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Abstract: In this study, an improved CO; separation and purification system is proposed
based on in-depth analyses of cryogenic separation and distillation theory as well as the
phase transition characteristics of gas mixtures containing CO,. Multi-stage compression,
refrigeration, and separation are adopted to separate the majority of the CO, from the gas
mixture with relatively low energy penalty and high purity. Subsequently, the separated
crude liquid CO; is distilled under high pressure and near ambient temperature conditions
so that low energy penalty purification is achieved. Simulation results indicate that the
specific energy consumption for CO, capture is only 0.425 MJ/kgCO, with 99.9% CO,
purity for the product. Techno-economic analysis shows that the total plant investment is
relatively low. Given its technical maturity and great potential in large-scale production,
compared to conventional MEA and Selexol™ absorption methods, the cost of CO,
capture of the proposed system is reduced by 57.2% and 45.9%, respectively. The result of
this study can serve as a novel approach to recovering CO, from high CO, concentration
gas mixtures.

Keywords: CO, recovery; cryogenic separation; conventional distillation; techno-economic
analysis; oxy-fuel combustion




Energies 2014, 7 3485

1. Introduction

One of the most sophisticated challenges in environmental protection in the 21st century is global
warming, which is caused by large amounts of greenhouse gas emissions, especially CO,. Measures
must be taken to reduce CO, emissions and consequently restrain global warming. From the
perspective of energy utilization, carbon capture and storage (CCS) is considered to be one of the most
significant methods in CO, reduction [1], since it is reported that 90% of CO, emissions are generated
by the combustion of fossil fuels, which will be extensively used in the foreseeable future [2].

Currently, several primary CO, capture and recovery methods are available: absorption (including
chemical absorption and physical absorption), adsorption, membrane separation, and cryogenic
separation [3-5]. Among these methods, chemical absorption can separate large amounts of high purity
CO; from low concentration flue gas, but high energy penalty and huge investments are expected [5—7].
Physical absorption is an effective approach to recovering low purity CO, with low energy penalty, but
additional energy is needed for sequent compression because the separated CO; is in the gas state [7-9].
Both absorption methods draw extensive attention because of their high technical maturity [5-9].
Adsorption and membrane separation are recognized as promising CO, capture methods despite
inevitable problems such as low processing ability and high investment because of their operational
feasibility and low separation energy penalty [10—16].

Cryogenic separation is a physical process that separates CO, under extremely low temperature. It
enables direct production of liquid CO, at a low pressure, so that the liquid CO, can be stored or
sequestered via liquid pumping instead of compression of gaseous CO; to a very high pressure, thereby
saving on compression energy [17-20]. During the cryogenic separation process, the components of
gas mixtures are separated by a series of compression, refrigeration, and separation steps. Since all
these steps are highly mature technologies in the chemical industry, their operation and design
feasibility can be guaranteed [20-22]. The cryogenic separation process requires no chemical agent,
hence avoiding secondary pollution [17-22]. As far as industrial application is concerned, gas mixtures
are usually composed of CO, and other gases, the boiling points of which are relatively low. These
gases include Hy, Ny, O, Ar, and CH,4. These impurities lower the phase transition temperature of CO,,
which can even drop to under —80 °C. In this case, the refrigeration energy penalty increases substantially,
and CO; frost formation becomes highly possible, thereby threatening equipment safety [23]. Attention
should thus be paid to raising the phase transition temperature of CO, to improve the cryogenic
separation method and consequently avoid facility freezing problems and high energy penalty [24-27].

Recently, many studies concerning cryogenic CO, separation methods have been conducted. For
instance, Besong et al. [28] proposed a cryogenic liquefaction system whose mainstay is formed by
compressor and flash unit, so the energy penalty decreases due to sufficient recovery of cold energy.
Song et al. [29] developed a novel CO, capture process based on a Stirling cooler, whereby CO; is
separated in liquid state after continuous cooling down by three Stirling coolers. Jana [30] researched the
integration and optimization of a CO; capture system, and discussed the influences of several parameters
on system performance. Based on the phase transition mechanism and the principle of energy cascade
utilization, in a previous work we presented a novel system that simultaneously fulfills CO, separation
and compression by adopting multi-stage compression and separation. Compared with conventional CO,
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capture methods, this novel system shows superior performance with CO,-H; mixture and reduces the
CO; recovery energy penalty by 65% and 15%, respectively [31].

