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Abstract 

Integrated Gasification Combined Cycles (IGCC) offer the potential of utilizing the heating value of a 
high-carbon containing fossil fuel to transform it into electrical power with a higher efficiency than 
pulverized coal boilers, reducing the specific emissions of the plant. Emissions can be driven to 
substantially lower levels when CO2 capture technology is implemented in the plant. Research and 
technology development focus on different pathways to capture carbon related emissions in IGCC. A 
growingly interesting option consists of inherent carbon capture where a metallic oxygen carrier 
withdraws O2 from the compressed air stream releasing it in a N2 free environment where combustion 
of syngas takes place, also known as chemical looping combustion (CLC).  This can be achieved by a 
cluster of gas switching combustion (GSC) reactors alternatively in reduction and oxidation mode 
achieving a steady state operation. 

Although the GSC provides an inherent separation of combustion gases and air, a certain mixing with 
depleted air (consisting mainly of N2) is unavoidable as a consequence of the switching valve 
mechanism. When fluidized beds are employed in the reactor cluster, this mixing effect is even more 
pronounced because of the better mixing properties of this reactor type. After heat is retrieved from the 
combustion gases stream and condensed water is knocked out, a purification unit is necessary to 
increase the CO2 concentration to at least 96% mol, which is the typical specification for cost effective 
CO2 transport.  

In this work the design of this unit and an assessment of its performance with varying inlet compositions 
and operating conditions is carried out in the process flowsheet simulator Unisim Design R451 from 
Honeywell, using Peng-Robinson as the thermodynamic package to calculate stream properties. The 
unit consists of a two temperature flash vessels with cold boxes. The refrigeration required to cool down 
the inlet stream to the unit is accomplished by Joule Thompson expansion valves and gas (re-heated) 
expansion. Because of vapour liquid equilibrium constraints at temperatures and pressures specified in 
the flash vessels, a certain fraction of this CO2 will be present in the gas stream exiting the unit and will 
be vented to atmosphere as a purge, resulting in an increase of plant emissions. The remaining captured 
CO2 will be routed to the CO2 compressors to reach the transport pressure specification (150 bar). Thus, 
the CO2 purification efficiency (expressed as % of captured CO2 relative to that without venting) and 
the energy consumption per kg of CO2 captured are used as key performance indicators of this unit.  
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This comprehensive study effectively assesses the problem of purifying a CO2 rich stream delivered by 
an IGCC power plant configuration that can potentially result in a drastic reduction of GHG emissions, 
with a significantly smaller energy penalty than conventional CO2 capture technologies. 

Keywords: CO2 capture and storage (CCS), cryogenic purification, CO2 recovery rate, CO2 purity, 
energy consumption, IGCC with CO2 capture, chemical looping combustion (CLC)  

1.  Introduction 

Chemical Looping Combustion principle for pressurized CO2 capture has the intrinsic advantage of 
generating a pressurized and relatively high purity CO2 stream (after water condensation) available for 
further compression and storage. Dual interconnected fluidized beds assessed in numerous studies with 
the aim of achieving near zero CO2 emission in power production face numerous challenges for scale 
up of stable solids circulation under pressurized conditions. For this reason, alternative reactor concepts 
have been proposed.  

A packed bed reactor where feeding sequentially air and fuel by means of a switching valve mechanism 
avoids solids circulation and, if the oxygen carrier is sufficiently resistant, there are no fines formed and 
subsequent high temperature filtration is also avoided. A series of parallel reactors are needed to 
maintain a constant mass flow rate to the gas turbine, and due to the different temperature profiles in 
the reactor bed, a stable temperature at the gas turbine inlet is difficult to guarantee requiring complex 
heat management strategies.  

When operating these beds under fluidized conditions, a uniform temperature can be achieved 
throughout the reactor volume and due to the good mixing properties attained, fuel dilution is 
unnecessary to avoid deposition on carrier. The homogenous temperature profile also avoids fuel slip 
that could occur in the low temperature regions of the packed bed. However, this reactor type also leads 
to undesired mixing of gases during the valve switching decreasing the CO2 purity and also the capture 
ratio. Although a high temperature valve system and filters are still needed, material related challenges 
with respect to packed bed configurations are greatly reduced, allowing to employ cheap ilmenite ore 
as oxygen carrier. Therefore, fluidized gas switching reactor power plant concepts based on CSTR ideal 
models (Continuous Stirred Tank Reactors) have been developed to assess their potential on IGCC 
power plant performances. Figure 1 shows a brief schematic of the power plant configuration. The 
mixing degree of depleted air and combustion product streams greatly depends on the length of the 
oxidation and reduction cycles and the different heat management strategies implemented (1). However, 
impurities in the CO2 stream are originated not only from the ingress of N2 and Ar in the syngas stages, 
but also from the oxidizing stream from the air separation unit (ASU) to the gasifier, typically with an 
O2 purity of 95%. Studies show that increasing the oxygen purity of the ASU above 95% results in a 
steep increase of the separation power consumption (2) and therefore becomes unattractive from an 
auxiliary power demand perspective.  

