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ABSTRACT

This paper presents the thermodynamic analysis of a coal-based zero-atmospheric emissions electric
power plant. The approach involves an oxygenblown coal gasification unit. The resulting synthetic gas
(syngas) is combusted with oxygen in a gas generator to produce the working fluid for the turbines. The
combustion produces a gas mixture composed almost entirely of steam and carbon dioxide. These gases
drive multiple turbines to produce eectricity. The turbine discharge gases pass to a condenser where
water is captured. A stream of carbon dioxide then results that can be used for enhanced oil recovery, or
for sequestration.

This analysisis based on a400 MW electric power generating plant that uses turbines that are
currently under development by a U.S. turbine manufacturer. The power plant has a net thermal efficiency
of 42.6 %. This efficiency is based on the lower heating value of the cod, and includes the energy
necessary for coa gasification, air separation and for carbon dioxide separation and sequestration. The
paper aso presents an anaysis of the cost of eectricity (COE) and the cost of conditioning carbon
dioxide for sequestration for the 400 MW power plant. Electricity cost is compared for three different
gasification processes (Texaco, Shell, and Koppers-Totzek) and two types of coas (Illinois#6 and
Wyodak). Cost of electricity ranges from 5.16 ¢/kWhr to 5.42 ¢/kWhr, indicating that the cost of
electricity varies by 5% for the three gasification processes considered and the two coal types used.

INTRODUCTION

Currently coal provides the fuel for more than half of the electricity generated in the United States
(52%). The dectricity produced from coa in the U.S,, is likely to increase since the U.S. has about 25%
(275 billon tons) of the world' s coal reserves. Pollution from coal-fired power plantsis a pressing
environmental problem and the emission of carbon dioxide is of increasing concern in regard to globa
warming.

Carbon dioxide capture and geologic storage offer anew set of options for reducing greenhouse gas
emissions that can complement the current strategies of improving energy efficiency and increasing the
use of non-fossil energy resources.

Production of electric power from coal with zero-atmospheric emissionsis agoal of the FutureGen
Program of the U.S. Department of Energy (DOE) [1]. A decade ago, such a concept would not have
been considered to be viable. However, recent research [2-10] has addressed technica and economic
issues associated with the concept, making it a viable option.



The power plant concept uses a Rankine cycle to drive three turbines connected in series. However,
unlike conventional steam power plants, the plant does not use a boiler to generate steam. Use of a boiler
presents two disadvantages to the efficiency of the Rankine cycle. First, the maximum cycle temperature
islimited by the maximum meta temperature that boiler components can withstand; and second, 10 to 15
per cent of the energy in the fudl islost by the exhaust gases that are vented to the atmosphere.

In this study, the turbine working fluid is produced in a gas generator by the stoichiometric
combustion of syngas and oxygen. Hence, the maximum operating temperature of the Rankine cycle is no
longer controlled by the maximum operating temperature of a boiler. Rather, the maximum operating
temperature that the turbines can withstand becomes the efficiency-limiting temperature.

The adiabatic flame temperature of the stoichiometric combustion of syngasistoo high for today’s
turbine technology. Therefore, in the gas generator, water is premixed with the syngas and oxygen before
the mixture enters the combustion chamber. In addition, the gas generator [8-10] has severa sectionsin
which water is added to the combustion products to bring the gas temperature to alevel acceptable to
available turbines.

The turbine discharge gases pass to a condenser where water is captured as liquid and gaseous carbon
dioxide is pumped from the system. The carbon dioxide can be compressed for enhanced recovery of ail
or coal-bed methane, or the compressed carbon dioxide can be injected for sequestration into a
subterranean formation. The technology described in this paper is the subject of several U.S. patents [11-
20].

The eectric power industry has developed new plants applying coa gasification to fuel combined-
cycle power plants [21-23]. These integrated gasification-combined-cycle (IGCC) power plants provide
performance and cost advantages over conventional coa-fired steam power plants with flue gas
desulfurization.