Interestingly, the studies mentioned above mainly focus on achieving high CO; capture rates and low
recovery energy penalties, whereas little attention is paid to the purity of the captured CO,. In fact, CO,
purity in the product separated by the cryogenic separation method might be relatively low. For example,
when applying the cryogenic separation method to separate CO, from CO,-N,-O,-Ar mixtures, the
impurity content in the separated liquid can be as high as 2% to 5%; at this level, the CO, purity cannot
satisfy the requirements of most industrial applications, as well as transport and storage [1,32,33].

In the present work, we propose an improved CO; separation and purification system that can
separate the majority of the CO, in liquid state from the mixed gases with relatively low energy
penalty via multi-stage compression, refrigeration, and separation. Furthermore, by introducing high
pressure and near ambient temperature distillation into the improved system, CO; purity in the final
product reaches 99.9%.

2. Proposal of the Cryogenic Separation Method
2.1. Phase Transition Characteristics of Mixed Gases Containing CO;

In our previous works, the phase transition characteristics of CO,-H, mixture (common in the syngas
generated by shift reaction) were analyzed. Results indicate that CO, separation ratio is determined by
two critical factors: the initial CO, concentration and the initial pressure of the gas mixture [31]. In the
present study, we analyze the CO,-N»-O,-Ar mixture, which is common in oxy-fuel combustion.

Figure 1 presents the relationship between the CO, separation ratio and the temperature of CO,-N;
mixtures under different initial pressures, at an initial CO, concentration of 80%.

Figure 1. Variation in the initial pressure and CO, separation ratio of CO,-N, with temperature.
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The CO, separation ratio increases as the initial pressure rises. Under the initial pressures of 15, 30,
and 60 bar, to separate 90% CO, from the gas mixture, the temperature must be dropped to
approximately —63 °C, —48 °C, and —30 °C, respectively, so increasing the initial pressure is an
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effective approach for improving the performance of the cryogenic separation method. Especially after
the gas mixture enters the cryogenic CO, separation unit, the CO, concentration in the gas mixture
continuously declines with CO, condensation. If the total pressure of the gas mixture could be
increased at this moment, then CO, partial pressure will also increase, which is very important in
maintaining the liquefaction temperature of CO; at a high level.

2.2. CO; Purity Characteristics of the Cryogenic Separation Method

Generally, a small amount of impurities always dissolve in the liquid CO, separated under high
pressure, and the higher separation pressure, the larger the amount of impurities [28]. Figure 2 shows
the variation in CO, purity and separation ratio under different separation pressures with four kinds of
typical impurity compositions, at the initial CO, concentration of 80%. The following conclusions can
be drawn based on Figure 2. On the one hand, the CO, separation ratio constantly increases with the
increment of separation pressure, whereas the CO; purity in the product decreases. On the other hand,
different impurity compositions have different effects on the CO, purity in the product. At the same
separation pressure of 60 bar and initial CO, concentration of 80%, the CO; purity in the product of the
CO,-H, mixture is 99.47%, for the CO,-N, mixture it’s 98.01%, whereas for CO,-O, and CO,-Ar
mixtures, it sharply reduces to 95.5% and 95.69%, respectively. This is because there exist significant
differences in the physical properties of the different impurity gases, which affect the thermodynamic
properties such as dew and bubble points, heat capacity, enthalpy and entropy of the CO, mixture, so
the operating conditions and separation performance of the purification process will thus vary
accordingly, resulting in different CO, purity in the product [27]. Generally, if the physical properties
of the impurity gas are distinguished from those of the CO, (H, for example), it is easier to separate
them by high pressure cryogenic separation [31]. However, for gas mixtures consisting of CO,, Na, Oa,
and Ar, the CO; purity in the product attained by high pressure cryogenic separation is too low to
satisfy the requirements of most industrial applications as well as transport and storage. Further
purification measures should thus be considered.

