollars from
1992 to 1998, after which the funding levels dropped (Table 3.2). Funds tied to PFBC
development continued till 2001, at an approximate level of 10 million dollars (in 2004 prices)™.
From 2002 onwards, R&D funds under ‘Combustion systems’ are being directed primarily
towards gas stream cleanup and hybrid combustion activities along with some support for Vision
21 systems. Table 3.4 gives DOE’s targets for PFBC systems.

2 Data for assessment of trends in DOE’s R&D funding related to PFBC systems are drawn from DOE’s
Congressional Budget, Fossil Energy, Statistical Table by Appropriation- FY 1994 to FY 2004; See
Footnote 29 for source details
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Table 3.7 DOE’s Program Goals for PFBC systems

PFBC
Technology Goals First-generation Second-generation Improved second-
generation
Net efficiency, percent 40 45 Greater than or equal
to 50
Emissions, as fraction of
NSPS
S0, 1/4 1/5 1/10
NOx 1/3 1/5 1/10
Particulates Not specified Not specified Not specified
Air Toxics emissions
relative to 1990 CAAA Meet Meet Meet
Solid wastes Not specified Not specified Not specified
Capital cost, $/kW* 1300 1100 1000

Electricity cost
compared to current PC

10 percent lower

20 percent lower

25 percent lower

Commercial completion
milestones

Commercial scale
demonstrations- mid

Commercial scale
demonstration- 2000

Commercial scale
demonstration- 2007

1990s
Development status 70 to 80 MW Systems development, | Development initiated
demonstration integration, and testing

projects ongoing ongoing

*Costs are in 1993 dollars
Source: Table 7.2 in ‘Coal- Energy for the Future’, National Research Council, 1995.

Developmental work related to PFBC has focused on developing second-generation systems for
electric power generation with significant performance improvements (Table 3.4). Critics point to
the fact that while performance targets set for PFBC development appeared to reasonable, capital
cost targets for all generations of PFBC appeared to be optimistic (NRC, 1995). Testing for a
fully integrated second-generation PFBC system at the 8 MW level has been conducted at the
Power Systems Development Facility in Wilsonville, Alabama, sponsored by DOE, Southern
Company Services, and EPRI (NRC, 1995). Its objective was to evaluate integration of all
components, with emphasis on integration of hot gas cleanup ceramic filters and gas turbines. The
PFBC Program was initiated by DOE to support private industry efforts in PFBC development, in
order to meet national security and environmental objectives (NRC, 2000). A National Research
Council study, ‘Energy Research at DOE- was it worth it?’ assessed that the PFBC program
might have been supported by the DOE for too long (NRC, 2000). The study concluded that
research over the last several years did yield valuable knowledge benefits but probably would not
have realized economic benefits, even if research goals were met. Therefore the PFBC program
would have benefited from a critical peer review before significant expenditures were made on
full-scale demonstrations. First-generation PFBC technologies have limited market potential in
the United States, but could offer significant export potential (NRC, 2000). DOE investment in
first-generation systems therefore needs to be viewed solely as an entry towards development of
more advanced second-generation PFBC systems (NRC, 2000). On the other hand, second-
generation PFBC systems have much greater potential to meet future domestic power
requirements and address environmental concerns as compared to first-generation PFBC systems
(NRC, 2000). Second-generation systems require development of critical components such as hot
gas cleanup systems for high-temperature and high-pressure particulate removal, advanced gas
turbines, and address system integration and reliability requirements (IEA, 1998). The present

50




program performance goals with respect to advanced combustion system development is- by
2010, develop “hybrid” power systems that would integrate a coal gasifier with an advanced coal
combustor to achieve thermal efficiencies above 50 percent at a capital cost of $1000 per kW or
less; and by 2015, develop an advanced “hybrid” as a candidate core technology for the Vision 21
power plant™ . Hybrids could potentially combine a coal gasifier and a combustor arranged in a
“topping cycle” that could result in lower-cost capital equipment, high performance fuel use, and
improved environmental performance. The combination may be particularly suited for smaller
power stations in the 200-300 MW range. The integrated system has potential to exceed 55
percent efficiency. DOE’s Office of Fossil Energy has set a goal of developing initial concepts for
“hybrid” gasifier-combustor power systems by 2010, with more advanced versions ready for
large-scale testing by 2015. This could then make “hybrid” technology a potential candidate for
meeting Vision 21 objectives.

PFBC demonstration projects

The Tidd PFBC demonstration project, with a net plant capacity of 70 MW, was the first
large-scale operational demonstration of a first-generation PFBC in the United States funded
under the CCT Program (Table 3.5) (DOE, 2001). It represented a 13:1 scale-up from the pilot
facility (DOE, 2001). The project was started in 1992 and underwent demonstrations for five
years. The plant achieved relatively low efficiency of 33.2 percent based on HHV (equivalent to
36.7 percent based on LHV), primarily on account of the small unit size and no attempt being
made to optimize heat recovery (DOE, 2001). Therefore Tidd’s efficiency performance is not
likely to be representative of what a larger scale plant using Tidd’s technology could attain.
Successful demonstration of this project laid the foundation for further technology
commercialization efforts in countries such as Sweden, Spain, and Japan (DOE, 2003e). Two
other PFBC demonstration projects, McIntosh Unit 4A and 4B PCFB Demonstration Projects,
funded under DOE’s CCT Program, have been terminated (DOE, 2001). The 4A demonstration
of a combined cycle PCFB system was designed to handle a wide range of coals, including high
sulfur coal, and had potential to compete with pressurized bubbling-bed fluidized-bed system.
The project would have included first commercial application of hot gas particulate cleanup and
would have been one of the first to use a non-ruggedized gas turbine in a pressurized fluidized-
bed application (DOE, 2001). The 137 MW net capacity plant was to use Foster Wheeler’s PCFB
technology integrated with Siemens Westinghouse’s hot gas particulate filter system (HGPFS)
and power generation technologies (DOE, 2001). DOE provided half of the total project funding
of almost $187 million with the other half provided by Lakeland Electric (DOE, 2001). Technical
and economic issues related to the project could not be resolved that led to its termination (DOE,
2001). The 4B project, which was to follow on the 4A project, was also terminated. It involved a
103 MW net capacity addition to the 4A project that had an objective to demonstrate topped
PCFB technology in a commercial setting and operation of gas turbine at higher inlet temperature
in order to achieve cycle efficiencies in excess of 45 percent (DOE, 2001; DOE, 2003d).

3.2.3 Integrated Gasification Combined Cycle (IGCC)

RD&D activities related to IGCC

DOE’s participation in gasification related R&D and demonstration activities fall into
three categories- CCT programs, development programs and advanced research programs related
to gasification. The CCT Programs involved gasification for power generation while the other
two falls within the scope of the coal R&D program in DOE’s Office of Fossil Energy. DOE’s
involvement in the development of IGCC system started almost two decades back (NRC, 1995).

** Information on ‘hybrid’ systems has been drawn from U.S. D.O.E. Office of Fossil Energy, ‘Advanced
Combustion Technologies’, at ; updated on August 11, 2004.
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It evolved as an outgrowth of gasification related RD&D efforts that began during the seventies
that led to setting up of Synfuel Corporation (NRC, 1995). The activities were driven by
objectives to address national security with an upsurge in oil prices. Even after the dismantling of
the Synfuel Corporation, R&D funding for gasification related efforts have continued and have
steadily increased as these primarily represent a long-term investment in coal-fueled energy
options (NRC, 1995). The R&D funding for IGCC did not vary much between 1992 and 1998,
ranging from 20 to 30 million dollars (Figure 3.9)*". Later years saw funding increase related to
IGCC activities and in 2004 there was a substantial funding increase to close to 50 million
dollars. Since 1992 to 2004, DOE’s cumulative investment in gasification related R&D activities
have approximated close to 400 million U.S. dollars (in 2004 prices).

Figure 3.9 FE R&D funding for high efficiency IGCC (in millions of constant 2004 U.S.$)
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Source: Data drawn from DOE’s Congressional Budget Tables for FY 1994 to FY 2004; See Footnote 29
for details of the sources.

Gasification related activities are a very important component for achieving Vision 21 objectives-
it incorporates development of advanced power generation systems for commercial application
beyond 2015 (NRC, 2003). Since 2000, close to 30 to 40 percent of the total gasification R&D
funding has been directed specifically towards Vision 21 activities (see Figure 3.4). The high
efficiency IGCC budgetary category however does not include funds directed towards advanced
turbine development, which forms an integral part of gasification systems development efforts.
The National Research Council study, ‘Coal- Energy for the Future’, summarized DOE’s
program goals for IGCC systems (NRC, 1995) (Table 3.8). Commenting on DOE’s targets,
development status and likely future potential for IGCC systems, the study concluded that the
market potential for first-generation IGCC, with target efficiencies in the range of 40 to 42
percent, was likely to have limited domestic market. However first-generation IGCC could offer
significant export opportunities. Advanced second-generation systems with target efficiency of 45
percent are likely to have greater domestic potential (NRC, 1995). Development of second-
generation systems is critically dependent on development of components such as high-
temperature gas turbine, high-temperature and high-pressure particulate removal system, and hot

> Data for assessment of trends in DOE’s R&D funding related to PEBC systems are drawn from DOE’s
Congressional Budget, Fossil Energy, Statistical Table by Appropriation- FY 1994 to FY 2004; See
Footnote 29 for source details
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gas desulfurization technology (for these components the durability and reliability was much
lower than what would be necessary for commercial deployment) (NCC, 2002). The report,
‘Coal- Energy for the Future’, also observed that achieving DOE’s efficiency targets of 55
percent for IGCC in later years seemed to be quite optimistic- achieving this target would require
substantial reductions in gasification related losses (NRC, 1995).

Table 3.8 DOE’s Program Goals for Integrated Gasification-Based Systems

IGCC
Technology Goals Second-generation Integrated Integrated
IGCC* Gasification Gasification Fuel Cell
Advanced Cycle
Net efficiency, percent 45 (by 2000) Greater than or equal Greater than or equal
to 50 (by 2010) to 60 (by 2010)

Emissions, as fraction of
NSPS

S0, 1/10 1/10 1/10

NOx 1/10 1/10 1/10

Particulates Not specified Not specified Not specified
Air Toxics emissions
relative to 1990 CAAA Meet Meet Meet
Solid wastes Not specified Not specified Not specified
Capital cost, $/kW* 1200 1050 1100

Electricity cost
compared to current PC

20 percent lower

25 percent lower

20 percent lower

Commercial completion
milestones

Demonstration 2001

Demonstration 2004

Coal demonstration
2000

Development status

Under development

Development initiated

Current activities
focusing on natural
gas-fired systems

# First-generation IGCC power systems are at the commercialization stage and have been demonstrated in

the CCT Program
*Costs are in 1993 dollars

Source: Table 7.4 in ‘Coal- Energy for the Future’, National Research Council, 1995.

IGCC demonstration projects

A large part DOE’s gasification related efforts have been directed towards technology
demonstration activities. Industry’s investment over the same period has also been substantial.
The first IGCC demonstration project, the Coolwater project during the eighties, took place
without direct DOE sponsorship. It was a joint effort of Texaco-Southern California Edison
(Edison International)-General Electric-Central Research Institute of Electric Power Industry
(Japan)-EPRI (NRC, 2000). This project initiated DOE to support IGCC development during the
CCT Program. A 100 MW IGCC plant was set up at Southern California Edison’s Cool Water
Station in Daggert from 1984 to 1989 using the Texaco entrained-flow gasification process
(NRC, 1995). Low natural gas prices and over-capacity made it uneconomical to continue plant
operations and in 1990 the plant was sold to Texaco (NRC, 2000). The capital costs for this first
IGCC plant was relatively high at $2600/Kw (NRC, 2000). The plant operations laid the
groundwork, with the advent of new gas turbines, for scale-up demonstrations during the nineties.
The Louisiana Gasification Technology Incorporated (LGTI) plant, located within the Dow
Chemical Complex in Plaquemine, Louisiana, was selected by the U.S. Synthetic Fuels
Corporation in 1987 to demonstrate the E-Gas (formerly Destec) coal gasification process (DOE,
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2002). It operated from 1987 to 1995, and at full capacity produced 30,000 MMBtu of equivalent
syngas per day (DOE, 2002). The success of this operation led DOE to sponsor the Wabash River
Repowering demonstration project that utilizes the same E-GAS system.

Among IGCC demonstration projects under DOE’s CCT Program, two IGCC plants at
present continue commercial operations after successfully completing demonstrations. These are
the Polk Power station and the Wabash river plant); one project was unsuccessfully terminated
(Pinon-Pine IGCC project) and the fourth (Kentucky Pioneer Energy IGCC project) is under
construction (Table 3.5) (DOE, 2003b). During the nineties, around 600 million dollars was
committed for the demonstration of IGCC technologies as part of the CCT Program- for these
projects, while DOE had a 50 percent share in capital installation costs, its contribution towards
incremental operating costs at the plant sites remains unclear (NRC, 2000). Tampa Electric
Company’s Polk Power station is a green field plant that uses Texaco’s oxygen-blown entrained-
flow gasifier with a design efficiency of 38 percent, while Cinergy/PSI Energy’s Wabash River
Station is a repowering project at an existing site that uses Global Energy E-Gas (formerly
Destec) oxygen-blown entrained flow gasifier with a design efficiency of 40 percent (DOE,
2001). The Polk power plant, which is the first green-field IGCC unit in commercial service,
started demonstrations in 1996 that went on for five years (DOE, 2003d). The plant has been
operating commercially since September 2001 and has recorded a performance level of 38.4
percent efficiency (based on LHV) (DOE, 2003d). Pressure to sustain commercial operations has
led it to operation on a blend of equal amounts of coal and petcoke as fuel, the price of which is
about a third of coal price and about a fifth of the price of natural gas- this often results in its
qualification as the lowest cost dispatch unit (McDaniel and Hornick, 2003). Plant performance
and reliability have significantly improved over its operating years- the plant had an on stream
factor of almost 80 percent in its fourth operating year, a significant improvement over previous
years (DOE, 2003d). Coal gasification component performs with high reliability, but operational
problems remain, primarily with gas turbine operations and those associated with catalyst
contamination and replacement (McDaniel and Hornick, 2003). Demonstration experiences from
this project have led to setting up of a number of projects in Europe (DOE, 2003d).

Global Energy’s Wabash rive plant in Indiana is a re-powered IGCC unit in commercial
service, and is the world’s largest single-train gasifier (DOE, 2001). This project re-powered a 90
MW vintage PC plant of the fifties with a 33 percent operating efficiency. Conoco Philips, the
largest refiner in the United States, manages the project (NCC, 2003). The 262-MWe plant began
operation in November 1995, completed demonstration operations in December 1999, and now
operates in commercial service (DOE, 2003d). Like the Tampa plant, the Wabash plant uses
petcoke as fuel to sustain commercial operations by generating low cost power (DOE, 2001). The
second-stage of the gasifier has introduced a feed system for handling low-cost waste solids, but
implementation remains uncertain due to lack of funds. Significant performance improvements
were achieved over operating years- plant availability was a high 92.5 percent during 2000 with
power block availability at 95 percent (NCC, 2001). The gasification part of the plant has not
caused any downtime. Performance has been at the 40.2 percent efficiency level (based on LHV)
(NCC, 2001). Repowering with IGCC led to significant performance improvements over previous
PC plant- SO2 emissions reduced by almost 97 percent from 38.2 Ib/MWh to 1.07 1b/MWh; NOX
emissions reduced by almost 92 percent from 9.3 to 0.75 Ib/MWh; emissions of Volatile Organic
Compounds (VOCs) reduced by almost 90 percent from 0.85 to 0.09 Ib/MWh; and CO2
emissions reduced by 14 percent from 0.64 to 0.55 1b/MWh due to efficiency increases (NCC,
2002).

The Sierra Pacific Power Company’s 99-MWe Pifion Pine IGCC Power Project using the
KRW air-blown pressurized fluidized bed gasifier started operations in January 1998 (DOE,
2003d). The system achieved steady-state gasifier operation for short periods, but experienced
difficulty with sustained operations, due to which it had to be terminated, end of 2000 (DOE,
2003d). The combined-cycle unit of the plant, however, continues commercial service. The fourth
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IGCC demonstration project under DOE’s CCT Program is the 400 MW Kentucky Pioneer
Energy IGCC project being built by Global Energy- it offers a setup for testing fuel cell operation
on syngas from the coal gasifier (DOE, 2003d). Plant operations are likely to provide a database
for designing an integrated gasification fuel cell IGFC) system (DOE, 2003d). The gasifier
design is based on success of the BGL process at the Schwarz Pumpe GmbH plant in Germany
(NCC, 2001). The fuel cell portion of this project has been relocated to the Wabash IGCC site in
order to advance schedules for IGFC operation.

