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Abstract
Coal is a critical component in the international energy portfolio, used extensively for electricity 
generation. Coal is also readily converted to liquid fuels and/or hydrogen for the transportation 
industry. However, energy extracted from coal comes at a large environmental price: coal combus-
tion can produce large quantities of ash and CO2, as well as other pollutants. Advanced technolo-
gies can increase the efficiencies and decrease the emissions associated with burning coal and 
provide an opportunity for CO2 capture and sequestration. However, these advanced technologies 
increase the severity of plant operating conditions and thus require improved materials that can 
stand up to the harsh operating environments. The materials challenges offered by advanced coal 
conversion technologies must be solved in order to make burning coal an economically and envi-
ronmentally sound choice for producing energy.

Coal fueled the Industrial Revolution, and it will continue to 
play a significant role in fueling world energy needs through the 
21st century. With recoverable reserves available in approxi-
mately 70 countries around the world (Figure 1), coal is an 
abundant, equal-opportunity fuel, particularly for developing 
countries. World Coal Institute1 projections indicate that identi-
fied coal reserves are sufficient to last 150 years at current pro-
duction levels, as compared to 41 and 65 years for proven oil 
and natural gas reserves, respectively. In addition, coal is a 
familiar energy source, providing 25% of global energy needs 
and generating 40% of the world’s electricity. Finally, coal is 
relatively inexpensive compared to other fossil fuels; at a price 
of approximately $1–2 per million Btu, the cost of coal is 
approximately one-sixth that of oil or natural gas.2 As a result 
of this combination of abundance and low cost, coal can be 
expected to continue to play a major and necessary role in the 
energy mix, as the worldwide demand for affordable energy 
continues to grow. Indeed, over the next 30 years, it is estimated 
that global energy demand will increase by almost 60%. The 

United States Department of Energy’s Energy Information 
Administration (EIA) projects that, even with significant 
increases in the use of alternative energy sources by the U.S. 
public, 145 gigawatts (GW) of new coal-fired power plant 
capacity will be needed by 2030.3 This is equivalent to approxi-
mately 290 new 500 MW power plants in the United States 
alone. Worldwide, coal consumption is predicted to increase by 
an average of 2.5% a year between 2003 and 2030 (Figure 2). 
The biggest increase in demand is predicted for China, where 
coal usage will increase by an average of 3.5% a year, requiring 
an additional 500 GW of coal-fired capacity for that country by 
2030.3

However, coal faces significant environmental challenges, 
both in its mining and in its conversion to energy. A relatively 
higher carbon-to-hydrogen ratio, combined with the relatively 
low efficiencies of today’s combustion technologies, means 

Introduction

Figure 1.  Identified world coal reserves as of 2005 plotted as 
percentages of the world total. Numbers in legend represent the 
quantity of recoverable coal available in each region, in million short 
tons. Source: Reference 3.
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Figure 2.  World coal consumption by region in 2003, contrasted with 
that projected for 2030. Projections are for increased coal utilization in 
all regions. Source: Reference 3.
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that coal combustion results in higher CO2 emissions per unit 
heat output than either oil or natural gas. In addition, coal con-
tains a number of inorganic impurities, and its combustion 
results in the emission of the “criteria pollutants” sulfur dioxide 
(SO2), nitrogen oxides (known collectively as NOx), and par-
ticulates, as well as mercury. (Criteria pollutants are those regu-
lated by the U.S. Environmental Protection Agency on the basis 
of human-health–based and/or environmentally based criteria.) 
Both the specific impurities present in a coal feedstock and their 
quantities depend on the type of coal and where it is mined, but 
at least 10 wt% of any coal is some combination of volatile and 
noncombustible inorganic components, present primarily in the 
form of minerals. Some coals consist of 50 wt%, or more, of 
these non-carbon–based constituents. As a result, any viable 
coal combustion technology must be able to accommodate the 
presence of these impurities at elevated temperatures and to 
remove them from the plant waste stream to levels mandated by 
local environmental regulations. Good environmental steward-
ship would seek complete removal and benign sequestration of 
all pollutants wherever possible in the conversion of this neces-
sary fuel to energy.

