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Abstract: Oxy-fuel combustion technology is an effective way to reduce CO2 emissions. An ionic
liquid [emim][Tf2N] was used to capture the CO2 in flue gas from oxy-fuel combustion plant. The
process of the CO2 capture was simulated using Aspen Plus. The results show that when the liquid–
gas ratio is 1.55, the volume fraction of CO2 in the exhaust gas is controlled to about 2%. When
the desorption pressure is 0.01 MPa, desorption efficiency is 98.2%. Additionally, based on the
designability of ionic liquids, a hypothesis on the physical properties of ionic liquids is proposed to
evaluate their influence on the absorption process and heat exchanger design. The process evaluation
results show that an ionic liquid having a large density, a large thermal conductivity, and a high
heat capacity at constant pressure is advantageous. This paper shows that from capture energy
consumption and lean circulation, oxy-fuel combustion is a more economical method. Furthermore, it
provides a feasible path for the treatment of CO2 in the waste gas of oxy-fuel combustion. Meanwhile,
Aspen simulation helps speed up the application of ionic liquids and oxy-fuel combustion. Process
evaluation helps in equipment design and selection.

Keywords: CO2 capture; oxy-fuel combustion; ionic liquid; Aspen Plus; process evaluation

1. Introduction

The excessive emission of carbon dioxide has become an increasingly serious chal-
lenge [1,2]. At the UN Climate Change Conference held in 2018, the UN Intergovernmental
Panel on Climate Change released a report saying that humans only have about 12 years to
curb global warming. One of the main reasons for global warming is the massive burning of
fossil fuels [3]. Although governments have been vigorously developing a variety of clean
energies, fossil fuels such as coal are still the primary energy source in the world, especially
in China. Therefore, the capture and storage of CO2 has become a high-priority demand.

At present, there are three types of carbon capture technology, i.e., pre-combustion
capture, post-combustion capture, and oxy-fuel combustion capture [4–6]. Post-combustion
capture is a technology that absorbs CO2 from the flue gas which discharges from the power
plant. It is the most commonly used method for solving CO2 problems [7]. Pre-combustion
capture is also termed fuel decarbonization. Coal gasification is used to obtain CO, CO2,
and H2 (syngas). CO is converted to CO2 by a water–gas shift reaction and then separated
from the remaining hydrogen-containing gas before the gas turbine burns [8]. Among
them, oxy-fuel combustion capture has become a hot spot for scholars because of its unique
advantages [9,10]. Oxy-fuel combustion was introduced in 1982 [11]. It first separates O2
from the air. Then, it replaces combustion-supporting air with high-purity oxygen and
recycled flue gas to obtain high-concentration CO2 based on existing coal-fired power
generation. This technology can also significantly reduce the emission of oxynitride and
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sulfide [12–14]. Foreign scholars have comprehensively explored its mechanisms, status,
and applications [11,15,16]. In China, Huazhong University of Science and Technology and
North China Electric Power University have carried out extensive research on the topic [17].
Several of the studies indicate that oxy-fuel combustion capture could be more energy-
and cost-efficient than the carbon capture technology [13,18,19]. Many fossil fuels, such
as coal [20], natural gas [21], and biomass [22], could use oxy-fuel combustion technology.
Liu and Niu et al. have also applied this technology to sludge treatment [23].

After increasing the CO2 concentration by oxy-fuel combustion, CO2 capture process is
still required. The most widely used method at present is chemical absorption. For example,
ALSTOM, ABB Lummus Global Inc, American Electric Power, National Energy Technology
Laboratory, and Ohio Coal Development Office evaluated the technical feasibility of oxy-
fuel combustion and applied it to an existing 450 MW US bituminous coal-fired power
plant. They found that the CO2 recovery of oxy-fuel combustion is higher than air-fired
systems when using MEA and MEA/MDEA as absorbents [11]. Fabienne also used MEA
to absorb the CO2 escaped from oxy-fuel combustion plants [13]. If outlet gases are H2O
and CO2, a multi-stage compression method is applied to obtain a liquid CO2 product.
Sung and others have performed this [24–26]. However, these absorbents cause problems
such as high equipment corrosion and energy consumption [27]. Ionic liquid is an effective
solvent to deal with these issues [28].

