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ABSTRACT 

 

The purpose of the research project was to evaluate the practicality and financial 

feasibility of a chemical looping combustion process utilizing coal as the fuel and steam 

as the regenerative fluid in the place of air.  This project strived to determine the optimal 

conditions for both the combustion and regenerative process through numerical analyses 

of the reactions individually and of the system as a whole, along with physical laboratory 

experiments.   

 

The numerical analysis, although with some contradictions, provided a consensus on 

many of the effects the change in variables would have on the overall performance of the 

system when considering the reactions to be allowed to proceed to equilibrium.  Many of 

these trends were confirmed by physical tests with the exception of some that had a 

different effect likely due to the limitation of reaction time. 

 

Physical tests showed the effects many of the variables would have on the overall 

process.  It was shown that the limitation caused by the use of steam on the oxidized form 

of the carrier would have a minimal effect on the combustion of coal.  The addition of 

cerium (IV) oxide greatly enhanced the conversion of the coal and was exhibited by both 

the continuation of the first reaction regime for a longer period of time and the 

enhancement of reaction rate for the second regime.  This addition also showed a 

minimal effect on the completion of oxidation of carbon monoxide and helped to 

reoxidize the iron based oxygen carrier.  The physical tests also showed that a higher 

temperature, at least initially, would help to oxidize the carrier.  On the regenerative side, 

the oxidation seemed to be delayed until the carrier material was hydrated by the steam 

flowing across it.    

 

Overall, the recommendation of this project is that continued research on the process, 

especially with consideration to the oxygen carrier, would enable a greater understanding 

of the process and make it suitable for scale-up.  Experiments showed that the reaction 

rate was easily raised by additional materials.  It is recommended that this enhancement 

be investigated along with the expansion of environmental conditions. 
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EXECUTIVE SUMMARY 

 

This research project evaluated the practicality and feasibility of a chemical looping 

combustion system utilizing coal as the fuel and steam as the regenerative fluid.  

Chemical looping combustion is the use of an oxygen carrier to replace air.  In many 

cases this carrier is a metal such as iron or copper.  This eliminates the nitrogen that 

would typically be present when air is used providing a concentrated stream of carbon 

dioxide typically ready for sequestration when the fuel is combusted.  This method also 

avoids the formation of NOx gases by avoiding the inclusion of nitrogen in the process.  

Once this oxygen carrier has given up oxygen to burn the fuel, it is recycled to a 

regenerator to replace the oxygen removed.  This is typically done with air but can be 

done via steam.  Use of steam instead of air in the process has received a minimal amount 

of research primarily limited to numerical analysis (Li et al. 3773).   

 

The first task of the project was to examine the process numerically.  This was done 

using two different programs: HSC Chemistry and ASPEN Plus.  HSC Chemistry was 

used to analyze the reactions individually to determine the properties of the reactions and 

the state of the oxygen carrier after each process.  Analysis showed that the iron would be 

limited to iron (II, III) oxide (magnetite, Fe3O4) as its oxidized state due to the use of 

water and be limited in its reduced state as iron (II) oxide (wustite, FeO).  The oxygen 

carrying capacity is reduced to 7% on a weight basis from the possible 30% when 

considering an oxidized state of iron (III) oxide (hematite, Fe2O3) and a reduced state of 

pure iron (Fan and Liang-Shih).   Preliminary analysis showed that the reactions, being 

endothermic, would consume heat in the combustor whereas the regenerator would be 

exothermic and release heat.  However, these were not equivalent to each other, and 

therefore, due to temperature differences between the two reactors, it could not be 

directly used to sustain the combustor.   

 

ASPEN Plus was used to simulate the system as a whole in order to analyze the effects 

different variables would have on the final performance.  Variables considered were the 

environmental conditions in each reactor and the flow rates of the oxygen carrier and 

steam.  Results of the temperature variations were consistent with the reaction 

characteristics produced by HSC Chemistry and followed expected trends with the 

change in Gibbs energy data.  Pressure data followed the rule of thumb of a raise in 

pressure would push the reaction in the direction of fewer moles of gas.  Finally, an 

increase in flow of both the oxygen carrier and steam improved the performance of the 

reactor.  Data is shown in Figure 1 corroborates this where performance is denoted by the 

fraction of hydrogen possible to be produced based on the chemical equation (i.e. 1 mole 

C → 2 moles H2). 
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Figure 1: ASPEN Plus Analysis Results 

 

The second task was to obtain equipment and supplies necessary for the physical tests 

and construct the system(s) needed.  Main challenges of the system were the protection of 

analytical equipment used and the supply and control of the steam.  This was overcome 

by the design of a condenser and collection system that would keep excess water vapor 

from reaching the gas chromatograph.  A purchase of a high pressure, flow controlled 

piston pump from Cole-Parmer coupled with a preheating section allowed the control of 

the flow and helped to maintain a constant temperature of the reactor.   