Technology advancement to address the world’s growing 
demand for clean and affordable energy will require simultane-
ous advances in materials science and technology in order to 
meet the performance demands of new power systems. This is 
particularly true for coal-based technologies, where the drive 
for increased efficiencies and reduced environmental impact—
the drive to extract as much energy as possible from every ton 
of coal—calls for the use of increased system operating tem-
peratures and pressures, as well as the ability to perform effec-
tively in increasingly aggressive environments. The addition of 
alternative feedstocks, such as the combustion of coal and bio-
mass to produce electricity and/or liquid fuels, can also place a 
huge stress on the materials of construction, to the point where 
the development of new materials with improved performance 
characteristics and/or new materials protection strategies are 
warranted. Each of the evolving clean coal technologies must 
address specific materials challenges in order to achieve wide-
spread commercialization.

Clean Coal Technologies
Since the mid-1980s, a worldwide push to reduce the envi-

ronmental impact of coal’s conversion to energy has resulted in 
the advancement of a group of technologies known collectively 
as clean coal technologies (CCTs). Designed with the combined 
goals of minimizing emissions and maximizing energy 
efficiency for each ton of coal processed, the suite of CCTs in 
development today comprises advanced pollution controls 
for new and existing power plants, including CO2 capture 
and sequestration; advanced combustion technologies; and 
gasification-based systems. Another goal for these systems is 
fuel flexibility, allowing for the use of a range of different types 
of coals, or combinations of coal and other opportunity fuels 
such as petroleum coke or biomass, without impacting plant 
performance. Beyond electricity generation, coal gasification 
systems are also being designed for product flexibility, offering 
the option of producing liquid fuels and/or hydrogen from coal 
while minimizing impact on the environment.

Advanced Combustion Technologies
Pulverized coal combustion (PCC), in which finely divided 

coal particles are combusted in air in a boiler to create steam 
that is passed through a steam turbine to generate electri
city, accounts for over 90% of coal-fired capacity worldwide 
(Figure 3). Modern PCC technology is well developed, and 
today’s subcritical coal-fired power plant, operating at a steam 

temperature of 540°C and a steam pressure of 16.5 MPa, has a 
thermal efficiency of approximately 35%. (All thermal efficien-
cies are reported in terms of higher heating value, or HHV, 
which takes into account the latent heat of vaporization of water 
in the combustion of coal.) However, more energy extracted per 
unit coal means an increase in power plant output and a relative 
decrease in emissions, and thus, advanced combustion technol-
ogies seek to maximize the thermal efficiency of the power 
plant through increases in steam temperatures and/or pressures 
above the critical point. Generally, supercritical (SC) power 
plants are those operating with a steam pressure of 22 MPa or 
higher, whereas ultrasupercritical (USC) power plants operate 
with steam conditions greater than 24 MPa and 593°C. 
Commercial SC combustion plants, operating at 540–566°C 
and 25 MPa, and commercial USC combustion plants, operat-
ing at 580–620°C and 27–28.5 MPa, report efficiencies of up to 
41% and 46%, respectively. Additional increases in thermal 
efficiencies are being sought through additional increases in 
steam temperatures and pressures, but these will require further 
advances in materials technology to be realized at a commercial 
scale. In the United States, the Department of Energy (DOE) is 
sponsoring research aimed at maximizing thermal efficiency 
from coal generation, which, for coal combustion, will require 
USC steam temperatures and pressures as high as 760°C and 
37.9 MPa. In Europe, the Thermie program is focused on USC 
steam conditions of 720°C and 35 MPa, and research in Asia 
has similar goals.

The materials technology required to construct USC plants 
with steam temperatures up to 625°C and pressures up to 
34 MPa is largely available today in the form of commercial 
steels.4 However, increasing steam temperatures to 700°C will 
require higher strength ferritic steels for waterwalls, and higher 
strength austenitic steels and nickel-based superalloys for the 
pressure parts that are exposed to the highest steam tempera-
tures (Figure 4). In the steam turbine, the high-pressure/inter-
mediate-pressure rotors, rotating blades, bolting, and inner 
cylinder are exposed to the highest temperatures and will likely 
need to be constructed from superalloys. Further increases in 
steam temperature to meet DOE targets will move beyond the 
capabilities of iron-based alloys to nickel-based superalloys for 
most components. To achieve the required long-term creep 
strength and fatigue resistance, these materials must remain 
stable at the microstructural level for more than 40,000 h of 
operation, at metal temperatures that can be as high as 50°C 
above the steam temperature in some components. The coeffi-
cients of thermal expansion (expansion of material with increas-