Since the CCT Program ended, demonstrations of improved IGCC technologies are going
to continue under the CCPI program (NRC, 2003). Under this, specific cost and performance
targets have been set for development of improved IGCC plants- improved gasifier performance
at greater than 95 percent availability and greater than 82 percent cold gas efficiency; fuel
flexibility up to 10 percent for large units and 30 percent for small units; use of fuel other than
coal such as biomass, waste products, etc.; gasifier cost target of $150/kW (includes syngas
cooling and auxiliary but not air separation) and syngas cost target of $2.50/MMBtu (at a coal
cost of $1.25/MMBtu); improved feed system to operate at up to 70 atmospheres; and novel
gasifier concepts that do not require oxygen but utilize instead internal sources of heat, e.g.,
residual heat produced by a high-temperature fuel cell (NRC, 2003). Future IGCC plants are
being planned on heavy-oil and coke as fuel (costs of these plants would far exceed Vision 21
program goals of $800/kW) (NCC, 2002). Operations of these plants would enable testing of
several subsystems such as syngas purification, solids feeding, and syngas combustion at full
commercial scale, which is important for realizing Vision 21 objectives (NCC, 2002). Among the
plants being planned for the future, We Power, which is a non-utility subsidiary of Wisconsin
Energy, is planning to build future IGCC generating units (Derenne, 2003). It is planning to build
a 600 MW two-train IGCC unit at Oak Creek at an estimated cost of $1739/kW (2003$) that is
likely to be commercial by 2011 (Derenne, 2003). The plant plans to use Chevron-Texaco
gasification technology and bituminous coal as feedstock. Prospects for integrating chemical
plant operations along with combined cycle operations, while setting up combined power and
chemicals manufacturing project (polygeneration) using gasification technology, are hindered by
existing reliability concerns. The National Research Council study ‘Coal- Energy for the Future’,
recommended that second and third generation gasification systems be given the highest priority
for future new plant applications (NRC, 1995). Future IGCC projects are likely to demonstrate 45
percent efficiency (based on LHV) (NCC, 2003). Fuel cells powered by coal-derived synthesis
gas can increase efficiency of gasification technology to greater than 70 percent if equipped with
a gas turbine bottoming cycle (NCC, 2000). Advanced materials need to be developed for the
bottoming cycle of an IGCC system to achieve DOE’s Vision 21 goal of 60 percent efficiency
(based on HHV) (equivalent to 66 percent efficiency based on LHV) for coal-plants by 2015
(NCC, 2000). Activities under the systems analysis component for IGCC development have been
found to be inadequate for developing competitive IGCC plants for the future with potential to
meet Vision 21 objectives (NRC, 2003). A National Research Council study report, ‘Vision 21 :
Review of DOE’s Vision 21 Research and Development Program- Phase I’, recommended a more
prominent role for systems analysis in the development of RD? strategies.

3.3 Factors influencing deployment opportunities for advanced coal based generating
technologies in the United States

Factors affecting market potential for new plants

One of the factors strongly influencing market potential for setting up advanced coal
generating units is alterations in the structure of the electricity industry in the United States. The
electricity industry was heavily regulated during the time the CCT Program was initiated. More
recent industry regulations, beginning in 1997, are likely to significantly affect commercial
deployment opportunities for advanced coal technologies. Increased competition in the
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deregulated electricity market discourages electricity suppliers from entering into long-term
power purchase agreements (PPAs). Absence of PPAs impose greater financial risks on merchant
facilities, which in turn would discourage them from undertaking capital intensive projects,
characteristic of PFBC and IGCC technologies™. The high costs and financing requirements for
advanced technologies as compared to conventional coal technologies hinders utility investments.
Incentives are stronger for undertaking life-extension and performance improvement activities in
existing plants rather than building additional capacity (IEA, 1998). Deregulation also favors
modest capacity installations that can be easily installed- this imposes barriers in setting up
capital intensive, relatively complex, large capacity plants. Siting of coal-fired power plants is
proving to be difficult, as independent power producers have already exploited most of the
desirable sites for coal-fired power plants (e.g. those close to a large industrial user) (Papay et.al,
1997).

There remain significant reliability, availability, and maintainability concerns associated
with technologies such as PFBC and IGCC, especially with respect to development of critical
components such as hot gas cleanup systems, ceramic membranes, and turbine performances.
These technologies also have significantly higher O&M costs as compared to conventional coal
technologies. Higher first-of-a-kind and technology risk factors that accompany not-yet mature
technologies pose financing difficulties™. In the development of technologies such as IGCC,
there is a long-term potential to decrease costs through developments in new technologies such as
ceramic membranes that could decrease oxygen production costs (Papay et.al, 1997). It is
possible to lower capital cost through system optimization, i.e. being less conservative in
redundant systems while maintaining high reliability (Papay et.al, 1997). This is likely to be
mainly derived from learning experiences and may be difficult to achieve unless a number of
plants are built. There are also further economies to be realized in a more expanded system that
includes fuel production, delivery, combustion, and electricity transmission.

Future market deployment opportunities are also significantly influenced by the nature of
future load forecast- base, intermediate, or peak. Forecast studies show that the growth-rate in
base load capacity requirements in the United States is likely to be low (Tell Us, 2001). Most of
this requirement in base capacity, over the next ten to fifteen years, could possibly be absorbed by
measures such as capacity factor increase of existing plants, decreasing reserve margins, and by
life extension of existing capacity’’. The market for smaller capacity plants is likely to grow more
rapidly in the future for which technologies such as fluidized bed combustion boilers, especially
circulating fluidized bed boilers (CFBs), could be particularly useful- this is particularly relevant
where low-grade fuels and alternate fuels (such as pet coke and biomass) are economically
available®®. This smaller-size market is also where competition between coal and natural gas will
be the greatest. Technologies such as PFBC and IGCC, burning coal, could be the “swing”
choices over natural gas based technologies for intermediate size power generating stations™.

Regulatory barriers in advancements of generating stations

Coal power plant efficiencies in the United States have not improved in more than three
decades (Tell Us, 2001). The addition of power consuming emission control technologies and
evaporative cooling towers have more than offset any technical improvements in combustion

3 Mudd Michael J. 1997. ‘A Utility Perspective on the Deployment of CCTs Into the Next Millennium’
AEP Energy Services, Paper presented at Clean Coal Technology Conference, National Energy
Technology Laboratory.
http://www.netl.doe.gov/publications/proceedings/97/97cct/cct_pdf/97CCP4_1.PDF

%% See footnote 56.

7 See footnote 56.

%% See footnote 56.

% See footnote 56.
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efficiency, with a result that carbon emissions rate from these plants have slightly increased (Tell
Us, 2001). Additionally, EPA’s enforcement of its New Source Review (NSR) rules is likely to
have imposed barriers to availability and efficiency improvements at existing sources (NCC,
2001)®. The previous NSR rules were revised under the Bush administration in 2002 and Clear
Skies Act was enacted®' (Tell Us, 2001). This has opened up possibilities of repowering and
retrofitting existing coal-fired power plants with advanced technologies. Utilities’ perceptions of
uncertainties associated with future environmental regulations along with difficulties in
compliance planning often make them postpone new investment capacity decisions (NCC, 2002).
Significant uncertainties remain with respect to future regulations on CO2 emissions and capture
(NCC, 2002). Regulations on CO?2 are likely to be a primary driver for efficiency increases using
advanced technologies such as IGCC and pressurized fluidized bed as compared to currently
deployed conventional PC and CFBC technologies. As discussed earlier, IGCC offers the added
advantage of easy CO2 capture and separation for sequestration.

Fuel mix, quality and relative fuel prices

One of the factors significantly affecting plant performance and thereby deployment
opportunities for advanced coal-conversion are variations in fuel quality (IEA, 1996). Generation
technology performance is significantly influenced by variations in fuel quality that makes
standardization of plant designs difficult. It is necessary to ensure uniform fuel quality for easier
plant standardization, plant availability improvements, and stabilization of performance of
emission control equipments (Papay et.al, 1997). Ensuring uniform fuel quality requires blending
and coal preparation procedures. This necessitates using an integrated, systems approach to coal
preparation and delivery (mining, grinding, cleaning, transport, and the method of utilization),
i.e., breaking apart the old “silo”” approach among mining firms, transportation (railroads), and
utilities/IPPs (Papay et.al, 1997). Use of coal water slurries is an example of such integration, and
technologies such as IGCC and PFBC have already demonstrated the ability to use slurries to
feed coal at high pressure (Papay et.al, 1997). In order to speed up plant optimization, a market
could be developed for use of low price fuels such as heavy oils, petcoke, orimulsion, and
biomass (Papay et.al, 1997). Use of coal with other fossil fuels like natural gas can improve
environmental performance- an example could be the use of natural gas in the PFBC topping
cycle in a second-generation PFBC plant (Papay et.al, 1997). Building a plant with some degree
of fuel flexibility also helps hedge against fuel price fluctuations- for example, a CCGT plant can
be built leaving space to add coal-handling equipment to convert to coal (Papay et.al, 1997).

Historically, the relatively low price of coal in the United States as compared to other
fossil fuels such as natural gas has led to very few deployments of efficient coal conversion
technologies. The low level of deployment of supercritical PC technologies is primarily attributed
to low coal prices that create insufficient incentives for efficiency enhancements. Almost three-

% EPA’s NSR rule characterized existing plant upgrades that increased efficiency and availability of
existing units, without increasing the unit’s pollution producing capacity, as “modifications” of existing
facilities that are then subjected to NSR requirements (NCC, 2001). This approach is likely to have
discouraged utilities in undertaking modifications, due to permitting delays and related expenses, along
with added costs for emissions controls intended for new facilities. Due to legal actions against a number of
companies and generation facilities since 1998 under the NSR section of the 1990 Clean Air Act
Amendments, no new efficiency, availability, or environmental improvements occurred since that time
(NCC, 2001).

Clear Skies Act of 2003 is a mandatory program, employing market-based cap and trading mechanisms,
that is likely to reduce and cap emissions of sulfur dioxide (SO2), nitrogen oxides (NOX), and mercury
from electric power generation to approximately 70 percent below 2000 levels (Tell Us, 2001). Concerns
have been expressed that replacement of CAAA rules with Clear Skies Act could result in increasing
emissions of pollutants (than would have taken place under CAAA) and worsening of environmental
conditions (www.sierraclub.org/cleanair/clear_skies.asp)
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quarters of the new generation capacity built in the United States since 1988 has been natural gas
based, and this has been primarily driven by the price differential between natural gas and coal,
shorter lead times for setting up a natural gas plant, and the decreasing capital cost of combustion
turbines®. The price premium of natural gas-to-coal has historically been below 2 for several
years and varied between 2.5 and 3%, Though predictions were for the price differential to persist
due to abundance of reserves coupled with advances in extraction technology and competition in
the natural gas industry, recent experiences have proved otherwise. High natural gas prices
experienced in recent times significantly increase deployment opportunities for deployment of
coal-based generation technologies®.

62 See footnote 56.
%3 See footnote 56.

Studies assessing competitiveness of CCTs relative to CCGTs point to the fact that natural gas costs
would have to increase by about 50 percent (about $1.5 per MMBtu) relative to coal to make CCTs
competitive with CCGT (Papay et.al, 1997). However, long-term natural gas price expectations generally
are fairly flat (Papay et.al, 1997). Deployment of advanced natural gas processing technologies (e.g.,
Fischer Tropsch) could help ensure natural gas price stability at current levels and this could make CCGTs
hard to beat on a life-cycle cost basis, except in markets with an abundance of cheap coal and/or wastes for
combustion in CCT (Papay et.al, 1997).
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4. Overview of coal and electricity sector landscape in India and levelised cost assessment of
coal-based generation technology options

India has huge domestic reserves of coal and predominantly depends on coal-based
electricity generation to meet a substantial portion of its electricity generation requirement. The
electricity demand in the country is growing fairly rapidly, in tandem with the country’s
economic growth. The country continues to face significant capacity and energy shortages.
Forecasts are projecting large additional capacity requirements, primarily of base load plants. In
addition, a large number of plants are due to retire, which expands the market for setting up new
plants. Almost all of the coal-based electricity is generated from conventional sub-critical
pulverized coal technologies, and most of these plants operate with low conversion efficiency
from coal to electricity. Diverse factors affect performance of these technologies. Some of these
include — problems related to the coal supply industry; lack of performance standards and
insufficient incentives for performance improvements due to near-absence of market competition,
and distortions in the fuel supply and electricity market; inadequate investments in public R&D
efforts; poor operational and management practices; insufficient investments for technological
advancements; lack of information and awareness; and inadequate public policy initiatives. Coal
use also has a large number of associated negative environmental impacts from the coal mining
stage to emissions of pollutants and disposal of by-products from power plants. Economic and
security drivers are likely to ensure coal’s dominance in India’s energy scenario and especially in
the electricity sector for many more years to come. The country is increasingly facing the
challenge of being able to utilize coal in the most efficient manner, while keeping in mind
development priorities as well as the need to minimize harmful environmental impacts.

In this context, an assessment of opportunities and problems associated with
advancements in coal-based electricity generation technologies attains great relevance. The first
part of this section presents an overview of India’s coal and electricity industries and their
interdependencies that are likely to be of relevance in addressing problems and opportunities for
research development, demonstration, and deployment (RD?) efforts in coal-based generation
technologies. The second part presents levelised cost assessments for different coal generation
technologies in the Indian context and their comparisons with natural gas based generation
technologies, along with alterations in relative competitiveness among these technologies with
variations in key parameters such as fuel prices, rate of advancements in technologies, and likely
imposition of environmental constraints.

4.1 Overview of India’s coal and electricity industries and their interdependencies

India is the third largest producer of coal in the world after China and the United States
with total reserves of 240 billion tonnes and a reserve to production ratio of 260 (IEA, 2000).
Coal accounts for greater than 70 percent of the primary energy supply in the country (CMIE,
2003). Its consumption has been growing fairly rapidly at an average annual rate of almost five
percent over more than a decade, and the present coal consumption is greater than 300 million
tonnes® (IEA, 2000). Electricity generation in the country primarily depends on coal (more than
70 percent of the coal mined is consumed for electricity — coal based generation capacity is
almost 60 percent of the total and three-quarters of the electricity generation is from coal), and is
likely to do so for many more years to come due to the abundance of domestic reserves (IEA,
2000). The growth in future demand for coal from the electricity sector is likely to be substantial
as the sector continues to expand rapidly. Coal demand is forecasted to increase at an average
annual rate of 7 percent in the near future (IEA, 2000). Since more than 70 percent of the coal
goes for electricity generation, the coal consumption for power generation alone is likely to reach
500 million tonnes by 2010 (Staats et.al, 1997). The electricity sector in the country faces

% India’s coal consumption in 2003 was 359 MT (EIA, 2004)
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enormous growth opportunities as the present level of electricity consumption is low and the
economy continues to expand rapidly. India’s per capita electricity consumption approximates a
meager 4 percent of that of the United States and is close to half of the Chinese per capita
consumption (EIA, 2004). The present generation capacity is 112.6 GW, close to 60 percent of
which is coal-based (Ministry of Power, India, 2005). Investments in coal based generation
capacity to meet future power requirements are likely to be substantial. The demand-supply gap
in the country is significant. Future projections are that the present capacity is likely to be
doubled within the next decade to support an economic growth rate of about 6 percent (Mittal and
Sharma, 2004). This can be considered as a conservative estimate going by the recent experiences
in growth rates averaging more than 7.5 percent in the last 5 years. The majority of future
capacity additions are likely to be coal-based.

Natural gas supply in the country for electricity generation is far more limited than that of
coal. Not only are indigenous reserves relatively small, imports too are restricted due to a
combination of geo-political concerns, high costs, and national energy security. Most of the
private power capacity growth in India, however, has been based on natural gas due to the
inherent advantages of setting up gas based power generation capacity — low investment
requirements, shorter construction periods, and high efficiencies associated with combined cycle
gas turbine technology. Out of the total IPP capacity commissioned in India, gas based capacity is
almost eight times the capacity commissioned for coal (Perkins, 2005). This is in direct contrast
to utilities that have almost eight times coal-based capacity commissioned as compared to gas. A
large contributing factor towards private investment in gas instead of coal has also been due to the
ease of setting up fuel supply linkages with gas as compared to coal and the poor quality of fuel
supply. Though an increasing number of natural-gas based CCGT plants are being set up in India,
primarily by private participants, there remain concerns about their relatively higher costs as
compared to international levels. Therefore, the competitive advantage gained by gas-based
power plants on account of their much lower capital investments as compared to coal based plants
in other countries is partly offset under Indian conditions.