Ionic liquids (ILs) are salts composed entirely of anions and cations at room tempera-
ture. They possess low vapor pressure and good thermal stability, and especially high solu-
bility for CO2 [29]. Ma Tao et al. used [bmim][BF4] and [bmim][PF6] to capture CO2 from
model flue gas, which reduced energy consumption by 26.7% and 24.8%, respectively, com-
pared to MEA-based processes. Thus, such an IL-based CO2 capture process is more com-
petitive than traditional MEA-based CO2 capture process [30]. The emergence of functional-
ized ionic liquids further improves the absorption capacity of CO2. MacFarlane synthesized
a variety of bisamino protonated ionic liquids. Among them, DEEDAH formate has the
best absorption effect on CO2, with an absorption capacity of 0.47 mol CO2/mol ILs [31].
Chaban further studied the thermodynamic properties of five amino-functionalized ionic
liquids (imidazoles, pyridines, morpholines, pyrrolines, and pyrazolines) and compared
the absorption effect of CO2 by different amination sites [32].

Oxy-fuel combustion technology is still under investigation. The existing literature
is not enough to promote the application of oxy-fuel combustion in industry. In addition,
the assessment of the absorption process after oxy-fuel combustion and the discussion of
various influencing factors are not sufficient.

In this paper, the CO2 capture process of a 35 MW oxy-fuel combustion device was
innovatively designed. The absorbent was ionic liquid [emim][Tf2N]. The simulation of the
entire process was performed using Aspen Plus 9.0 software. Based on the designability of
ionic liquids, a hypothesis on the physical properties of ionic liquids was proposed, and the
effects of ionic liquid properties on the absorption process and heat exchanger design were
evaluated, in order to provide ideas for the synthesis of ionic liquids with specific functions.
The energy consumption of oxy-fuel combustion capture and post-combustion capture
was also compared. The research will provide a feasible method for tail gas purification
of oxy-fuel combustion and a new idea for energy saving and emission reduction in the
absorption process.

2. Materials and Methods

Chemical process simulation is a common technical method used by chemical engi-
neering technicians to solve chemical process problems. It provides a relatively reliable
reference for the simulation and optimization of industrial processes [33]. This section
simulates the process of CO2 capture in flue gas from oxy-fuel combustion by [emim][Tf2N].
[emim][Tf2N] is an environmentally friendly solvent. There are no reports of environmental
harm. It costs slightly more than some common absorbents, such as MDEA. The parameters
of [emim][Tf2N] involve physical parameters, critical parameters, binary interaction pa-
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rameters, and solubility. These have been calculated in detail in previous work [34]. Table 1
shows various properties, while Tables 2 and 3 show the results of parameter regression
using solubility data at medium and high pressures [35,36]. This simulation provided
operating conditions, including temperature, pressure, flow rate, and calculated energy
consumption. The effect of physical parameters on carbon capture was also studied.

Table 1. Correlations and parameters developed for various properties of [emim][Tf2N].

Property Units Correlation Parameters Data

Density g·cm−3 ρi =
Mi pci

RTciZ∗,RA
i

(1+(1−Tr)2/7)
Z∗,RA

i 0.272

Heat
Capacity J·mol−1·K−1 Cpi = C′1i + C′2iT + C′3iT

2
C′1i 329.328
C′2i 0.849
C′3i −0.000768

Viscosity mPa·s ln ηi = Ai +
Bi
T + Ci ln(T)