Figure 3.  General schematic of a coal combustion plant for generating 
electricity. Source: Tennessee Valley Authority.
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ing temperature) must be compatible in those components that 
are joined with other components, such as the turbine rotors and 
blades. In addition, the alloys must be resistant to sulfide and 
chloride attack on the fire side (i.e., inside the boiler, where the 
coal is combusted) and to oxidation on the steam side (i.e., 
inside steam piping and within the steam turbine). For many 
alloys, a chemistry and microstructure optimized for creep 
resistance are not optimum for required environmental resis-
tance, so effective coating and/or cladding strategies will also 
have to be considered. Beyond performance, fabricability and 
weldability must also be designed into the materials being 
developed. In all cases, because of the very large volume of 
materials required to construct a power plant, reliability must 
be obtained at an affordable cost.

Combusting coal in oxygen, as opposed to air, can lead to a 
significant reduction in NOx emissions and also simplify CO2 
capture for sequestration, so combined with USC technology, it 
can significantly reduce the environmental impact of PCC 
plants. Currently, no commercial-scale oxy-fired PCC plants 
are in operation, although several such new plant constructions 
were announced recently in the United States. Existing PCC 
plants could also be retrofitted with oxy-fuel burners, thereby 
providing a carbon capture option for the existing power fleet. 
However, with no oxy-fired retrofit boilers currently in opera-
tion, there is no experience in how the resulting change in oper-
ating environment will impact the boiler materials of 
construction or the operation of the plant as a whole.

Perhaps the single greatest materials challenge associated 
with oxy-fuel combustion is in the production of oxygen. 
Oxygen produced by cryogenic air separation methods can be 
prohibitively expensive for this application, and a reliable, 
affordable alternative method for producing oxygen is needed 
for this as well as other advanced coal combustion technolo-
gies. Research is currently focused on developing ion-transport 
membranes, operating at 800–900°C, to produce oxygen from 
compressed air. Ceramic membranes, consisting of proton-con-
ducting perovskites, have the potential to produce highly pure 
oxygen, but brittleness, sealing difficulties, and relatively low 

permeabilities have prevented their widespread application to 
date. Mixed-matrix membranes, utilizing a polymer base cou-
pled with a material that can increase the solubility or diffusiv-
ity properties of the composite, such as carbon nanotubes or 
metal–organic frameworks, are also being investigated. Mixed-
matrix membranes are generally classified as being highly per-
meable, but they suffer from poor selectivity. Regardless of the 
material selected, the goal is to produce reliable membrane sys-
tems that are capable of producing up to 5,000 tons per day of 
oxygen, although the technology is not expected to be viable 
before 2015.

Beyond oxygen production, the materials challenges associ-
ated with oxy-fuel combustion are similar to those for USC 
combustion, except that burning coal with oxygen will increase 
the radiant component of the flame and, as a result, will increase 
metal temperatures inside the boiler. However, because an oxy-
fired boiler has not yet been designed and built, the actual metal 
temperatures are to be determined. Retrofit oxy-fired systems 
will likely be designed to match the heat-transfer characteristics 
of the original boiler, so increased metal temperatures should 
not be an issue in such cases. In addition to increased tempera-
tures of operation, the relative corrosivity of the fire-side envi-
ronment will change in oxy-fired systems, and the environmental 
resistance of the materials of construction will have to be con-
firmed, or protection strategies developed, to ensure system 
reliability.