Figure 2. Variation in CO; purity and separation ratio with different separation pressures
and impurity compositions.
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3. Distillation Mechanism and Feasibility Analysis
3.1. Distillation Mechanism

Distillation, which is the workhorse of chemical process industries, is widely used because of its
high technical maturity [34,35]. It separates gas or liquid mixtures via consecutive partial vaporization
and condensation in a distillation column. Figure 3 illustrates a simplified layout of the conventional
distillation process. A feed mixture enters the column from the intermediate section. After condensing
by the condenser installed on top of the column, part of the condensed liquid is refluxed, while the rest
is discharged as distillate. Generally, the feed entrance divides the distillation column into two
sections. The upper section is called the rectifying section, where the rising steam passes through the
trays and comes in contact with the refluxed liquid to realize the material transfer and densification of
volatile components [36]. Underneath the entrance is the stripping section, where the steam is heated
by the reboiler located at the bottom of the column. Energy and material transfer proceeds as long as
the heated steam is in countercurrent contact with the descending liquid, thus resulting in the
accumulation of involatile components at the bottom.

Figure 3. Typical layout of the conventional distillation process.
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3.2. Feasibility Analysis of Purifying CO; Mixture by Conventional Distillation

Certain conditions must be met when using conventional distillation to purify a mixture. In general,
the basic condition lies in the difference in the boiling points of different components, the larger the
difference, the easier to separate. In the meantime, operating pressure directly affects the performance
of low temperature distillation. High pressure maintains the mixture completely in its critical state,
thus lowering the possibility of separation. On the contrary, if the operating pressure is too low, then a
large amount of refrigeration energy is required to maintain a low temperature at the top of the column.
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Another fundamental condition of separating a mixture by conventional distillation is that it does
not form azeotropes. In the temperature-composition diagram of an azeotrope, the vapor curve is
tangent to the liquidus, this point of tangency is called the azeotropic point. Neither partial
vaporization nor partial condensation can change the chemical composition of an azeotropic mixture at
boiling point. That is, conventional distillation is not suitable for purifying azeotropic mixturee near
their boiling point.

Figures 4, 5, and 6 present the temperature-composition diagrams of CO,-N,, CO,-O,, and CO,-Ar
mixtures, respectively. The following conclusions can be drawn based on the figures: (1) The
differences in the boiling points of CO; and other impurities (i.e., N, O,, and Ar) are still very large,
even under high pressure; (2) For CO,-N,, CO,-O,, and CO;-Ar mixtures, no azeotropic point is found
under high pressure conditions, hence, purifying a CO, mixture consisting of impurities such as Ny, O,
and Ar via conventional distillation is feasible. The distillation process can also be conducted under
high pressure and near ambient temperature conditions, which ensures a low energy penalty.

Figure 4. Temperature-composition diagram of CO,-N,.
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Figure 5. Temperature-composition diagram of CO,-O,.
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Figure 6. Temperature-composition diagram of CO,-Ar.
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4. Proposal and Performance Analysis of the Improved Separation and Purification System
4.1. Schematic Diagram of the Improved Separation and Purification System

Based on the analysis above, an improved CO, separation and purification system is proposed. The
whole system is made up of two subsystems: the cryogenic separation subsystem and the distillation
subsystem. According to the traditional cryogenic separation method, the liquefaction temperature
increases by improving the initial pressure of the mixed gases. The separation ratio could also be
maintained at a high level by multi-stage separation and compression. In the distillation subsystem,
crude product is distillated under high pressure and near ambient temperature conditions. Figure 7
shows the schematic diagram of this improved system.