A number of problems plague India’s coal and electricity sector and they need careful
consideration before assessing opportunities for clean coal technology development and
deployment opportunities in the country. One of the critical problems facing India’s electricity
sector is the very poor quality of coal delivered to the power plants. Indian coal has very high
level of ash content varying between 35 to 50 percent by weight and having a gross calorific
value of 3000 to 5000 kcal/kg (IEA, 2000). A major portion of the ash is inherent in the coal,
aggravating difficulties in removing it. Coal quality has been deteriorating due to shift in mining
practices from underground mining to surface mining® and depletion of better quality of coal
reserves (Staats et.al, 1997). Compounded to that is the problem that there is very little washing
of non-coking coal® (Staats et.al, 1997). Almost a third of the power plants use coal with an ash
content of more than 40 percent (IEA, 2000). There is need for further systematic studies on
assessing costs and benefits for washing coal and impacts on power plant performances. Some
studies point out to the fact that setting up washeries is not economically attractive given the
current washery costs, beneficiation techniques, and the quality of Indian coal (Mathur et.al,
2003). But it should be noted that this kind of analysis is very sensitive to the delivered coal cost.
The coal mines are located mainly in the eastern region of the country, far from the places of
consumption. Therefore, almost two-thirds of the mined coal needs to be transported over very

% The coal occurs at relatively shallow depths and about three-quarters of the coal extraction is by surface
mining operations. Government policies too have favored surface mining due to its shorter development
period and higher rate of coal recovery. (Staats et.al, 1997)

%7 Recent information from the Ministry of Coal in India, the government department in charge of matters
related to coal, reports existence of five washeries for non-coking coal with an aggregate raw coal handling
capacity of 17 MT (http://coal.nic.in/)
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long distances (almost two-thirds of the coal mined in India is transported across distances
beyond 500 km) to be delivered to the power plants (IEA, 2000). The transportation costs for coal
account for a substantial fraction of the delivered coal cost. Added to that is the fact that a large
fraction of the coal for electricity generation is not washed prior to transportation that effectively
increases the coal price per unit heat value. The transportation infrastructure, primarily owned by
Indian Railways, which is a federally owned entity, is challenged to meet increasing coal supply
requirements. Therefore, quite often, Indian power plants do not have sufficient coal supply to
meet their requirements. Other than transportation bottlenecks, inadequate coal supply is also
caused by insufficient expansions in mining capacity. Fueled by the problems plaguing the
domestic coal industry, imported coal (imports are primarily from Australia and South Africa) has
been rising slowly but steadily (Perkins, 2005). Use of imported coal is economical as compared
to high ash Indian coal use primarily in costal regions that are long distances away from
coalmines. Incentives to use imported coal also arise due to the much better coal quality. Power
plant performances are grossly affected by the fluctuating and deteriorating coal quality supplied
from Indian mines. One of the primary causes for low plant load factors (PLF) in Indian power
plants is the poor coal quality (Sharmaa et.al, 2004)®. As the grids in India are weakly linked,
gaps exist between the PLF and availability due to sub-optimal utilization of plant capacity. The
boiler performance suffers as it has cope with considerable fluctuations in coal quality. Auxiliary
power consumption for power plants remains relatively high at 7 percent (Sharmaa et.al, 2004).
Power plant trials demonstrate that ash content reductions from 38 to 28 percent translate to
overall conversion efficiency gains by 2 percentage points (IEA, 2000). Blending low quality
domestic coal with high quality imported coal remains an option for overall fuel quality
improvements, thereby leading to performance improvements in power plants. Most of the new
power plants being built in the country are designed to handle high-ash low quality coal so as to
enhance their performance as compared to older plants, but often at a high capital cost penalty.

Problems confronting India’s coal sector are also inextricably linked to its institutional
characteristics. Government ownership dominates the Indian coal industry. Coal India Limited is
the world’s single largest coal supplier and produces more than 85 percent of the Indian coal
(IEA, 2000). Indian mines have much lower productivity as compared to world standards®
primarily due to the low level of technological advancements resulting from lack of funding
sources. Tight government control over the sector and restrictions on private and foreign
participation have stifled innovation. Along with that, insufficient government support for
technological advancements creates additional problems. There are ongoing efforts to attract
foreign investment and for international collaboration to improve sector performance. For a long
time in the Indian coal industry, government ownership resulted in tight price controls. But
reforms have been initiated and the sector is gradually opening up. Partial deregulations of prices
have taken place, but they still do not reflect production costs. The sector is also now open to coal
imports and private participation is taking place in a limited manner. Though increasing amounts
of coal imports are stepping up competitive pressures on the domestic coal industry, regulations
on exclusive supply linkages continue to tie customers to domestic coal producers and hinder
competition.

Like the coal industry, the electricity industry in the country is predominantly owned and
controlled by the government. Almost 60 percent of the generation capacity is owned and
managed by state level utilities and a third of the capacity is owned by two federally owned and
managed utilities (IEA, 2000). National Thermal Power Corporation (NTPC), the federally
owned entity, is the single largest owner of coal capacity in the country and the world’s sixth

8 The plant load factor (PLF) from utilities in the state and central sector was a combined average of 70.85
in 2001-2002 (Perkins, 2004).

69 Productivity in Indian coal mines ranges from 152 tonnes to 2621 tonnes per miner per year, compared
with about 12000 tonnes in Australia and the United States (IEA, 2000).
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largest power producer with aggregate capacities exceeding 20 GW (IEA, 2000). Performance of
NTPC’s plants is way better then those belonging to state level utilities primarily due to more
efficient operation and management practices’. Investment-strapped utilities tend to extend
plants much beyond their operating lives leading to poor plant performances. Private participation
remains limited with capacity ownership of around 9 percent of India’s total installed capacity
(IEA, 2000). Ongoing power sector reforms in India strive towards alterations in the institutional
structure and ownership patterns while encouraging private and foreign participation as well as
reforming the state level utilities into corporate business entities. India’s power sector is severely
plagued by shortages in investments due to which the growth in capacity considerably lags the
growth in demand. The primary cause of the poor financial health of the electricity industry is the
policy of subsidization of electricity prices that in turn affects the coal industry too due to large
defaults and delays in payments of coal prices. Along with the subsidization policies (that results
in average tariffs for electricity being almost 20 percent below average costs), the astoundingly
high levels of losses on account of commercial theft, non-billing, and poor metering practices
greatly aggravates the precarious financial situation of the sector’' (Ghosh, 2001).

The future projected coal based generation capacity addition is likely to be significant’”.
Looking into past experiences, actual power plant capacity installations have consistently fallen
considerably short of planned capacity projections primarily due to the financial and institutional
problems that the sector continues to encounter. Actual plant constructions are typically about
half the official Plan target, and in recent years the gap between Plans and reality has grown
(Tongia, 2003). The current Five Year Plan (2002-2007) envisages 60 GW of capacity additions
based on an economic growth rate of 8 percent (Tongia, 2003). The investment requirement for
this kind of new capacity addition is likely to approximate $90 billion over 5 years that is roughly
4 percent of the GDP (Tongia, 2003).

In view of the financial difficulties that the sector continues to face and the relatively
slow progress in electricity industry reforms, meeting future forecasts for electricity demand
poses a formidable challenge. However, the recently passed Electricity Act 2003 proposes a few
landmark reforms in the electricity industry. It completely de-licenses generation, proposes
setting up open-access in transmission and makes specific recommendations for setting up a
competitive wholesale power market (Thakur et.al, 2004). This could therefore provoke more
private and foreign participation as well as strong incentives for performance improvements in a
competitive market. It is interesting to note that plant performance varies quite considerably with
ownership patterns. NTPC plants have much better performance characteristics as compared to
plants belonging to the state level utilities, primarily due to better operational and management
practices as well as supply of better quality coal (IEA, 2000). Almost all of the scheduled IPP
coal projects are designed to use better performing subcritical pulverized coal technology with a
design thermal efficiency of 38 percent in contrast to the average 31.6 percent efficiency of plants
belonging to the utilities (Sivaramakrishnan and Siddiqui, 1997). This performance variation is
counted for by the vintage characteristics of the power plants. Among the plants being recently

70 State owned enterprises that dominate the electricity industry collectively lose 5 billion dollars per year,
which is over one percent of the GDP. The losses would be higher if one does not account for the
government subsidies of roughly two billion dollars from the state governments a well as myriad of cross
subsidies, grants, and loans. (Tongia, 2003).

! Estimates show that out of the total power generated, about 55 percent is billed and out of that only 41
percent is realized (Tongia, 2003).

2 To meet the goal of providing ‘Power for All by 2012’, the Central Electricity Authority has estimated
that an additional 100 GW of generating capacity would be required by the end of India’s Eleventh Plan
(2007-12). (Background note- India-IEA Joint Conference on Coal and Electricity in India, 22-23
September- New Delhi).
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commissioned, there exist almost no variations among utility and IPP plants with respect to
performance parameters (Perkins, 2005).

Are environmental regulations a driver for coal-based electricity generation advancements?

Statutory environmental requirements for new power projects in India as well as
regulations for existing projects are considerably less stringent than in the majority of the
developed economies, and even in some developing economies (Couch, 1999). The present state
of environmental regulations does not serve as a driver for investments in cleaner generation
options. But there are increasing concerns on emissions arising from fossil fuel burning,
predominantly coal, for electricity generation. Presently, there are no regulations for SO,
emissions from power plants. As compared to countries like the United States that have relatively
high sulfur content in the coal, Indian coal is low in sulfur — run-of-mine coal in India has sulfur
content of varying between 0.2 to 0.6 percent (IEA, 2000). Therefore, unlike in the United States,
SO, emissions from power plants are less of a cause of concern under Indian conditions.
However, the situation is not likely to remain the same for long. The reason for this is that a large
number of large capacity power plants (with capacities exceeding 500 MW) are coming up in
clusters in regions that have high power demands. This aggregation of large capacity power
plants within a small geographic area is likely to cause relatively high local and regional
concentrations of SO, thereby leading to acid rain concerns in those particular and neighbouring
regions, depending upon the local and regional climatic conditions. In order address this concern,
SO, emissions control is likely to be required in areas where clusters of large capacity plants are
set up. Current regulations mandate that all new power plants being built with more than 500 MW
capacity have a space provision for future FGD installation” (Sridharan, 2003). Like SO,
emissions, NOy emission levels from the power sector are not a cause of current environmental
concerns due to the relatively low level of emissions. There are no current regulations on NOx
emissions from power plants.

Increasing amounts of particulate matter emissions from power plants are a cause of
rising concern due to the detrimental effects of SPM emissions on human health. The size range
of SPM particles are from a sub micron level to about 25 microns (Mittal et.al, 2004). Current
regulations mandate all power plants to be fitted with ESPs for control of SPM emissions. But
very often the operating efficient of the ESP is lower than the mandated 99.9 percent removal
efficiency (Perkins, 2005). A number of operational and regulatory problems pose challenges to
efficiency ESP performance. Quite often filters do not reach planned efficiency levels of 99.7
percent due to operating problems caused by the coal quality -- the ash is very often high in silica
and alumina that creates resistance and results in very low collection efficiencies of conventional
ESP (Lookman, 2002). To improve efficiency, the size of the collector plate needs to be increased
that in turn raises costs. Innovations in particulate emissions control such as flue gas conditioning
and baghouses have not been installed in India for advancements in particulate emissions control
(Lookman, 2002). There has been very little further experimentation in these options after some
early experiments were not successful. Other barriers are lack of information to power plant
owners, high cost and financing difficulties, and uncertainties in coal quality and prices. The
other primary environmental concern facing the Indian electricity sector is the increasing amount
of fly ash generated from power plants. Government policies mandate the use of
beneficiated/blended coal containing not more than 34 percent ash for power plants that are
located 1000 km away from the mine-mouth and in urban/sensitive/critically polluted areas
(Sridharan, 2003). Even after passing of this regulation, not much effort has been made towards
coal beneficiation; therefore, power plants are switching to coal imports to comply with the
regulations. Ash utilization levels in India remain extremely low (only 2 percent of the ash

73 The existing regulation with respect to SO, emissions is only related to specifications of stack heights
that vary with generation capacity (Sridharan, 2003).
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generated in India is used commercially) as compared to many other countries (IEA, 2000).
Present regulations exempt use of beneficiated coal by fluidized bed combustion (AFBC and
PFBC) and gasification (IGCC) technologies, irrespective of their locations (Sridharan, 2003).

India’s current share in global carbon emissions is 4 percent, with the current per capita
carbon emissions in India being only a quarter of the world’s average and one-twentieth of the
U.S. per capita carbon emissions (EIA, 2004). But carbon emissions are likely to increase rapidly
as the country moves forward on its development trajectory. Coal is likely to continue its
dominance in India’s energy scene for many more years to come. Power sector contribution to
emissions is substantial. Between 1990 and 2001, India's carbon emissions increased by an
astonishing 61%, a rate surpassed only by China's 111% increase during the same time period
(EIA, 2004). The rise in India's carbon emissions has been exacerbated by the low energy
efficiency of coal-fired power plants in the country. As such, India's contribution to world carbon
emissions is expected to increase in coming years, with an estimated average annual growth rate
between 2001 and 2025 of 3.0% in the EIA International Energy Outlook 2003 reference case
(compared to 3.4% in China and 1.5% in the United States) (EIA, 2004). Power sector share in
carbon emissions is close to 40 percent share (Garg and Shukla, 2002). There exists significant
mitigation opportunities in the Indian electricity sector — advancements in coal based electricity
generation technologies from the point of view of efficiency enhancements, both for existing as
well as new plants, provide opportunities for addressing climate change concerns.

4.2 Ongoing efforts in advanced technology development efforts in India

Among all the Indian utilities, only NTPC invests a significant amount for R&D.”
According to its latest annual report, it has decided to set up a ‘Power Technology and Research
Centre’ to conduct research in new technologies, alternate fuels, and non-conventional energy
resources (NTPC, 2004). NTPC also participates in international research activities through its
membership in the U.S. based Electric Power Research Institute (EPRI) (Tongia, 2003). In
contrast, state level utilities engage in very little R&D activities with practically no budget
allocation for R&D activities (Tongia, 2003). The Central Power Research Institute (CPRI) was
set up by the federal government to undertake R&D activities in the power sector’>. CPRI funds
are solely derived from the central government with no contribution from utilities. Its mandate is
quite limited and budgetary restrictions also lead it to engage itself only on transmission and
some other related activities.

Since the eighties, USAID and NETL together have been providing technical support to
India’s electricity industry for efficiency enhancement and environmental performance
improvements of power plants’®. The project was extended in 1995 to include efforts to reduce
carbon emissions from the electricity sector. For this purpose, the Greenhouse Gas Pollution
Prevention project (GEP), collaboration between NTPC and USAID, is being implemented
(NTPC, 2004). The project is designed to reduce GHG emissions per unit of electricity generated
by efficiency improvements of existing plants and implementing advanced technologies for future
coal-based power plants. While working on technical options for efficiency improvements, the
project keeps in mind the coal supply constraints such as supply of coal of poor and fluctuating
quality. Around 20 GW of existing coal-fired stations belonging to NTPC are the target for 2
percent improvements in heat-rate efficiency’’. GEP is a part of USAID’s $45 million technical

* Around 0.5 percent of NTPC’s profits are allocated towards R&D activities (NTPC, 2004)

73 See Central Power Research Institute website at http://powersearch.cpri.res.in/

76 See NETL Media release- ‘NETL, USAID-India sign second phase of agreement to reduce pollution from
coal-fired power plants’, www.netl.doe.gov/newsroom/media_rel/mr_usaid.html

7T See ; USAID-India website at http://www.usaid.gov/in/UsaidInIndia/Act_ GEP.htm
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assistance package to India for energy efficiency and clean energy technology efforts announced
by President Clinton during his India visit™.