Ai −138.104
Bi 9054.914
Ci 19.524

Vapor
Pressure MPa ln ps

i = C1i +
C2i
T

C1i 28.375
C2i −15130

Thermal
Conductivity W·m−1·K−1 λi = C′′1i + C′′2iT + C′′3iT

2
C′′1i 0.134
C′′2i −6.13 × 10−5

C′′3i 4.957 × 10−8

Surface
Tension mN·m−1 σi = C′′′1i (1−

T
Tci
)
(C′′′2i +C′′′3i Tri+C′′′4i T2

ri+C′′′5i T3
ri)

C′′′1i 103.234
C′′′2i 15.613
C′′′3i −92.955
C′′′4i 234.092
C′′′5i −204.914

Table 2. Parameters of temperature-dependent Henry constants.

Component i Component A aiA biA ciA diA eiA

CO2 [emim][Tf2N] 82.149 0.00517 −12.954 0.00517 −874,200

Table 3. NRTL binary parameters of CO2 with [emim][Tf2N].

Component i Component A aij aji bij bji

CO2 [emim][Tf2N] 1.267 −4.903 −671.282 1685.225

The flue gas that escaped from the Yingcheng 35 MW oxy-fuel combustion industry
demonstration base [1,2] was the simulation object. The temperature of the flue gas
after washing was 333 K, the absorption pressure was 0.15 MPa, and the flow rate was
84,000 m3·h−1. The composition of the flue gas is rounded and shown in Table 4.

Table 4. Flue gas composition.

Components Flue Gas V [%]

N2 7
CO2 80
O2 6.5

H2O 6.5

The process flow diagram of CO2 capture by ionic liquid is shown in Figure 1. It
includes the following operating units.
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Figure 1. Process flow diagram for CO2 capture using [emim][Tf2N].

1. A flue gas pretreatment unit:

The flue gas discharged from the oxy-fuel combustion plant is desulfurized and
washed, and the temperature of the gas is reduced to 333 K. Next, it is compressed to the
absorption operating pressure (7 MPa) by a multi-stage compressor unit (MCOMPER).
There is a cooler after each stage of the compressor, where the flue gas is cooled, and the
resulting condensate is removed. The flue gas is then dried in a desiccator (SEP) to remove
excess water after multi-stage compression.

2. An absorption unit:

The pretreated gas enters from the bottom of the absorption tower (ABSORBER). Then,
it is placed in countercurrent contact with the [emim][Tf2N] stream entering from the top
of the tower. The CO2 is gradually absorbed by the ionic liquid. The insoluble gas and a
trace amount of CO2 are discharged from the top of the tower.

3. A solvent desorption unit:

The ionic liquid with a large amount of CO2, also called rich liquid, is withdrawn from
the bottom of the absorption tower. It then enters the flash tank (FLASH). By reducing the
pressure, CO2 is desorbed from the rich liquid to form the product stream. The resulting
ionic liquid after desorbing is called lean liquid, which is passed through a circulating
pump (PUMP) and a circulation heater (HOTER). Finally, it returns to the absorption tower
for absorption again.

The main equipment includes a compressor (MCOMPER), an absorption tower (AB-
SORBER), a flash tank (FLASH), a pump (PUMP), and a heat exchanger (HOTER). The
parameter settings are shown in Table 5 and the data value of liquid ionic solvent, in-
cluding the temperature at inlet and outlet of absorber, can be found in Table S1 in the
Supporting Information.

Table 5. Key parameters for the CO2 capture of the main equipment.

Description Unit

Absorption tower
Stages 8
Pressure drop 0.02 MPa
IL-IN feeding position On stage 1
Feeding position On stage 8

Flash tank
Heat load 0 kW
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Table 5. Cont.