Fluidized-bed combustion (FBC) is another of the advanced 
combustion technologies that has evolved from efforts to 
develop an environmentally friendly combustion process that 
does not require external emission controls.5 FBC systems burn 
coal, and other carbon-containing feedstocks, in a bed of heated 
particles suspended in flowing air. The fluidizing action pro-
motes more complete coal combustion at lower flame tempera-
tures, between 760°C and 925°C, which greatly reduces NOx 
emissions (nitrogen oxides are typically formed at temperatures 
approaching 1370°C). In addition, the particle bed includes a 
sulfur-absorbing sorbent such as limestone or dolomite, which 
can reduce SO2 emissions by more than 95%. As a result, FBC 
systems can meet most environmental standards for SO2 and 
NOx, without the need for post-combustion pollution controls. 
Atmospheric-pressure FBCs are available in either a bubbling 
FBC or circulating FBC configuration, with a power-generating 
efficiency similar to that of a standard PCC plant. Popular pri-
marily because of its fuel flexibility—an FBC can burn any car-
bon-containing material, from low-rank coals to municipal 
waste—and environmental performance, there are now more 
than 400 FBC units operating worldwide.

A second type of FBC system, the pressurized fluidized-bed 
combustion (PFBC) system, operates at elevated pressures to 
produce a gas stream that can drive a gas turbine. However, this 
technology has yet to find widespread market acceptance.

Materials challenges inherent to FBC systems depend pri-
marily on the type of feedstock utilized, and FBCs sometimes 
experience excessive materials wastage through corrosion and 
wear. Combustion of biofuels can result in the formation of 
alkaline sulfates and chlorides at the tube surfaces, resulting in 
an accelerated corrosion-erosion of the tube walls. In PFBC 
systems, product gas streams require removal of fly ash particu-
late by a series of candle filters before entering the turbine, and 
filter reliability can be an issue. Ceramic–matrix composites 
and iron aluminides appear to have sufficient corrosion resis-
tance for this application, although mechanical reliability is still 
an ongoing issue.

Post-combustion CO2 capture for subsequent sequestration 
is a challenge for existing coal combustion plants without oxy-
fuel firing, because it requires the separation of dilute concen-

Figure 4.  Microstructures of alloys such as this 9% Cr stainless steel 
being developed for next-generation combustion systems will have to 
be stable at service conditions for up to 40,000 h. (Image courtesy of  
O. Dogan and P. Danielson of the U.S. National Energy Technology 
Laboratory.)
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trations of CO2 (13–15 vol% in a typical coal plant) from the 
low-pressure flue gas stream. Amine absorbents are currently 
commercially available that can remove as much of 90% of the 
CO2 from the flue gas; however, regeneration of the solvents 
is an energy-intensive process, resulting in a decrease in plant 
electricity output of approximately 15%. In addition, amine 
solvents degrade in the presence of other trace impurities in the 
flue gas, such as particulates, SOx, and NOx. New absorbent 
materials and processes that can more effectively and effi-
ciently remove CO2 from the flue gas of conventional coal 
combustion plants will be needed if CO2 sequestration is to 
become a reality for the existing coal combustion fleet.

Gasification Technologies
The gasification process reacts a carbon-containing material, 

such as coal, with steam and controlled amounts of air or oxygen 
at high pressures and temperatures 
to form a synthesis gas composed 
primarily of carbon monoxide and 
hydrogen.6 Synthesis gas, or syn-
gas, can then be used as a fuel to 
generate electricity and/or steam, 
or it can be used as a basic chemi-
cal building block for the forma-
tion of a variety of liquid fuels or 
other chemical products (Figure 
5). The gasification of coal is not 
a new technology: “Town gas” 
(another name for syngas) was 
widely used in North America and 
Europe until it was replaced in the 
1950s by natural gas, and Germany 
used this process to produce sub-
stantial amounts of liquid fuels 
during World War II. However, 
the technology’s fuel and product 
flexibility, combined with its rela-
tively lower emissions of criteria 
pollutants compared to advanced 
combustion technologies and the 
relatively straightforward extrac-
tion of CO2 from the syngas for 
subsequent sequestration, have 
brought renewed interest in gasifi-
cation in recent years.

When the syngas produced by gasification is employed to 
generate electricity, it is typically used as the fuel in an inte-
grated gasification combined-cycle (IGCC) power generation 
configuration. In this case, cleaned synthesis gas is combusted 
in a gas turbine to produce electricity, and the waste heat is used 
in a combined cycle to turn a steam turbine to generate addi-
tional electricity. IGCC systems today (over 1500 MW of coal-
fired IGCC is currently in operation) can achieve thermal 
efficiencies of better than 40%, and with improvements in tur-
bine technology, IGCC systems are theoretically capable of bet-
ter than 50% efficiency. Synthesis gas produced by coal 
gasification can also be used to produce hydrogen and liquid 
fuels, as described in subsequent sections.

