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Abstract. This paper presents a thermodynamic and parametric analysis of a natural gas fired power plant 
with CO2 capture using chemical looping combustion (CLC).  CLC is an innovative combustion concept, 
which offers a potentially attractive option to capture CO2 with a significantly lower energy penalty than 
other existing carbon-capture technologies.  The study employs an Aspen Plus based model to investigate the 
effect of various key operating parameters such as air, fuel and oxygen carrier mass flow rates, and operating 
pressure on the performance of a natural gas fired power plant with CLC.  The article presents the results of 
these parameters on the key temperatures, emissions and efficiencies of the plant.  The analysis shows the 
efficiency gain (more than 6% compared to conventional power plant with CO2 capture technologies) and 
lower NOx emissions of the CLC-integrated power plant. 
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1. Introduction 
Chemical looping combustion (CLC) offers a potentially attractive solution to capture CO2 with a 

significantly lower energy than the conventional CO2-capture technologies.  The main idea of CLC is to split 
the combustion of the fuel into two separate reactions carried out in two separate reactors: an oxidation 
reaction and a reduction reaction, by introducing suitable metal oxide as an oxygen-carrier (OC) that 
circulates between the two reactors.  In this approach, the fuel and solid metal oxide enter the reduction 
reactor, where the metal oxide releases oxygen under the fuel-rich reducing environment.  The released 
oxygen reacts with the fuel, which is oxidized to CO2 and H2O.  After extracting work, CO2 can easily be 
separated from H2O in a condenser.  The reduced metal oxide exits the reduction reactor and is transported to 
the oxidation reactor, where it is re-oxidized in the presence of air.  The oxygen-depleted air and the oxidized 
metal oxide are separated at the exit of the oxidation reactor.  The work is extracted from the separated gas 
stream whereas the oxidized metal oxide is circulated back to the reduction reactor. 

In addition to having the potential of higher thermal efficiency, the main advantage of CLC is that the 
separation of CO2 does not, in principle, cost additional energy.  Hence, CLC-based energy conversion 
systems could achieve high efficiency while capturing most or all of the CO2 emitted during combustion.  
For example, a thermodynamic analysis predicted a total efficiency gain of more than 5% for a CLC with a 
natural gas combined cycle (NGCC) system compared to that of an NGCC with post-combustion amine CO2 
capture technology [1]. 

The integration of CLC technology with power generation systems has been investigated in several 
studies. The prime target of such studies has been enhancement of overall plant thermal efficiencies and 
possible comparison with similar plants without CLC.  Brandvoll and Bolland [2] presented a scheme where 
the nitrogenous and carbon dioxide streams were expanded in two separate gas turbines.  The former was 
used in a steam generation bottoming cycle whereas the latter is sequentially cooled till water is condensed 
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out of the stream resulting in CO2 available for sequestration and storage.  Their analysis considered nickel 
and NiO/yttria-stabilized zirconia (YSZ) as possible oxygen-carrier (OC) materials.  Naqvi et al. [3] 
employed various CLC based power generation strategies in their study.  Since CLC temperatures, in some 
situations are low enough to compromise on gas turbine performance, Consonni et al. [4] studied the possible 
usage of a CLC configuration with a fired burner in comparison to an unfired CLC scheme.  These studies 
are based on specific combinations of power plant arrangements, fuels and oxygen carriers.  However, there 
is still limited understanding of the effects of key operating parameters on the overall plant thermal and 
exergetic efficiencies.  The present study was motivated by recognizing this gap in literature.  By developing 
a system level mode, this study investigates the effects of various operating parameters (such as air, fuel and 
OC mass flow rates) on the performance of a natural gas fired power plant with CO2 capture using CLC. 

2. Methodology 
The system level model to analyze a CLC-integrated power plant was developed by using Aspen plus 

software and employing the conservation principles of mass and energy, and the balance of exergy for all the 
components of the CLC system.  In the analysis, equilibrium based thermodynamic reactions with no OC 
deactivation were considered.  The reaction kinetics and fluid dispersion velocities were not taken into 
account.  Products discharged from the reactors are based on minimization of Gibbs free energy principle. 