Description Unit

Multi-stage compressor unit
Compressor stage 5
Interstage cooler temperature 308 K
Types Mcompr(Isentropic)
Net work 101.41 kW·t−1 CO2

Pump
Net work 4.246 kW·t−1 CO2

Exchanger
Net work 6.62 kW·t−1 CO2

3. Results and Discussions
3.1. Simulation Results of Aspen Plus

This paper simulates the absorption process of CO2 in the flue gas from an oxy-
fuel combustion by ionic liquid, in light of physical parameters obtained from previous
work [30]. When the liquid–gas ratio is 1.55 (molar/molar), 0.45 mole of CO2 is absorbed
by 1 mole of ionic liquid (7 MPa, 333 K), and the volume fraction of CO2 in the exhaust gas
is controlled to be about 2%. When the desorption pressure is 0.01 MPa, the desorption
efficiency is 98.2% and the purity of the obtained CO2 product is as high as 99.9%.

Figure 2 shows the temperature and liquid molar flow distribution in the absorption
column. The temperature between the second plate and the fifth plate rises fastest from
310 K to 320 K, because the ionic liquid releases a large amount of heat when CO2 dissolves
in it; thus, the temperature curve is steep. After the sixth plate, the absorption gradually
balances so the temperature curve becomes smooth. Until the eighth plate, the temperature
falls. Due to CO2 dissolved in the liquid, the liquid flow keeps rising. Since the maximum
attraction force occurs between the second plate and the sixth plate, this is the best ad-
sorption force. The liquid holding capacity also rises the fastest. Figure 2 shows that it is
reasonable to take eight theoretical plates for the simulation.
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It can be seen from the simulation results that the ionic liquid has a good absorption
effect in absorbing oxygen-enriched combustion flue gas.

3.2. Compare between Post-Combustion Capture and Oxy-Fuel Combustion Capture

Due to the high CO2 concentration in fuel gas, oxy-fuel combustion process is beneficial
for the capture process. Table 6 compares post-combustion capture and oxy-fuel combustion
capture (both use the same absorbent [emim][Tf2N]). In terms of lean circulation, using
oxy-fuel combustion saves 75.59% compared to post-combustion. In terms of energy
consumption, using oxy-fuel combustion saves 81.42% of energy consumption compared
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to post-combustion (the energy consumption of air separation systems is not taken into
account). Ionic liquid has low vapor pressure and high solubility of CO2 [29]. In the process
of desorption and transportation, it is not easy to volatilize; thus, the solvent loss is small.
In addition, the high concentration of CO2 obtained after oxy-fuel combustion increases
the absorption-driving force; therefore, the amount of lean liquid circulation is low, and the
energy consumption is small.

Table 6. Comparison between post-combustion capture and oxy-fuel combustion capture.

Post-Combustion Capture Oxy-Fuel Combustion Capture

Load efficiency 0.36 mol CO2·mol−1 IL 0.45 mol CO2·mol−1 IL
Product purity 99.9% 99.9%

Lean circulation 191.1 kmol·h−1·t−1 CO2 46.65 kmol·h−1·t−1 CO2
Energy consumption 604.2 kW·h·t−1 CO2 112.276 kW·h·t−1 CO2

However, the high-purity oxygen required for oxy-fuel combustion is provided by an
air separation system that consumes a lot of energy [37,38]. A conventional cryogenic air
separation unit may consume between 10% and 40% of the power output of an oxy-fuel
combustion plant [39]. This is not considered in the process simulation; thus, from the
perspective of the entire process, it still needs further investigation by calculating the exact
cost of energy consumption and solvent circulation.

In this section, oxy-fuel combustion technology and post-combustion capture technol-
ogy are compared, and the advantages of oxy-fuel combustion technology are explained.
A new application was found for ionic liquids.

3.3. Effect of Physical Properties of Ionic Liquid on Absorption Process

The absorption capacity is mainly affected by the nature of ionic liquids. Scholars from
all over the world are looking for ionic liquids with the best performance. They not only
conduct research experiments on a series of conventional ionic liquids, but also propose
and synthesize functionalized ionic liquids, such as amino-functionalized ionic liquids and
proton-type ionic liquids [40,41]. This further improves the solubility of carbon dioxide in
ionic liquids. Therefore, the effect of the physical properties of the ionic liquid itself on the
absorption process will be discussed in the following part.