In this paper the gasification technologies by Texaco [24,25], Shell [26], and Koppers-Totzek [27] are
used to study the influence in performance and cost of the gasification process in the zero-atmospheric
emissions power plant.

The next section describes the specific plant configuration analyzed in this paper. The analysis section
discusses the methodology used for analyzing the power plant.

POWER PLANT CONFIGURATION

Figure 1 presents the power plant configuration analyzed in this paper. The power plant has four
major sections: 1) coa gasification and syngas compression, 2) air separation and oxygen (O,)
compression, 3) power generation, and 4) carbon dioxide (CO,) separation and sequestration. Each of
these sections consists of multiple components as shown in the Figure 1. For this analysis, the plant is
assumed to operate on syngas that is combusted with oxygen. The syngas is produced in a coal-
gasification plant, and it is compressed to the inlet pressure of the gas generator (1480 Ib/in®, point 22,
Figure 1). Part of the syngas is compressed to a pressure of 310 Ib/in’ for Reheater 1 that is installed
between the high-pressure turbine and the intermediate-pressure turbine (point 5). The compression
system for the syngas consists of four compressors (Compressors 1 to 4) and three intercoolers
(Intercoolers 1 to 3). Oxygen is generated in an air separation plant and is compressed to feed the gas
generator and two reheaters. The oxygen compression system consists of four compressors (Compressors
5 to 8) and three intercoolers (Intercoolers 4 to 6).
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Figure 1. Schematic Diagram of the Zero-Atmospheric Emissions 400 MW Coal Power Plant.



The water for this cycleis generated by the cycle itself. The water leaving the condenser is heated in
Preheaters 1 and 2 before the water is injected into the combustion products in the gas generator. These
preheaters increase the efficiency of the cycle.

In this study, the preheaters are located in the discharge lines of both the intermediate-pressure
turbine and the low-pressure turbine. The preheaters heat the water that is routed from the condenser to
the gas generator where the water is evaporated to cool the combustion products in the gas generator. If
the water were not preheated, a smaller amount of water would be required to cool the gasesin the gas
generator. However, taking thermal energy out of the discharge of the drive gas from the low-pressure
turbine reduces the energy that is delivered to the condenser. As aresult, less heat is transferred in the
condenser to the condenser cooling water. This reduced condenser cooling water heat 10ss increases plant
efficiency. The location of the preheaters, the amount of heat removed from the turbine drive gas and the
temperature of the cooling water entering the gas generator, all affect cycle efficiency. How thisincrease
in efficiency is obtained is not a-priori clear, but is determined from optimization studies of the entire

cycle.

Combustion products from the gas generator are delivered to the high- pressure turbine (point 24)
where the mixture of steam and carbon dioxide expands, thereby producing power in the turbine and
eectrical generator system. The mixture consists of a 0.92 mass fraction of steam and 0.08 mass fraction
of carbon dioxide. After the steam and carbon dioxide mixture leaves the high-pressure turbine, the
mixture interchanges heat with the water that comes from the Preheater 2 and the enthalpy of the mixture
increases then the mixture goes to the Reheater 1 (point 26). The reheater increases the temperature of the
mixture before it enters the intermediate-pressure turbine. After the reheater, the working fluid entering
the intermediate-pressure turbine consists of a 0.77 mass fraction of steam and a 0.23 mass fraction of
carbon dioxide. After leaving the intermediate-pressure turbine, the mixture goes through Preheater 2 and
then it goes to a second reheater before entering the low-pressure turbine for its final expansion (point
32). The exhaust from the low-pressure turbine flows through Preheater 1 to preheat the water that was
separated from the turbine working fluid in the condenser.

Most of the water that is generated in the cycle is separated from the turbine working fluid mixture in
the condenser. Liquid water is extracted from the condenser by Pump 1 and is recycled to the system. The
water temperature isincreased in Preheaters 1 and 2, before the water goes to the gas generator (point 23)
to control the temperature of the combustion products.