NTPC is planning to build a 1980 MW plant using 3x660 MW super-critical coal fired
units that is likely to achieve a net efficiency of 36.4 percent as compared to 35.7 percent for
equivalent subcritical units (Perkins, 2005). As part of the GEP project it is examining the
feasibility of setting up a 100 MW IGCC demonstration plant based on domestic coal at one of its
power stations in association with USAID (NTPC, 2004). Equipments for the IGCC project is
likely to be supplied by BHEL, one of the largest government owned engineering and
manufacturing firms in the country (NTPC, 2004). BHEL has entered into alliances with
international corporations such as Siemens of Germany and Hitachi of Japan™. The GEP project
has around $12 million allocated to it spread out over ten years from 1995 to 2005%. A Centre for
Power Efficiency and Environmental Protection (CENPEEP) has been set at NTPC with NETL
assistance and USAID funding. This is primarily a training and technology demonstration centre
to improve power plant efficiencies and achieve better environmental performance (NTPC,
2004). It has been set up to implement the Efficient Power Generation (EPG) component of the
GEP project with a mandate to reduce GHG emissions per unit of electricity generated by
improving the overall performance of coal-fired power plants. USAID extends technical
assistance and training to CENPEEP through institutes such as U.S. DOE’s National Energy
Technology Lab (NETL), Tennessee Valley Authority (TVA), Electric Power Research Institute
(EPRI), and some others (NTPC, 2004). The board of this centre draws members from diverse
institutions- representatives from different departments of the government such as finance and
industry, private industry participants, and financial institutions. A MOU signed between the two
countries in 2003 provides for the establishment of a sub-ministerial working group to consult in
the areas of coal science, process modeling of advanced fossil technologies, effect of high-ash
coal on boilers, cleanup of combustion wastes, and coal cleaning and preparation (NTPC, 2004).
A part of the co-operation efforts, Indian technical teams have visited various energy sites in
Pennsylvania (NTPC, 2004).

4.3 Levelised cost assessment of coal-based generation technologies for India

4.3.1 Overview of the approach and assumptions
Levelized cost formulation

Levelized electricity generation cost represents the life cycle cost of generating a unit of
electricity using a particular technology. It includes all relevant costs like investment, fuel cost,
operations and maintenance (Ghosh, 2001). Levelized cost assessment of technological options
serves as a useful indicator of relative competitiveness among the options as well as how their
relative competitiveness changes with variations in different parameters such as fuel prices,
discount rate, alterations in technological costs and performances, and internalization of
environmental externalities in the generation cost assessment. The methodology spreads out all
costs involved in building a facility and producing electricity over the economic life of the plant
so the final kilowatt-hour costs can be directly compared. The total cost per unit of electricity is
given by the following formulation:
C/kWh = (K, + FC + O&M + EX)/kWh
Where
C= total cost
kWh= kilowatt hour

78 See footnote 77.

7 See news report- ‘BHEL to bid for equipment supplies to Dadri plant’. The Economic Times, April 2,
2004.

80 See footnote 77
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K,= capital cost on annualized basis, including construction
FC= fuel cost

O&M-= annual operations and maintenance costs

EX= annual environmental externalities

Assumptions in the Indian context

As discussed in an earlier section, the subcritical PC plant is the most commonly used
generation technology in India. The best estimates for costs and performances for different
categories of coal technologies and natural gas based combined cycle technology have been
compiled from different sources. For the reference scenario, data related to costs and
performances of different types of technologies as well as the sources from which they have been
derived are given in details in Table 4.1. The construction times for all coal technologies, except
IGCC, is assumed to be three and a half years while for IGCC it is assumed to be four years. All
electricity generation technologies are assumed to have a 30-year lifetime. Combined cycle
technology based on natural gas has a lower construction time of three years. The reference
scenario discount rate for levelized cost estimations is assumed to be 8 percent®'. For comparing
the levelized costs across different types of technologies, all technologies are assumed to have a
capacity utilization factor of 85 percent. On the fuel supply side, Indian coal is characterized by
high ash content (between 35 to 45 percent) and low sulphur content close to 0.6 percent (IEA,
2000). Domestic coal reserves are geographically unevenly distributed that necessitates coal
transportation from mine-mouth to power plants while imported coal use is primarily taking place
in coastal location plants. A third of the coal is expected to be consumed at the mine mouth, more
than 40 percent at distances greater than 1000 km and the rest between 500 km and 1000 km
(Staats et.al, 1997). Coal transportation across 1000 km distance leads to an almost doubling of
the coal price at the mine-mouth (the average price of mine-mouth coal in India is close to a
dollar per GJ) (IEA, 2000). Since a very small fraction of the coal is washed, transportation of the
high ash coal across long distances creates additional difficulties. There are uncertainties with
respect to future regulations on coal washing and on cost/benefits analysis for setting up
washeries- therefore most of the power plants to be set up in future are being designed to handle
high ash coal. Recent policy directives makes use of washed coal mandatory for plant locations
that are located 1000 km from the mine-mouth (IEA, 2000). Due to limited washed coal
availability, plants required to comply with this regulation are shifting to imported coal use. The
present policy thrust is on setting up of mega power projects (plants with installed capacities
greater than or equal to 1000 MW) near mine-mouths and strengthening of T&D networks rather
than setting up of load center plants (CEA, 1999; CEA, 1999a). Coal supply and cost
characteristics are given in Table 4.2. In locations far away from coalmines, the reliance on
natural gas based generation is increasing, though its share in India’s overall power generation
remains less than a tenth®”. The economically exploitable domestic reserves of natural gas are
estimated to be around 710 billion cubic meters that are which are likely to get exhausted by 2015

8! The discount rate assumption for the reference scenario is based on current Prime Lending Rate (PLR) in
India and likely future expectations. The latest PLR for public sector banks (banks that are controlled by
the government and which constitute the majority of banks) ranges between 10 to 11 percent. The range for
foreign banks is 9 to 14 percent (except for a few exceptionally high PLR of 16 percent). The range for
private banks is 9.75-13. (See Reserve Bank of India); Note: data on PLR are for the quarter ending
September 2004). Based on the current PLR information and likely lowering of future interest rates with
steady progress in economic reforms in India, the reference scenario assumes a discount rate of 8 percent.
Analysis in later sections of this chapter studies implication of lowering discount rate on technology costs
and competitiveness possibly associated with an accelerated economic reforms scenario as compared to the
reference scenario.

82 See Ministry of Power for fuel wise break-up of installed capacity as on 31% May, 2004. As on 31* May
2004, India’s total installed capacity was 112.6 GW, of which gas based capacity aggregated to 11.8 GW.
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(Ghosh, 2001)®. Current domestic natural gas price in India ranges between $2.5-3.5/GJ*. Due to
limited natural gas reserves, expansion in gas based generation capacity will have to depend on
imports. Infrastructure for LNG imports is being set up in many costal locations in India and
long-term contracts for LNG supply are being set up with suppliers in the middle-east countries.
The levelized cost assessment being presented here compares electricity generation cost at
different natural gas prices with that for coal technologies and estimates the break-even prices of
natural gas at which different coal technologies become competitive.

8 The production of natural gas in the country is expected to level-off at around 85 MMSCMD. The
demand of gas registered with Gas authority of India Limited (GAIL) upto 1992 itself is of the order of 260
MMSCMD. Projections of gas demand made by a number of agencies indicate a wide and growing gap
between demand & gas supply. (Information taken from Ministry of Petroleum and Natural Gas at
http://petroleum.nic.in/ng.htm)

84 Natural gas prices in India remain controlled by the government department in charge of petroleum and
natural gas (Ministry of Petroleum and Natural Gas). The floor price of natural gas in India. This Ministry
has set the floor price of domestic natural gas at Rs. 2150/TCM and the ceiling price at Rs.2850/TCM
(Ministry of Petroleum and Natural Gas- ). This translates to a natural gas price range of $2.5-3.5/GJ (at an
exchange rate of 43 Indian rupees to the US dollar). The range takes into account the pipeline
transportation costs at different points of consumption.
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Table 4.1 Cost* and performance characteristics for technologies

Technology Capital Costs O&M costs at 85% capacity Efficiency
($/kW) factor (¢/kWh) (%)

Subcritical PC w/o FGD

1094 0.668° 33
Subcritical PC with FGD

1276 1.097* 32.5°
Supercritical PC with FGD®

1289’ 1.108° 38°
Circulating fluidized bed
combustion (CFBC) 1160"°

0.997" 34"

Pressurized fluidized bed
combustion (PFBC)

14224 1.607" 40"
Integrated gasification
combined cycle (IGCC)

1470' 1.718" 40.8"

Natural Gas Combined Cycle
(NGCC) 510" 0.221%° 50"

" All Cost figures, unless otherwise mentioned, are in 2004 U.S. dollars.

'Source- Oskarsson et.al, 1997; Shukla et.al. (1999)

2 Based on Fixed O&M costs of 32$/kW-year and variable O&M costs of 0.24c/kWh (Oskarsson et.al,
1997).

* FGD installation adds about $180 dollars (in 2004 prices) to the costs of a subcritical PC plant (Oskarsson
et.al, 1997).

* Based on Fixed O&M costs of 46$/kW-year and variable O&M costs of 0.48c/kWh (Oskarsson et.al,
1997).

5 Auxiliary power consumption for a FGD unit approximates 1.5 percent of the electricity generation that
effectively lowers the net plant efficiency (Oskarsson et.al, 1997).

® Since supercritical PC plants are likely to come in unit capacities exceeding 500 MW and all new plants
with capacities exceeding 500 MW sizes are likely to be fitted with FGD units in future, the assessment
here considers supercritical plants PC plants to be fitted with FGD.

7 Supercritical PC cost for non-OECD countries is estimated to be 101 percent of subcritical PC costs (IEA,
1998). The capital cost estimate presented here also matches closely that presented in Beer, 2000.

8 Based on Fixed O&M costs of 47$/kW-year and variable O&M costs of 0.48c/kWh (IEA, 1998)

° Estimates compiled from different sources show supercritical efficiency ranging between 38 to 40 percent
(NRC, 1995; Beer, 2000; Rosenberg et. al., 2004). The lower end of operating efficiency is assumed for
India due to the poor quality of Indian coal.

10 Capital cost of CFB is almost 90 percent the cost of a PC plant fitted with FGD (Beer, 2000).

! Based on Fixed O&M costs of 42$/kW-year and variable O&M costs of 0.43c/kWh (estimations have
been derived from Oskarsson et.al, 1997; and Beer, 2000)

"> Based on estimates from NRC, 1995 and DOE 2003d.

13 Source- NCC, 2002) and DOE, 2003d.

'4Based on Fixed O&M costs of 68$/kW-year and variable O&M costs of 0.7c/kWh. As compared to a PC
plant fitted with FGD, O&M costs for a PFBC are higher by almost a third to 45 percent (Beer, 2000).

" Estimate derived from NRC,1995 and NCC, 2002.

19 Source- Holt et.al., 2003

'7 Based on Fixed O&M costs of 73$/kW-year and variable O&M costs of 0.74c/kWh. As compared to a
PC plant fitted with FGD, O&M costs for IGCC are estimated to be higher by almost 55 percent (Beer,
2000).

18 Source- Holt et.al., 2003

19 Source- Rosenberg et.al., 2004

2 Based on Fixed O&M costs of 11$/kW-year and variable O&M costs of 0.08c/kWh (Shukla et.al, 1999).
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Table 4.2 Coal supply and cost characteristics

Type of coal supply Price Heat Value Per unit heat Sulfur content | Ash content
($/tonne) (GJ/tonne) value price ($/GJ) | (% by weight) | (% by weight)

Domestic coal at mine- 16.3 18 0.9 0.6 40

mouth

Domestic washed coal 34 24 1.4 0.59 30

transported 1000 km

from mine-mouth

Imported coal 63.6 27.2 2.3 1.5 14

"' Source: Ghosh, 2001

4.3.2 Analysis Results

The reference scenario assumes technological performance and cost characteristics as
outlined in Table 4.1. Technologies use domestic coal at mine-mouth with price and quality
characteristics given in Table 4.2. Natural gas based combined cycle technology uses domestic
natural gas priced at almost $2.6/GJ. Levelised cost assessment in reference scenario (Figure 4.1)
shows that subcritical PC without post-combustion control equipments, which is the predominant
generation technology in India, offers the cheapest generation source in spite of its relatively low
efficiency as compared to other coal technologies. Subcritical PC fitted with FGD for SO, control
is substantially more expensive due to the high capital costs added on as well as the high auxiliary
power consumption of the FGD unit that effectively lowers the plant efficiency (levelised
generation cost is almost a fifth more than that of the most commonly used subcritical PC
technology without any emissions control equipments).

Figure 4.1 Levelised cost assessment under reference scenario

Levelised cost (cents/k Wh)

Sub-crPC  Sub-crPC  Super-cr CFBC PFBC 1GCC NGCC
w/o FGD w FGD & PC w FGD
LNB & LNB
Capital Fuel 0&M

Technologies

The reference scenario assumes that all new supercritical plants being built in India are
likely to be fitted with FGD units — present government regulation mandates keeping a space
requirement for future fitting of FGD with all plant capacities greater than 500 MW. As has
already been pointed out, supercritical units could have a slightly lower capital cost as compared
to subcritical units due to reduced size of equipments. With large capacity clusters coming up in
concentrated regions that are possibly subjected to acid rain conditions and where FGD
installation would be mandatory, supercritical PC emerges as the most competitive choice (Figure
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4.1). Therefore need for SO, emissions control entails efforts directed towards supercritical
development and deployment in India even in the near future. At present, there are no
supercritical PC units deployed in India and experience in RD* of supercritical PC technology
remains limited. However, as mentioned earlier, NTPC, is planning to set up a supercritical PC
plant with 3x600 MW capacity. Policy efforts need to be directed towards accelerating the
development, demonstration, and deployment of supercritical technology in the country. India
could learn from experiences from a number of countries in this area, including the United States,
which has a long experience of supercritical technology development and deployment.

Natural gas based combined cycle technology (NGCC) at domestic natural gas prices have far
lower price of electricity generation than any of the coal technologies. Reference scenario results
also show that CFBC is competitive with PC plants fitted with FGD (Figure 4.1). This could
especially be useful for utilizing high sulfur imported coal (CFBC can capture 95 percent of SO,
emissions in the fluidized bed) and for utilizing low value feedstock. There are a number of
industrial units in India that employ AFBC technology, but with successes in scaling up CFBC
unit sizes to utility level applications in other countries, opportunities for utility-level power
applications with CFBC could open up in India. Under the reference scenario, advanced coal
technologies with high efficiency of conversion have substantially higher generation costs than
conventional subcritical and supercritical PC technologies (Figure 4.1). PFBC generation costs
are almost 40 percent higher and IGCC generation costs are 50 percent higher than the generation
costs using conventional subcritical PC technology, primarily due to the substantially higher
capital and O&M cost components. Therefore mechanisms to improve competitiveness of PFBC
and IGCC need to bring down capital and O&M cost components.

The reference scenario assumes a discount rate of 8 percent for levelised cost
estimations- access to cheaper capital to finance high investments for these technologies that
effectively leads to lowering of the discount rate would improve the competitiveness of these
technologies. Levelised generation costs from PFBC and IGCC under lower discount rates of 4
and 2 percent are compared with costs from different PC technologies at reference scenario
discount rate of 8 percent (see Figure 4.2). At a discount rate of 4 percent, PFBC is competitive
with sub and supercritical PC technologies fitted with FGD. With IGCC, a discount rate of 4
percent makes it closely competitive with subcritical PC technology fitted with FGD at 8 percent.
Further lowering of discount rate to 2 percent substantially improves competitiveness for both
PFBC and IGCC because both technologies have generation costs far lower than any kind of PC
technology fitted with FGD. However, their costs even at a 2 percent discount rate remain higher
than subcritical PC generation costs. Efforts to deploy PFBC and IGCC technologies therefore
should be directed towards access to cheaper capital.