 

The third task was the examination of the combustor and regenerator through physical 

experiments.  The first process tested was the combustion of coal using the oxygen 

carrier and the change in the reaction based on the need to use iron (II, III) oxide instead 

of iron (III) oxide was noted.  Initial test with coal proved problematic for two reasons: 

the stoichiometric amount of coal the system was capable to run produced a diluted 

product stream along with volatiles inherent in the sample that was difficult to analyze in 

the system constructed.  In order to fix these issues the amount of coal was quadrupled 

and this amount was tested without oxygen carrier in order to eliminate the independently 

released gases.  Cerium (IV) oxide was added as a promoter to enhance the reactivity of 

the oxygen carrier (Liu 30).  Results of these tests are presented in Table 1. 

 

Table 1: Results of Combustion Tests 

Oxygen Carrier\Test Coal Combustion CO Oxidation 

  % Coal Reacted % Oxygen Released 

Iron (III) Oxide 9.91% 57.37% 

Iron (II, III) Oxide 11.39% 56.73% 

Iron (II, III) Oxide + Cerium (IV) 

Oxide 19.48% 50.41% 

Iron (II, III) Oxide with 1/4 Coal 19.56%   
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Testing of the regenerator was the next step in the project was done using an initial 

baseline test that would be used to determine the benefit of each factor that was tested 

individually.  This baseline was performed at a temperature of 500 °C with a water flow 

rate into the system of 0.11 milliliters per minute, providing the stoichiometric amount 

needed in 40 minutes, with 3/16 mole of iron in order to form 1/16 of a mole of iron (II, 

III) oxide.  The first test performed at 600 °C showed an increase in the oxygen uptake, 

and therefore the hydrogen production, of 354% compared to the baseline.  An increase 

in the steam flow was then tested by doubling the amount of water supplied to the 

system.  This showed an overall increase of 130% to the baseline in the uptake of oxygen.  

This test also showed that the reaction started with a much shorter delay after the water 

flow was started.  Finally, given the success of combustion tests utilizing cerium (IV) 

oxide, it was decided that the regenerative process should be tested with the added 

material.  This addition showed that the process improved by 81% over the baseline.   

 

Based on the conclusions drawn above, the following are the recommendations for future 

applications and research: 

1)  Further numerical analysis 

a. Utilization of other reaction simulating programs 

b. Use of ASPEN Plus to further 

i. Analyze specific coal samples 

ii. Determine reactor size and requirements based on real world 

factors 

2) Utilization of promoters other than cerium (IV) oxide 

a. Inclusion of the carrier and promoting material in the same structure 

3) Further examination of environmental factors 

4) Use of a two zone combustor for the full oxidation of the initial product gases 
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OBJECTIVES 

 

The objective of this project was to establish the feasibility of a chemical looping 

combustion system utilizing steam as the oxidizing fluid and to design and construct a 

laboratory scale system capable of conducting this process.  This objective was to be 

completed through four different tasks.   

 

The first task was the numerical analysis of the process through the utilization of HSC 

Chemistry version 5.1 and ASPEN Plus.  HSC Chemistry would be used to determine the 

tendencies of the reactions with respect to oxidation levels of the oxygen carrier.  It is 

also capable of showing whether the reactions would be exothermic or endothermic and 

the degree of this tendency.  ASPEN Plus allows for the modeling of an overall system to 

determine how factors would affect the final performance.  These factors include the 

environmental conditions of each the reduction and oxidation of the oxygen carrier, the 

amount of carrier used, and the amount of oxidizing fluid provided.   