Materials challenges associated with gasification involve 
the reliability of the gasifier itself, as well as the separations 
technology for oxygen production and synthesis gas process-
ing.7 The gasifier, which acts as a containment vessel for 
the gasification reaction, can operate in either dry ash or slag-
ging mode. (Ash refers to the noncombustible mineral content 
of the feedstock, which, depending on the operating tempera-
ture of the gasifier, will be present either as a particulate—

temperatures typically < 1100°C—or as a flowing slag—tem-
peratures typically > 1300°C. The operating temperature of a 
slagging gasifier is defined to a large degree by the melting 
point and viscosity of this residual ash.) The most significant 
materials reliability challenges are with slagging systems, 
where operating temperatures can range from 1350°C to 1600°C 
and materials of construction are exposed to both flowing slag 
and corrosive gases. Slagging gasifiers are typically lined with 
a refractory material, but in many designs, current-generation 
refractory materials do not provide sufficient service life to 
allow target system on-line availabilities (85–95% for power 
generation) to be met (Figure 6). In addition, there is concern 
that the chromium oxide based refractory materials typically 
used might not be suitable for all potential gasifier feedstocks. 
Beyond refractories, there are also issues with corrosion and 
wear of feed injector systems and with excessive wear of com-

ponents in feedstock preparation. Again, these materials perfor-
mance issues are compounded by the desire for fuel flexibility, 
which demands materials stability under exposure to a wide 
range of contaminants.

Gasification system reliability and optimization also require an 
effective feedback system that can provide real-time information 
on process parameters, such as temperature, pressure, and gas 
composition. The challenge is the development of sensor materi-
als that are sufficiently responsive and selective at temperatures 
greater than 500°C and sufficiently robust to withstand harsh 
operating environments that can include exposure to flowing 
slags. Current research focuses primarily on optical silica- and 
alumina-based materials for temperature and gas measurements 
and metal-oxide-based materials for gas sensing; however, most 
concepts are at the development stage and have yet to be proven 
in the field. In some cases, development of a robust packaging 
system that can ensure long-term stability in the service environ-
ment will be as important as development of the sensor material 
itself. Finally, significant challenges exist in implementation of 
these devices in the field, particularly with respect to communica-
tion of information from the sensors to the plant operator.
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carbon-based feedstocks. Source: Office of Fossil Energy, U.S. Department of Energy.
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For oxygen-blown gasification, the requirement for a rela-
tively inexpensive, reliable source of oxygen is the same as that 
described for oxy-fuel combustion. Advances in separation tech-
nologies and catalysis are also required in the post-gasifier con-
version of synthesis gas to hydrogen and liquid fuels.

Hydrogen from Coal
Hydrogen can be produced from coal by first gasifying the 

coal to produce a cleaned synthesis gas and subjecting the gas 
to the water–gas shift reaction (H2O + CO « H2 + CO2) in a 
catalytic reactor to increase the hydrogen content and convert 
the CO to CO2. The CO2 can then be separated for subsequent 
sequestration, leaving a relatively pure hydrogen stream to be 
used as a fuel in a hydrogen turbine or in a fuel cell. However, 
although this process is technically feasible today, issues with 
efficiency and cost still need to be addressed.8 From a materials 
standpoint, this means research to develop improved catalysts 
for the water–gas shift and membranes for hydrogen separation 
that are more tolerant of impurities such as sulfur, ammonia, 
and chlorides. Alternatively, CO2-selective membranes can be 
used to purify the hydrogen stream. Successful separation 
membranes will have a high flux at low pressure drops and 
operate at temperatures between 250°C and 500°C. When the 
hydrogen from coal is intended for use in a fuel cell, membrane 
selectivity must ensure that carbon monoxide is present at con-
centrations of less than 10 ppm and that sulfur-containing com-
pounds are present at concentrations of less than 10 ppb. 
Successful transfer of membrane technology will require the 
development of effective high-temperature seals for membrane 
module assembly, as well as manufacturing methods that can 
reliably and affordably produce defect-free membranes. At a 
more fundamental level, a more complete understanding of 
membrane separation mechanisms will lead ultimately to the 
design of more effective separation systems.

