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Abstract 
Oak Ridge National Laboratory (ORNL) has developed a novel system concept for 
combined-cycle power generation called the LAJ cycle. This system could serve as a 
basis for the development of a new generation of high-efficiency combined cycles. In one 
of several possible configurations of the new combined-cycle fossil fuel power system, 
natural gas enters the system at 4.0 MPa and about 300 K, is heated and reformed, and is 
transferred to a turbine where the gas is expanded to 0.6 MPa and 800 K, and then flows 
successively to heat exchangers and a condenser-separator, after which it is separated 
into two gas streams, one containing principally CO with some CH4 and water vapor and 
the other containing pure H2. The CO and H2 flow to separate fuel cells and undergo 
electrochemical oxidation with the concomitant production of electricity. Separate 
streams of water and carbon dioxide (CO2) are produced, making this cycle compatible 
with carbon mitigation strategies based on sequestration. Model calculations indicate 
combined-cycle efficiencies greater than 70% based on the lower heating value of natural 
gas. The high efficiencies realized result from a combination of the high-pressure natural 
gas reformate expansion and the highly efficient CO and H2 fuel cells. Most of the power 
derives from the fuel cells in the system. 
 
Introduction  
Combined cycle power systems (a combination of two or more power generation cycles 
in a single system), especially gas turbine-steam turbine combinations, operating on 
fossil fuels have been under development for several years.  Hybrid systems are those 
combined cycle systems that use different power generation concepts such as a 
combination of turbines with fuel cells to generate electricity.  The basic technological 
process of all the proposed gas turbine-fuel cell hybrid systems includes processing fossil 
fuels such as natural gas, coal, or heavy hydrocarbon mixtures (petroleum products) into 
a fuel gas (e.g., H2, CO, light hydrocarbons, C1 or C2) suitable for use in fuel cells. The 
electrochemical conversion that occurs also releases heat. [1] An appropriate system 
configuration may utilize this waste heat and may be used to produce supplemental 
power from gas and/or steam turbines in Brayton or Rankine cycles, respectively.  These 
systems are designed to increase the efficiency of fuel energy conversion to electricity 
and to reduce emissions (NOx, CO, CO2) to the environment.  Cogeneration and 
combined-cycle system approaches can increase the efficiency by more than 20 
percentage points compared with that of conventional power systems. [2] 
Several cogeneration and combined-cycle power systems of various configurations have 



been developed that achieve very high efficiencies.  Numerous natural gas combined 
cycle (NGCC) systems (combined gas turbine-steam turbine cycle) are in service and 
achieve efficiencies as high as 58 to 60% based on the lower heating value of natural gas.  
The U. S. Department of Energy recently completed a 7-year development effort aimed at 
improving the efficiencies of NGCCs to 60%.  This was a very successful development 
program, and technologies based on it are now in the commercial marketplace.  
Currently, 60% efficiency is about the practical limit for these systems based on 
limitations of the high temperature materials.  Integrated coal-gasification combined 
cycles achieve about 42% efficiency. [3] 
 
Combined-cycle systems based on fuel cells in combination with gas turbines are of 
considerable interest because of the potential for even further improvements in efficiency 
and reductions in emissions.  The LAJ (for Labinov, Armstrong, and Judkins) Cycle, 
invented by researchers at Oak Ridge National Laboratory, is capable of achieving very 
high efficiency performance as well as a minimization of emissions.  The cycle uses fuel 
cells as the principal power generation devices and uses the waste heat from the fuel cells 
for turbine power generation.  Fuel utilization is very high.  This cycle is adaptable to the 
use of natural gas or coal-derived synthesis gas (syngas) as fuels.  It is well suited to 
integration into a carbon-mitigation strategy involving separation, capture, and 
sequestration (isolation from the environment) of carbon dioxide. 
 