 

The second task of the project was the material acquisition and the construction of the 

subsystems necessary.  The challenge of this task was to determine the exact 

requirements of the equipment to be used and to locate equipment to fit these needs.  The 

numerical analysis would provide the raw data to be analyzed to determine these 

requirements.  The two main subsystems required would be the oxygen carrier reducer 

(the fuel combustor) and the oxygen carrier oxidizer (the regenerator).  The first would be 

used to ‘burn’ Illinois coal (along with possible other fuels) with the oxygen carrier in 

order to reduce the carrier.  The second subsystem would utilize steam to replace the 

oxygen removed from the carrier in the combustor.   The first system would be relatively 

straight forward once a heater was obtained and suitable materials to handle the 

temperatures needed were determined.  The second subsystem required both a 

controllable source for the steam and a condenser for it in order to protect analyzing 

equipment from the excess moisture left unreacted.   

 

The third task was the experimentation with the subsystems and the analysis of the raw 

data provided.  This task would attempt to confirm the results of the numerical analysis.  

It would test the effects of the many variables in a real-world experiment and confirm 

that a real world system would be capable of the overall process.  Tests were expected to 

indicate any reduction in performance due to the use of water as an oxidizer rather than 

air.  The fuel combustor would be tested to determine the effect of the ratio of fuel to 

oxygen carrier on the reaction rate and be capable of testing other factors that could 

change due to the change in oxidizing fluid.  The regenerator would conduct tests on 

factors including environmental conditions that the reaction would take place under and 

ratios of the reactants.  Performance was to be evaluated based on the analysis of exhaust 

gases and the resulting state of the oxygen carrier. 

 

The fourth task was the simple combination and analysis of the two subsystems.  This 

would allow the analysis of the overall process to determine if factors in one subsystem 

could affect the performance of the other.  This task would be able to help determine the 

final optimization, practicality and feasibility of the process. 
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INTRODUCTION AND BACKGROUND 

 

Chemical looping technology uses an oxygen carrier to perform oxidation of coal to 

produce energy instead of combustion in air.  This has many benefits including the 

elimination of the chance of the formation of nitrogen oxides, a dangerous pollutant that 

is difficult to remove from flue gases.  Traditional oxygen carriers are metallic oxides 

that are removed from the reactor where coal oxidation occurs when the metals are 

reduced either to their pure form or to a lower oxidation state that will not react as readily 

with the coal.  The reduced material is then put through a separate reactor in which it is 

oxidized, typically employing air to do so, to be circulated through the system again.  

This cycle is depicted in Figure 2 (Mattisson 628). 

 

 
Figure 2: Basic Process Diagram (Ryden 1273) 

 

An advantage that chemical looping provides is the production of a concentrated stream 

of carbon dioxide that can be readily sequestered or stored without further processing.  

Water vapor generated during the process can be simply separated by cooling or 

compression.  Sulfur oxides can be removed via traditional sulfur control technologies, 

and heavy metals often will stay with the ash and can be easily collected.  The use of an 

oxygen carrier removes the possibility of creation of nitrogen oxides in the coal reactor 

by avoiding the inclusion of nitrogen via air (Cao 1837).   

 

There are many other advantages in the technology outside of an environmental view and 

more towards practicality and efficiency.  The processes can be used at lower 

temperatures allowing fewer concerns with issues such as material quality and heat 

losses.  Boiler design can be based on circulating fluidized bed boilers which are already 
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established.  Perhaps the most important advantage in the technology is the possibility of 

higher efficiency for many systems.   

 

The difference between traditional coal chemical looping combustion technology and this 

study is the agent used to oxidize the oxygen carrier.  Rather than harvesting the oxygen 

from air through a material oxidation process, steam based oxidation is employed.  This 

process, while still being exothermic, produces hydrogen that may be used in other 

processes either for direct use or for electricity generation for the grid.  In terms of power 

generation, the hydrogen can be used in a combined cycle that would further enhance the 

efficiency.  In addition, the energy extraction from coal would not be constrained by the 

power demand since any excess hydrogen could be stored during low load times to be 

used during peak load times.  This portion of the process has had limited investigation but 

numerical analyses show that in chemical looping processes the efficiency can be 

increased in terms of the available energy found in the hydrogen.  The use of biomass as 

a fuel and both an oxidizer, employing steam to produce hydrogen, and a combustor, 

employing air to produce heat, to oxidize iron as the oxygen carrying material was 

studied by F. Li et al..  It was found in a simulation study using ASPEN Plus that the 

hydrogen production efficiency could reach as high as 74.2% (3782). This figure 

accounts for the amount of reduced material that must be routed through the combustor in 

order for it to compensate for the amount of energy needed at the fuel oxidizer for the 

endothermic process.   