Next we compare relative competitiveness among coal and NGCC technology
with natural gas price variations (Figure 4.3). Under reference scenario gas price of $2.6/GJ,
NGCC has the lowest generation cost among all technologies. But the situation significantly
alters at higher levels of gas prices. The relative competitiveness among coal and gas
technologies is very sensitive to natural gas price variations. At a gas price just above $3/GJ, the
subcritical PC technology (without FGD) starts competing with natural gas combined cycle
technology (NGCC) and close to a gas price of $3.5/GJ, CFBC is competitive with NGCC
technology. At a gas price of $4/GJ and higher, the electricity generation cost using NGCC is
more than the generation cost even from conventional subcritical PC technology as well as
advanced supercritical PC technology. The break-even gas price at which advanced technologies
such as PFBC and IGCC are competitive with natural gas based technologies occur is slightly
higher than $5/GJ gas price. The assessment of competitiveness among coal and gas technologies
in this analysis presumes relatively conservative estimates for the costs and performances of
advanced coal technologies such as PFBC and IGCC. With further developments of these
technologies in future, it is very likely that the break-even natural gas price will be significantly
lowered from the $5/GJ natural gas price.
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Levelised cost (cents/kWh)

Figure 4.2 Levelised cost comparisons at different levels of discount rates

4.0
3.8
=
Z 3.6
]
B
2 3.4
=]
19}
3.2
30 P :
Sub-cr Sub-cr  Super-cr PFBCat IGCCat PFBCat IGCC at
PC w/o PCw PCw 4% 4% . 2% 2% .
FGD at FGD at FGD at
8% 8% 8%

Figure 4.3 Levelised cost

comparisons under different gas price scenarios

SSSSASINNASY
SRR
RS

8

Capital

71




Relative to the growth in coal-based generation, the natural gas-based generation capacity has
experienced a much more rapid growth in capacity additions, though its share in overall capacity
is much smaller when compared to coal. Both domestic and foreign private investment in the
power sector in India is primarily taking place in gas-based capacity additions due to the inherent
advantages associated with NGCC technology. But possibly the other primary factor driving the
gas based capacity additions are the problems associated with coal supply — the poor quality of
coal and uncertainties with respect to coal supply and prices. There are substantial investments
taking place in India in setting up LNG supply infrastructure with supply contracts from countries
in the Middle East. As the analysis here shows, the competitiveness of coal-based technologies
with respect to gas-based technologies is very sensitive to fluctuations in natural gas prices.
Therefore national policy needs to be directed towards accelerating reforms in the energy supply
market, in congruence with the development of advanced coal technologies. The growing
dependence on natural gas can best be pursued as a short-term strategy in order to fulfill the
supply shortages arising due to inefficiencies in the coal supply market. But coal market reforms
are of utmost necessity to enhance energy self-reliance in the country and reduce vulnerabilities
caused by international natural gas price fluctuations. Along with coal market reforms, there
needs to be a thrust on development and demonstration of advanced coal technologies so that
these technologies occupy an increasing share in generation in the mid to long-term energy
futures.

As already discussed, India’s domestic coal industry is plagued with inefficiencies in
supply and prices, and suffers it from poor coal quality. Transportation linkages are insufficient,
and transportation costs are very high per unit heat value of coal as unwashed coal with around 40
percent ash is transported. There is limited private participation in the sector and a large number
of restrictions prevail with respect to setting up a competitive domestic coal supply market. This
analysis attempts to assess the impact of coal industry reforms on the relative competitiveness of
coal-based technologies. The present price of domestic unwashed coal at the pithead is close to a
dollar per GJ. Washing for non-coking coal is absent in India, but the need for this is being
increasingly realized. Long distance transportation, primarily by rail, increases coal prices by
about one and a half times the mine mouth prices. Imported coal price estimates are close to
$2.5/GJ. Though coal imports in certain coastal locations of the country are increasing, its share
in the overall coal supply remains quite limited at less than 5 percent of the overall supply.

Figure 4.4 Competitiveness among coal technologies at varying levels of coal prices
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Even across wide coal price variations (ranging between $1 to $4.5/GJ), subcritical PC without
FGD offers the cheapest generation source due to the relatively low fuel cost component in the
generation cost (see Figure 4.4). But it may be interesting to observe alterations in relative
competitiveness among other clean coal technologies with coal price variations and draw
implications for the Indian situation. CFBC is a close competitor to supercritical PC fitted with
FGD, with the latter becoming a cheaper option to CFBC even at relatively low coal prices of
$2/GJ. Therefore CFBC is likely to be an economical choice over supercritical PC fitted with
FGD at mine-mouth plants or for those situated very close to the mine-mouth (only for locations
where SO, emissions are required to be controlled). But for slightly higher coal prices that may
be arising due to transportation needs, supercritical PC with FGD emerges as the technology of
choice over CFBC due to the efficiency advantages of supercritical PC. One consideration that
needs to be kept in mind is the availability of commercially deployable CFBC units in large unit
sizes of 500 MW, which may be restricted to some extent in the near-term. Scaling up efforts for
CFBC have been well demonstrated up to 300 MW unit sizes while further development efforts
are on to scale up CFBC units to 660 MW unit sizes. On the other hand, deployment of high
capacity supercritical units is quite well proven. At relatively higher coal prices starting from
$3.5/GJ, the most basic subcritical PC technology without FGD and the much more cleaner and
efficient supercritical PC fitted with FGD compete closely. Under a situation where SO, emission
controls are imposed, and for a choice among subcritical and supercritical PC technologies both
fitted with FGD, the latter always emerges as the lower cost generation source over the entire
range of coal prices. Even for setting up mine-mouth plants using domestic coal that needs to be
fitted with FGD for SO, control, supercritical technology is the choice over subcritical. Therefore
in the situation where impositions of SO, emissions controls are likely, supercritical technology
warrants priorities in development and deployment efforts. PFBC competes closely with
subcritical PC fitted with FGD when coal prices are higher at $3/GJ. The sensitivity of the
relative competitiveness among the technologies with coal price variations also reveals that under
reference scenario assumptions, the highest capital cost and most efficient IGCC technology
becomes economical only to subcritical PC fitted with FGD only at coal prices close to $4/GJ and
higher. This analysis therefore points to the fact that reforms in the coal industry in India and
initiatives to set up a competitive coal market with higher degree of coal imports is very likely to
emerge as a strong driver for advancements in cleaner coal technologies, and this further
emphasizes what has been mentioned earlier, namely that coal and technology market
development needs to take place simultaneously.

In terms of relative carbon emissions from different technologies (Figure 4.5) under
reference scenario assumptions, advanced coal technologies such as PFBC and IGCC have
around one-fifth less carbon emissions per unit of electricity generated as compared to
conventional subcritical PC technology as well as CFBC®. But with respect to more efficient
supercritical PC technology, the carbon emissions advantage is only 5 percent. Of course, as
compared to NGCC, even advanced coal technologies emit substantially higher carbon emissions
from IGCC are approximately double the emissions from NGCC. In terms of SO, emissions
performance (Figure 4.6), fluidized bed technologies do not offer advantages over PC plant fitted
with FGD, as they are unlikely to attain the 98 percent emissions control attained with FGD
systems. SO, emissions per unit of electricity generation from fluidized bed technologies are
almost two to three time emissions from PC plants with FGD. As compared to fluidized bed
technologies, IGCC has superior performance: most of sulfur is captured during the conversion
process in IGCC. But even with that and higher efficiency advantage of IGCC, SO, emissions are
almost 20 to 40 percent higher than PC with FGD. Since India has relatively low percentage of
sulfur in the coal as compared to many other countries, comparisons in environmental

85 . . . P . .
This relative comparison of carbon emissions does not include any carbon capture technologies.
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performance based on SO, emissions is unlikely to be the primary criterion driving technology
choice. But in places where imported coal with relatively higher sulfur content is being used
(mainly in coastal locations) where control of SO, emissions is an important criterion, PC with
FGD is likely to be favored over fluidized bed and gasification technologies. However, in the
context of mercury emissions control, gasification technology has a substantial edge over coal
combustion technologies in terms of cost-effective mercury control possibilities.

Figure 4.5 Carbon emissions comparison among different technologies
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Figure 4.6 SO2 emissions comparison among different technologies”
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Effect of potential carbon tax imposition on relative competitiveness among technologies
An attempt is made to assess alterations in relative competitiveness among coal

technologies and their competitiveness with natural gas-based technologies under climate
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intervention scenarios- the analysis here uses carbon tax impositions at different levels as a proxy
for such interventions. Large coal power plants in any country, which represent largest single
point sources of CO, emissions, are likely to be targeted for attention in any carbon related
legislation. The carbon tax scenarios presented here are not meant to represent future predictions
on carbon controls and prices, but are simply used to assess the impact of these on relative
competitiveness among fossil-based coal and gas technologies. On a per-capita basis, India’s
carbon emissions are remarkably low compared not only to industrialized countries but also other
major developing countries.*® Yet India is the world’s fifth-largest emitter of CO2 as a result of
its large population and the aggregate size of its economy — it accounted for 4.4 percent of the
global carbon emissions in the year 2000 (EIA, 2004). The emissions are rapidly increasing as the
country continues in its rapid development path. Similar to other developing countries, addressing
climate change concerns remains a “common but differentiated responsibility” for India®’.
Addressing climate change concerns, while keeping in mind the nation’s developmental
priorities, will especially require understanding the implications of investment decisions in
electricity generation technologies that have very long life times and therefore significant
influence on future carbon emissions trajectories®.

At a relatively low tax level of $20/T of carbon, there is no change in relative
competitiveness among different coal based technologies (see Figure 4.7). Of course coal
competitiveness with respect to natural gas based technologies worsens under a carbon tax
scenario as compared to the reference scenario. In contrast to the reference scenario, under the
$20 carbon tax scenario, natural gas based technologies are competitive with supercritical PC and
CFBC technologies even up to high gas prices of about $4/GJ. Only at gas prices reaching above
$5-5.5/GJ do advanced PFBC and IGCC technologies become competitive with NGCC.

The analysis here also tries to assess alterations in relative competitiveness among coal
technologies at different levels of a carbon tax (Figure 4.8). Among pulverized coal technologies,
supercritical competitiveness improves with progressively higher levels of carbon tax and at
nearly $100/T of carbon tax level, supercritical PC has a lower cost of generation than even
subcritical PC without FGD. The least efficient technology, subcritical PC fitted with FGD is the
worst performing one, and even at relatively low tax level of about $50/T of carbon, its levelised
generation cost is very close to more efficient and capital intensive technologies such as PFBC.
Looking at the relative performance among supercritical, PFBC, and IGCC technologies one
observes that supercritical PC, PFBC, and IGCC compete very closely at higher tax levels of
$200/T of carbon and higher, though supercritical PC all along has the least cost of generation
among these three technology categories even at considerably high tax levels of $300/T of carbon
(needs to be kept in mind that the performance characteristics for these advanced technologies are
based on reference scenario assumptions and the relative competitiveness among them would be
altered with changes in performance characteristics). Thus under reference scenario assumptions,
supercritical PC emerges as the winner among all technology categories even under a regime that
imposes a strong penalty on carbon emissions.

8 Annual fossil-fuel-derived emissions per capita (in metric tons of carbon) for selected countries for the
year 2000 were as follows: United States, 5.40; Australia, 4.91; Canada, 3.87; United Kingdom, 2.59;
Japan; 2.55; Mexico, 1.19; China, 0.60; Brazil, 0.50; and India, 0.29. (EIA, 2004)

87 Refer to Article 10 of the Kyoto Protocol to the United Nations Framework Convention on Climate
Change states- ‘All Parties, taking into account their common but differentiated responsibilities and their
specific national and regional development priorities, objectives and circumstances, without introducing
any new commitments for Parties not included in Annex I, but reaffirming existing commitments under
Article 4, paragraph 1, of the Convention, and continuing to advance the implementation of these
commitments in order to achieve sustainable development, taking into account Article 4, paragraphs 3, 5
and 7, of the Convention, shall:...’

88 CO2 emissions from the power sector are estimated to be about 44 percent of the overall national
emissions (Garg and Shukla, 2002)
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What would be interesting to observe is how the relative competitiveness among
supercritical PC, PFBC, and IGCC alter with progressive improvements in their cost and
performance characteristics over a period of time under a zero carbon tax scenario as well as with
under scenarios with different levels of taxes. The assumptions for progressive cost and
performance improvements of these technology categories for the purposes of this analysis are
given in Table 4.3 and are taken from National Coal Council Report titled ‘Increasing Electricity
Availability From Coal-Fired Generation in the Near-Term, May 2001°.

Table 4.3: Capital costs and performance projections for Supercritical PC, PFBC, and
IGCC

Year Supercritical PC PFBC IGCC
Capital costs Efficiency Capital costs | Efficiency (%) | Capital Efficiency
($/kW) (%) ($/kW) costs (%)
($/kW)
2010 {930 42 930 45 1149 45
2020 | 820 44 875 47.5 985 52.5

Source: The National Coal Council. ‘Increasing Coal-Fired Generation Through 2010: Challenges &
Opportunities’, May 2002.

Figure 4.7 Levelised cost comparisons under reference and $20/t of carbon tax scenario for
coal and gas technologies
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Figure 4.8 Levelised cost comparisons for coal technologies under reference and carbon tax
scenarios at different levels
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Under a scenario with no penalty on carbon emissions, the relative ranking among the
three technologies in terms of their levelised costs does not alter between now and 2020 (Figure
4.9). PFBC experiences almost a third reduction in generation costs between now and 2010 that
considerably improves its position relative to the other two. Generation costs from both IGCC
and supercritical decline by almost a fifth between now and 2010. IGCC has the largest decline in
generation costs between 2020 and 2020 by almost 15 percent, while PEBC has the least decline
between 2010 and 2020. The generation cost decline for supercritical from 2010 to 2020 falls in
between PFBC and IGCC.

Figure 4.9 Cost comparisons among supercritical PC, PFBC, and IGCC under zero carbon
tax
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Next we observe how the relative competitiveness among the three technology categories
alter with different levels of taxes based on cost and performance characteristics of the
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technologies in 2020 (Figure 4.10). Though the relative rankings among supercritical, PFBC, and
IGCC remain unaltered from a reference scenario to a 100$ per tonne of carbon tax scenario, the
gap between their relative competitiveness closes with progressively higher levels of tax. Ata
100-dollar tax level- supercritical, PFBC, and IGCC are in very close competition. The relative
ranking among the three technology categories is altered only at a considerably high tax level of
$200 per tonne of carbon. At this and higher levels of taxes, IGCC is the least cost generation
technology followed by PFBC. Thus with current projected levels of cost and performance
improvements among supercritical, PFBC, and IGCC one observes that only if a relatively high
tax of the order of $200 per tonne of carbon or higher is imposed will IGCC be able to compete
with advanced PGBC and supercritical technologies of the future. However, along the three
technologies, IGCC is the only technology that offers the ease and lowest cost option of capture
of CO, from the flue gas stream amenable for carbon sequestration®. But even assuming that
sequestration works, the added costs of CO2 capture and sequestration to IGCC are substantial
(Holt et.al, 2003). Table 4.4 gives an estimation of different IGCC technologies along cost and

Figure 4.10 Cost comparisons among supercritical PC, PFBC, and IGCC under different
carbon tax (in $/T of carbon) scenarios in 2020
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performance parameters with and without carbon capture. The capital cost increase for IGCC
technologies with CO2 capture relative to that without CO2 capture approximate between 30 to
40 percent. Along with added capital costs, the efficiency decline is almost by a fifth of the
efficiency without CO2 capture. As a result of combination of these two factors, the resulting cost
of electricity increase could be between a fifth to a third of the case without CO2 capture.
Therefore, in the Indian situation too, assessment of relative competitiveness among advanced
coal technologies under a scenario of carbon capture and sequestration will need to incorporate
the associated costs for CO2 separation and capture.

8 The costs of CO2 capture and sequestration from new IGCC plants adds 40 to 50 percent to the cost of
electricity and with new PC plants the added cost of electricity can be 80 to 90 percent. Also in order to

remove the CO2 from the flue gas from the flue gas with amine scrubbing the SO, and the NOx levels in
the flue gas must be very low since these species react irreversibly with the amine. (Holt et.al, 2003)
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Table 4.4 IGCC studies with and without CO2 capture for Bituminous Coal

Technology Without Capture With Capture
Texaco Quench Costs ($/kW) 1270 1620
Heat rate (BTU/kWh) 9300 11300
COE ($/MWh) 46 57
E Gas Costs ($/kW) 1300 1850
Heat rate (BTU/kWh) 8550 11000
COE ($/MWh) 46 62
Shell Costs ($/kW) 1470 2020
Heat rate (BTU/kWh) 8370 10350
COE ($/MWh) 49 65

Source: Holt et.al, 2003 (Table 6)

An assessment is made of levelised generation costs from IGCC with and without CO, capture.
Drawing on Holt et.al’s estimations, IGCC capital costs with CO2 capture are assumed to be
around 40 percent higher than IGCC costs without CO2 capture in 2020, while the efficiency
decline is almost by a fifth. Results from the analysis (Figure 4.11) show that the break-even
carbon tax at which IGCC with CO2 capture becomes competitive with supercritical PC
technology is close to $75 per tonne of carbon (this carbon tax level is much lower as compared
to the break-even tax level of close to $200 per tonne of carbon at which IGCC without CO2
capture becomes competitive with supercritical PC). The added costs of electricity from IGCC
due to CO2 capture is of the order of 40 percent. However, this estimation does not include
pipeline transport and sequestration costs- estimates in Holt’s paper point this out to be of the
order of 1.4-2.7 $/t of carbon.