The LAJ Cycle and a static model that was developed and applied to the LAJ Cycle are 
presented in this paper.  The results of the model evaluation indicate efficiencies of about 
70 to 80%.  This cycle, though new, does not depend on additional invention or discovery 
to develop an operating system based on it, although system improvement opportunities 
are discussed.  A description of one configuration of the LAJ Cycle is presented first; 
then, the critical elements of the system are discussed.  Finally, a discussion of the static 
model that was used to evaluate the system performance potential is presented.  
Considerably more detail on the LAJ Cycle and the static model, as well as a dynamic 
model that was also developed on this project, are provided in a previously published 
series of papers. [4-6] 
 
Description of the LAJ Cycle 
Several configurations are possible for the LAJ Cycle. Figure 1 provides a schematic 
diagram of one configuration.  The power generation components of this configuration 
include three gas turbines, a solid oxide fuel cell (SOFC) fueled with carbon monoxide, 
and a second fuel cell fueled with hydrogen, which may be of any of several types (e.g., 
phosphoric acid, molten carbonate, or solid oxide).  Henceforth, these fuel cells will be 
referenced according to the fuel used (i.e., CO or H2).  In this configuration, natural gas is 
fed from a pipeline to the system at 4.0 MPa and 300 K. [7] The gas is heated by heat 
exchanger H4 and enters the steam reformer R at 1200 K and 4.0 MPa.  Water from 
pump P enters heater H1 at 4.0 MPa and 400 K and, after heating, flows through heat 
exchanger H2 and thence to steam generator H3.  The steam at 4.0 MPa and 1200 K goes 
to steam reformer R and reacts with natural gas to form synthesis gas.  The synthesis gas 
is then transferred to gas turbine GT3.  The gas expands in the turbine to 0.6 MPa and 



 
 

Fig. 1.  Schematic diagram of one configuration of the LAJ Cycle 
 
800 K and then flows successively to heat exchangers H2 and H1.  From heat exchanger 
H1, the gas, at 450 K and 0.6 MPa, is fed to the condenser-separator S.  Condensate 
flows to pump P, and the gas stream is separated into two streams by a membrane 
separator, MS, device.  A stream containing CO, CH4, and water vapor flows from the 
membrane separator to heat exchanger H5 at 0.6 MPa and 400 K.  The heated gas goes to 
the CO fuel cell FC1, where it undergoes an electrochemical oxidation and then, at 0.6 
MPa and 1300K, flows to heater H4.  From heater H4, the gas flows to turbine GT1 and 
expands to 0.1 MPa.  On exiting the turbine, the hot gas passes steam generator H3 and 
goes to the condenser-separator S2.  At S2, condensation of the vapor occurs, and a shift 
reaction takes place, resulting in the formation of CO2 and H2.  The solution of CO2 in 
water is collected for sequestration and the H2 is combined with a second stream from the 
membrane separator, which contains pure hydrogen, and the combined stream flows to 
heater H6 at 0.1 MPa. 
 
After heating to 1300 K, the hydrogen is transported to the H2 fuel cell FC2.  After 
electrochemical oxidation, the hot gases containing water vapor and hydrogen at 1300 K 
flow in succession to units H3, H2, and H1.  The chilled gas flows to condenser-
separator S1.  The condensed water from S1 may be collected and used, and the hydrogen 
is recycled to the fuel cell.  The oxidant for the fuel cells (oxygen) is fed from 
compressors C1 and C2 at high and low pressures, respectively.  The heated air from the 
H2 fuel cell FC2 flows to heater H6 and the heated air from the CO fuel cell FC1 flows 
to turbine GT2, and thence to heater H5. 
 
In this configuration, the gas turbines produce approximately 13% of the total system 
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power; the CO fuel cell produces approximately 40%; and the H2 fuel cell produces 
approximately 47%.  Thus, the system takes advantage of the very high-energy 
efficiencies of electrochemical conversion and utilization of waste heat to maximize 
power generation and electricity generation efficiency. 
 
The Fuel Processor 
The primary fuel for the LAJ Cycle may be any fuel that can be reformed (i.e., converted 
to synthesis gas, a mixture of CO and H2).  For methane (CH4) or natural gas, catalytic 
steam reforming was the approach considered here.  In the case of methane fuel, the 
formation of  synthesis gas proceeds according to the following equation: 
 

CH4 + H2O ↔ CO + 3 H2, 
 

The reaction occurs in the reformer at 1200 K and 4.0 MPa.  Synthesis gas may be 
produced from coal via a coal-gasification process in which coal is partially oxidized in a 
steam-air or steam-oxygen environment.  If CH is used to represent the composition of 
coal, the gasification reaction proceeds according to the equation: 
 