The reduced gases stream from the GSC reactors (mainly consisting of CO2 and H2O, with some N2 and 
Ar) is sent to heat recovery unit for steam generation and after knocking out condensed water, the stream 
must be purified in order to meet the specifications for storage in aquifers and oil reservoirs.  
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Figure 1 Power plant configuration with GSC and CO2  CPU for inherent CO2 capture 

In (3) an overview of the state of the art technologies for CO2 purification is given for oxy-combustion 
based power plants. The three main technologies presented include a 5 stage-intercooled compression 
train with dehydration, a double flash vessel purification unit similar to the one assessed in this work 
and a purification unit based on distillation. The latter can achieve very high CO2 purities at the cost of 
a lower recovery, increased capital cost and higher auxiliary consumption, however this configuration 
is overall less attractive because of the resulting increased emissions and higher energy penalty. The 
standalone compression configuration cannot meet the purity requirements detailed in Table 1, although 
the investment cost and unit energy consumption are the lowest. 

This study focuses on the design and simulation of the CO2 cryogenic purification unit (CPU) based on 
a double flash system similar to the one described in (4), where the sensitivity to the operating 1st flash 
vessel temperature and feed gas purity on the purification efficiency and specific power consumption 
are evaluated. The process with reheating expansion of the gaseous streams from the low temperature 
vessel as well as Joule Thompson valve expansion is assessed. The specific power consumption (per kg 
of CO2 captured) is compared to an intercooled five stage compression train typical of a power plant 
with conventional post-combustion CO2 capture. Since the GSC reduction outlet enters the CPU at a 
pressure close to that delivered by the gas turbine, the total auxiliary consumption will be substantially 
lower than post-combustion capture technologies. 

2. Process Description & Boundary Conditions 

The double flash purification system consists of a process as depicted in Figure 2. The reduction gases 
GSC outlet is cooled and water is condensed and removed in a first separation vessel. A first compressor 
stage C1 increases the stream pressure to approximately 30 bar and then it is sent to triethylene 
dehydration unit (TEG) (not modelled in this work) which removes the remnant water to ppm levels 
before entering the first cold box exchanger E1. Water removal is a mandatory step to avoid 
solidification of this component and potential blockage of the cryogenic heat exchangers. The CO2 
stream entering the cold box is cooled down to approximately -25ºC (stream 4) after which it is flashed 
in a vessel. The liquid outlet is throttled in a Joule Thompson valve to an intermediate pressure and sent 
to the cold box E2 to provide cooling to the feed stream. This stream is vaporized and after exiting the 
first cold box E1 it is recompressed in the third stage compressor C3. The pressure let down in the valve 
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is adjusted in order to achieve a certain specified minimum temperature approach in the cold box. The 
vapour stream from the first flash vessel is routed to the second cold exchanger E2, after which it reaches 
a temperature of -53ºC (stream 5) and is flashed in the second vessel. The liquid outlet is reheated to a 
temperature of approximately -45ºC and then further expanded to a low pressure in a valve to provide 
cold to the second cold box E2.  The hot outlet of this expanded stream is sent back to the first cold box, 
where it aids to cool the incoming feed stream. After being released at close to the ambient temperature 
it is compressed in a second stage compressor C2 to the intermediate pressure level and then mixed 
with the first stage effluent and routed to the third compression stage. The gaseous outlet from the low 
temperature flash vessel after cooling down of the incoming streams is expanded in a triple pressure 
with reheat expander (T1,T2,T3) to provide further cooling capacity, in such a way that it is released at 
close to ambient pressure and temperature. This small stream comprises the purge from the system and 
contains a substantial amount of CO2 that adds to the emissions originated at different sections of the 
plant (stream 6). 
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Figure 2 Schematic of the CO2 CPU 

The purity requirements from different reference sources as well as the gas composition entering this 
unit for the base case are provided in Table 1. In order to meet an acceptable composition for CO2 
storage, a final value of 96% mol purity for the supercritical CO2 stream outlet was adopted for all cases.  

