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Abstract: The present paper deals with the complex study of the CO: capture from combined heat
power plant flue gases using the efficient technological scheme design — membrane cascade type of
«Continuous Membrane Columny». In contrast to well-known multi-step or multi-stage process de-
signs, the cascade type of separation unit provides several advantages. That apparatus conceptually
refers to the distillation columns. Here, the separation process is implemented in it by creating two
counter current flows. In one of them is depleted by the high-permeable component in a continuous
mode, meanwhile the other one is enriched. Taking into account, that the circulating flows rate
overcome the withdrawn ones, there is a multiplicative growth in separation efficiency. A compre-
hensive study of the CO: capture using membrane cascade type of «Continuous Membrane Col-
umn» includes the determination of optimal membrane material characteristics, the sensitivity
study of the process and feasibility evaluation. It was clearly demonstrated that proposed process
provides the efficient COz capture, which meets the modern requirements in terms of CO2 content
(= 95 mol.%), recovery rate (= 90 %) and residual COz2 concentration (< 2 mol.%). Moreover, it was
observed, that it is possible to process CO2 with purity up to 99.8 mol.% at the same recovery rate.
This allows use of this specific process design in the CO:z pretreatment operations in the production
of high-purity carbon dioxide.
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1. Introduction

The environment of Earth's planet, at present, is continuously suffering from differ-
ent anthropogenic impacts which results in dramatic effects, such as air emissions of pol-
lutants, pollution of soil and subsoil, disposal of production and consumption waste, and
the major one — global climate change. The main cause of that is emission of greenhouse
gases (water vapors, carbon dioxide, methane etc.) generated by global industry. Among
them, according to US Environmental Protection Agency the carbon dioxide is the most
produced component, meanwhile the 35 % is produced by transportation segment and 31
% is emitted by coal power plants [1] as given on the circle diagrams in Fig.1.
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Figure 1. A brief statistic on greenhouse gases emissions. Left — distribution of greenhouse gases by
specific species; Right — distribution of main greenhouse gases emitters.

Over the past century, the carbon dioxide concentration in the atmosphere has dra-
matically increased from 275 to 387 ppm and already led to a tangible increase in temper-
atures on the planet, namely, the average temperature of the Earth's surface in the 21st
century exceeds the same value of the 20th century by 0.8 — 1.2 °C. If the build-up of CO,
continues at current rates, by 2060 it will have passed 560 ppm — more than double the
level of pre-industrial times [2]. The developed climate models predict that the established
trend will negatively affect the global climate by 2100 [3]. As its source is anthropogenic
action, nowadays the CCS project (carbon capture and storage) is a worldwide accepted
strategy under that is about 50 operational facilities today. The International Energy
Agency estimates that to limit warming to below 2 °C, 2.8 Gt (billion tons) of CO2 per year
would need to be stored by 2050 [4]. Given that a current large-scale facility captures
around one million tons per year, that would suggest over 2000 facilities need to be start
up in the next thirty years.

The estimated CO2 emissions per kWh of the coal-based power plant is 958 g. Given
the contribution of 31 % to the overall emission of carbon dioxide made by the electricity
industry, coal-powered plants are considered as one of the main emission sources. Now-
adays, the amine scrubbing technique [5] is dominating in the acid gases capture industry
and is conventionally applied in the flue gases treatment as well as in natural gas sweet-
ening. Besides its indisputable technical capabilities, the preference of chemical absorp-
tion is also regarded to the industry’s convenience in utilizing amine technology through-
out the past few decades. However, despite the effectiveness of that approach at capturing
the CO: at its low content at feedstock [6] a number of drawbacks [7], including corrosion
of pipelines and equipment, high investment costs, loss of sorbent solution due to its deg-
radation, as well as potential environmental threats. Wherein the most critical is process
high energy consumption equal up to the 30 % of power plant produced energy resulting
in the CO2 capture cost of 40-100 $ / ton and rise in electricity price of 50 — 90 % [8,9]. That
forces the world’s chemical engineering society to design new energy-efficient processes
agreed with modern green chemistry principles [10-14].