 

In this study iron was chosen as an inexpensive oxygen carrier that is widely used and 

available (Hossain 4442).  The research attempted to establish optimum operating 

conditions in order to determine the reaction rate in comparison to traditional chemical 

looping combustion.  The optimum conditions would be a balance between the 

thermodynamics and kinetics (obtained from experimental part of this research) of all the 

reactions in each reactor and the same balance between the two reactors to maximize 

overall energy extraction efficiency.  This was established first computationally to, 

among other issues, determine reactor design basis and materials flow requirements.  The 

computational data was also used to determine experimental parameters that were needed 

to be considered and their limits.  An experimental apparatus was then designed and 

constructed in order to conduct physical tests on both the real world plausibility and the 

kinetics of the reaction.  The data collected was then used to compare the proposed 

system to traditional chemical looping combustion systems in order to determine its 

feasibility in terms of both economic considerations and efficiencies.  
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Figure 3: Proposed CLC Cycle 

 

Figure 3 presents the proposed cycle in its entirety, including peripheral systems that are 

well established.  The system requires that coal and steam be fed to the system while the 

overall products were simply carbon dioxide, water, possible small amounts of hydrogen 

sulfide, and power generated by the combined cycle.  The coal oxidizer and oxygen 

carrier regenerator determined the amount of hydrogen produced by measuring flow rates 

and through the use of a gas chromatograph to determine the fraction of hydrogen 

present.  The hydrogen produced determines the amount of electricity that is possible to 

produce based on established combined cycles.  After the water has been removed from 

the exhaust gases of the coal oxidizer, the carbon dioxide would be over 95% pure, 

depending on the recycle rate, and viable for sequestration or utilization.     

 

EXPERIMENTAL PROCEDURES 

 

Task 1: Numerical Analysis 

 

HSC Chemistry (Version 5.1) was used initially to determine the thermodynamic traits of 

the reactions involved in the process.  This was done in order to determine the tendencies 

of the reactions.  It was used in further investigations in order to determine what the 

maximum extent of the given reactions would be under varying conditions.  This was 

done by using the equilibrium composition feature of the program.  ASPEN Plus was also 

used for numerical analysis of the system as a whole in order to determine how the final 

performance of the system would be affected by variations throughout the individual 

portions of the system.  Figure 4 shows the model used in ASPEN Plus. 
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Figure 4: ASPEN Plus Model 

 

Task 2: Material Acquisition and Subsystem Construction 

 

The second task of the project was the material acquisition and the construction of the 

subsystems necessary.  The challenge of this task was to determine the exact 

requirements of the equipment to be used and locate equipment to fit these needs.  The 

numerical analysis would provide the raw data to be analyzed to determine these 

requirements.  The two main subsystems required would be the oxygen carrier reducer 

(the fuel combustor) and the oxygen carrier oxidizer (the regenerator).  The first would be 

used to ‘burn’ Illinois coal (along with possible other fuels) with the oxygen carrier in 

order to reduce the carrier.  The second subsystem would utilize steam to replace the 

oxygen removed from the carrier in the combustor.  The first system would be relatively 

straight forward once a heater was obtained and suitable materials to handle the 

temperatures needed were determined.  The second subsystem required both a 

controllable source for the steam and a condenser for it in order to protect analyzing 

equipment from the excess moisture left unreacted.  Figure 5 shows a diagram 

representative of the final combined system setup. 

 

 
Figure 5: System Diagram 

 

Task 3: Subsystem Experiments and Analysis 
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The first process to address was the fuel combustion as it was the less affected of the two 

processes.  This process is the simple mixture of coal with the oxygen carrier under heat.  

The process would also utilize carbon dioxide as a sort of carrier gas as indicated by 

literature (Lyngfelt 163).  The only effect it would face from the change of process was 

indicated by the numerical analysis: the oxidation limit due to the steam would mean that 

the oxygen carrier would only reach the iron (II, III) oxide (magnetite) state when 

entering the reduction process.  Therefore, the tests were initially limited to the 

comparison of the reaction between using iron (III) oxide and iron (II, III) oxide.  This 

was done under a temperature of approximately 800 °C for both cases.  This temperature 

is adequately high enough to create the reaction needed according to the numerical 

analysis conducted.  The initial test used a stoichiometric amount of coal with the 