Ionic liquids can be designed according to actual needs because of their designability.
Therefore, we propose a hypothesis: under the premise that the solubility of CO2 in ionic
liquid is the same, the simulation is performed with different physical property parameters
(density, heat capacity at constant pressure) of 0.5, 1, and 2 times (marked as 0.5X, 1X, and
2X), respectively. This paper aims to study the effects of properties on the capture process
and provide critical information for the screening and design of ionic liquids.

3.3.1. Density

Figure 3 shows the effect of the density of the ionic liquid on the solvent circulation and
energy consumption when the unit CO2 is absorbed. It should be noted that the absorption
pressure was kept as a constant. Because the energy consumption of the compressor was
unchanged under different physical parameters of the ionic liquid, accounting for a large
proportion, the energy consumption of the multi-stage compressor unit was excluded
for the convenience of calculation. When the solvent density is assumed to be 0.5X, 1X,
and 2X, the circulating solvent amount of 1 kmol CO2 is 1.7954 m3/h, 0.5763 m3/h, and
0.3404 m3/h, and the unit energy consumption is 0.6325 kW, 0.203 kW, and 0.112 kW,
respectively. If the density is doubled, the solvent circulation is reduced by 67.90% and
40.93%, and the unit energy consumption is reduced by 67.90% and 40.83%, respectively.
This is because when mass is constant, the density is inversely proportional to volume.
The higher the density, the smaller the volume of liquid per unit mass, and the smaller the
required circulation volume. In this way, the power required by pumps is reduced, and the
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energy consumption is naturally reduced. Given that, the larger the density, the smaller the
circulation amount of the solvent and the energy consumption.
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Figure 3. Effect of [emim][Tf2N] density on solvent circulation and energy consumption. The red
represents the solvent consumption and the shaded part represents the electrical power consumption.

3.3.2. Heat Capacity at Constant Pressure

The greater the heat capacity at constant pressure, the better the absorption effect.
When the ionic liquid absorbs CO2, the temperature of the solution in the column rises due
to the release of heat. Figure 4 shows the effect of the heat capacity at constant pressure on
the temperature distribution in the absorption tower. The higher heat capacity at constant
pressure leads to a smoother temperature distribution curve in the absorption tower. When
the temperature rises by 1 K, the ionic liquid with a large heat capacity at constant pressure
can absorb more heat. Figure 5 further shows that for every two times the heat capacity at
constant pressure, the solvent cycle is reduced by 15.66% and 4.11%, and the unit energy
consumption is reduced by 10.77% and 10.05%, respectively. During the absorption process,
when the amount of heat released by CO2 is constant, the temperature of the ionic liquid
with a small heat capacity at constant pressure is expected to rise sharply. The increase in
temperature causes an increase in the intermolecular motion of the ionic liquid, inhibiting
further dissolution of CO2. It requires more ionic liquid to achieve the same absorption.
Therefore, the ionic liquid circulation increases and the energy of capturing unit carbon
dioxide increases.
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3.4. Influence of Physical Properties of Ionic Liquid on Heat Exchanger Design

The heat exchanger is essential equipment in industrial production. The physical
properties of the ionic liquid have a certain impact on the design and choice of the heat
exchanger. Therefore, this section proposes the same hypothesis: under the premise of
the same solubility of CO2 in the ionic liquid, the simulation is performed with different
physical property parameters (density, heat capacity at constant pressure, and heat transfer
coefficient) of 0.5, 1, and 2 times, respectively. This section describes the effects of the
physical properties of ionic liquid on heat exchanger design—for example, the density,
thermal conductivity, and heat capacity at constant pressure. Furthermore, 5000 mol/h
of ionic liquid (some properties are different from [emim][Tf2N], while the rest of the
performance is the same) is required from 328 K to 323 K, using circulating cooling water
(305 K→ 313 K). It studies the effects of several physical properties on the heat transfer
area and the average heat transfer coefficient.