Historically, hydrogen membranes (Figure 7) have been 
fabricated from various combinations of metals, ceramics, and 

polymers, with dense metal membranes yielding the highest 
selectivity and porous-based membranes providing the highest 
permeability.9 More recently, membranes composed of dense 
metal substrates coated with hydrogen-dissociation catalysts 
have shown relatively high permeability, selectivity, and 
mechanical strength in the laboratory, but have yet to be proved 
in the field.10 Carbon dioxide separation membranes (Figure 7), 
on the other hand, are typically based on polymers and depend 
on physical solubility to separate gases. The most advanced 
polymeric membranes today have selectivity values for CO2 to 
H2 of ~10. More recent research trends have focused on CO2-
selective membranes utilizing a facilitated transport mechanism 
such as ionic liquids and molten salts, which have shown the 
potential to increase performance under conditions associated 
with gasification. However, these chemically enhanced trans-
port mechanisms suffer from instability and volatility of the 
transport media.

Advanced Land-Based Combustion Turbines
As with other components in advanced coal power plants, 

research continues into the development of next-generation sta-
tionary land-based combustion turbines that include both 
increased efficiency and reduced impact on the environment. 
These efforts are exemplified by DOE’s FutureGen initiative, 
which aims to demonstrate a coal-fired IGCC power system 
that combines product flexibility and greater than 50% system 
efficiency with zero emissions by 2015.11 To accomplish this 
goal, turbines that are fuel flexible and capable of operating at 
temperatures in excess of 1400°C will be required. In the nearer 
term, these will be hydrogen turbines, capable of reliably burn-
ing fuel that contains a majority of hydrogen at high tempera-
tures to maximize efficiency. In the longer term, it is expected 
that these will be oxy-fuel turbines, capable of combusting fuels 
consisting of nearly 100% hydrogen.12

From a materials standpoint, realization of the next gen-
eration of advanced turbines will require innovation in aero-
thermal concepts for cooling and heat-transfer management, 
combined with significant advances in materials technology. 
Traditionally, new materials and materials processes for land-
based combustion turbines have been adapted from those 
developed for the aircraft engine industry, although not with-
out significant challenges resulting from the much larger 
sizes of the stationary land-based turbines. This sharing of 
materials technology might continue in the future; however, 

Figure 6.  Refractory materials exposed to the operating environment 
inside a slagging coal gasifier must be designed to resist slag 
penetration and attack. Interaction with the slag at the hot face of this 
chromium oxide refractory results in a significant change in the 
refractory microstructure and ultimately loss of material. (Image 
courtesy of A. Petty and K. Collins of the National Energy Technology 
Laboratory.)

Figure 7.  Hydrogen/CO2 separation membranes currently under 
development: (left) Poly-ionic liquid membrane for CO2 removal;  
(center) multilayered, dense metal hydrogen separation membrane; and  
(right) copper-based, alumina-supported metal organic framework 
membrane for CO2 separation. (Image courtesy of D. Luebke, B. Howard, 
and M. Schwartz of the U.S. National Energy Technology Laboratory.)
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the temperature requirements for land-based turbines and jet 
engines are merging, and the materials systems that can reli-
ably and affordably withstand the DOE requirements for tur-
bine technology have not yet been identified. In addition to 
high temperature, the hydrogen and oxy-fuel land-based tur-
bines will operate with substantially higher moisture contents 
than current commercial turbines, placing additional require-
ments for environmental resistance on the materials of con-
struction. For next-generation land-based hydrogen turbines, 
exhaust gases are expected to contain around 17% H2O, 
whereas oxy-fuel turbines are predicted to have exhaust gases 
composed of up to 90% H2O. This is in comparison to mod-
ern syngas turbines, where steam makes up less than 10% of 
the gas exhaust.