maximum amount of oxygen carrier allowed by the reaction zone size, which was limited 

by the size of the heater.  This amount, 0.3754 grams (approximately 1/32 mole), proved 

to be an issue, however, as the amount of product gases was greatly diluted, causing high 

amounts of error.  Based on this issue, it was decided that the amount of coal should be 

increased to approximately 1.5 grams (1/8 mole).  The initial test also shone light on 

other items to be considered.  First, there was a release of volatiles by the coal caused by 

the initial heating that made the direct analysis of the two carriers to be unclear.  This 

caused the decision to run a sample of the coal alone without carriers in order to obtain 

the amount of effect the carriers actually had.  Second, because of the limitation of heated 

zone size, there was a release of carbon monoxide that had not been fully oxidized before 

leaving the reactor.  To find the effect of the different oxidizers in its totality, it was 

decided to perform reactions similar to the studies with coal with carbon monoxide in 

order to determine how the carriers oxidized the gas.  The final change in the study of the 

combustor was the addition of cerium (IV) oxide to act as a sort of promoter to the 

oxygen carrier.  This chemical has received some study in chemical looping combustion 

and it has been found to often enhance the rate of the reaction (Liu 30). 

 

Task 4: Combined System Integration and Testing 

 

It was determined that the simplest method for combining the systems in a laboratory 

setup was to switch gas flows to change between the two processes.  Therefore, the 

regenerative process was examined by this method in order to determine the effectiveness 

of steam to oxidize the oxygen carrier.  Because of the lack of availability of iron (II) 

oxide from vendors due to its instability, the plan of action was to use a replacement fuel 

to ensure minimal impurities.  This process used methane as the fuel to reduce the oxygen 

carrier before the regeneration process was conducted.  This process, however, proved to 

be unreliable as methane tends to fully reduce the carrier to pure iron in the locations it 

reacts.  This information, combined with the results of experiments from the combustion 

process with carbon monoxide, led to the use of pure iron powder with steam to create an 

oxidized carrier.  In order to test the variables it was decided to first perform a baseline 

test.  This test would utilize an appropriate amount of iron to create the amount of oxygen 

carrier used in the combustor tests (that is approximately 3/16 mole).  The test was 

conducted at 500 °C, and the water flow rate was set to 0.11 milliliters per minute.  The 

flow was decided on based on an analysis of the chemistry so that it would produce the 

stoichiometric amount of water needed to create an oxidized carrier in 40 minutes.  This 
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test was varied by increasing temperature in one run and increasing the steam flow rate in 

another.  With consideration of the use of cerium (IV) oxide in the combustor, this 

chemical was also added for a test to find what the effect would be on this reaction.   

 

RESULTS AND DISCUSSION 

 

The results of this research were to be used to determine the practicality and financial 

feasibility of a chemical looping combustion system utilizing Illinois coal as the fuel and 

steam as the oxidizing fluid.  The first task of the project dealt with the numerical 

analysis of the overall process.  One program used for this analysis was HSC Chemistry.  

This program was first used to determine the thermodynamic properties of the reactions.  

It showed, as illustrated in Table 2, that the combustor would conduct an endothermic 

process as the coal (modeled as pure carbon) reduced the iron based oxygen carrier.  This 

is indicated by the positive value of the ‘deltaH’ (change in enthalpy).   This analysis also 

indicates based on the ‘deltaG’ (change in Gibbs energy), that the process is more active 

at higher temperatures with it beginning to favor the products above 700 °C.  Table 3 

shows a similar analysis of the regenerator.  The process conducted in it would be 

exothermic, but it would not be capable of supplying the energy necessary to maintain the 

temperature of the combustor.  It also indicates that this process favors temperatures 

lower than approximately 780 °C.  Finally, it should be noted that the analysis of the 

regenerator accounts for the amount of oxygen carrier that it would be necessary for the 

combustor to convert one mole of carbon. 