2 CH + O2 ↔ 2 CO + H2. 
 
Steam reforming of natural gas and gasification of coal are well-established and 
commercial processes for producing synthesis gas.  For example, numerous natural gas 
reformers are in service in refineries to produce the hydrogen required for hydrotreating 
petroleum. Typical production capacities may be on the order of 35 million standard 
cubic feet of hydrogen per day.  These plants are also in use worldwide both for 
commercial production of hydrogen (so-called “merchant hydrogen”).  Coal gasification 
is now a worldwide technology.  The primary commercial use is for fuel and chemical 
production, but most current development activities are directed to integrated gasification 
combined cycle (IGCC) systems.  These coal-gasification systems are not yet used 
extensively for hydrogen production, but they are widely considered to be excellent 
approaches to the clean use of coal. 
 
Regardless of the formation process, the synthesis gas mixture provides the motive force 
for the turbine, GT1, and, on separation of the mixture into its constituent parts, the fuels 
for the CO and H2 fuel cells.  [8] 
 
Separation of Synthesis Gas into CO and H2 
Although other techniques could be employed for the separation of the synthesis gas, a 
high-temperature approach using inorganic membranes was used here.  [9]   These 
membranes have operated at temperatures up to 873 K.  Separation occurs through 
molecular transport.  Membranes for the separation of hydrogen from synthesis gas have 
apparent pore diameters of <2.0 nm and may be as small as 0.5 nm.  Their small pore size 
notwithstanding, these membranes can achieve very high fluxes or permeance.  At about 
623 K, the hydrogen permeance of these inorganic membranes has been determined to be 
about 0.1 standard cubic centimeters per minute per square centimeter of surface area per 
centimeter of mercury (or 0.0013 MPa) hydrogen partial pressure differential.  The 



membranes, though not yet commercialized, are manufactured using scalable techniques. 
 

The Parsons Infrastructure & Technology Group Inc. has developed a conceptual 
hydrogen-separation device based on these porous inorganic membranes. [10]  Table 1 
presents information on the baseline and two revised designs of the hydrogen- separation 
device.  These devices are intended to process approximately 35,000 lb/h of hydrogen.  
Parsons has estimated the cost of fabrication of the membranes at about $1,100/m2.  

 
Table 1.  H2 separation device designsa 

 
Device design Baseline Revised Revised 

Operating temperature (°C) 761 600 300 
H2 production  
   Rate (kg/h) 15,969 16,285 16,585 
   Temperature (°C) 761 600 300 
Synthesis gas inlet conditions  
   Flow rate (kg/h) 310,257 310,257 310,257 
   Pressure (MPa) 6.895 6.895 6.895 
   Temperature (°C) 513 318 207 
   Flow rate (m3/s) 5.78 4.90 3.20 
Membrane area  
   Minimum (m2) 3,271 3,335 3,397 
   Increased ~25% (m2)b 4,181 4,181 4,181 
Vessel ID (m) 2.4384 2.4384 2.4384 
Tube dimensions   
   OD (mm) 15.875 15.875 15.875 
   ID (mm) 12.7 12.7 12.7 
   Preliminary length (m) 8.84 8.84 8.84 
Tubes per vessel 11,800 11,800 11,800 
Gas velocity through tubes (m/s) 3.87 3.29 2.13 
Gas retention time (s) 2.3 2.7 4.1 
Reynolds number ~19,000 ~22,500 ~28,000 
Number of vessels 3 3 3 
Configuration of tube bundle (m) 8 × 3 8 × 3 8 × 3 
Flow arrangement Series Series Series 
aAdapted with permission from Michael Rutkowski, the Parsons Infrastructure & 
Technology Group Inc [10]. 
bMembrane area increased to meet design specifications. 

 
These data suggest that a hydrogen-separation device based on these inorganic 
membranes would be highly efficient and compact.  It would be capable of providing all 
the high-purity CO and H2 required for fuel cell operation at minimal costs. 
 