An initial dehydration of the mixed gases is performed before they are fed into the proposed
system: by cooling down to near ambient temperature, the majority of H,O is condensed and can be
extracted out afterwards, while the rest is absorbed by a high-efficiency adsorbent (e.g., molecular
sieve) [37]. As illustrated in Figure 7, when the dehydrated mixed gases (Stream 1 or S1) undergo the
cryogenic separation and liquefaction processes, they are first compressed to an appropriate pressure
(S2) by compressor 1 (C1). After cooling by the separation product, they would be cooled to a lower
temperature by the external cold energy (S3). At this point, a part of the CO, is liquefied from the
mixed gases. Using a gas-liquid separator (Sepl), we can separate the CO, from the mixture (S4) and
pressurize it with a pump (P1). Then, part of the cold energy of the separated CO, (S5) is recovered
back to the system by a heat exchanger (H1) with the mixed gases (S2) and leaves the system (S6).
The abovementioned steps comprise the first stage of the process. If the mixed gases (S7) from the first
stage could not satisfy the separation requirement, they are then separated in the second or the third
stages. The processes of the next two stages are similar to the first one. In the cryogenic separation
subsystem, three-stage separation and liquefaction are employed. When most of the CO, is separated,
the purge gas (S20) leaves the system after its cold energy is recycled by a heat exchanger (HY).



Energies 2014, 7 3491

Figure 7. Improved CO, separation and purification system.
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The crude liquid CO, (S21) separated from the cryogenic separation subsystem is further purified in
the distillation subsystem to improve its CO, purity. Before distillation, it is adjusted by a pressure
regulating valve (V1) and a heat exchanger (H7). Temperatures on top and at the bottom of the
distillation column (R) are precisely regulated within the range of —20 °C to 20 °C and —10 °C to 30 °C,
respectively. After adjustment by the pressure regulating valve (V2) and heat exchanger (HS8), the CO,
product with high purity (S25) is finally obtained. V1, V2, H7, and H8 can realize pressure and
temperature adjustments to a small extent, thereby ensuring that the distillation process proceeds even
in abnormal working conditions, such as start and stop. However, these adjustments are not necessarily
needed in normal working conditions.

4.2. Simulations and Results Analysis

In this study, process simulation is conducted by ASPEN PLUS™. The thermodynamic properties

of the mixed gases are calculated by the PRMHV2 equations, because the prediction of the PRMHV?2
equation can reflect the corresponding change trend of the mixture system when the initial parameters
change, especially for nonpolar gas systems. The compressor and pump efficiencies are assumed to be
0.8, and the smallest temperature difference of the low-temperature heat exchanger is set at 2 °C.

Table 1 illustrates the main streams corresponding to Figure 7. As can be seen, after multi-stage
compression, refrigeration, and separation, 92% of the CO, can be separated from the mixed gases in
liquid state. The CO; concentrations of the crude liquid reaches 96.9%, at a pressure of 80 bar (S21).
After distillation and adjustments in parameters, the CO, concentration in the final product is greatly
improved to 99.9%, with the pressure decreasing to 60 bar (S23), which is suitable for most industrial
applications as well as transport and storage.
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Table 1. Parameters of the main points of the improved CO, separation and purification system.

Flow Temperature Pressure  Mass Flow Mole Fraction (%)
(°O) (bar) (kg/s) CO, N, 0, Ar
S1 30.0 5 100.00 80.0 10.0 5.0 5.0
S2 30.0 21 100.00 80.0 10.0 5.0 5.0
S3 —26.5 21 100.00 80.0 10.0 5.0 5.0
S4 -35.0 21 100.00 80.0 10.0 5.0 5.0
S5 -29.7 80 62.93 98.5 0.4 0.5 0.6
S6 8.3 80 62.93 98.0 0.6 0.7 0.7
S7 —40.0 21 37.07 53.2 23.9 11.4 11.5
S8 10.4 38 37.07 53.2 23.9 11.4 11.5
S9 -25.0 38 37.07 53.2 23.9 11.4 11.5
S10 —40.0 38 37.07 53.2 23.9 11.4 11.5
S11 -31.0 80 13.35 93.8 2.1 2.1 2.0
S12 3.4 80 13.35 93.8 2.1 2.1 2.0
S13 —40.0 38 23.74 342 34.1 15.8 15.9
S14 -0.7 60 23.74 34.2 34.1 15.8 15.9
S15 -31.0 60 23.74 342 34.1 15.8 15.9
S16 -35.0 60 23.74 34.2 34.1 15.8 15.9
S17 -36.1 80 3.53 88.0 43 3.9 3.8
S18 =33 80 3.53 88.0 4.3 3.9 3.8
S19 —40.0 60 20.19 26.5 38.4 17.5 17.6
S20 =33 60 20.19 26.5 38.4 17.5 17.6
S21 7.3 80 79.81 96.9 1.1 1.1 1.0
S22 30.0 80 79.81 96.9 1.1 1.1 1.0
S23 22.5 60 76.18 99.9 9ppm 48 ppm 27 ppm
S24 -10.8 60 3.62 40.5 20.1 20.0 19.3