 

Table 2: HSC Chemistry Thermodynamic Analysis of the Combustor 

2Fe3O4 + C = 6FeO + CO2(g)       

T deltaH deltaS deltaG K Log(K) 

C kJ J/K kJ     

500 217.535 226.542 42.384 1.37E-03 -2.864 

550 209.382 216.338 31.303 1.03E-02 -1.987 

600 202.342 207.985 20.741 5.74E-02 -1.241 

650 199.326 204.621 10.431 2.57E-01 -0.59 

700 197.22 202.395 0.259 9.68E-01 -0.014 

750 195.847 201.016 -9.823 3.17E+00 0.502 

800 195.06 200.263 -19.853 9.26E+00 0.966 

850 194.743 199.973 -29.857 2.45E+01 1.389 

900 194.804 200.025 -39.856 5.95E+01 1.775 

950 195.168 200.328 -49.864 1.35E+02 2.13 

1000 195.777 200.816 -59.891 2.87E+02 2.457 

 

Table 3: HSC Chemistry Thermodynamic Analysis of the Regenerator 

6FeO + 2H2O(g) = 2Fe3O4 + 2H2(g)     

T deltaH deltaS deltaG K Log(K) 

C kJ J/K kJ     

500 -119.464 -118.476 -27.865 7.63E+01 1.883 

550 -110.638 -107.427 -22.209 2.57E+01 1.409 
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600 -102.954 -98.314 -17.111 1.06E+01 1.024 

650 -99.326 -94.268 -12.302 4.97E+00 0.696 

700 -96.637 -91.427 -7.664 2.58E+00 0.411 

750 -94.713 -89.497 -3.144 1.45E+00 0.161 

800 -93.41 -88.251 1.297 8.65E-01 -0.063 

850 -92.612 -87.523 5.689 5.44E-01 -0.265 

900 -92.23 -87.189 10.056 3.57E-01 -0.448 

950 -92.187 -87.152 14.413 2.42E-01 -0.616 

1000 -92.425 -87.342 18.775 1.70E-01 -0.77 

 

Figures 6 and 7 show the equilibrium graphs produced by the HSC Chemistry program 

for the combustor and the regenerator respectively.  For the combustor, it was considered 

that twice the stoichiometric amount of oxygen carrier would be provided to the system 

in order to enhance the reaction.  This led to the reactants initially in the system to be one 

mole of carbon and four moles of iron (II, III) oxide as the oxygen carrier.  It also utilized 

a mole of carbon dioxide flow to represent the traditional carrier gas that is used in the 

fuel combustor.  Under these conditions, it shows that approximately 90% of the carbon 

would be fully oxidized to pure carbon dioxide for any temperature from 600 °C to 1000 

°C.  It also shows, as has been previously reported, that the reduction limit of the oxygen 

carrier using coal (or pure carbon in this simulation) would largely be iron (II) oxide.  

When simulating the regenerative process, an excess of steam was considered to be 

provided to the system.  This led to the initial reactants of six moles of iron (II) oxide and 

four moles of steam.  Figure 7 shows that the reaction would cease to form iron (II, III) 

oxide and hydrogen gas at approximately 500 °C.  It does show that the oxygen carrier 

would form some less commonly used oxidized forms of iron that closely resemble iron 

(II) oxide at these higher temperatures. 
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Figure 6: Combustor Equilibrium Calculation 

 

 
Figure 7: Regenerator Equilibrium Calculation 

 

The second program used to complete the numerical analysis was ASPEN Plus.  This 

program allowed the analysis of the system as a whole to analyze the effects of variables 

on the overall performance of the system.  The program simulation created, illustrated in 
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Figure 3, above, uses reactors that sustain the reaction to full extent.  This simulation 

allowed the determination of what factors should be varied in the real-world system to 

enhance system performance.  The first factors tested were the amount of oxygen carrier 

and oxidizing fluid, steam, flowed through the system.  This indicated a significant 

increase in performance as the oxygen carrier was put through the system.  The steam 

flow had a lesser effect based on the equilibrium conditions the ASPEN Plus program 

used. The next factors that were analyzed numerically were the temperatures of the 

combustor and regenerator.  The increase in the temperature of the combustor (Coxid.) 

showed an increase in overall performance, while the increase in temperature of the 

regenerator (Caroxid.) reduced the performance.  The pressure of each oxidizer was the 

last factor to be tested.  This test showed a reduction in performance as pressure increased 

in the combustor.  The regenerator, however, showed no change in performance based on 

pressure.  These results are graphically presented in Figures 8-10. 

 

 
Figure 8: Performance Trends Due to Flow Rates 
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Figure 9: Performance Trends Due to Temperatures 

 

 
Figure 10: Performance Trends Due to Pressures 
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adequate amount of product gases to analyze.  This did, however, allow the analysis of 

the effect of the ratio of coal to oxygen carrier.  Under the same temperature, 800 °C, and 

pressure, 35 psig, a sample of each approximately 1/32 mole (0.3754 grams) and 1/8 

mole (1.5012 grams) of coal was reacted with 1/16 mole of iron (II, III) oxygen carrier.  