In that context, special attention should be paid to membrane-based processes which
are able to separate gaseous media at ambient conditions without phase transitions, does
not require chemical reagents and heat supply or its removal resulting in energy-efficient
gas processing [15-17]. A shortlist of recent studies [10,18-29] presents promising results
on the appliance of membrane-based techniques in the carbon dioxide capture from flue
gases. The comprehensive study devoted to the simulation of the CO:2 capture process
using two-step vacuum design and two-step counter-flow/sweep design shows, that
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membrane-based technique allows producing 95 % rich CO2 recovering 90 % and process
cost is 23 $ / ton [10]. A series of studies performed by Zhao et al. [18,19,22,23] presents a
complex comparison of a number of membrane cascade designs (covering 14 schemes) for
CO: capture from flue gases and energy consumption analysis juxtaposed to amine scrub-
bing. As a result, the two-stage design of a membrane cascade with recycled retentate
stream of a second stage was determined as optimal due to the lowest energy consump-
tion on the production of 95 % pure CO: with its 95 % recovery.

In the light of the abovementioned facts, the present work deals with a comprehen-
sive study of the COz2 capture using membrane cascade type of «Continuous Membrane
Columny», including the determination of optimal membrane material characteristics, the
sensitivity study of the process and feasibility study. It was clearly demonstrated that pro-
posed process provides the efficient CO2 capture, which meets the modern requirements
in terms of COz2 content (= 95 mol.%), recovery rate (=90 %) and residual CO:z concentration
(£2 mol.%). Moreover, it was observed, that it is possible to process CO2 with higher pu-
rity up to 99.8 mol.% at the same recovery rate, which allows to use this specific process
design in the CO:z pretreatment operations in the production of high-purity carbon diox-
ide.

2. Membrane separation unit simulation

To implement a membrane gas separation unit into Aspen Plus simulation environ-
ment a specially developed ACM user block was used, which is based on updated hollow
fiber membrane model created by Ajayi and Bhattacharyya under the DOE Carbon Cap-
ture Simulation Initiative (CCSI) [30]. The model is one-dimensional partial differential
equation (PDE)-based, multi-component, and applicable for membrane materials that fol-
low the solution-diffusion permeation. Gas permeances are independent of pressures,
concentrations and stage cut. Separation takes place under isothermal conditions. The
model predicts the pressure drop in both the shell side and fiber bore side according to
the Hagen- Poiseuille equation for a compressible fluid. The feed gas enters the shell side
of the hollow fiber membrane and permeates to the fiber’s bore. The one-dimensional per-
meate and retentate gas plug-flows are assumed to be counter-current to each other. The
model provides profiles for component fluxes and concentrations. The gas mixtures in the
module are assumed to behave ideally. The operating conditions for membrane module
simulations (pressure drop, temperature and flows) are steady-state. The equation-ori-
ented structure enables the user to perform rating or design calculations depending on
the variables being specified to satisfy the degrees of freedom.