The analysis data of the energy penalty for CO, recovery, along with some other performance
parameters are summarized in Table 2. Note that the results and analysis of Table 2 are valid
exclusively for the proposed system, which could be considered as polishing process instead of an
intact CO, capture system, since the energy consumption of obtaining high CO, concentration is not
taken into account here.

The proposed system clearly has excellent performance. The CO, recovery ratio is 90.04% with
99.9% CO; purity in the product, the energy penalty for the cryogenic separation subsystem is 29.77
MW, out of which C1, C2, and C3 consume 11.40, 2.21 and 0.72 MW, respectively; the total energy
consumption for refrigeration is 18.34 MW (13.75, 3.41 and 1.18 MW for H2, H4 and H6); the total
energy consumption for pumps is 0.519 MW (0.44, 0.07 and 0.009 MW for P1, P2 and P3,
respectively), with 3.42 MW recovered by expansion; and the energy consumption of distillation is
only 2.61 MW. In summary, the total energy penalty for this improved system is 32.38 MW, and the
specific energy consumption for CO; capture is only 0.425 MJ/kgCO,.
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Table 2. Thermodynamic performance of the improved CO; separation and purification system.

Items Value Unit
Mass flux of mixed gases fed to the system 100 kg/s
Mole fraction of CO, fed to the system 80 %
Mass flux of CO, fed to the system 84.62 kg/s
Mass flux of captured CO, 76.18 kg/s
CO; purity in product 99.9 %
CO; recovery ratio 90.04 %
Energy penalty for cryogenic separation subsystem 29.77 MW
Energy consumption for distillation subsystem 2.61 MW
Total energy penalty for improved system 32.38 MW
Specific energy consumption for CO, capture 0.425 MlJ/kgCO,

The excellent performance of the proposed system can be attributed to its delicate process design,

which is associated with highly mature technologies. The process and structural characteristics of the

improved system are listed below:

(1)

2

3)

Compression, refrigeration, and cryogenic separation are carried out several times in the
system. Despite the fact that CO, concentration decreases continuously with CO, condensation,
it can be improved by the increasing of the initial pressure, in order to maintain CO,
liquefaction temperature at a high level. This condition in turn lowers the energy penalty for the
cryogenic separation subsystem.

The distillation process is conducted under high pressure and near ambient temperature
conditions. It can take full advantage of the large differences between the physical properties of
the CO; and its impurities. It also connects perfectly with the cryogenic separation subsystem
because the crude liquid CO; are under the same conditions. Consequently, the specific energy
consumption for CO; capture could be as low as 0.425 MJ/kgCO,.

As a result of the distillation process, the CO, purity in the product increases dramatically and
finally meets the requirements for transport and storage. Note that higher CO, purity can be
expected with simple parameter improvements, such as an increase in the number of distillation
trays or an enhancement of the stripping rate. The final CO, product obtained by the proposed
system then becomes available to special industries (e.g., food industry), thus enhancing its
additional value.