These experiments produced a result of 19.56% (0.07341 grams) and 11.39% (0.1710 

grams) of the coal reacted.  The higher amount of coal was then used to conduct other 

tests to determine what effect the change in oxygen carrier would have on the results of 

the experiments.  These results were standardized based on the results of a test that used a 

similar amount of coal alone without the oxygen carrier in order to determine what 

volatiles would be produced with heating.  The results of these tests are shown below in 

Figures 11 and 12.  Figure 11 shows that the reaction takes place in two separate regimes 

with an initial spike in the reaction as the temperature rise begins. 

 

 
Figure 11: Mass Fraction of Coal Reacted Over Time 
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Figure 12: Total Mass Fraction of Coal Reacted 

 

Because of the large amount of non-fully oxidized product gases, it was determined that 

it was necessary to conduct tests on carbon monoxide as the fuel.  These tests showed a 

similar two reaction regime as the coal fueled tests.  The results of these tests are showed 

in Figures 13 and 14.  The performance of the reaction was based on the fraction of 

oxygen that was removed from the oxygen carrier.  Initially this was done on the basis 

that the carrier would only reach iron (II) oxide, but the results of the gas analysis 

indicated that the carrier must have been reduced beyond this state.  Therefore, the final 

performance was based on the total amount of oxygen available in the oxygen carrier, on 

the basis of reaching pure iron.   
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Figure 13: Fraction of Oxygen Removed by Carbon Monoxide Over Time 

 

 
Figure 14: Total Fraction of Oxygen Removed by Carbon Monoxide 
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Figures 15 and 16 show the results of the gas analysis for the oxidation of iron utilizing 

steam.  The initial baseline run shows that the oxidation of the carrier begins very slowly 

after the water feed is started taking until 150 minutes in to start a sharper increase in 

reactivity.  This issue is shown to be overcome by running the excess amounts of water in 

the system.  It also shows that while the delay is still present at higher temperatures, the 

reaction rate increases much more once the oxidation truly begins.  Finally, the use of 

cerium (IV) oxide in the system seems to assist in the reaction throughout the entire 

course of the reaction.     

 

 
Figure 15: Amount of Hydrogen Produced Over Time 
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Figure 16: Total Amount of Hydrogen Produced 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

The objective of this project was to evaluate the practicality and financial feasibility of a 

chemical looping combustion system utilizing coal as the fuel and steam as the 

regenerative fluid.  This was done through the four tasks discussed in this report.  The 

numerical analysis of the system was utilized to provide a starting point for the physical 

tests.  The first program used, HSC Chemistry, however, seemed to disagree with itself 

between the two different calculations done on the regenerative process.  Based on the 
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If the issue remains at this point, it would be wise to find a second program that 

calculates the properties of given reactions.  For the combustion process, the program did 

not have complete agreement, but given the nature of the chemistry calculations that 

would be involved, the results were plausible. 

 

ASPEN Plus was the second program used in the numerical analysis to provide an overall 
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HSC Chemistry.  The pressure analysis showed that there would be a negligible effect on 

the regenerative process while the combustor would suffer from higher pressures.  This is 

consistent with the rule of thumb that an increase in pressure would favor the side of a 

chemical equation that produced fewer moles of gases.  The temperature trends followed 

the trend of the change of Gibbs energy.  That is, as the temperature rises the combustion 

of the carbon would be more favorable, while the oxidation of the carrier by the steam 

would be reduced.  Finally, as would be logical, it showed that an increase in oxygen 

carrier in the system or steam utilized for regeneration would assist in the performance of 

the system.  Again, these general conclusions are all sensible.  The great benefit of these 

simulations was to show the amount of performance increase or decrease due to variation 

of these factors, and also, showed that the pressures of the system should be kept at a 

minimum.  This would eliminate any infiltration and maintain some positive gage 

pressure.  It also presented that the increase of temperature of the combustor and the 

inherit benefit would outweigh maintaining a lower temperature of the regenerator.  The 

flow rate effect indicated showed that there would be a minimal benefit in performance 

by using large excess amounts of oxygen carrier or steam.  These effects would all have 

to be evaluated under a strict cost benefit analysis in order to determine at what point 

complete optimization is reached.  This would require additional information on how the 

system would be operated, such as the method of oxygen carrier movement and the heat 

source for steam production.  In continuing research, more analyses should be done using 

ASPEN Plus.  The first issue that would need to be addressed is the determination of the 

exact properties of the coal being used in order to provide more accurate data.  Also, 

ASPEN Plus could also be used to determine sizing and other issues given a production 

requirement for the system. 