The CO and H2 Fuel Cells 
For the purposes of this discussion, SOFCs are considered for both the CO and H2 fuel 
cells, although the H2 fuel cell may be of any type.  SOFCs are essentially all-ceramic 
power-generating devices that use air (or oxygen) and fuel flows to generate electricity 



and heat.  Ceramic structures allow the SOFCs to operate at very high temperatures (i. e., 
about 1273 K), which is much higher than the operating temperature of most other fuel 
cells.  At this temperature, autothermal reforming of hydrocarbon fuels occurs at the 
surface of the fuel cell anode, primarily to form CO and H2, which in turn are 
electrochemically oxidized with the concomitant production of electricity.  These, then, 
are the ultimate fuels for this fuel cell.  Although SOFCs operate quite efficiently on 
hydrocarbon fuels, particularly methane, considerable efficiency improvements may be 
realized if essentially pure CO and/or H2 are used as fuels.  Thus, the concept here is to 
produce CO/H2 mixtures external to the SOFC, separate those mixtures into their primary 
constituents, CO and H2, and then supply the pure gas streams separately to fuel cells 
adapted to electrochemically oxidize the respective pure gases.  The oxidant for the fuel 
cells is oxygen in air, air enriched in oxygen, or pure oxygen. 
 
SOFCs operating on CO as fuel have a theoretical efficiency of 69% at 1000 K.  The 
product of the electrochemical oxidation of CO is a mixture of gases consisting of CO, 
CO2, and H2O at 0.6 MPa and 1300 K, which is used to drive a turbo-expander for 
producing additional electricity.  The outlet stream from the turbo-expander goes to a 
condenser-separator where a shift reaction takes place.  After H2 is released, a mixture of 
CO2 and H2O remains.  Thus, one of the important features of the LAJ Cycle is the 
production of an essentially pure stream of CO2, which can be separated, further 
upgraded in purity if required using conventional techniques, compressed if needed, and 
integrated into a CO2 sequestration scheme. 
 
The H2 fuel cell may be of any of several possible types, such as alkaline, polymer 
electrolyte membrane, or solid oxide.  For the static model analysis, an SOFC was 
considered.  Just as the CO fuel cell operates much more efficiently by using a pure fuel, 
the H2 fuel cell operates much more efficiently when pure H2 is used as the fuel.  SOFCs 
provide simple output adjustment.  Thus, power systems based on the LAJ cycle provide 
the capability to adapt quickly to changes of external load without a significant decrease 
in efficiency.  Through the convenient adjustment of air (or oxygen) and fuel flows, fuel 
cells can be easily adjusted for changing demands for electricity by boosting output when 
necessary, then cycling down output when demand is reduced. 
 
Fuel cell materials and designs have resulted in the development of SOFC configurations 
that have the capability of achieving very high fuel utilization (i.e., a very high 
percentage of fuel fed to the device reacts electrochemically).  Up to 90% or more of the 
fuel fed to SOFC stacks can be utilized, resulting in theoretical efficiencies of 70%.  [11] 
Table 2 provides characteristics of the different types of fuel cells that may be utilized in 
the LAJ Cycle.  All of the fuel cell types can achieve very high efficiencies when run on 
H2, as indicated in Table 2. 

 
 
 
 
 
 



Table 2.  Characteristics of various types of fuel cells 
 

Fuel Cell Type PEM Alkaline PAFC MCFC SOFC 
Electrolyte Polymer Potassium 

hydroxide 
Phosphoric 

acid 
Molten carbonate 

salt 
Y-stabilized 

zirconia 
Operating 

temperature (°C) 
50-90 50-100 160-220 650 800-1000 

Fuels H2 H2 H2 H2 H2, CO, CH4, 
C4H10 

Reforming External External External External/ internal External/internal 
Efficiency 

(HHV) 
50-60 50-70 55 55-65 55-65 

 
The oxygen required for fuel cell operation may be supplied from an oxygen-containing 
gas, such as air or oxygen-enriched air, or from substantially pure oxygen.  The oxygen 
containing gas is preferably preheated before being supplied to the fuel cells.  Even 
though the reformer uses water in the reforming process, the overall cycle is a net water 
producer, and, thus, does not require an external source of water.  For example, a 1 MW 
system can produce a net of approximately 10 tons of water each day.  Approximately 
one third of the water formed in the cycle can be heated and fed to the reformer.  The 
balance of water is available for consumers or discharge as a clean waste.  Depending on 
the purpose and conditions of application, the proposed basic configuration may be 
modified to achieve certain improved characteristics. 
 
Models of Basic Functional Components 
This section presents the various elements of the static performance model that were used 
to evaluate the LAJ Cycle. 