For this study, the CLC was integrated with a modified version of the power plant used in Ref. [5].  The 
plant configuration comprises two sequential CLC loops with pure nickel selected as OC.  The atmospheric 
air is compressed and feed into oxidizer A.  The exhaust stream from oxidizer A is passed through gas 
turbine GT-1A before being injected into oxidizer B.  The oxidizer B exit stream is expanded further in GT-
2A before it is transmitted to the exhaust waste heat recovery exchangers supplying thermal energy to shift 
forward the endothermic reactions in the reducers A/B.  To ensure that the turbine inlet temperatures are high 
enough for effective gas turbine operation, the reducer’s gaseous exhaust stream is heated by high 
temperature product solid stream from the oxidizers in the heat exchangers.  The overall process flow sheet 
of this plant in Aspen Plus is shown in Figure 1.  The Aspen based model was validated by comparing the 
results with the work of Anheden and Svedberg [5] and excellent agreements were found between the results 
of the two models (within 1%). 

3. Results and Discussion 
The Aspen-based model was employed to investigate the effect of CLC unit on the thermal and exergetic 

efficiencies and emission characteristics of the power plant.  The simulations were conducted on the power 
plant shown in Figure 1.  For the simulations, the mass flow rates of air and fuel were 180,000 kg/hr and 
3600 kg/hr, respectively.  The OSC mass flow rates were 39,600 kg/hr and 11,600 kg/hr in oxidation reactors 
A and B, respectively.  The pressures were 30 bar and 15 for the CLC cells A and B, respectively.  The 
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Table 1: Comparison of CLC-integrated power plant with conventional power plant 

 CLC Integrated Power 
Plant with CO2 Capture 

Power Plant without CO2 
Capture 

Fuel Exergy (T=15°C, P= 5 Bar) (kW) 49357 49357 
Air Exergy (T = 15°C, P= 1 Bar) (kW) 0 0 
Exhaust Stream Exergy (kW) 11255 9300 
Total Work Output (kW) 20633 21500 
Overall Exergetic Efficiency (%) 64.6 62.4 
Overall Thermal Efficiency (%) 50.2 52.3 
CO emission (PPM) 193.5 40 
CH4 emission (PPM) 0 0 
NO: NO2 emissions (PPM) 1037: 27 5570: 65 

results of the simulations are shown in Table 1, which lists various key performance indicators of the CLC-
integrated power plant.  To show the effect of CLC, Table 1 also lists the results of another simulation, 
which was conducted on similar power plant but without CLC or other CO2 capture technologies.  For fair 
comparison, this plant’s parameters were optimized for traditional combustion process. 

The result shows that the thermal efficiency of the CLC-integrated power plant is 50.2% and is 
approximately 2% lower than that of the plant without CLC.  This is in agreement with previous findings 
[e,g., 1], which show a slight decrease in the thermal efficiency of the CLC-integrated power plant.  
However, the real advantage of the CLC is that the CO2 capture is inherent.  Considering that the tradition 
CO2 capture technologies cost 8-10% efficiency drop, there is more than 6% efficiency gain with the CLC-
integrated power plant.  Furthermore, the CLC-integrated power plant has better exergeic efficiency (owing 
to less irreversibilities) and lower NOx emissions. 

The following section discusses the effects of fuel, air and OSC mass flow rates on the performance of 
CLC-integrated power plants 

3.1. Effect of Fuel Mass Flow Rate 
Figure 2 shows the effect of fuel mass flow rate on various thermal and exergetic efficiencies of the 

power plant.  For the current conditions, stoichiometric mass flow rate of the fuel is 2700 kg/hr.  The result 
shows that the plant thermal efficiency is maximum at this fuel flow rate.  The plant thermal efficiency drops 
as the fuel supply is increased (fuel rich mixture) or decreased (fuel lean mixture) from the stoichiometric 
point owing to a drop in the overall work output.  With an increase of fuel supply, the exergetic efficiencies 
of reduction reactors increase.  The increase is due to lower irreversibilities in reactions between metal oxide 
and fuel in reactors at higher fuel mass flow rates.  The higher fuel mass flow rates also result in a decrease 
in exergetic efficiency of oxidation reactor A.  There is no substantial effect of the fuel mass flow rate on the 
exergetic efficiency of oxidation reactor B.   Overall, the exergetic efficiency of the total power plant 
increases with an increase of the fuel mass flow rate. 

The increase of the fuel mass flow rate also affects various temperatures as shown in Figure 3.  Since the 
reaction in the reduction reactors is endothermic, the increase of fuel mass flow rate decreases these reactor 
temperatures.  The increase of fuel supply and the corresponding increase of reaction rate in the reducing 
reactors increase the availability of metal (nickel) for reaction in the oxidation reactors.  This increases the 
reaction (exothermic) rate in the oxidation reactors and consequently the reactor temperatures as shown in 
the figure.  Beyond stoichiometric point, further increase in fuel supply rate does not affect the availability of 
metal.  Hence, after reaching a maximum value (slightly in the rich region), the oxidation reactor 
temperatures are not much influenced by further increase in the fuel supply rate.  . 