Table 1 Specifications of CO2 composition after CPU 

Source/Species (5) *  
(fraction by volume) 

(6) 
(fraction by volume) 

Gas Composition at 
CPU inlet 

CO2 > 90 % > 95.5 % 68.76 
N2 < 4 % < 4 % 3.55 
O2 < 100 ppm < 100 ppm 0.01 
Ar < 4 % < 4 % 1.23 

H2O < 500 ppm  < 500 ppm 26.44 
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SOx < 100 ppm  < 100 ppm - 
NOx < 100 ppm  < 100 ppm - 
H2S < 200 ppm  < 200 ppm - 
CH4 < 2%  < 4 % - 
CO < 0.2%  < 2000 ppm - 
H2 < 4% - - 

*∑𝑥𝑥𝑖𝑖 < 4 %𝑣𝑣𝑣𝑣𝑣𝑣. = Total content of non-condensable gases 

Additionally table 2 shows the equipment efficiencies adopted in the different units of the purification 
process in order to achieve a like for like comparison. For all the cases run in the simulator it was 
ensured that the temperature of the streams didn’t drop below the triple point temperature of CO2 (e.g. 
-56.6 ºC, in order to avoid solids formation that would occur above the critical pressure and potentially 
blocking heat exchanger equipment. The thermodynamic package selected to represent the behaviour 
of the streams and determine all thermodynamic properties at low temperatures was Peng-Robinson 
cubic equation of state.  

Table 2 Equipment assumptions for CO2 CPU for the base case 

Unit Assumption Value 
Compressor Stage Polytropic Efficiency 82% 
Aftercooler process stream temperature 25ºC 

Coolers Pressure drop 25/10/25/50 kPa 
Minimum Temperature Approach in Heat Exchangers 2ºC 

Flash Vessel Temperature (1st/2nd) -25/-53 ºC 
Reheating Expander Isentropic Efficiency/ stage 85% 

CO2 Pump Isentropic Efficiency 80% 
Compressor Driver/Expander Generator Efficiency 95/90% 

Cold Exchanger Pressure drop / side 10 kPa 
 

3. Simulation Results 

The simulation of the purification unit given the model assumptions defined in the precedent section 
gives the stream results shown in Table 3, corresponding to a power plant with chemical looping 
combustion employing the gas switching concept with fluidized bed reactors delivering approximately 
370 MW of net electrical power. References to the stream naming can be found in Figure 2. 

Table 3 Stream data results for base case simulation 

Stream Property Composition (%mol) 
Name P (bar) T (ºC) m (kg/s) N2 O2 Ar H2O CO2 H2 CO CH4 H2S 

1 18,2 25,0 105,9 2,72 0,01 1,35 13,04 82,87 0,00 0,00 0,00 0,00 
2 18,2 25,0 14,0 0,00 0,00 0,00 99,20 0,80 0,00 0,00 0,00 0,00 
3 35.5 25,0 91,8 4,84 0,02 1,68 0,00 93,47 0,00 0,00 0,00 0,00 
4 35.4 -25,0 91,8 4,84 0,02 1,68 0,00 93,47 0,00 0,00 0,00 0,00 
5 35.3 -53,0 5.14 35.71 0,11 8.78 0,00 55.37 0,01 0,02 0,00 0,00 
6 1,0 23,0 2.45 62.33 0,19 14.50 0,00 22.93 0,01 0,04 0,00 0,00 
7 29,5 56,0 14,2 2,79 0,14 1,19 0,00 96,00 0,00 0,01 0,00 0,00 
8 150,0 25,0 77,2 2,79 0,14 1,19 0,00 96,00 0,00 0,01 0,00 0,00 

to LH 56,0 80,0 26,3 2,79 0,14 1,19 0,00 96,00 0,00 0,01 0,00 0,00 
 

A close observation of the heat exchangers E1 & E2 profiles in reveals that CO2 begins to 
condense/vaporize at a fairly constant temperature, because of the relatively high purity of the 
incoming stream.  Heat exchange in E1 represents more than 97% of the total, as the stream is 
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mostly condensed in this exchanger and only a fraction of 6.4% is flashed as vapour in the 1st 
vessel. 

 
Figure 3Heat exchanger profile for E1 (above) and E2 (below) for the base case of the CO2 CPU unit 

The influence of the effect of the 1st flash vessel temperature in purification efficiency and specific 
consumption was evaluated for the base case composition as shown in Figure 4. As this 
temperature decreases, the CO2 capture efficiency (expressed as actual kg CO2 captured / kg CO2 
captured if purification had no vent) slightly decreases. The specific power consumption (in kJ 
per kg of CO2 captured) on the other hand experiments a slight variation between a temperature 
range between -25ºC to -10ºC, increasing substantially before and thereafter. With increasing 
temperature, the pressure after C1 has to increase to achieve the purity specification, shifting 
power from C3 to C1. Parallel to this, the fraction of the inlet stream that is condensed in E1 
becomes smaller, resulting in a higher duty in E2 and also a greater power demand in C2 because 
of the increased flow rate and pressure difference with respect to C1 outlet. The condensation 
temperature of the 2nd flash vessel was kept as low as possible to enhance CO2 recovery. 
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Figure 4 Effect of 1st Temperature vessel on purification efficiency and power consumption 