3. Design of the technological scheme for CO:2 capture

The present study deals with CO: capture process using the specially designed mem-
brane cascade type of «Continuous Membrane Column». The principal scheme of that
separation unit is given in Figure 2. During the separation process, the flue gases to be
separated are continuously fed to the feed inlet placed in between of stripping and enrich-
ment sections of the membrane cascade and being mixed with the gas flow leaving the
membrane unit (2) of the enrichment section. The permeate of membrane units 1 and 2 is
evacuated using a vacuum pump and being sent further (membrane unit 3) with a com-
pressor. In that way, the stripping section generates the prior concentrate of carbon diox-
ide on the permeate side of membrane unit 1 and processes the feed stream till the allowed
COz level in the residue flow. After the prior concentration of carbon dioxide, the mem-
brane unit 3 provides the finishing purification to the desired level of 95 mol.%, mean-
while the membrane unit 2 saves the CO: in the retentate of unit 3 through the enrichment
of permeate side of the cascade by carbon dioxide. Therefore, that configuration of the
membrane separation device allows to efficiently process the flue gases. The product
stream, which is permeate of membrane unit 3, contains not less than 95 mol.% of COx.
The residual stream, which is retentate of membrane unit 1, contains not more than 2
mol.% of COz And the recovery rate is not less than 90 %. A brief list of simulation
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parameters is presented in Table 1. It is important to note, that the scheme given in Figure
2, shows the basic elements of the cascade. Depending on the specific process parameters
(feed stream pressure and/or temperature) it may be additionally upgraded with com-
pressor units, heat exchangers and other units, such as condensers and etc.

Table 1. Input parameters of the separable gas stream.

Parameter Value
Gas mixture inlet flow, kmol h! 976 154
Pressure, MPa 0.1
Composition, mol.%
N, 83
CO, 17
Flue gases
5‘ Stripping '; : Enrichment )
: section : section
Residual : =
stream
Product
stream

Figure 2. Principal scheme of the membrane column type of «Continuous Membrane Column».

3. Result and discussion

Here the calculation of the technological scheme of a membrane cascade type of
«Continuous membrane column» for carbon dioxide capture from flue gases of combined
heat and power plants was performed. A parametric analysis of the proposed scheme was
carried out in order to determine the selectivity values of the membrane used and its area
providing the optimum ratio between the purity of captured COz, the recovery rate and
the CO: content in the residual stream. The goal of the process is to achieve a purity of the
captured carbon dioxide > 95 mol.%, the recovery rate > 90 % and the concentration of CO:
in the residual stream < 2 mol.%. The flue gas parameters are listed in Table 1. It is im-
portant to note that all further calculations were performed for the feed mixture pressure
of 0.15 MPa and the pressure in the permeate side of 0.02 MPa. These values were deter-
mined based on a number of literature sources addressing the issue of CO2 capture from
CHP plant flue gases by membrane gas separation [10,31]. In addition, the pressure of 0.02
MPa is the minimum achievable in practice [10], and, given the pressure of the separated
mixture at 0.1 MPa, compression to a value of 0.15 MPa seems economically justified.

Figure 3 shows the process flow diagram designed in the Aspen™ Plus flowsheet
screen. Here, in addition to the three membrane units (one (M1) in the stripping section
and two (M2 and M3) in the enrichment section), three compressors are used: C1 to com-
press the feed gas mixture flow to increase the partial pressure gradient of CO2, C2 to
compress the captured CO: to prepare it for storage or transportation and VC - vacuum
compressor to evacuate the permeate side of membrane units (M1, M2) and further com-
press permeated mixture prior to feed the membrane unit M3.

The key characteristics determining the appropriateness of a particular process de-
sign are the carbon dioxide content in the product and residual streams, and also the re-
covery rate of carbon dioxide. Therefore, it is necessary to determine the influence of the
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process parameters of the proposed technological scheme and their ranges available for
optimization on the above-mentioned characteristics. A parametric analysis of the pro-
posed process flow diagram was therefore carried out.

Figure 3. The process flow diagram designed in the Aspen™ Plus. M1, M2, M3 - membrane units;
C1, C2 - compressors; VC - vacuum compressor.

3.1. Influence of membrane selectivity on CO: capture efficiency

The membrane COz/N:2 selectivity value was determined for further calculations re-
quired to achieve the key process characteristics. Carbon dioxide permeability was set at
1000 GPU based on the parameters used in [10] and commercial availability of membrane
with similar permeability - MTR Polaris™. The calculation was performed at the ultimate
values of the considered membrane area range in the stripping and enrichment sections
of 83 000 and 4 500 m?, respectively.