 

The third and fourth tasks of the research were to evaluate the system by physical 

experiments in a laboratory.  These tests were initially directed by the numerical analysis 

performed.  Perhaps the most significant information produced by that analysis was that 

the oxygen carrier would face an oxidation limit of iron (II, III) oxide.  This issue had the 

potential to greatly affect the combustion of the fuel provided.  The studies performed 

showed that this affect was minimal at worst and possibly even beneficial.  The iron (II, 

III) oxide seems to help increase the reactivity of the coal possibly through the 

Boudouard Reaction of pure carbon with the carbon dioxide carrier gas.  However, this 

left much of the product gases short of their fully oxidized state.  Therefore, it was 

decided to analyze the oxidation of this gas (primarily carbon monoxide) with the given 

oxygen carriers.  Based on the results of both tests, it is recommended that the combustor 

should have two separate zones.  The first zone would allow the coal to react and the 

gases that were not fully oxidized should be allowed to move to the second zone.  This 

second zone would be only pure oxygen carrier.  This would allow the full oxidation of 

the product gases.   

 

Both reactions with coal had another thing in common; they took place in two separate 

regimes.  The first regime had a high reaction rate but did not last long.  The assumption 

that was taken was that this regime ended when the contact surface of the oxygen carrier 

had been reduced to iron (II) oxide.  The second regime lasted throughout the time heat 

was maintained but was at a much lower reaction rate.  In order to promote the reaction, a 
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test was conducted utilizing cerium (IV) oxide in low amounts.  This addition extended 

the time for the first regime by nearly double and increased the reaction rate in the second 

regime.  This is assumed to be caused by the cerium acting as an intermediate between 

the iron and the carbon for the oxygen to move through.  The addition had a minimal 

effect on the oxidation of carbon monoxide by the carrier.  For further research, this 

enhancement might be more effective if the chemicals were combined into the same 

structure rather than being a mixture of two powders.  Therefore, the combination of the 

chemicals on a support and the testing of other possible materials are recommended for 

future studies. 

 

The regenerative process was tested to evaluate how modifications of variables could 

encourage the reaction rate.  These tests were all compared to a baseline test described in 

the procedures.  Numerical analysis predicted that an increase in temperature from 500 

°C to 600 °C would lower the oxidation rate due to the increase in the Gibbs energy 

change.  However, it proved to actually improve the total amount of oxygen taken in by 

the carrier at an increase of 354%.  This is likely due to the increase in the reaction rate 

constant as temperature rises.  The doubling of the water flow rate showed an increase the 

oxygen uptake by 130%.  This was largely helped by the shortening of the delay in 

oxidation from steam start.  The conclusion drawn from this result was that the iron 

would first have to be hydrated before the actual reaction to oxidize the carrier would 

begin.  Because the addition of cerium (IV) oxide was so successful in the combustor, it 

was decided that the oxidation of the carrier with cerium present should also be analyzed.  

The result of this test reinforced the conclusion that the cerium would act as an 

intermediate between the two substances exchanging the oxygen; in this case it would be 

hydrogen giving oxygen off to the iron.  It enhanced the reaction rate throughout to 

produce a final increase of 81% in the overall oxygen uptake. 

 

There are a wide variety of aspects of the chemical looping combustion process that can 

be modified.  The finding of this research, on its limited basis, found that there is great 

potential in a few areas but the most significant will likely be the oxygen carrier.  The 

simple addition of another powder, in this case cerium (IV) oxide, greatly increased the 

combustion of the coal and also assisted in the regeneration.  There is also the possibility 

of the use of other more advanced materials such as perovskites.  Overall, this process 

can be practical in an operational sense especially with the inherent capability of carbon 

dioxide sequestration.  However, due to the low oxygen capacity of the iron based 

oxygen carrier and the need to produce steam, the financial feasibility will be dependent 

on future research and the convenience of necessary materials both for the carrier and for 

heating.   
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