Figure 4 shows the effect of fuel supply rate on the emissions of CH4, CO, NO, and NO2.  With an 
increase of fuel supply rate and the corresponding increase of oxidation reactor temperature, the NO 
emission level increases, reaching the peak level (approximately 1100 PPM) corresponding to the peak 
oxidation reactor temperature.  After that the NO emission level drops a little following the slight drop in 
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Fig. 2: Effect of fuel mass flow rates on efficiencies  Fig. 3:  Effect of fuel mass flow rates on temperatures 

 
Fig. 4: Effect of fuel mass flow rates on emissions 

 
Fig. 5: Effect of air mass flow rates on efficiencies 

oxidation reactor temperature.  NO2 emission follows the same trend as that of NO but its level is much 
lower (peak level is under 30 PPM).  CH4 and CO emissions are negligible for the lean region but become 
substantial in the rich region.  As the fuel supply rate is increased in the rich region, CH4 and CO emissions 
increase owing to incomplete combustion of fuel.  

3.2. Effect of Air Mass Flow Rate 
Figure 5 shows the effect of air mass flow rate on various thermal and exergetic efficiencies of the power 

plant.  On stoichiometric basis, the air to incoming metal (nickel) ratio is roughly 1.17.  Hence, 39,600 kg/hr 
of incoming nickel metal shall be completely oxidized with 46,000 kg/hr of feed air.  At this point, the 
oxidation reactor A temperature is maximum (result is not shown here).  The other temperatures are also at 
their peak values close to this point.  The thermal efficiency of the plant increases with an increase of the air 
flow rate owing to an increase of the availability of high temperature working fluid (oxygen depleted air) for 
the gas turbine at the exit of the oxidation reactor.  After reaching a peak value, the thermal efficiency starts 
decreasing with a further increase of air supply.  This decrease is due to significant decrease of turbine inlet 
temperatures at higher air mass flow rates.  The exergetic efficiency of the plant decreases with an increase 
of air supply rate due to general increase in irreversibilities in reactors. 

As expected, CH4 and CO emissions are high when the air supply is below stoichiometric (fuel rich 
region) and drop significantly when there is excess of air (see Figure 6).  NOx emissions follow the oxidation 
reactor temperature profile, reaching a peak value corresponding to the peak temperature and dropping with 
a decrease of temperature at higher air mass flow rates. 

3.3. Effect of OC Mass Flow Rate 
Figure 7 shows the effect of OC (nickel) mass flow rate on various thermal and exergetic efficiencies of 

the power plant.  For the current conditions, the stoichiometric amounts of OC mass flow rates are 52,800 
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Fig. 6: Effect of air mass flow rates on emissions Fig. 7: Effect of OC mass flow rates on efficiencies 

kg/hr based on chemical reaction in the reduction reactor (with fuel mass flow rate of 3600 kg/hr) and 
153,900 kg/hr based on chemical reaction in the oxidation reactor (with air mass flow rate of 180,000 kg/hr).  
The result shows that the plant thermal efficiency increases with an increase of the OC mass flow rate owing 
to enhancement in reactions in the two reactors.  However, this increase is up to the stoichiometric amount of 
OC based on the reaction with the fuel.  Beyond that a further increase in the OC mass flow rate has no 
significant effect on the thermal efficiency.  While higher amount of OC could still be oxidized by the excess 
amount of air in the oxidation reactor, this reaction is limited by the reduction reaction and its capacity to 
reduce MeO to Me.  The total exergetic efficiency of the plant decreases with an increase of OC supply and 
the corresponding increase of work output and irreversibilities.  The exergetic efficiency is stabilized when 
the work output and thermal efficiency are stabilized beyond the stoichiometric amount of OC based on the 
reaction with the fuel. 

4. Conclusions 
A System level model was developed to analyze the CLC technology and the effects of mass flow rates 

of fuel, air and oxygen-carrier.  Compared to a conventional power plant, the result shows approximately 2% 
decrease in the thermal efficiency of the CLC-integrated power plant.  However, when the cost of CO2 
capture is considered, the CLC-integrated plant shows 6-8% efficiency gain. Furthermore, the CLC-
integrated power plant has better exergeic efficiency (owing to less irreversibilities) and lower NOx 
emissions.  Stoichiometric amount of OC with respect to fuel reaction and excess amount of are required to 
obtain the maximum efficiency. 
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