3.4.1. Density

In Figure 6, the higher the density, the smaller the heat exchanger area, and the larger
the average convective transfer coefficient. In the case of the same mass, an ionic liquid
having relatively small density has large volume. Therefore, a larger heat exchange area
is required of the heat exchanger. Moreover, the higher the density, the more molecules
per unit volume, the more intense the collision, and the better the effect on heat transfer,
i.e., the greater the average convective heat transfer coefficient.
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3.4.2. Heat Capacity at Constant Pressure

In Figure 7, the larger the heat capacity at constant pressure, the larger the exchanger
area, and the larger the average convection heat transfer coefficient. In the case of the same
ionic liquid mass, the greater the heat capacity at constant pressure, the greater the heat
required to reduce the ionic liquid by 1 K. So, the heat is positively correlated with the heat
exchange area and the average convective heat transfer coefficient; the higher the required
heat, the larger the average convective heat transfer coefficient, and the larger the required
unit area of the heat exchanger.
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3.4.3. Heat Transfer Coefficient

In Figure 8, the larger the heat transfer coefficient, the smaller the exchanger area, and
the larger the average convection heat transfer coefficient. When the heat exchanged is
the same, the ionic liquid with a larger heat transfer coefficient has a stronger collision
between molecules, which is more advantageous for heat transfer. In other words, the
average convection heat transfer coefficient is larger and the area of the heat exchanger
required for heat transfer under the same conditions is smaller.
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4. Conclusions

In conclusion, this paper uses Aspen Plus to simulate and evaluate the process of
CO2 capture in flue gas from oxy-fuel combustion power plants. The results show that
the volume fraction of CO2 in the exhaust gas is less than 2% when the liquid–gas ra-
tio is 1.55 (molar/molar), and the desorption efficiency is 98.2%. The mass purity of
the CO2 product is 99.9% when the desorption pressure is 0.01 MPa. When the load
efficiency is 0.45 mol CO2·mol−1 IL, the product purity is 99.9%, the lean circulation is
46.65 kmol·h−1·t−1 CO2; this saves 76% in energy consumption compared to air–fuel com-
bustion (the total energy consumption is 112.27 kWh·t−1 CO2) and saves 81% compared
to air–fuel combustion. In terms of lean circulation and energy consumption, oxy-fuel
combustion capture is a more economical choice.

Section 3 not only finds application scenarios for ionic liquids, but also guides the
design of ionic liquids on this base. It was assumed that the solubility of CO2 in the ionic
liquid is the same in all cases, and the simulation was performed for different physical
parameters—0.5, 1, and 2 times. The effects of ionic liquid properties on process lean
circulation and energy consumption are discussed. In terms of density, when the density is
increased, the circulation and energy consumption of the liquid solvent are correspondingly
reduced. For the heat capacity at constant pressure, it is found that both lean circulation
and energy consumption are reduced when the heat capacity is increased at a constant
pressure. To reduce energy consumption, an ionic liquid with a relatively low density
and heat capacity at a constant pressure should be selected as the absorbent. On the other
hand, the effects of ionic liquid properties on heat exchanger design are also explored. If
the minimum heat transfer area and the maximum convective heat transfer coefficient
are to be achieved, it is preferable to select an ionic liquid having higher density, stronger
thermal conductivity, and higher heat capacity at constant pressure. Therefore, in the future,
more suitable ionic liquids can be designed based on these findings. It is undeniable that
some other properties of the absorbents also affect the CO2 absorption capacity, especially
functional group type and functional group density. Future work will be carried out in
this direction.

This paper provides a feasible idea for carbon capture during oxy-fuel combustion. The
low energy consumption of the process also provides a new way for energy conservation
and emission reduction in the future. The simulation results of Aspen Plus show that
the use of ionic liquid as an absorbent has a good application prospect. Simulation and
evaluation results will guide engineering applications and ionic liquid design.
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