 
Natural Gas Steam Reformer 
A natural gas steam reformer was considered to convert natural gas into synthesis gas 
(CO and H2).  The degree of methane conversion to CO and H2 depends largely on 
temperature, pressures and the steam to methane ratio.  The mathematical model of the 
reformer describes the equilibrium conditions in the reformer system with a gas 
composed of CH4, CO, CO2, H2, and H2O, and is determined by minimizing the Gibbs 
free energy.  For example, if the Gibbs free energy is minimized with respect to the 
temperature and pressure of the system, the equilibrium composition of the reaction 
mixture is determined without accounting for stoichiometric relations.  
 
Fuel Cells 
The fuel cell efficiency can be described as: 
 

η fc =
maximum work

change of overall enthalpy
=

∆G
∆H

 

 
where ∆G is the change in the Gibbs function and ∆H is the change in enthalpy.  At 
standard temperature and pressure (273 K, 0.1 MPa) the Gibbs function is: 
 



∆Go = Gp − Gr = ( Hp − Hr ) − T(Sp − Sr )  
 

∆G0 = nj
p
∑ (h )j − ni

r
∑ (h )j − T0( nj s j

0

p
∑ − nis i

0

r
∑ )  

where the subscripts p and r stand for the reaction products and reactants respectively.  
The values of h and s for substances are available as tabulated data.  To simplify the 
calculations, the hydrogen-oxygen fuel cell reactions may be written as: 
 

)(2)()(2 2 2 2 lOHgOgH →+  
 
A calculation of the change in the Gibbs function under standard temperature and 
pressure, by substituting in tabulated values, results in: 
 

mol•kJ/kg 327,237)( )(
00

2
−===∆ lOHfp gGG  

 
remembering that the Gibbs function of an element is zero under standard conditions.  
The change in enthalpy for the overall fuel cell reaction is: −286,010 kJ/kg•mol.  
Therefore, the ideal fuel cell efficiency (η) is 0.83 or 83%. 
 
The fuel cell reaction for the carbon monoxide fuel cell is: 
 

)(2)()(2 2 2 gCOgOgCO →+  
 
For this fuel cell, both ∆G and ∆H of the reactants are non-zero: substituting and solving 
gives –257,405 kJ/kg•mol and –283,161 kJ/kg•mol for ∆G and ∆Η, respectively.  
Therefore, the ideal efficiency for a fuel cell operating on CO is 0.90 or 90%.  The fuel 
cell efficiency can be calculated at other than standard conditions.  For the carbon 
monoxide fuel cell at 1000 K and 0.1 MPa pressure, the change in the Gibbs free energy 
and the enthalpy are –195,797 kJ/kg•mol and –282,796 kJ/kg•mol, giving an ideal 
efficiency of 0.69 or 69%. 
 
One approach to increasing the efficiency of the fuel cell is to increase fuel utilization.  
The multistage fuel cell [U. S. Patent 6,033,794] is an improvement over an earlier 
concept, often referred to as a “fuel cell network,” in which one fuel cell module directs 
its spent fuel and oxidant streams to heat exchangers that cool these gases sufficiently to 
use in a second, independent, fuel cell module. [12]  These networks were thought to 
overcome the problem of fuel cells not using 100% of their fuel and oxidant in one pass.  
Current state-of-the-art fuel cells experience fuel utilization ranging from 75% to 85%.  
Directed to a second downstream fuel cell, total fuel utilization theoretically could be 
increased to 93−98%.  A key strategy in networked fuel cells is to maximize fuel 
utilization in each stage.   
 
The multistage fuel cell differs in that all stages are placed in a single module and no heat 
exchangers are needed between stages to cool the gases.   Subsequent stages are simply 
designed with materials that can accommodate the next-higher temperature regime.  Also, 



the multistaged concept does not attempt to maximize fuel utilization between stages.  
Rather, each stage is permitted to operate much underutilized relative to state-of-the-art 
designs.  The ideal number of stages in a multistage fuel cell is a matter of design choice 
and optimization.   
 