5. Techno-Economic Analysis of the Proposed System

5.1. Component Overnight Cost Estimation

Given that our proposed system is similar to the cryogenic air separation unit (ASU), the reference

data for component overnight cost estimation are gathered from the literature on ASU to ensure the

calculation’s accuracy and validity [38—41]. The calculation methodology employed to estimate the

component overnight costs follows the method used by Holt and Kreutz in studies comparing

alternative IGCC systems based on a series of EPRI-sponsored studies. The present work applies the

overnight cost, which includes installation investment, balance of plant, general facilities costs,

engineering fees, and contingencies [42,43]. Detailed reference data are listed in Table 3.
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Table 3. Reference data for component overnight cost estimation.

Component Scaling parameter Cy(MS$) So f n‘ Notes
Compressor Compression power 6.3 10 MWe 0.67 1 a
Heat exchanger MAF coal input (LHV) 39.8 1377 MWth 0.67 1 a
Separator Inlet flow rate 0.5 71250 ton/year 0.67 1 b
Distillation column Inlet flow rate 0.12 17600 ton/year 0.67 1 c
Pump Outlet pressure 0.093 80 bar 0.67 1 b

a: Costs taken from Agahi [38] and Lozza and Chiesa [39]; b: Gas-liquid separator is applied here; costs

taken from El-Enin [40]; c: Data taken from Haas [41]; d: n = 1 for all components in the proposed system.

In general, the overnight component cost is the function of its own size. The overnight cost of a
specific component can be obtained by the following equation:
7
@5’
nSp)

where Cj is the overnight cost of a single train reference component whose size is Sp; C is the

C=nCy[ (D

overnight cost of a component whose size is S; 7 is the number of equally sized trains operating at a
capacity of 100%/n, and fis the scale factor.

5.2. Total Plant Investment

Total plant investment (TPI) is calculated as follows: TPI = total overnight cost (TOC) + interest
during construction (IDC) [43]. According to Equation (1) and detailed parameters, overnight costs of
major plant components are presented in Table 4. Notably, equipment made in China is generally
much cheaper than that made in Western countries, essentially because of the low labor cost in China,
as presented in literature [44—46].

Table 4. Summary of TPI calculation.

Overnight costs of plant components (M$) Value
Cl 3.295

C2 1.767

C3 1.061

Heat Exchangers (H1-HS) 8.800
Sepl 3.747

Sep2 1.923

Sep3 1.425

Pumps (P1-P3) 0.279
Distillation Column (R) 3.825
Pipeline 2.500 ©
Aucxiliaries (i.e., valves) 1250 °
TOC 29.872

IDC 3.674

TPI 33.546

Annual O&M 1.342

e, f: Overnight costs for pipeline and auxiliaries are estimated to be approximately 8% and 4% of TOC, respectively.
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The main economic analysis assumptions employed in this work are: (1) The lifespan of the proposed
system is assumed to be 20 years with annual working hours set at 6000 h/year [47]; (2) IDC is taken as
12.3% of TOC based on a four-year construction schedule with equal annual payments and a real
discount rate (k) of 10%/year; (3) The annual operation and maintenance cost (O&M) takes over 4% of
TPI; (4) CO; transport and storage is charged for 5$/ton, no extra carbon emission tax is attached.

The summary of the TPI calculation is shown in Table 4. TOC is 29.872 M$ when major
components and necessary auxiliaries such as pipelines and valves are considered. IDC is 3.674 MS.
The TPI of the proposed system is 33.546 M$, and the annual O&M cost is 1.342 MS.

Table 5 presents a brief performance comparison of several CO, recovery processes, including
MEA absorption, Selexol™ absorption, and the proposed system. The techno-economic data of the
MEA and Selexol™ absorption processes are collected from the IPCC report and related literature.
The cost of CO; capture of the proposed system is calculated using the following equation:

[(CRF)(Total capture process investment)+(Annual O&M cost)+(Annual cost on electricity)]
Annual CO, captured )

cost of CO, capture =

where the capital recovery factor (CRF) is related to the discounted rate (k) and the lifespan of the
system (/); CRF is calculated as:

CRF=[k-(1+K)")/[(1+k)"-1] 3)

According to the previous calculation assumptions, CRF is equal to 0.117, whereas the total capture
process investment and annual O&M cost are calculated based on Tables 2 to 5.