Figure 4 shows the influence of membrane selectivity on the carbon dioxide content
in the product and residual streams withdrawn from the enrichment and stripping sec-
tions of membrane cascade, respectively. The graphs clearly demonstrate that the selec-
tivity of the membrane has a significant influence on the process efficiency. Therefore, a
membrane with a selectivity lower than 12 cannot achieve CO2 content < 2 mol. % in the
residual stream and moreover, a membrane’s selectivity higher than 32 is necessary to
produce a CO:2 with purity of 95 mol. % and higher. The calculation results are in good
agreement with previous experiments in which a deep purification of a low permeable
component and CO2 capture was investigated [32,33]. With these experiments it was
shown that even when using a membrane with a low selectivity (2.5) it is possible to
achieve high product purity (99.997 vol.%), which corresponds to a low content of a high
permeable impurity. In the case of experimental study of membrane cascade during CO:
capture it was shown that the use of a membrane with selectivity of 8 does not allow to
achieve the required product purity, namely, in the limiting ratio of the withdrawn
streams from the membrane cascade sections a CO: purity of 91.23 vol.% was achieved.
Obtained dependence for the withdrawn gas streams from the membrane cascade is ex-
plained by the fact that separation of that mixture even at the low selective membrane
provides permeation of most part of carbon dioxide to the permeate side performing the
process at a high stage-cut value (> 0.6). At the same time permeate of unit M1 is formed
mainly by nitrogen that in its turn does not allow achieving sufficient CO2 content to cre-
ate high partial pressure drop in the enrichment section. As a result, the low driving force
in the enrichment section prevents CO:z separation with the required product purity. In-
creasing the selectivity of the membrane (a(CO2/Nz) > 32) solves this issue. The results
obtained, firstly, are in good agreement with the results presented in [10]; secondly, they
demonstrate the possibility to use the gas transport characteristics of the MTR Polaris™
membrane for further calculations of the membrane cascade.
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Figure 4. Dependence of carbon dioxide content in the streams withdrawn from the stripping and
enrichment sections on the membrane selectivity at a fixed permeance value.

3.2. The effect of the membrane area

Figure 5 demonstrates the influence of the membrane area in the stripping section on
the carbon dioxide recovery rate. The graphs in the figure show that the membrane area
has a significant effect on the carbon dioxide recovery rate. The graphs show the mutual
influence of the stripping and enrichment section membrane areas on the characteristics
of the process. Thus, using a membrane area of 4 500 m? in the enrichment section and ~53
000 m? of membrane area in the stripping section is required to achieve the target CO:
recovery rate. At the same time, by reducing the membrane area in the enrichment section,
the required area in the stripping section area increases by 42.5 % to ~75 400 m2. Further-
more, it can be seen that using the 1 500 m? of membrane in the enrichment section does
not allow to reach the required CO:2 recovery rate in the considered range of membrane
area in the stripping section. The resulting dependencies are explained by the operating
principle of the membrane cascade. The stripping section membrane area determines the
permeate flow and the carbon dioxide content. The low partial pressure ratio across the
membrane due to a relatively low COz content (17 mol. %) in the feed stream requires the
processing at a high stage-cut value in the unit M1, which can be provided only by usage
of the large area of the membrane at a set feed pressure of 0.15 MPa. As the stream en-
riched with carbon dioxide (up to 63 mol. %) enters the enrichment section of the mem-
brane cascade, a considerably smaller membrane area is required for its capture and con-
sequently the separation can be performed at a lower stage-cut values. However, even a
small reduction of the membrane area in the enrichment section (by 1 000 m?) leads to
inefficient capture process of CO:z and return of its substantial share to the stripping sec-
tion of the cascade and increase of the required membrane area. Based on the results ob-
tained, it is reasonable to optimise the process flow diagram by changing the membrane
area in the enrichment section as a relatively small increase in its area provides significant
savings of membrane material area in the stripping section.
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Figure 5. Dependence of carbon dioxide recovery rate on the membrane area in the stripping section
(M1) for four different fixed membrane area values in the enrichment section (M2 and M3).