Figure 4.11 Cost comparisons among Supercritical PC, PFBC, and IGCC (with and without
carbon capture) under different carbon tax (in $/t of carbon) scenarios in 2020
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In their paper, Neville et.al suggest that one option to improve the competitiveness of IGCC
technologies with capture and sequestration would be to use the proceeds from carbon tax as
credit for the CO2 captured at the same carbon tax rate because this would enable capture and
sequestration technologies to compete more readily, and at a lower carbon tax, with existing coal
plants. There remain considerable uncertainties with respect to the development of sequestration
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technologies in terms of whether sequestration works, the level of leakage that is acceptable of
sequestered, variations in sequestration effectiveness among different geologic structures, and
possibilities of seismic disruptions due to sequestration.
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5. Potential learning for India related to coal-based advanced technology RD’ efforts

The final section of the report analyzes RD? efforts related to the specific categories of
coal technologies in India based on the review of technologies, U.S. experiences in coal
technology advancements, and an assessment of technological options under Indian conditions. It
also discusses crosscutting factors that are likely to influence RD’ efforts across all technology
categories.

5.1 PC technology

R&D

A critical requirement for supercritical application for attaining efficiencies higher than
36.2 percent (LHV) is the use of advanced materials. Progressive improvements in operating
experiences have taken place through significant development of advanced materials (new super
alloy steels) for boilers and steam turbines (that lead to significant increases in costs), and better
understanding of water cycle chemistry. Supercritical PC is a commercially mature technology so
learning from technology development experiences in the United States and other countries will
be relevant for India.

Capital costs are largely a function of the availability of special materials and
manufacturing capabilities in a particular region. Therefore, one would need to assess India’s
R&D capabilities in development of such advanced materials as well as its manufacturing
strengths. Further advancements in materials R&D required for commercial applications under
ultra-supercritical (USC) steam conditions and in steam turbine designs are also needed. Ongoing
R&D efforts in the United States and other countries are directed towards advanced materials
development, and also attaining operating reliability and flexibility under advanced steam
conditions. Knowledge transfer and co-operation in this area may be useful for India. India also
needs to engage in research on USC cycle design, and research on advanced steam turbine
materials. Information exchange and knowledge transfer related to development of state-of-the-
art USC power plant — being undertaken by Electric Power Research Institute (EPRI), Sergeant &
Lundy and SEPRIL Services — applied to Indian conditions, could be relevant.

There could be significant learning for India from the LEBS program in the United States
that targeted development of advanced supercritical plant with 42 percent efficiency (HHV)
(equivalent to 46 percent efficiency based on LHV) and very low emission targets with advanced
low NOx combustion and flue gas cleanup technologies. LEBS development was evolutionary,
capitalizing on the existing experience base of power generators along with materials
improvement and development of post combustion control technologies. Improved systems
design and integration are critical for achieving cost reductions and performance improvements,
as most of the system components are proven. Development of LEBS in the United States was
primarily undertaken by boiler manufacturers. In India, development of advanced supercritical
systems would require participation from domestic and/or foreign equipment manufacturers so
possibilities for co-operation between India and the United States exist in this area as well.
Studies suggest that market deployment opportunities for LEBS in the United States are likely to
be small, but export opportunities are attractive- this may throw open more possibilities of co-
operation. Systematic efforts are needed for assessing India’s capabilities in developing this
technology. Operating experiences from the recent Corn Belt Energy Corporation’s 91 MWe
plant based on LEBS technology may be useful for India.

Demonstration

SC plants are commercially mature and past the demonstration stage in many countries.
There remains a need to demonstrate the commercial viability of supercritical PC plants in India.
An Indian demonstration is needed because SC plants are project-specific and sensitive to fuel
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costs and the availability and costs of advanced materials and components. Also demonstration of
Reliability Availability and Maintainability (RAM) of SC units is critical under Indian coal
conditions of high ash, low sulfur coal quality. There is a need to assess operating costs under
Indian coal conditions and in that respect it may be difficult to translate experiences from other
countries that have vastly different coal quality. Optimal plant designs will have to be developed
and optimum cycle efficiency demonstrated under Indian conditions. At present, there are no SC
plants operating in India and neither are there any demonstration units. Some recent reports
however suggest that a 3x660 MW supercritical plant is being planned to be set up by NTPC.
This is being planned as a commercial unit, and not as a demonstration plant.

Early operating problems with SC plants in the United States, primarily in plant
reliability and maintenance, have been successfully overcome and significant reliability
improvements were achieved for SC units so in this area it may be useful for India to look at U.S.
learning experiences. Studies conducted by the Electric Power Research Institute (EPRI) in the
United States also show that beyond ten years of operating life, the reliability of supercritical
units is higher than that of subcritical ones. A critical factor affecting reliability of SC units is the
type of coal — often problems arise with high slagging and corrosion coals at high temperatures,
and associated plant modifications entail high costs. U.S. experiences show that the use of
oxygenated treatment methods has successfully overcome water chemistry problems in order to
avoid tube leakage, and this method has been widely deployed in a number of U.S. supercritical
plants — this may be a useful aspect for India to look at.

For Ultrasupercritical (USC) technology, demonstrations would need to follow successful
R&D efforts on materials. Even in the United States, these plants have not yet attained
demonstration stage and are likely to be commercially deployed by 2010 to 2015.

Deployment
Projections on future growth in electricity demand for India suggest that there remains a

substantial need for the setting up of large capacity base load plants. Supercritical PC units are
very suitable for setting up such large capacity base load units and could be preferable to
subcritical plants because U.S. studies show that supercritical units exhibit significantly better
scale economies than subcritical, at sizes above 400 MW unit sizes.

Deployment experience from other countries show that fuel cost has been the primary
driver for supercritical deployment as higher capital costs are more than offset by saving in fuel
cost™. Deployment in countries where coal is relatively cheap has therefore been limited. For
example, in the United States, no new supercritical PC plants have been built since 1991,
primarily due to the low price of coal. For the Indian situation as well, one would need to assess
deployment opportunities in the context of the current low coal prices in India. It is likely that
reforms in the Indian coal industry that ensure higher prices and quality of supply could open up
deployment opportunities for more efficient technologies like supercritical power technologies.
Similar to the United States, there may be significant opportunities for retrofitting existing PC
plants (having very low operating efficiencies) with advanced steam PC technologies in India.
Technical solutions may not be hard to find through measures such as use of improved materials
for steam generation and super-heater tubing, steam turbine advancements, and control system
advancements.

Levelized cost analysis in the Indian context shows that supercritical PC plants with FGD
have a lower generation cost than subcritical plants with FGD, even with relatively low mine-
mouth coal prices, due to supercritical’s efficiency advantages especially when combined with

2 cor components for a PC plant are- capital cost share at 52 percent, fuel cost share at 29 percent, and
fixed O&M share at 19 percent. The relatively low share of fuel costs as compared to the capital cost makes
justification for a higher capital cost plant with greater efficiency of coal utilization difficult, especially in
the context of low fuel prices (IEA, 1998).
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FGD units that have high auxiliary power consumption. Future regulations on SO, emissions
from power plants are therefore likely to push deployment of supercritical PC with FGD as the
most economic and best control technology. When comparing supercritical PC with FGD and
subcritical PC without any post-combustion control equipments, the former becomes competitive
only at relatively high coal price of $3.5/GJ and higher (which is an unlikely scenario).

An attempt is made to assess the relative competitiveness between supercritical and
subcritical PC units under a scenario without regulations on SO, emissions that do not require
fitting PC plants with FGD. Analysis results under this scenario for the Indian situation provides
some very interesting insights; even with very low coal prices of $1 to 1.5 per GJ, the efficiency
advantage of supercritical far outweighs its higher capital and O&M costs as compared to
subcritical PC (Table 5.1), which finally results in lower generation costs from supercritical even
with mine-mouth coal prices. This result holds for assumptions on higher capital and O&M costs
for supercritical PC as compared to subcritical PC in India (due to higher technology
development and manufacturing costs), and with conservative efficiency estimate of 36 percent
for supercritical. As can be seen from the results in Table 5.1, even with supercritical capital and
O&M costs a fifth higher than equivalent subcritical PC and an operating efficiency of 36
percent, generation costs using mine-mouth coal are lower than generation costs from 33 percent
efficient subcritical PC using domestic coal 1000 km away from mine-mouth.

Table 5.1 Assessment of levelized generation costs* (¢/kWh) from supercritical PC without
FGD under different cost and performance scenarios

Super-cr PC costs' Super-cr PC efficiency

(in comparison to subcritical 36% efficiency 38% efficiency
PC)

5% higher costs 3.09 3.04

10% higher costs 3.19 3.14

15% higher costs 3.29 3.25

20% higher costs 3.40 3.35
Sub-cr PC costs Sub-cr PC efficiency of 33 percent
At a coal price of $1/GJ 3.17

At a coal price of $1.5/GJ 3.71

* These levelized cost estimates for supercritical are for mine-mouth coal price of $1/GJ
" The cost comparison is made with respect to subcritical PC technologies- the estimates are both for capital
and O&M costs.

Thus, in India’s situation, the efficiency advantage of supercritical is substantial enough to
outweigh its higher costs, even with relatively high cost estimates and low coal prices. It should
be noted that supercritical capital cost assumptions for this analysis have been conservative, as
compared to those derived from other sources. For example, estimates for supercritical costs
applied to developing countries, predict only a 1 percent higher costs for supercritical as
compared to subcritical units IEA, 1998). Studies in the U.S. context point out that supercritical
units in the 700 MW size range are almost 7 percent lower than subcritical units (Joskow and
Rose, 1985) and capital costs are likely to be lower than subcritical PC plants due to reduced
equipments for coal handling, emission control, and other auxiliary components. This would
further enhance commercial deployment opportunities for SC plants in India.

In terms of emissions performance, SC plants can achieve high degree of SO,, NOx, and
particulate emissions control, but control of mercury emissions considerably raises operating
costs. This may restrict deployment opportunities in the context of future strengthening of
mercury emissions control. In terms of SO, emissions control, PC plants with FGD have better
emissions control (going up to 98 percent) as compared to fluidized bed and IGCC technologies.
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Assessment in the Indian case shows that PC plants with FGD have SO, emissions that are only a
third to a quarter of emissions from FBC and IGCC technologies, per unit of electricity generated.

As already discussed, India has very limited reserves of natural gas and is likely to
increasingly depend on gas imports for meeting its demand. The domestic natural gas is priced in
the range of $2.5-3.5/GI”" . As the levelized cost analysis shows, competitiveness among coal and
natural gas technologies is very sensitive to natural gas price fluctuations. At a natural gas price
of $3/GJ, subcritical PC technology without any post-combustion emission control equipments,
starts competing with natural gas based combined cycle (NGCC) technology. Therefore in a
scenario where no limitations are imposed on SO2 controls, the break-even natural gas price is as
low as $3/GJ. When limitations are imposed on SO2 emissions (requiring PC plants to be fitted
with FGD), the break-even natural gas price (price at which PC plants fitted with FGD becomes
competitive with NGCC technologies) is raised to $4/GJ.

The competitiveness of coal technologies with respect to natural gas based technologies
worsens under any kind of penalty for carbon emissions. Under a $20 carbon tax scenario,
subcritical PC becomes competitive with NGCC only at natural gas prices of $3.5/GJ and higher,
while supercritical PC with FGD is competitive only at gas prices close to $4.5/GJ. While
assessing the relative competitiveness among different coal technologies at varying levels of
carbon taxes, supercritical emerges as the lowest generation cost option among fluidized bed and
IGCC technologies (with reference scenario cost and performance assumptions), even at very
stringent penalty levels of $300/tonne of carbon tax. Thus addressing climate change concerns are
unlikely to shift an emphasis from supercritical PC to more efficient PFBC and IGCC
technologies, even under a strict control regime. This analysis is however carried out with first-
generation supercritical PC, PFBC, and IGCC technologies. Even when progressive reductions in
costs and performance improvements are considered for all technology categories, levelized cost
analysis results show that the relative rankings among supercritical PC, PFBC and IGCC remain
unaltered in 2020. However, under a scenario when carbon taxes are imposed, the relative
rankings among technologies alter at a tax level close to 100 dollar per tonne of carbon. At that
level, all three-technology categories compete closely and relative rankings are altered only at tax
levels of 200 dollars and higher. The analysis here therefore establishes the robustness of the
supercritical PC technology across a wide range of scenarios, thereby warranting top priority in
ERD’ efforts.

3.2 AFBC

R&D

AFBC development in India, similar to the United States, is likely to be primarily pushed
by independent power producers (IPPs), rather than Investor-Owned-Utilities (IOUs). In India
too, with restructuring and reforms in the electricity industry, IPP participation is likely to
increase. IPPs could set up ACFB boilers in niche applications areas for fuels that are unsuitable
for using in PC boilers. Economics of application are likely to improve with ongoing
development efforts towards scaling up boiler unit sizes up to 600 MW. R&D efforts to operate
ACEFB boiler under supercritical steam conditions would reap double advantages by combining

° Natural gas prices in India remain controlled by the government department in charge of petroleum and
natural gas (Ministry of Petroleum and Natural Gas). The floor price of natural gas in India. This Ministry
has set the floor price of domestic natural gas at Rs. 2150/MCM and the ceiling price at Rs.2850/MCM
(Ministry of Petroleum and Natural Gas- ). This translates to a natural gas price range of $2.5-3.5/GJ (at an
exchange rate of 43 Indian rupees to the US dollar). The range takes into account the pipeline
transportation costs at different points of consumption.
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fuel flexibility and low emissions advantage with higher thermal efficiency’>. Knowledge from
these development efforts, both in terms of scaling up as well as operation under supercritical
steam conditions could be relevant for assessing ACFB applications in India. The other area in
which development efforts are needed is N,O emissions reductions that remain relatively high
from ACFB boilers as compared to other coal conversion technologies.

Demonstration

ACEFB boilers for power applications will need demonstration under Indian conditions,
especially with respect to the fuel type and quality. Design and operating experiences from a CFB
unit in the United States, demonstrating fuel flexibility under a wide variety of fuels, may be
useful for India **. Performance data from scaled-up, ongoing, JEA second-generation ACFB
demonstration projects (300 MW capacity) may be relevant if assessments show that setting up of
second-generation ACFB units is relevant under Indian conditions. Operating experiences from
such plants may be useful for India to identify potential application areas for CFB boilers while
testing operation under different kinds of fuels. Co-firing using different kinds of coal and
biomass/wood waste being demonstrated in the United States may find some niche application
areas in India where a mix of coal and biomass can be used. Experiences from such ACFB
projects in the United States may prove useful for the IPPs as well as industrial level power
generators in India.

Deployment
ACEFB applications in India are likely to be attractive due to the inherent advantages

associated with the technology. Primary among this are- fuel flexibility, load flexibility, lower
O&M costs as compared to PC, and high boiler availability. Reliability and performance
flexibility of CFB boilers has also seen continuous improvements through learning experiences. If
controls are imposed on SO, and NOx emissions, ACFB is likely to emerge as a choice
technology. Analysis results show that for achieving the same degree of emissions control,
levelized generation costs from ACFB boilers are lower than that for subcritical or supercritical
PC technologies with FGD. For making deployment attractive, problems associated with ACFB
operation such as substantial amount of solid waste generation and nitrous oxide emissions will
need to be addressed. In India too, like in the United States, deployment opportunities for CFB
units in the short-term primarily depend on its competitiveness relative to PC plants. Technology
adoption by utilities is likely to be restricted. But regulation in India too, like in the US*, could
drive CFB adoption by Independent Power Producers and increase deployment opportunities.
There may be potentially attractive opportunities for repowering old PC plants with CFB
technology where a lot of the existing plant infrastructure can be utilized along with elimination
of auxiliary components- this could be economically attractive for utilization of low-grade fuel
along with attaining low emissions advantage. Operating experiences from the Nucla repowering
project in the United States may be useful to assess such possibilities.

5.3 PFBC

°2 A Foster Wheeler plant employing supercritical steam conditions is scheduled to start up in Poland in
2006.

3 A 300 MW CFB plant operates at Jacksonville- this unit was set up with complete private financing a
short while after setting up of another 300 MW demonstration unit at Jacksonville in 2000 (see Section
3.2.2, page 43).