Turbine and Compressor 
The basic process of a working fluid state change is assumed to be polytropic and 
described by the equation: 
 

pvn = C  
 
where p is pressure, v is specific volume, n is the polytropic exponent, and C is a 
constant. The polytropic process work formula is described as: 
 

Wt = − vdp = −m C 1 np−1 ndp
1

2
∫

1

2
∫  

 
Using the following expressions: 
 

C1 n = p1
1 nv1 = p2

1 nv2  
p1v1
p2v2

=
p2
p1

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

n −1 n

 

 
the work of the turbine can be reduced to the simple expression: 
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where m is the number of moles of working fluid and R is the universal gas constant.  
The turbine losses are estimated with the help of an internal efficiency coefficient ηt, 
such that the real work of the turbine is Wtr=Wt ηt. 
 
Compressor 
On the basis of the equation describing a polytropic process, the work of consumption for 
the compressor is: 
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and the losses of the compressor are taken into account by an internal efficiency 
coefficient ηc, so the real work consumed by the compressor is Wcr=Wc /ηc. 
 
 



Heat Exchangers, Separators, and Condensers 
Standard mathematical models were used to describe the function of the heat exchangers and 
condensers.  
 
Static Problem Solution 
The primary goal of evaluating the combined cycle system under static conditions is to 
determine the dependence of the system parameters on: 
 
• natural gas pressure at the reformer inlet-4.0 MPa, 
• natural gas flow rate at the reformer inlet-1 mole/sec, 
• steam to gas ratio at the reformer inlet-from 1 to 5, 
• reforming process temperature-1200 K, 
• synthesis gas pressure at the turbine outlet-0.6 MPa, 
• fuel cell operating temperature-1300 K, and 
• efficiency of system components: for the turbine- 0.90, and for the compressor-0.85 . 
 
The following parameters of the system were determined under given conditions 
depending on the steam to gas ratio: 
 
• synthesis gas composition after reforming, 
• synthesis gas turbine power, 
• H2 fuel cell power, heat, and efficiency, 
• CO fuel cell power, heat, and efficiency, 
• air turbine power, 
• air compressor power, 
• steam reformer process heat consumed, 
• system heat balance, 
• system efficiencies (electrical and total) , 
• natural gas flow rate for a 250 kW plant, and 
• fuel cost per kWh produced by the system. 
 
Static Model Results 
The degree of methane conversion in the reformer reached 95 % with a steam to gas ratio 
of 5. However, such a system requires large compressors to move such large amounts of 
gas.  It is more cost effective to have a system with a steam to gas flow ratio of 3.  In 
such a system, the model predicts the degree of methane conversion to be 88 %.  The 
CO2 concentration in the synthesis gas after the reformer is approximately zero, which 
indicates that the shift-reaction does not occur in the reformer at 1200 K. 
 
The effective efficiency coefficients of fuel cells are 0.70 for the H2 fuel cell and 0.63 for 
the CO fuel cell, and the system total efficiency is about 0.80 when N=3.  The system 
heat balance is positive when the steam to fuel ratio is 3.  For a 250 kW system, the 
methane consumption is 6 g/sec and the fuel cost element of the cost of electricity is 
about 1.0 cent per kwh based on a natural gas price of $100//1000 m3. 



Conclusions 
The following conclusions result from this research: 
  
1.  The LAJ Cycle is a new fossil-fuel combined cycle power system that is capable of 
achieving a conversion efficiency (fuel chemical energy to electricity) of over 70%. 
 
2. A useful mathematical tool has been developed to assess the performance of 
combined cycle systems employing fuel cells and turbines. 
 
3. Although a water-to-gas mole flow ratio of 5 provides for the greatest extent of fuel 
utilization, equipment size is very large.  The preferred water-to-gas mole flow rate is 3. 
 
4. The system power can be decreased  by approximately 20 % by disconnecting gas 
and air turbines.  It is possible to decrease the system output power by more than 20 % 
only by decreasing the fuel cell power. 
 
5. Nitrogen oxides are not formed in exhaust gases under the system  maximum working 
temperature. 
 
6. Carbon dioxide formed in the CO fuel cell is isolated as a separate flow stream.  This 
facilitates its separation and capture as well as integration into sequestration schemes. 
 
7. The fuel component for the cost of electricity at N=3 is about 1 cent/kwh. 
 
8. Nearly all the fuel is utilized in the fuel cells of the LAJ cycle, in contrast to the 
ineffective combustion of unreacted fuel in most combined cycle systems. [13] 
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