A mixture consisting primarily of carbon dioxide, but containing a substantial amount of moisture, is
extracted from a port (point 36) at the top of the condenser. The carbon dioxide with the remaining
moisture from the condenser is then delivered to several compressors and intercoolers to obtain high-
pressure carbon dioxide with amost no moisture. The compression-sequestration System consists of seven
compressors (Compressors 10 to 16) and six intercoolers (Intercoolers 7 to 12).

ANALYSIS

The power plant system consists of an oxygen separation plant, a coa gasification plant, gas
generator, three turbines, two reheaters, a condenser, fifteen compressors, a pump to recirculate the water
from the condenser to the gas generator, a pump for the condenser cooling water, twelve intercool ers, two
preheaters, a heat exchanger and an electric generator. Energy and mass conservation laws are applied to
every system component. The equations used to describe the power plant components are solved
simultaneoudly in a computer code. A computer code using FChart software [28] was developed to
analyze plant efficiencies. Individual system components are described next.



Oxygen Separation Plant

The power to operate the oxygen separation plant, 0.22 kWh per kg of oxygen, was obtained from
data presented in the literature [29] for a cryogenic air separation plant. Advances in oxygen separation
are expected to reduce this power, especialy when the ion transport membrane (ITM) technology
matures.

Coal Gasification Plant

Three different power plant configurations are compared. Each configuration uses a different oxygen
blown gasifier (Texaco [24, 25], Shell [26], and Koppers-Totzek [27]). Efficiency of the power plant is
compared for these three gasification processes operating on Illinois #6 coal and Wyodak cod.

Gas Generator and Reheater

Syngas and oxygen are combusted in the gas generator to produce the turbine working fluid. The
temperature of the combustion products of syngas with oxygen is controlled by adding water to the
combustion products in the gas generator. The mass flow rate of water into the gas generator depends on
the desired inlet temperature of the working fluid for the high-pressure turbine.

A reheater is used to increase the temperature of high-pressure turbine exhaust to the desired
temperature for the intermediate-pressure turbine. The reheater produces this temperature increase by
burning syngas with oxygen and mixing the combustion products with the high-pressure turbine exhaust.

In the gas generator and the reheaters, assuming an adiabatic process, the rate of change with time of
the absolute enthal py (including both sensible enthapy and enthapy of formation) of the productsis
equal to the rate of change of the absolute enthalpy of the reactants. Complete combustion is considered
in the gas generator and in the reheater.

Turbines

Turbines are modeled by the equation of isentropic efficiency [30]. The turbine efficiencies for the
high-pressure turbine, the intermediate-pressure turbine and the low-pressure turbine were assumed to be
90%, 91% and 93 % respectively (see Table 1). The efficiency of the high-pressure turbine takes into
account the use of short blades; the efficiency of the intermediate-pressure turbine takes into account the
blade cooling losses. These efficiencies compare to values of 93% used by Bannister et a. [31], 85% used
by Bolland et . [32] and 93% by Aoki et a. [33].

Heat Exchangers

To determine the performance of the heat exchangers (intercoolers, preheaters, and condenser) an
effectiveness equation is used. The heat exchanger effectiveness is defined as the ratio of the actual rate of
heat transfer in a given heat exchanger to the maximum possible rate of heat exchange.

This analysis assumes an effectiveness of 85% for intercoolers and preheaters (see Table 1) [32]. The
temperature of the environment and cooling water is assumed to be 59 °F to be consistent with the
environment temperature used in the analysis of combined cycle plants.

Compressors
Compressors are modeled by the equation of isentropic efficiency [30] defined as the ratio of power

needed to compress gases in an isentropic process and the actual power needed in the compression of the
gases. The compressors were assumed to have an isentropic efficiency 85 %. Previous researches [31-33]
have used compressor efficiencies in the range of 85-89%.