Additionally, the effect of a larger presence of N2 in the feed stream (due to a potential higher 
mixing in the gas switching of stages in the chemical looping combustion reactors) was studied. 
The base case shows a N2 content of 4.8%mol after drying. For this analysis, the temperature of 
the 1st flash vessel remained unchanged and the remaining component flows were assumed equal 
as in the base case. Two effects can be observed, as the presence of this low boiling point 
component increases, the purification efficiency drops, resulting in an initial increase of the 
power consumption as this species requires more work to be compressed than CO2. After a certain 
point (15% mol N2) the specific consumption starts decreasing due to the accelerated drop in the 
CO2 recovery rate: a substantial amount of CO2 is vented and the duty of C3 falls considerably, 
because of the lowered flow rate. On the other hand, if the N2 %mol is reduced below the base 
case scenario, the purification efficiency rises significantly, almost reaching 100%, while the 
specific compression power begins to increase, due to the fact that a very small flow rate is vented 
and therefore the size of the reheating expanders (where duty is recovered) becomes very small. 

 
Figure 5 Effect of N2 concentration at CPU inlet (ex.drying) in purification efficiency and specific power consumption 

Lastly, the purification specific consumption for the base case scenario was evaluated eliminating the 
reheating expanders and employing a Joule Thompson valve for the gaseous stream. The refrigeration 
obtained from the vent stream is almost lost (as the isenthalpic expansion leads to a much smaller 
temperature drop compared to isentropic expansion). A further comparison of the specific duty is made 
with a five stage intercooled compressor typically employed in a post combustion capture plant with 
absorbents. It is assumed that the stream inlet to this compressor is pure CO2 saturated with water, 
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available at 1.25 bar from the stripper reboiler of the absorption unit. The results shown in Figure 6 
reveal that CO2 compression from a CO2 stream delivered by an absorption unit requires more than 
twice the power than that of the CO2 CPU in a power plant with CLC using GSC with fluidized bed 
reactors. In Figure 7 a detailed emission breakdown of the IGCC power plant with GSC is given, based 
on the different emissions sources, revealing that the overall emissions of such plant amount to less than 
1/10th of an unabated IGCC power plant (>700 kgCO2/MWh). 

 
Figure 6 Specific consumption for different CO2 capture technologies 

 
Figure 7 Specific emission source breakdown of a power plant for inherent CO2 capture with GSC 

4. Summary & Conclusions 

The process line up for CO2 purification with two flash vessels was designed and simulated while a 
sensitivity analysis to its operating conditions was performed. Given the process boundary conditions, 
a temperature range between -25 to -10 ºC for the 1st vessel temperature resulted in similar specific 
power consumptions and purification efficiencies. Increasing temperature leads to higher pre-
purification pressure required to meet the final purity specification shifting duty from compression stage 
C3 to C1. On the other hand, an increasing amount of N2 in the feed stream, due to a higher mixing 
between gas switching combustion oxidation and reduction streams, leads to a substantial decrease of 
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the purification efficiency, with an initial increase in power consumption, and subsequent drop because 
of the steep reduction in CO2 captured flow rate. If the N2 content in the feed is low enough so that the 
storage specification of inert species is met, the elimination of the CO2 CPU unit is possible. Therefore, 
strategies to reduce the mixing in the chemical looping reactors (7) will result in both improved capture 
rate and plant efficiency, and lower capital expenditure of this unit (3) as the cooling and reheating of 
the CO2 streams is avoided. 

Finally, the compression power per kg of captured CO2 of the CPU unit was compared to a unit which 
eliminates the reheating expanders for Joule Thompson valves and secondly, with an intercooled 
compression train typical of a post combustion capture system, resulting in an increase of the auxiliary 
demand of more than twice the duty required in the cryogenic purification unit. This underlines the 
attractiveness of inherent CO2 capture through chemical looping reactors where combustion takes place 
in a N2 free environment delivering a pressurized CO2 stream, together with the fact that absorption 
systems require a substantial amount of steam for solvent regeneration, further increasing the energy 
penalty associated with CO2 capture for these plants. 

Due to the high purification efficiencies obtained, the specific emissions (in kg CO2 / MWhel.) derived 
from this unit account only for approximately 12% of the total of the plant emissions as can be seen in 
Figure 7. The Specific Primary Energy Consumption for CO2 Avoided (SPECCA) index achieved for 
this power plant resulted in 1.29 MJLHV / kg of CO2, which are in line with similar assessments (8), with 
a somewhat lower capture rate (92%) due to a higher mixing degree in fluidized bed reactors compared 
to packed bed systems.  
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