Within the hot section of the turbine, materials of construc-
tion will need to be resistant to oxidation, hot corrosion, creep, 
fatigue, and wear at temperatures in excess of 1400°C for long 
periods of operation (30,000 h is the current target). Current-
generation nickel- and cobalt-based superalloys cannot with-
stand sustained metal temperatures greater than approximately 
1100°C, requiring internal cooling as well as thermal-barrier 
and oxidation-resistant coatings to meet today’s turbine perfor-
mance requirements. As a result, it appears likely that the next 
generation of land-based turbines will require the development 
of new substrate materials, combined with new coating strate-
gies, to meet the substantially higher temperature requirements. 
With sufficient internal cooling, silicides, nitrides, and refrac-
tory metal-based alloys all have potential to meet the tempera-
ture requirements presented by the next-generation turbine; 
however, each has significant issues with regard to environmen-
tal stability, especially in the presence of moisture, that will 
likely require mitigation through some form of protective coat-
ing strategy. In addition, the production and processing of these 
next-generation materials will be nontrivial, especially at the 
scale required for land-based turbine systems. In some cases, 
completely new processing strategies might need to be devel-
oped. Regardless, because of the need for long-term reliability 
in these components, defects introduced during processing will 
have to be kept to an absolute minimum. Computational meth-
ods that link various length and time scales to define a complete 
materials chemistry, microstructure, and processing strategy 
could be key to accelerating development of these next-genera-
tion materials.

In addition to the development of structural materials and 
improved coatings, sensors that can provide real-time turbine 
process information (temperature, pressure, gas composition) 
to the operator are needed to fully optimize system perfor-
mance. These requirements are very similar to those necessary 
for gasifier systems. In addition, in situ sensors that can moni-
tor component reliability and nondestructive methods for 
assessing component health during maintenance shutdowns 
are needed to maximize materials performance in this 
application.

Coal to Liquid Fuels
Utilizing the Fischer–Tropsch (FT) process, the synthe-

sis gas produced by a coal gasifier can be condensed over a 
suitable metal catalyst to produce liquid fuels and/or chemi-
cal feedstocks. Transportation fuels produced by this meth-
odology are sulfur-free, low in particulates, and low in 
nitrogen oxides. Although this is not a new process—South 
Africa has been producing coal-derived fuels since 1955 and 
currently produces more than 30% of that country’s gasoline 
and diesel from indigenous coal—there is still room for 
improvement, particularly in the area of reaction chemis-
tries. In FT synthesis, carbon monoxide is reacted with 

hydrogen in the presence of a solid metal catalyst, such as 
iron, cobalt, or ruthenium, to produce liquid hydrocarbons. 
Iron catalysts are most often employed for coal-derived syn-
gas because iron has a higher water–gas shift activity and a 
significantly lower cost than cobalt. However, research is 
still needed to define the optimum catalyst size and shape 
for maximum activity and selectivity (Figure 8) and to 
improve catalyst stability and lifetime.13 A better under-
standing is also needed of catalyst behavior in the reactor 
environment, so that processes can be optimized for effi-
ciency and yield. Computational studies, followed by exper-
imental verification, will be key to identifying and optimizing 
promising reaction chemistries and chemical processing 
routes.

Liquid fuels, such as high-octane gasoline, can also be pro-
duced from coal by a direct liquefaction process called Bergius 
hydrocracking. However, because of its relatively high cost and 
poor environmental performance, this process is not currently 
commercialized.

Summary
Coal will continue to be an important part of the world 

energy mix at least through the remainder of the 21st century. 
Clean coal technologies are being developed that can make the 
conversion of coal to energy an efficient and environmentally 
benign process; however, their successful realization will 
require simultaneous advancements in materials science and 
technology. New materials that can reliably meet the demands 
of increased temperatures and pressures, and increasingly 
severe service environments while maintaining required perfor-
mance characteristics are needed, as are advanced processing 
technologies that can economically produce components at the 
required scale. Computational methodologies that can accu-
rately link the various scales of materials development, materi-
als processing, and materials performance will help speed the 
time from concept development to component reality.

MRS BULLETIN • VOLUME 33 • APRIL 2008 • www.mrs.org/bulletin • Harnessing Materials for Energy

Figure 8.  Catalyst size and shape optima are being explored 
to maximize reactivity in processes such as Fischer–Tropsch 
synthesis of liquid fuels from coal-derived synthesis gas, as 
illustrated in this 9 nm × 10 nm scanning tunneling micros-
copy image of a single FeO particle grown on a Au(111) 
surface. (Image courtesy of N. Khan and C. Matranga of the 
National Energy Technology Laboratory.)
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