Table 1. Values of the Parameters Used in the Simulation of the
Zero-Atmospheric Emissions Power Plant.

System Parameters Value
Preheater effectiveness 0.85
Condenser effectiveness 0.90
Intercooler effectiveness 0.85
Ambient temperature 59 °F

Isentropic efficiency of the high-pressure turbine | 90%
Isentropic efficiency of the intermediate-pressure | 91%

turbine

Isentropic efficiency of the low-pressure turbine 93%
Isentropic efficiency of the compressors 85%
Efficiency of the water pump 85%
Efficiency of the electric generator 98%

Water Recirculation Pump
The isentropic efficiency of the water pump is assumed to be 85%. Previous researchers [31-33] have
used pump efficiencies in the range of 85-99%.

Oxygen Separation Plant

The power to operate the oxygen separation plant, 0.22 kWh per kg of oxygen, was obtained from
data presented the literature [29] for a cryogenic air separation plant. Advances in oxygen separation are
expected to reduce this power, especialy when the ion transport membrane (ITM) technology matures.

Computational Assumptions

Complete combustion was assumed in the gas generator. This assumption is justified because the gas
generator uses platelet injectors that provide extremely uniform mixing of oxygen, fuel and water. In
addition, bench-sca e tests recently made at the University of California at Davis show an absence of
hydrocarbons in the exhaust and only minor concentrations of carbon monoxide. Theseresultsarein
agreement with predictions based on the use of the chemical kinetics code Chemkin-I1 [34, 35].

Pressure drops are considered negligible in al pipelines. Heat transfer losses to the environment from
lines connecting plant components are also considered to be negligible. Heat losses to the environment
from heat exchangers are neglected. A commercial oxygen separation plant for this type of application
would produce an oxygen stream that contains about 1 to 2 per cent argon. In this anaysis, the
contribution of the argon in the turbine working fluid is neglected. Addition of argon to the working fluid
mixture of steam and carbon dioxide makes the convergence of the iterative computations more complex.
Studies show that the non-combustible gas does not change significantly the efficiency calculations, but
primarily change the output power due to the change in molecular of the working fluid.

The system of equations is solved with an iterative equation solver [28] by using computer-based
tables of properties for al the substances involved (water [36], carbon dioxide [37], oxygen [38], carbon



monoxide [38], and hydrogen [39]). Table 1 shows the values of the system parameters used in the
analysis.

Cost Analysis
A method for assessing the economics of a power plant is to calculate the unit cost of eectricity
(COE) produced by the plant [40]. To determine this cogt, the following information is used:

A - Unit capitd cost, ($kWh)

B - Plant net thermal efficiency

C - Fud cogt, (¥kWh)

D - Operating and maintenance cost, (¥kWh).

If income from plant by-products is excluded to simplify the calculations, the cost of electricity is
given by: COE = A + C + D, where C isafunction of B, and where D is conservatively estimated to be D
=0.15x (A + C). Plant capita cost was based on 85% utilization, 20-year life span, and 15% capital
recovery cost.

RESULTS

Figure 2 shows energy of the syngas per ton of coal for the three gasification processes; Texaco,
Shell, and Koppers-Totzek and for the two types of codl; Illinois #6 and Wyodak. Red in every column
represents energy from CO, green represents energy from hydrogen, and yellow represents energy |osses.
The three gasification processes considered in this analysis have efficiencies, ranging from 76 to 81%.
The Texaco process using either [llinois #6 or Wyodak coal is the most efficient process. The syngas
produced in the Texaco process with Wyodak coal is, on volume basis, 34.5 % of hydrogen, 49 % of
carbon monoxide, and 16.5 carbon dioxide. This syngas has 13.2 MMBTU per ton of coal with 6.9
MMBtu from hydrogen and 6.3 MMBtu from CO. An amount of 3.1 MMBTU is consumed in the
gasification process.
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Figure 2. Syngas Energy per Ton of Coal for Three Different Gasification Process (Texaco, Shell, and
Koppers-Totzek) and Two Types of Cod (Illinois #6 and Wyodak). The Figure also shows efficiency (?)
for every gasification process.
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Figure 3. Zero-Atmospheric Emissions Power Plant Data for Base Case Analysis.
Notation: Pressure — Ib/in® (top), Temperature -°F (middle), Mass flow - Ib/sec (lower).
Input Power = 939.3 MW LHV, Electric Power Generated = 539.0 MW,
Parasitic Power =139.0MW. Net Electric Power = 400.0 MW,