Table 5. Brief comparison of the techno-economic performance of several CO, recovery processes.

Improved separation MEA absorption Selexol'" absorption

Ttems and purification system process © process "
Mole fractions of flue gas
CO, (%) 80.00 13.30 29.14
N, (%) 10.00 68.12 2.37
0,(%) 5.00 3.81 0.00
Ar (%) 5.00 3.50 0.43
H,0 (%) — 11.25 26.38
H, (%) — — 40.13
Other (%) — 0.02 1.55
Techno-economic indicators
Mass flux of captured CO; (kg/s) 76.18 113.33 66.83
CO; recovery ratio (%) 90.04 90.0 87
CO, purity in product (%) 99.9 98 95
Total energy penalty (MW) 32.38 4419 62
Energy penalty for recovering unit CO, (MJ/kgCO,) 0.425 39 0.928
Total capture process investment (MS$) 33.546 133.470 55.8
Specific capture process investment (M$/(kg's ™)) 0.440 1.178 0.835
Cost of CO, capture ($/tCO») 10.28 24 19

g: Data taken from Abu-Zahra [48] and the IPCC report (2007) [2]; h: Data taken from the IPCC report
(2007) [2] and NETL (2002) [49].
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As shown in Table 5, the specific capture process investment of the improved system is only
0.440 MS$/(kg's™"), and its cost of CO, capture is 10.28 $/tCO,. As for the MEA and Selexol™
absorption methods, the specific capture process investments are 1.178 M$/(kg's™') and
0.835 MS$/(kg's "), respectively, whereas their costs of CO, capture increase to 24 $/tCO, and 19

$/tCO,, respectively. Which means compared to conventional MEA and Selexol™

absorption
methods, the cost of CO, capture of the proposed system reduces by 57.2% and 45.9%, respectively.

Note that the cost data found in related literature varies widely due to different estimation methods,
design requirements, construction materials, and national conditions. Different recovery processes are
applicable to various flue gas compositions, as revealed in Table 5. Hence, the improved system is not
necessarily much better than or able to replace conventional absorption processes. We try to
demonstrate in this study that if the initial CO, concentration of the gas mixture is relatively high (e.g.,
oxy-fuel combustion or pre-combustion capture), then the proposed system provides a feasible and
competitive approach to CO, capture with respect to thermodynamic and economic performance.
Briefly, performance of the proposed system in combination with oxy-fuel combustion is evaluated.
The amount of oxygen needed for oxy-fuel combustion is roughly 65.4-75.7 kg/s according to the law
of conservation of mass, the energy consumption and additional investment of air separation unit are
about 39—44 MW and 39-42 MS$ with reference to related bibliography [44,50,51]. As a result, the
total energy penalty for CO, capture will increase from 0.425 MJ/kgCO, to 0.937-1.003 MJ/kgCO,,
specific capture process investment will increase from 0.440 M$/(kg's™") to 0.952-0.992 M$/(kg's ™),
and cost of CO; capture will rise from 10.28 $/tCO, to approximately 18.32—18.60 $/tCO,.

6. Discussion
6.1. Influences of Initial Pressure and Initial Concentration on the CO; Capture Energy Penalty

The initial pressure and initial concentration of the mixed gases have a great influence on the
performance of the proposed system. Figure 8 presents the relationship between the CO, capture
energy penalty against its initial pressure and concentration.

Figure 8. Relationship between CO; capture energy penalty against initial pressure and concentration.
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As shown in the curves, the energy penalty for CO, capturing unit greatly decreases with the
increase in the initial pressure. In the proposed system, the mixed gases must first be compressed into a
relatively high pressure to keep the liquefaction temperature at a high level, thus compression work of
the first stage is relatively high and could consume over 30% to 50% of the total energy penalty. If the
initial pressure of the mixed gases is relatively high at the beginning, lots of compression work could
be saved for the first stage. The result is a decrease in the CO, capture energy penalty.