%* The landmark Public Utilities Regulatory Policy Act (PURPA) drove AFBC adoption in the United
States by IPPs.
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3.3 PFBC

R&D

The fuel flexibility advantage of PFBC is similar to that of AFBC, and this technology
too may find some niche application areas in India for fuels that are unsuitable for utilization in
PC plants. India needs to be cautious before embarking on PFBC development efforts. A review
of US experiences in this area suggests that the likelihood of reaping economic benefits from
PFBC development was very low even if research goals were fulfilled. India may need to
carefully consider this aspect before embarking on any developmental efforts related to PFBC
systems, especially related to first-generation ones that are likely to have limited deployment
opportunities. First-generation PFBC systems are well developed and demonstrated, while key
components of second-generation systems are being developed. Developmental efforts for
second-generation systems will need to carefully assess their market potential as medium and
long-term deployment opportunities for PFBC, in the context of competition from IGCC, may be
limited. PFBC has potential to attain 45 percent efficiency with lower capital costs than IGCC or
PC with wet scrubbers. This fact will need to tested under Indian conditions with respect to fuel
quality and prices, as well as equipment costs (whether manufactured indigenously and/or
imported) and operating conditions.

Demonstration

First generation PFBC systems have been demonstrated and have proved their technical
viability. It may be useful for India to look into learning experiences from the 70 MW Tidd
demonstration project in the US. However, this should be preceded by an assessment of the scope
and viability (both technical and commercial) for PFBC technology applications (first and
second-generation systems) in the short, medium, and long-term. Demonstrations of first-
generation PFBC system may be considered a transition strategy for second-generation PFBC
development in India. Development of the latter hinges on advancements in hot gas cleanup
ceramic filters and gas turbines, along with system integration.

Learning from first-generation PFBC demonstration experience in the United States is of
limited utility because the Tidd project is the only one from which information could be available
and two other demonstration projects failed to take off due to technical and economic problems.
Looking into the details of the failure aspects for these projects may be useful before launching
any kind of effort related to PFBC demonstrations in India. It may be relevant for India to look
into deployment experiences in other countries such as Sweden, Spain, and Japan that have built
PFBC plants based on Tidd PFBC demonstration.

Deployment
PFBC systems offer significant design, performance, and environmental compliance

advantages over AFBC technologies that increase their attractiveness for commercial
deployment. The potential for niche application in India will need to be assessed, especially using
fuels that are unsuitable for PC plants. PFBC deployment is likely to be attractive for retrofitting
purposes due to their compact footprint, and modular construction ability that enables easier
incremental capacity additions adjusted to the load growth.

The market potential for first-generation PFBC systems will need to be assessed under
Indian conditions. U.S. experiences show that commercial deployment opportunities for first-
generation systems are limited because they do not offer significant efficiency and/or economic
advantages over conventional PC technology to justify their high capital costs. Access to cheaper
capital for PFBC investment can bring down costs substantially. Levelised cost analysis shows
that reducing the discount rate by half (from the reference scenario rate of 8 percent) brings PFBC
generation costs below supercritical PC generation costs. The break-even natural gas price at
which PFBC (first-generation) become competitive with NGCC is close to $5/GJ. Therefore it
may be worthwhile for India to assess PFBC deployment opportunities as a hedging strategy in
light of uncertainties associated with NG prices and embark on RD&D efforts related to PFBC.
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Learning experiences from demonstration projects have potential to lead to further advancements
along with associated cost reductions that can significantly improve competitiveness.

Levelized cost analysis for the reference scenario shows that PFBC generation costs are
higher than PC generation costs by almost 40 percent. Substantially higher cost of generation
from PFBC (due to higher capital and O&M costs) as compared to conventional PC technologies
is likely to restrict their deployment in the short-term. Under a scenario where limitations are
imposed on SO2 emissions, efficiency advantage of PFBC does not outweigh its higher capital
and O&M costs relative to subcritical PC technologies with FGD, unless coal prices are at a high
at $3.5/GJ and beyond. With supercritical PC, PFBC generation is competitive only at a coal
price of $4.5/GJ and higher. Therefore from the standpoint of emissions advantage too, first-
generation PFBC is unlikely to emerge as an economic choice over super-critical PC except in
niche application areas where waste fuels, which are unsuitable for use in PC, are to be utilized.
In the area of SO2 and NOx emissions control, PFBC does not offer any advantages over PC
fitted with pollution control technologies. Similar to AFBC, PFBC deployment will need to
address problems associated with substantial amount of solid wastes generation and N,O
emissions. CO, emissions from first-generation PFBC plants are only marginally lower as
compared to that from advanced PC technologies. Analysis for India’s reference scenario shows
that emissions from PFBC are only 5 percent lower than supercritical PC. Levelized cost analysis
shows that in terms of PFBC competitiveness with supercritical PC under different levels of
carbon taxes, even at a high level of tax at $300 per tonne of carbon, PFBC generation cost is
higher than supercritical generation costs. Even second-generation PFBC, with lower costs and
better performance as compared to first-generation PFBC, is unlikely to be competitive with
supercritical in the year 2020 up to a tax level of $200. Deployment opportunities for second-
generation systems might be restricted due to slow progress in hot gas filter development, high
turbine costs, and complex plant integration. Thus it seems unlikely that PFBC emerges as an
economic choice over supercritical under a scenario that imposes strict penalty on carbon
emissions. IGCC becomes competitive with PFBC only at a carbon tax level of $200 and higher
in 2020.

541GCC

R&D

Ongoing R&D efforts in IGCC are geared towards development of second-generation
systems with 47 percent or greater efficiencies. The development hinges primarily on
advancements in high performance gas turbines that can handle firing at high temperature and hot
gas cleanup systems. A limitation on carbon emissions is likely to initiate R&D on firing gas
turbines with hydrogen instead of syngas. Scaling up of IGCC units is critically dependent on gas
turbine development with higher firing temperatures. So far, current technology has been scaled
up to 530 MW, and 600 MW unit sizes are likely to evolve by 2011. Another key issue in IGCC
development is optimized systems integration. Future IGCC plants are likely to demonstrate 45
percent efficiency. But attaining 60 percent efficiency (HHV) (equivalent to 66 percent efficiency
based on LHV) targets with fuel flexible-gasification technology, in consonance with DOE’s
Vision 21 objectives, requires significant technological advancements. This is required in the
areas of advanced materials for the bottoming cycle of an IGCC system, single-train gasifiers in
400 to 500 MW capacity range, low-cost oxygen separation plants, and improved refractories
(that would address low reliability concerns surrounding gasifiers). Other development areas are
ensuring consistently high-level of syngas quality, and potential for low NOx technology
(catalytic combustion) using coal syngas.
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Demonstration

First-generation IGCC plants are in operation as demonstration facilities in the United
States. These plants demonstrated efficiencies of close to 38 and 40 percent at the Polk Power
station and Wabash River site, respectively. Further demonstrations are required in the areas of
improved gasifier availability, higher cold gas efficiency, and fuel flexibility. Learning
experience from these projects is likely to be relevant for India, primarily in terms of operating
and environmental performances. Considerable modifications are expected from U.S. experiences
due to the hugely different quality of Indian coal from what was used in these plants. Economic
estimates, derived from the U.S. projects, would have to be applied in the Indian context and U.S.
experiences may provide some guidelines towards cost estimations. A crucial aspect of
demonstration would be to test operation of several subsystems of an IGCC at full-commercial
scale, as systems analysis is one of the key aspects of IGCC development. India at present is
planning to set up a 100 MW IGCC demonstration project by NTPC, with USAID support.

In the United States, further demonstrations are taking place for the operation of a fuel
cell with syngas from a coal gasifier that could provide information for design of an integrated
gasification fuel cell system (IGFC) with expected efficiency levels of 50 to 60 percent. This
development aspect gathers relevance as part of efforts for transition to a hydrogen economy.
Demonstrations in these areas are likely to be undertaken in India only if first-generation IGCC
projects have been demonstrated successfully. There remains a need to assess viability of
polygeneration options for India that has the potential to significantly improve IGCC market
potential by providing economies of scope.

Deployment
The primary driver for IGCC deployment is its superior environmental benefits as

compared to combustion-based coal technologies. IGCC is the only coal-based technology that
offers both ease and cost-effectiveness of CO, separation from the flue gas stream for
sequestration purposes, and most effective control of mercury. For the Indian situation, IGCC
deployment is likely to gather relevance if meeting these environmental objectives assume
importance, especially meeting mercury regulation standards. Analysis for the Indian case shows
that first-generation IGCC without carbon capture has potential to reduce CO, emissions by a
tenth as compared to emissions from supercritical PC and by a fifth as compared to less efficient
subcritical PC technologies.

In spite of successful demonstration projects for IGCC, there remains a high-risk
perception among utilities and investors, which has hindered wider commercialization. This gap
between IGCC demonstrations and commercial deployment needs to be addressed by some form
of cost buy-down mechanisms for the technology in its early deployment phase. It is likely that
risk mitigation instruments in the form of federal and regulatory incentives, guarantees and
warranties, may be necessary for buying down the costs of the first initial units. Though
operational and environmental performances of first-generation IGCC systems have been well
demonstrated, there remain substantial reliability and availability concerns that restrict
commercial deployment opportunities. Operating uncertainties remain due to difficulties in
starting-up and shutting down (primarily due to difficulties in preheating and cooling down of the
extensive refractory material), which hampers operational flexibility.

For present IGCC systems, achieving 90 percent availability required for commercial
deployment in power applications remains challenging. While the Polk Power Station plant,
operating commercially since completing demonstration in 1991, achieved significant
improvements in plant performance and reliability over its operating years. Operational problems
associated with gas turbine operations as well as managing high catalyst replacement rates (along
with high associated costs) remain as hurdles. IGCC will further need to demonstrate its ability to
handle wide variety of feedstock fuels because very often the IGCC design is tied to handling a

88



particular kind of feedstock. Fuel flexibility can promote deployment options and improve plant
competitiveness. For example, Tampa and Wabash plants in the United States operate extensively
on blends of coal and lower cost petroleum coke or coke alone (prices of a blend of coal and pet
coke could be only a third of coal prices) in order to be able to generate power at competitive
rates and qualify as the least cost dispatch units. In situations where IGCC is operated with
different kinds of fuel, high levels of reliability, availability, and maintainability (RAM) of the
IGCC system may become challenging.

The competitiveness of IGCC systems is further hampered by higher upfront capital costs
and substantially higher O&M costs (especially related to refractory material) as compared to
conventional technology. Levelized cost analysis for the Indian case shows that under the
reference scenario, IGCC generation costs are almost 50 percent higher as compared to the
generation costs from conventional PC technologies. Access to cheaper capital for investments in
IGCC can bring down generation costs substantially. Lowering the discount rate by half to 4
percent from the reference rate of 8 percent brings down generation costs by a fifth and makes it
competitive with subcritical PC plants with FGD. Further lowering of the discount rate to 2
percent can bring down IGCC generation costs even below supercritical PC generation costs.
Capital access at a lower cost can be used as an incentive for buying down IGCC costs from First-
Of-A-Kind plants. First generation IGCC plant costs are estimated to be 10 to 25 percent higher
than costs of future plants and therefore the competitiveness of IGCC is likely to increase
significantly in future. Levelised cost analysis in the Indian context shows that the efficiency
advantages of first-generation IGCC do not outweigh its substantially higher capital and O&M
costs even when coal is priced as high as $4/GJ. At this and higher coal price, IGCC is
competitive with sub-critical PC w/FGD. But in comparison to super-critical PC, it has 10 percent
higher generation costs. Therefore it is unlikely that first-generation IGCC will emerge as an
economic choice over super-critical PC unless there are significant advancements in reducing
costs and/or increasing efficiency in IGCC systems. In the context of IGCC’s competitiveness
with natural gas based generation technology, levelized analysis under India’s reference scenario
shows that the break-even natural gas price at which IGCC (first-generation) become competitive
with NGCC is between $5 to 5.5/GJ.

Under a scenario that imposes penalty on carbon emissions, supercritical PC has lower
generation costs than IGCC even when the penalty is as high as $300 per tonne of carbon tax.
With assumptions on second-generation IGCC development that presumes significant cost and
performance improvements, IGCC emerges as an economic choice over supercritical only at tax
level of $200 per tonne of carbon and higher in the year 2020. At this level of tax, it also emerges
as an economic choice over PFBC. Thus, considerably high penalties on carbon emissions (at the
level of $200/tonne of carbon tax and higher) are likely to induce IGCC as an economic choice
over other coal technologies such as supercritical PC and PFBC. But what may be interesting to
observe is that IGCC competitiveness is significantly enhanced under a scenario that considers
carbon capture and sequestration — analysis results show that under such a scenario, the break-
even tax level at which IGCC emerges as an economic choice over supercritical PC and PFBC is
around $75 per tonne of carbon, bringing it down considerably from the $200 level in the
previous scenario. Thus addressing climate change concerns that include carbon capture and
sequestration are likely to significantly enhance deployment opportunities for IGCC. As has been
suggested by other authors (Holt et.al., 2003), the competitiveness of IGCC under such a scenario
can be further improved by using the carbon tax proceeds as credits for the CO, captured that
would enable capture and sequestration technologies to compete at a lower carbon tax.

One may explore repowering opportunities of existing PC plants with IGCC under Indian
conditions because repowering of existing PC plants with IGCC has potential to achieve 5 to 10
percentage point improvements in efficiency and almost 20 percent reductions in costs by
optimizing the use of existing infrastructure. This has been successfully demonstrated in the US
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at the Wabash River project where a 1950s PC plant with 33 percent efficiency was repowered to
a 262 MWe IGCC plant with almost 40 percent efficiency.

Significant economies of scope could be realized by deploying IGCC for polygeneration
purposes, i.e., developing coal-based chemical processing as an adjunct to electricity production
with an IGCC system. Before that, a systematic assessment of polygeneration option for India
will need to be undertaken. There remain reliability concerns in the area of integrating chemical
plant operations with power plant operations and that will have to be overcome.

5.5 Cross-cutting issues

Systematic technology assessment studies

Systematic studies to assess ERD® opportunities in the Indian context with respect to
different categories of coal technologies need to be conducted, so as to be careful not to pick the
‘winner’ technology a priori to launching RD® efforts. The market potential for each of the
technology categories needs to be assessed in the Indian context. These assessment studies are at
present few and far between®”. Such assessment studies are much more common in the United
States that serve as policy guideline and feedback tools. It may well be worth for Indian
stakeholders to look into assessment studies existing in the U.S. context and the manner in which
they were applied for formulating technology strategies. Lessons from other country’s
experiences such as the United States need to be evaluated in the Indian context in terms of
criteria affecting technology choice. Country specific assessments should take into account
technology and fuel characteristics, economic considerations, fulfillment of environmental
objectives, ensuring energy security, and meeting national development priorities. Technology
costs and competitiveness will need to be assessed on a project-specific basis. Consideration of
fuel characteristics is especially important because of the vastly different nature of coal between
the two countries. Technology costs and characteristics are likely to depend on the availability of
indigenous development and manufacturing capabilities vis-a-vis the need for imports and
technical collaborations. Availability of spares, materials and components is an important factor
affecting technology choice. This is especially relevant for technologies such as IGCC that
integrates a large number of different components with specific servicing requirements.
Construction complexities may also be considerably higher for advanced technologies such as
IGCC and may be one of the factors hindering technology adoption. Added to that is the
consideration of availability of skilled manpower to undertake such construction activities.

The choice of technology and the plant capacity is determined by the size and nature of
forecasted demand for base, intermediate, and peak power. India is expected to face a large
increase in base demand for electricity and therefore significant opportunities exist for building
large capacity base load plants. Other than the size and nature of demand, other external factors
too are likely to influence capacity choices. Many places in India suffer from lack of adequate
transmission capacity that may pose constraints in optimal capacity utilization and plant
operations. A factor likely to affect technology choice for repowering of existing plants for
capacity additions and performance enhancements is space requirement for new capacity
additions. For example, in Germany, several coal fired plants in Germany have been re-powered

%5 There are existing studies that incorporate considerations for advanced clean coal technology
deployment in India. A recent IEA report (IEA, 2000) indicates that circulating fluidized bed combustion
and pressurized fluidized bed combustion technologies are likely to be the preferred options from a
technical considerations since they are amenable towards efficient utilization of low quality coal. Fluidized
bed plants could also be potentially deployed at washeries for utilization of washery rejects. However,
concerns remain on their commercial deployment. Also they are highly unlikely to be deployed in India in
the short-term due to capital and financial constraints facing the electricity sector.

90



with AFBC where not enough space was available to fit a new PC boiler and FGD. The other
factor that requires careful and simultaneous consideration during capacity planning is the issue
of reliable coal supply, especially since a large number of existing plants continue to experience
interruptions and suffer from poor quality coal supply. Ensuring reliable coal supply of
appropriate quality is a key consideration during planning for new capacity. Assessment of
competitiveness among alternate technologies should also incorporate coal-washing costs and
associated plant performance improvements for a specific technology choice. Technologies that
can utilize low-grade fuel such as fluidized bed and gasification technologies may be appropriate
under conditions where coal is not likely to be washed.