Net LHV Thermal Efficiency = 0.426




Figure 3 shows the results for the base case power plant analysis. Figure 3 shows pressures,
temperatures and mass flow rates for this power plant at more than fifty locations. In Figure 3, power is
given in kW, pressurein Ib/in?, temperaturesin °F, and mass flow rates in Ib/s. The base case assumes a
high-pressure turbine with an inlet temperature of 1500 °F (1089 K) and isentropic efficiency of 90%. The
intermedi ate-pressure turbine operates at 2600 °F (1478 K) and isentropic efficiency of 91%, and the low-
pressure turbine operates at an inlet temperature of 2600 °F (998 K) and isentropic efficiency of 93%.

This power plant configuration has a net therma efficiency of 42.6 % and a net electrical output of
400 MW. The net thermal efficiency is based on the lower heating value of cod, and includes the energy
required to separate oxygen from air and the energy required to compress the carbon dioxide for
underground sequestration at a pressure of 2100 Ib/in? (14.5 MPa). This sequestration pressure is
sufficient to inject the carbon dioxide either into an oil zone for enhanced oil recovery, or into a
subterranean aquifer at an approximate depth of 3937 ft (1200m).

In the current analysis, the power plant and the air separation plant were treated as individual units.
By integrating the air separation plant and the power plant and by optimizing the performance of the
combined units, a higher overall efficiency and therefore lower cost of electricity could be obtained. For
example, the air separation plant produces nitrogen that can be compressed and then heated in a heat
exchanger using hot gases from a reheater installed between the high-pressure and low-pressure turbines.
The compressed and heated nitrogen can then be expanded in aturbine, thereby adding to the electrical
output of the plant.

An evaluation of the efficiency of a400 MW coa syngas plant in which the power plant and the air
separation plant were integrated and then optimized was presented by Marin et al. [41]. The authors
presented efficiencies that are higher than the 42.6 per cent caculated in this paper.

Figure 4 shows cost of dectricity in the zero emission power plant for the three different gasification
processes and two types of coa. Cost of eectricity varies from US$0.054 per kWh for the Shell process
and Illinois#6 coal to $0.052 per kWh for the Shell process with Wyodak coal. This represents a 5%
maximum variation for three different gasification processes and two types of coa. Thisis an indication
that the kind gasification process and the type of cod have little inf luence in the electricity cost.
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Figure 4. Cost of Electricity for Three Different Gasification Process (Texaco, Shell, and Koppers-
Totzek) and Two Types of Cod (lllinois #6 and Wyodak). Cost of Electricity for IGCC with and without
CO, sequestration are also included.
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A comparison of the cost of electricity for electric power plants operating on both syngas derived
from coa and on natural gasis presented in Figure 5. Points 1 to 8 are cost of eectricity for different
technologies using natural gas and points 9 to 14 are cost of electricity for different technologies using
coa. The analysis done to make this figure considers the price of natural gas as US$3.33/MM Btu and
cod price of US$1.25/MM Btu, capital charges of 15% per year, 85% utilization. The figure includes
electricity costs for plants with and without exhaust gas sequestration [42].
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Figure 5. Cost of Electricity as a Function of Capital Cost for Zero Emission Steam Technology
(ZEST) and Others Technologies for Comparison.