The CO; capture energy penalty also decreases substantially due to the increase of initial CO,
concentration. As shown in Figure 8, the CO, capture energy penalty at an initial concentration of 60%
increases by approximately 50% compared with that at an initial concentration of 80% in a fixed initial
pressure. This value increases by approximately 150% when the initial concentration is 40%. This
condition is due to in low initial CO, concentration, large refrigeration work is required to deal with
the low liquefaction temperature. If the initial CO, concentration is enhanced, the CO; capture energy
penalty will decrease significantly. In summary, the proposed system has superior performance in
recovering CO; from mixed gases with high initial CO, concentration and initial pressure.

6.2. CO, Purity Comparison before and after Distillation

If the initial CO; concentration in the CO,-N, mixture changes, the CO; purity in the final product
obtained through the cryogenic separation method varies. Figure 9 provides the relationship between
CO; purity and initial concentration of CO, before and after distillation. The CO; purity in the product
is relatively low before distillation, although it is improved as the initial CO, concentration increases.
Specifically, CO, purity without distillation is only 92% at an initial concentration of 30% and reaches
only 98.78% at an initial CO, concentration of 90%. By contrast, the CO, purity in the product is
constantly above 99.9% after distillation regardless of the initial CO, concentration. At this level, the
CO, purity perfectly meets the requirements for most industrial applications as well as transport and
storage. The distillation process can significantly improve the CO; purity in the product, thus proving
that it is an effective and necessary purification method for separating CO,-N, mixture.

Figure 9. CO, purity comparison before and after distillation.
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6.3. Analysis of the CO, Purity in the Product with Different Initial Compositions

Figure 10 shows the influences of different initial compositions on CO, purity and CO, recovery
energy penalty. Supposing the initial CO, concentration of the mixed gases is 80%, four kinds of
typical initial compositions are discussed: N, O,, Ar, and N,-O,-Ar. The concentrations of these
components are equally set at 20%. For N,-O-Ar, the concentration of each component is 10%, 5%,
and 5%, respectively. As can be seen, before distillation, the CO; purity is greatly affected by the
change in initial composition. For N,, O, Ar, and N,-O,-Ar, their CO, purities without distillation are
only 98.01%, 95.5%, 95.69%, and 96.86%, respectively. After distillation, the CO, purity increases to
more than 99.9% for all circumstances. The recovery energy penalty fluctuates within the range of 5%
when the initial composition varies, which demonstrates that the proposed system presents excellent
performance for various initial compositions.

Figure 10. Influences of different initial compositions on CO; purity and CO, recovery
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7. Conclusions

Based on an in-depth analyses of cryogenic separation and distillation theory as well as the phase
transition characteristics of gas mixtures containing CO,, this study presents an improved CO,
separation and purification system. According to the theoretical analysis, case simulations, and

regularity analysis discussed above, the following conclusions are drawn:

(1) By adopting multi-stage compression, refrigeration, and separation, the resulting improved
cryogenic separation subsystem could separate the majority of CO, from gas mixtures with
relatively low energy penalty and could fully recover the cold energy of the separation product.

(2) Considering the large difference between the physical properties of CO, and other impurities,
the distillation process is conducted under high pressure and near ambient temperature
conditions. Consequently, the CO, purity in the product significantly increases to more than
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99.9%, whereas the energy penalty for distillation is rather low. This condition finally realizes
the low energy penalty of purification.

(3) The cost of CO; capture of the proposed system is much lower than those of conventional
absorption methods, because it mainly adopts common equipment which are widely utilized
and highly mature in the chemical industry (e.g., compressors, heat exchangers, and pumps).
Besides, this equipment can operate effectively for a long term under comparatively mild
working condition as there is no serious corrosion or secondary pollution problems.
Consequently, the TPI and annual O&M could be maintained at low levels.

(4) The proposed system has superior performance in recovering CO; from mixed gases with high
initial CO; concentration. Note that the high initial pressure of mixed gases contributes to
lowering the CO, recovery energy penalty. Furthermore, the analysis proves that the proposed
system can efficiently recover CO, from mixed gases, regardless of initial compositions as the
CO; purity in the product could be as high as 99.9% under various circumstances.
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