Integration of fuel market and electricity market reforms

As already discussed, India has huge domestic reserves of coal with limited domestic
reserves of natural gas. Economic and security concerns dictate that the coal is likely to occupy a
dominant position in the country’s future energy landscape over a long time in the future. In spite
of the significant domestic reserves of coal, underdevelopment of the coal market and
inefficiencies in terms of supply, pricing, and institutions are prompting a shift to increasing
reliance on natural gas with an attendant rapid growth in natural gas based capacity. A part of the
gas requirements are being met using domestic reserves of gas, but a large portion of the capacity
growth is being planned on imported LNG” as domestic reserves are limited. Due to the inherent
risks associated with coal supply in terms of supply quality and reliability as well as price
distortions, most of the of the private investors in the power sector are building natural gas based
plants and even the federally owned, NTPC, is planning a substantial portion of its future capacity
growth on natural gas. The existing infrastructure for coal supply remains inadequate and many
of the existing plants experience supply shortages. Planning for capacity expansion for meeting
future growth in demand is not very well specified and there are significant barriers in terms of
access to and availability of financing. The path of increasing reliance on imported natural gas for
the future caused primarily by an underdeveloped coal market in India raises significant
economic and security concerns because of increasing vulnerabilities to natural gas price and
supply fluctuations. In this context, it may be worthwhile for India to learn from some of the
recent U.S. experiences where current high natural gas prices and future expectations of high
prices have provided an impetus for coal technology development and deployment efforts. As the
analysis in the paper shows, in the Indian context, competitiveness among coal and gas
technologies is extremely sensitive to natural gas price variations and coal technologies emerge
competitive with combined cycle gas turbine technologies at relatively low levels of natural gas
prices of $3.5/GJ and higher. Reforms aimed at improving efficiency of the electricity sector
should be pursued simultaneously with coal market development that seeks alterations in the
present institutions, actors, supply, and prices. Some initiatives have already been taken, but
much remains to be accomplished. It is necessary at the national policy planning level to have a
coherent vision for the electricity and coal sectors in India that integrates objectives for both
sectors. This in turn could evolve into strategic planning for investments in different coal
technologies that would enable utilization of the fuel in the most efficient manner. Without
simultaneous pursuit of coal and electricity market reforms, a clean coal technology vision for
India is likely to fall short of attaining its objectives.

% Over the next decade, India’s demand for natural gas is projected to exceed supply. To reduce the supply
gap, India has negotiated a 25-year import agreement for 7.5 million metric tons of LNG annually from
Rasgas of Qatar. Rasgas will supply the first two-regasification terminals in India, which are expected to
come on line in 2004, with capacities of 5.0 and 2.5 million tons per year. Shell, BG, and other companies
are competing to enter India’s LNG market, negotiating innovative pricing deals with NTPC, to
accommodate current political difficulties involved in setting end-user tariffs. (EIA, 2004).
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Inter-sectoral linkages and interdependencies

Conducting research in crosscutting areas such as materials development, and
development of advanced turbines is essential for innovation in clean coal technology
development. U.S. experiences illustrate the significant investments in conducting research in
these areas and how these development efforts were integrated with R&D in coal based
technologies. India’s efforts are not comprehensively integrated with electricity sector technology
development efforts and existing linkages remain weak. Integrating capabilities existing in related
sectors with electricity sector development efforts and setting up of institutional linkages along
with explicit program targets and objectives would be key to progress in advanced coal based
technologies. Activities undertaken by the Central Power Research Institute (CPRI), the federal
R&D organization, is constrained by the availability of human and financial resources. Most of
the work undertaken by CPRI is in the area of transmission and distribution with work on
generation technology development almost non-existent. CPRI’s role needs to be strengthened
and its efforts co-coordinated and integrated with other public and private technology
development efforts. For some technologies such as IGCC, significant economies of scope could
be realized if development and deployment activities are directed towards both electricity and
chemicals sectors. For that it may be useful to integrate plans and programme objectives for
development and deployment of IGCC in both these sectors.

Clean coal technology roadmap — no ‘silver bullet’, portfolio approach needed.

U.S. experiences in development and deployment of advanced coal technologies involve
a mix of different technologies with varying stages of progress and future development objectives
depending on characteristics such as state of technology development, maturity of the technology,
construction time, plant size, fuel flexibility, thermal efficiency, operating and environmental
performance, availability-reliability-maintainability and economics of plant installation and
operation. An assessment of India’s clean coal technology choices also indicates that there is no
silver bullet in terms of one technology that overcomes all the challenges. India requires the
development of a portfolio of clean coal technologies with varying degrees of RD* efforts across
these technologies depending on short, medium and long-term targets aimed at fulfillment of
macroeconomic, security, and environmental objectives. Analysis in this paper shows that
supercritical PC technology emerges as a robust option across different scenarios. Supercritical
PC technology is a commercially mature technology with diverse operating experiences in
different countries. In the short and medium term, it may be worthwhile for India to direct
development and deployment efforts for this technology. But at the same time, advanced PFBC
and IGCC technologies also emerge as attractive options for the future, and these technologies are
still in the demonstration stages elsewhere in the world. For these technologies, development and
demonstration activities could be initiated. But investing in them is likely to depend on the
demonstrated and commercial performances of these technologies in developed countries and
learning from these experiences. IGCC’s superior environmental performance as compared to
other coal technologies may emerge as a driver for added thrust on its development, especially in
the context of future regulations on mercury emissions and global climate change concerns.

For technologies such as CFBC that are achieving operating successes with scaled-up
unit sizes, utilities as well as independent power producers could explore near-term opportunities
for deployment in areas where fuels suitable for conversion in fluidized bed combustion units
exist. Like in the U.S. case, development of a clean coal technology roadmap for India that
outlines RD* efforts in different advanced coal technologies will help prioritize the country’s
needs in moving towards a sustainable energy future dependent on coal.

Environmental regulations as likely drivers for clean coal RD’ efforts
The primary driver for clean coal technology development and deployment efforts in the
United States has been environmental concerns and their associated regulations. Compared to the
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United States and other developed countries, environmental legislation, implementation, and
enforcement remain weak in India with attendant weaknesses in capabilities of institutions
associated with formulation of regulations and their implementation and monitoring. The present
situation along with uncertainties with respect to future regulations poses barriers for utility
investments in generation technologies with enhanced environmental performance. Primary
environmental concerns related to coal based electricity generation in India are particulate
emission problems, fly ash utilization and disposal. The poor performance of generating plants in
India with respect to particulate emissions control is much more of an institutional and
enforcement problem rather than a technological problem’”. No current regulations on SO,
emissions exist, but they are likely to be strengthened in the future. Therefore post-combustion
SO2 control technology such as FGD retrofitted with existing PC plants as well as with new
plants is likely to gain increasing relevance. The analysis in the paper shows that supercritical PC
fitted with FGD emerges competitive with subcritical PC fitted with FGD and therefore the
former is likely to emerge as the technology of choice. CFBC would be an appropriate technology
for utilization of low-grade fuel and in areas where SO2 emissions require control. Advanced
technologies such as PFBC and IGCC are also able to achieve superior performance in terms of
SO2 emissions control, albeit at much higher costs. Therefore local environmental regulations
that necessitate SO2 emissions reductions are unlikely to be drivers for engaging in RD? efforts of
these two technology categories. However, IGCC has unique advantages in terms of mercury
emissions control making the likely future concerns on mercury emissions control more prone to
emphasizing the merits of IGCC. In the context of addressing climate change concerns and on
assessment of technologies that emerge competitive under a global carbon price regime, analysis
in the paper shows that high efficiency technologies such as second-generation PFBC and IGCC
emerge competitive with supercritical PC only under carbon prices of $200 per tonne of carbon
and higher. However, incorporating the potential carbon capture and sequestration benefits of
IGCC into the analysis brings down the carbon price to around $100 per tonne at which price
IGCC emerges competitive with supercritical PC and PFBC. A thrust on IGCC development and
deployment efforts from the point of view of addressing climate change concerns will therefore
have to be pursued for its own sake, as technology assessments point to a disjoint between
technology choices and competitiveness among technologies for addressing local and global
environmental concerns.

Stakeholder participation, information and awareness

A majority of the power plant owners in India face significant barriers regarding
investments in capital-intensive, higher performance generation technologies. Almost two-thirds
of the generation capacity in India is owned by state level utilities that continue to face a
precarious financial situation. In most cases, these utilities do not have sufficient capital to meet
operating expenses, let alone to invest in additional capacity. The shortages of investments and in
terms of resource availability in the electricity sector is one of the prime reasons that the sector
continues to fall short of building additional capacity to meet increasing demand. Reforms aimed
at overcoming this situation with alterations in institutional structures, rationalization of
electricity pricing, and steps towards lowering of distribution losses are slow and cautious. Under
this situation, a majority of power plant owners are simply not in a position to invest in additional
capacity without substantial support from the federal government. In addition to the investment
constraints, state level utilities also sometimes lack institutional capabilities to engage in

°7 As already mentioned, it is mandatory for all power plants to be fitted with an ESP with 99 percent
particulate removal efficiency. But very often, actual performance falls short of set standards due to
technical problems as well as failure of the state-level pollution control agencies to undertake strict
monitoring and enforcement of standards.
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technological advancements due to lack of human resources in terms of skills and knowledge
availability, training level of personnel, and managerial capabilities.

The National Thermal Power Corporation, the federally owned utility, has undertaken
most of the efforts with respect to technological advancements. It has also been engaged in much
of the international co-operation efforts in technical collaborations in electricity generation till
now. The majority of the power plant owners, i.e. the state level utilities, have limited
participation in such efforts, however. There remains an urgent need to bring more of the power
plant owners belonging to this group in planning and participation towards an advanced
technology future in electricity generation. There is limited private participation in coal-based
electricity generation and most of the private investment is taking place in natural gas based
combined cycle technologies. For these private independent power producers the criteria for
decision-making in investment decisions is often based on short-term risk evaluation rather than
on long-term life-cycle costs. Similar to the situation in the United States, this is leading to
private independent power producers in India favoring investments in natural gas based capacity
rather than in coal. IPPs favor modest capacity additions that can be easily installed.

Barriers in setting up capital intensive, relatively complex, large capacity plants are
significant. Institutional imperfections and inefficiencies in the coal industry further favor private
choices towards natural gas. In a study conducted by the IEA that included a systematic survey of
factors affecting foreign IPP decision-making in making technology choices in developing
countries, reliability, technology cost, and financing constraints were voted the most important
factors influencing decision-making in technology choices (IEA, 1998). Common perception
exists on higher capital and operating costs, risk of reduced reliability in plant operations (both
among IPPs and among engineering and technology supply partners) for advanced technologies.
The technical barriers and risk perceptions vary considerably with the technology type- so a way
forward would be to learn from other country experiences, conduct systematic technology
assessment studies for India, and greater information dissemination on demonstrated technology
costs and performances. Advanced technologies such as PFBC and IGCC have significant
reliability, availability, and maintainability concerns along with higher O&M costs as compared
to conventional coal technologies. Higher first-of-a-kind and technology risk factors that
accompany less mature technologies pose financing difficulties. Lowering of technology costs as
well as removal of perceptions on technical barriers are likely to be primarily derived from
learning experiences and may be difficult to achieve unless a number of plants are built.
Therefore, mechanisms would be needed for buying-down costs of the few initial units being
built. There are also further economies to be realized in a more expanded system that includes
fuel production, delivery, combustion, and electricity transmission. Higher cost perception is also
due to higher risk premium in project-financed IPP plants but innovative financing arrangements
that reduce risk premium and make IPP investment attractive in advanced technologies are likely
to address this barrier. Drawing from U.S. experiences, such private investments are unlikely
without significant public participation in technology demonstration activities. Other relevant
factors guiding decision-making are government regulations, maintainability of the technology,
technology risk and lender attitudes, technology maturity and environment. Among criteria
ranking, the need for skilled operators scored low as it was relatively easy to find and train
operators. Training and capacity development as well as availability of skilled resources is
unlikely to be a constraint towards advanced technology development efforts in India, but
programs need to be designed to be able to address these requirements. Fuel cost was perceived to
be a disincentive towards improving efficiencies. Reforms in the coal industry with likely
improvements in coal supply quality and reliability along with economic attractiveness prospects
of advanced coal technologies are likely to induce greater private participation in this sector.
Along with generators and coal suppliers, there needs to be increased participation of other
relevant stakeholders such as foreign and domestic equipment manufacturers, banks and financial
institutions, environmental agencies, regulatory organizations, research institutes, non-
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governmental organizations, and policy makers across different relevant government
departments. An institutional mechanism for interactions among these different groups of actors
should be set up along with linkages for collaborations with foreign institutes and actors. This
would enable information dissemination and awareness among the different groups on
demonstrated technology costs and performances of different technologies, and assessment of
technology choices over the short, medium, and long term.

Public policy initiatives

One of the primary areas in which greater public initiatives are needed is the integration
of sectoral policies relevant to clean-coal technology development and deployment efforts across
different government portfolios handling energy and environment issues- some of these include
departments handling coal (Ministry of Coal), electricity (Ministry of Power), environment
(Ministry of Environment and Forests), natural gas (Ministry of Petroleum and Natural Gas), and
renewables (Ministry of Non-Conventional Energy Sources). The functioning of these entities
very often lack sufficient co-ordination and policy objectives are segregated. Efforts should be
made towards developing a long-term energy technology strategy for India of which clean coal
technology efforts form a part. Such efforts could include representatives from these different
government departments, but should preferably be coordinated by a single entity. This will enable
integration of coal policies within the broad energy policies and objectives over the short,
medium and long term. It will also facilitate creation of a ‘technology roadmap’ that outlines
prioritization of technology ERD” efforts over a specific time frame. Current public investment in
clean technology R&D efforts is at best non-existent, other than the activities undertaken by
NTPC. As is evident from U.S. experiences in clean coal technology development and
demonstration efforts, government needs to play a significant role in setting-up mechanisms for
public-private partnerships, making substantial investments in R&D activities and share risks in
demonstration projects. Without government participation and investment in development and
demonstration activities, both private and foreign participation in advanced technology
demonstration and deployment efforts are likely to remain restricted. The capability of public
institutions in undertaking R&D activities need to be strengthened in terms of greater resource
availability as well as building stronger capabilities of the personnel involved in such activities.
Stronger regulatory measures are likely to induce advanced technology development and
deployment efforts. Such measures can include setting performance standards for power plants
and requirements for benchmarking of performance against those standards. Also stricter
environmental regulations with respect to emissions and waste disposal from power plants would
be necessary for enhancing clean coal technology deployment efforts. Along with stricter
legislation, implementation and monitoring measures need to be strengthened and current
institutional weaknesses with respect to these activities strengthened. Last, but not the least,
greater initiatives are needed on part of the government to generate mechanisms for international
co-operation in advanced coal technology RD? efforts involving different groups of public and
private stakeholders.

5.6 Scope for further research

The present work has attempted to lay a foundation for assessing technological options
for India that is likely to facilitate decision-making with respect to technological choices and
priorities with respect to advancements in coal-based electricity generation technologies. Based
on a discussion of RD? opportunities mentioned in this report, there remains ample scope for
engaging in field-research activities in India that involve interactions with a variety of
stakeholders who are currently engaged in RD3 efforts and are likely to be in future activities.
Some of these stakeholders are power plant equipment manufacturers, public and private utilities,
independent generators, coal supply and transportation companies, environmental agencies,
policy makers at different levels (federal, state, and local) and in different government
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departments, financing institutions and funding agencies, non-governmental organizations, and
international agencies and institutions. There are five areas deserving of further research and
analysis: (1) a systematic review of the existing efforts in India with respect to advancements in
coal-based electricity generation technologies in terms of the activities that different sets of actors
and institutions have been and are engaged in; (2) a field-level assessment of the need for clean-
coal technology development and deployment, both in terms of existing plants as well as new
capacity additions; (3) identification of specific areas in which clean-coal technology
development and deployment opportunities exist in the short, medium, and long term, and
identification of the barriers and opportunities in these areas; (4) technology assessment studies
under existing Indian policies as well as likely future policy scenarios, formation of a hierarchy of
clean coal technology options based on a set of criteria developed that addresses economic,
environmental, and security concerns in the country; and finally, (5) suggestions for specific
policy interventions that would promote and enhance clean-coal technology development and
deployment efforts in the country.
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