Figure 5 indicates that the lowest of electricity is US$0.03/kWh for natural gas combined cycle plant
without exhaust gas sequestration. The figure includes cost of electricity for different technologies that
facilitate CO, sequestration. An advantage of the ZEST technology over combined cycle technology is
the lower cost to condition CO, for sequestration of US$4.6 per metric ton versus US$29.1 per metric ton.
This lower CO, conditioning cost could provide additiona revenue for ZEST plants where the CO, could
be used for enhanced oil or coal bed methane recovery, or could be sold as an industrial by-product. Point
13 in Figure 5 represents the power plant analyzed in this document with cost of electricity between
US$0.052 and US$0.055 depending of the gasification process used and coal type. Point 14 represents a

ZEST technology god that can be reached only with the development of higher temperature steam
turbines.
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CONCLUSIONS

This paper presents a thermodynamic analysis of a zero-atmospheric emissions power plant. The
simulation considers the compression process of syngas and oxygen to feed the gas generator and the
reheater, a Rankine cycle with three turbines and the carbon dioxide separation and sequestration
processes.

The analysis predicts a 42.6% net thermal efficiency in a zero-atmospheric emissions 400 MW power
plant that can be constructed with turbine technology that is under current development. The net thermal
efficiency is based on the lower heating value of coal, and includes the energies required to separate
oxygen from air, to make syngas from coal and the energy required to compress the carbon dioxide for
underground sequestration.

The separation and sequestration processes of the carbon dioxide demand only a small part of the
auxiliary power of the system. Current research and development of the air separation technology is
expected to reduce the energy required to separate oxygen from air. This would increase the efficiency of
the power plant and reduce e ectricity cost.

ACKNOWLEDGEMENTS

This work was performed under the auspices of the U. S. Department of Energy by the University of
Cadlifornia, Lawrence Livermore Nationa Laboratory under Contract No. W-7405-Eng-48. Some of the
conceptsin this publication are based on the intellectual property of Clean Energy Systems, Inc.

REFERENCES

1. DOE, 2003, “FutureGen,” U.S. Department of Energy Announcement, February 2, 2003.

2. Bilger, R, D., 1999, “Zero Release Combustion Technologies and the Oxygen Economy.”
Proceedings of the Fifth International Conference Technologies and Combustion for a Clean
Environment, Portugal .

3. Fdk-Pederson, O., and Dannstrém, H., 1997, “ Separation of Carbon Dioxide from Offshore Gas
Turbine Exhaust,” Energy Conversion and Management. Vol. 38, pp. S81-S36.

4. Herzog, H., Drake, E., and Adams, E., 1997, “CO, Capture, Reuse, and Storage Technologies for
Mitigation Global Climate Change,” Final Report No. DE-AF22-96PC01257. US Department of
Energy, Washington, DC.

5. Stevens, S. H., and Gale, J., 2000, “Geologic CO, Sequestration may Benefit Upstream Industry,”
Oil & Gas Journd, Val. 98, pp. 40-44.

6. Wildenborg, T., 2000, “Costs of CO, Sequestration by Underground Storage,” Greenhouse
Issues, International Energy Agency Greenhouse Gas R& D Programme, No.47, pp. 2-4.

7. Wong, S, and Gunter, B., 1999, “Testing CO,-Enhanced Coalbed Methane Recovery,”
Greenhouse Issues, International Energy Agency Greenhouse Gas R& D Programme, No. 45, pp.
1-3.

8. Anderson, R., E., Brandt, H., Mueggenburg, H., H., Taylor, J., and Viteri, F., 1998, “A Power
Plant Concept which Minimizes the Cost of Carbon Dioxide Sequestration and Eliminates the
Emission of Atmospheric Pollutants,” Proceedings of the Fourth International Conference on
Greenhouse Gas Control Technologies, Interlaken, Switzerland, (Editors: Reimer, P., Eliasson,
B., and Wokaun, A.), Pergamon.

9. Anderson, R, E., Brandt, H., Doyle, S.,E., Mueggenburg, H., H., Taylor, J., and Viteri, F., 2000,
“A Unique Process for Production of Environmentally Clean Electric Power Using Fossil Fuels,”
Proceedings of the 8th International Symposium Transport Phenomena and Dynamics Rotating
Machinery. (ISROMAC-8), Honolulu, Hawaii.



10.

11

13.

14.

15.
16.

17.

18.

19.
20.

21

23.

24.

25.

26.

21.

28.

20.

3L

32.

12

Smith, J. R., Surles, T., Marais, B., Brandt, H., and Viteri, F., 2000, “Power Production with Zero
Atmospheric Emissions for the 21st Century,” Proceedings of the 5th International Conference on
Greenhouse Gas Control Technologies, Cairns, Queensland, Australia.

Viteri, F., 1993, " Turbomachinery for Modified Ericsson Engines and Other Power/Refrigeration
Applications,” US Patent 5473899.

Viteri, F., 1997, “Turbocharged Reciprocation Engine for Power and Refrigeration Using the
Modified Ericsson Cycle,” US Patent 5590528.

Viteri, F., 1997, “Clean Air Engines for Transportation and Other Power Applications,” US
Patent 5680764.

Beichel, R., 1998, “Reduced Pollution Hydrocarbon Combustion Gas Generator,” US Patent
5709077.

Beichdl, R., 1998, “Reduced Pollution Power Generation System,” US Patent 5715673.

Beichdl, R., 1999, “Reduced Pollution Power Generation System Having Multiple Turbines and
Reheater,” US Patent 5956937.

Beichdl, R., 1999, “Reduced Pollution Hydrocarbon Combustion Gas Generator,” US Patent
5970702.

Viteri, F., Taylor, J.P., Brandt, H., and Anderson, R.E., 2000, “Hydrocarbon Combustion Power
Generation System with CO, Sequestration,” US Patent 6170264.

Mueggenburg, H., 2001, “ Steam Generator Injector,” US Patent 6206684.

Viteri, F., 2001, “Clean Air Engines for Transportation and Other Power Applications,” US
Patent 6247316.

Cargill, P., DeJonghe, G., Howdley, T., Lawson, B., Leighton, L., and Woodward, M., 2001,
“Pifion Pine IGCC Project; Final Technica Report to the Department of Energy,” DOE Award
Number: DE-FC21-92M C29309, Sparks, Nevada.

Sundin, U., 1994, “The Puertollano IGCC Project, a 335 MW Demonstration Power Plant for the
Electricity Companiesin Europe,” Paper presented at the Thirteenth EPRI Conference.

Cool Water Coa Gasification Program, Bechtel Power Corporation, and Radian Corporation,
1986, “Cool Water Coa Gasification Program: Fourth Annual Progress Report,” EPRI Interim
Report AP-4832.

Tsatsaronis, G., and Tawfik, T.,1990, " Performance Comparisons of Integrated Gasification-
Combined Cycle Power Plants.” Proc. 25" Intersociety Energy Conversion Engineering
Conference. Aug. 12-17, Reno, Nevada. VVol. 5.

Cook, C. S., Corman, J., C., and Todd, D., M., 1995, “System Evauation and LBTU Fuel
Combustion Studies for IGCG Power Generation.” Journ. Engineering for GAS turbines and
Power, Vol. 117.

McCullough, G., R., van der Burgt, M., J., and Waller, J., 1982, “Shell Coal Gasification
Process.” Shell Development company Westhollow Research Center, Houston, Texas 77001.
Farnsworth, J., F., 1978, “Carbonization of Coal and Gas Making.” Marks Standard Handbook
for Engineers, ISBN 0-07-004123-7, McGraw-Hill Company, New Y ork.

Klein, S. A., and Alvarado, F. L., 2002 “Engineering Equation Solver,” F-Chart Software, Box
44042, Madison, W1 53744,

Kobayashi, H., and Prasad, R., 1999, “A Review of Oxygen Combustion and Oxygen Production
Systems,” Praxair Technology, Inc.

Wilson, D. G., and Korakianitis, T., 1998, “The Design of High-Efficiency Turbomachinery and
Gas Turbines,” Prentice Hall, ISBN 0-13-312000-7.

Bannigter, R. L., Newby, R. A., and Yang, W. C., 1999, “Fina Report on the Development of a
Hydrogen-Fueled Combustion Turbine Cycle for Power Generation,” Journal of Engineering for
Gas Turbine and Power, Vol. 121, pp. 38-45.

Bolland, O., Kvamsdd, H. K., and Boden, J.C., 2001, “A Thermodynamic Comparison of the
Oxy-Fuel Power Cycles Water-Cycle, Gratz-Cycle and Matiant-Cycle,” International Conference
of Power Generation and Sustainable Development, Liege (Belgium).



37.

30.

41.

42.

13

. Aoki, S., Uematsy, K., Suenaga, K., Mori, H, H., and Sugishita, H., 1998, “A Study of Hydrogen

Combustion Turbines,” Proceedings of the International Gas Turbines & Aeroengines Congress
& Exhibition, Stockholm, Sweden.

. Kee, RJ,, Rupley, F.M., and Miller, JA., 1991, “Chemkin-11: A Fortran Chemica Kinetics

Package for the Analysis of Gas Chemical Kinetics,” SAND89-8009B, UC-706, Sandia National
Laboratories, Albuguerque, NM and Livermore, CA.

. Bowman, C.T., Frenklach, M., Wang, H., Goldberg, M. Smith, G.P., Golden, D.M., Hanson,

R.K., Davidson, D.F., Gardiner W.C., J., and Lissianski, V., 1997, “GRI-MECH2.11 — An
Optimized Detailed Chemica Reaction Mechanism for Natural Gas Combustion and NO
Formation and Reburning,” Proceedings of the American Ingtitute Chemical Engineers Meeting.
Los Angeles, CA.

. IAPWS, “Formulation 1995 for the Thermodynamic Properties of Ordinary Water Substance for

General and Scientific Use,” The International Association for the Properties of Water and Steam
(IAPWS).

Span, R., and Wagner, W., 1996, “A New Equation of State for Carbon Dioxide Covering the
Fluid Region from the Triple-Point Temperature to 1100 K at Pressures up to 800 MPa,” J. Phys.
Chem., Ref. Data, Val. 25, No. 6.

. Sonntag, R., E., and Van Wylen, G., J, 1986, “Fundamentals of Classical Thermodynamics,” John

Wiley and Sons.
McCarty, R.D., 1975, “Hydrogen, Technological Survey - Thermophysical Properties,” NASA
SP-3089, National Aeronautics and Space Administration.

. Horlock, J. H., (1995) “Combined Power Plants - Past, Present and Future,” ASME Journ. Eng.

for Gas Turbines and Power, Vaol. 117.

Marin, O., Bourhis, Y., Perrin, N., Di Zanno, P., Viteri, F., and Anderson, R., 2003. “High
Efficiency, Zero Emission Power Generation Based on a High-Temperature Steam Cycle.” 28"
International Technical Conference on Coa Utilization and Fuel Systems, Clearwater, Florida.
Simbeck, D., 1998, “A Portfolio Selection Approach for Power Plant CO, Capture, Separation
and R&D Options,” Fourth International Conference on Greenhouse Gas Control Technologies,
Interlaken, Switzerland, Editors: Reimer, P., Eliasson, B., and Wokaun, A., Pergamon.



	Case Study Group I
	Imbus
	Rice
	Case Study Group II
	Martinez-Frias
	Yantovski

	Main Menu: 
	Technical Sessions: 
	Plenary Sessions: 
	Poster Presentations: 
	Participants: 