In order to determine the range of membrane area values in the enrichment section
available for membrane cascade optimisation, the effect of the membrane area in this cas-
cade section was determined at various fixed membrane area values in the stripping sec-
tion. The results are shown in figure 6. As can be seen from the graphs, and as noted ear-
lier, increasing the membrane area in the enrichment section provides a significant in-
crease in COz recovery, but this approach is only effective with more than 52 780 m? of
membrane area in the stripping section. For smaller membrane areas in the stripping sec-
tion, increasing the membrane area in the enrichment section does not help to achieve a
290% COz2 recovery rate. This is because the smaller membrane area in the stripping sec-
tion does not ensure sufficient carbon dioxide enrichment of the stream entering the en-
richment section. This in turn does not allow the creation of the necessary partial pressure
ratio to recover more than 90% CO: in the enrichment section of the membrane cascade,
even at high values of the stage-cut provided by increasing the membrane area. Thus, in
terms of capital costs, further optimisation is advisable with a membrane area of 52 780
m? in the stripping section.
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Figure 6. Dependence of carbon dioxide recovery rate on the membrane area in the enrichment
section (M2 and M3) for eight different fixed membrane area values in the stripping section (M1).

In order to verify the previously obtained results against another criteria - residual
carbon dioxide content in the stripping section retentate stream of <2 mol %, an analysis
of the effect of the membrane area used on this characteristic was performed. Figure 7
shows the dependence of the carbon dioxide content in the residual stream of the strip-
ping section on the membrane area in the stripping section. As in the previous case, it can
be seen that both sections of the membrane cascade have an effect on achieving the sepa-
ration process target characteristic of <2 mol % COz2 in the residual stream. In contrast to
the previously discussed relationship, here the entire considered range of membrane area
in the enrichment section achieves the target value. Again, a small increase (across the
entire membrane cascade) of the membrane area in the enrichment section allows the sep-
aration process to be performed with a significantly smaller membrane area in the strip-
ping section, namely, implementing the process using 4 500 m? of membrane area in the
enrichment section, the required membrane area in the stripping section is ~53 000 m?,
while reducing the enrichment section to 3 000 m? leads to an increase in the required area
in the stripping section to 68 000 m2. The explanation of these dependencies boils down to
a discussion of earlier results. Here, the CO:z content of the residual stream from the strip-
ping section is determined by the amount of CO: withdrawn as permeate in the unit M1,
i.e. the process stage-cut in this unit and the ability to capture the majority of the carbon
dioxide in the enrichment section. Thus, it was found that the previously established min-
imum membrane area in the stripping section fully meets the requirement for the residual
CO2 content in the stripping section retentate stream. In addition, the combined results
suggest that the minimum required membrane area in the enrichment section is 4 500 m2.
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Figure 7. Dependence of carbon dioxide content in the residual stream on the membrane area in the
stripping section (M1) for four different fixed values of the membrane area in the enrichment section
(M2 and M3).

The final step in determining the influence of the membrane area on the process char-
acteristics was an analysis of the effect of this parameter on the purity of the captured
carbon dioxide. The results in the form of dependence of purity of the captured CO2 on
the membrane area in the enrichment section are presented in figure 8. The graphs show
that at all combinations of the membrane areas in stripping and enrichment sections the
target purity of a product (> 95 mol.%) is reached. Such dependencies are explained by
the fact that all values of membrane area (from the considered range) allow to concentrate
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the CO: in the stripping section enough for subsequent capture of this component with its
content more than 95 mol.% in product stream. In addition, it was found that increasing
the membrane area in the enrichment section leads to a decrease in the purity of the cap-
tured CO:z. This is related to an increase in the value of the stage-cut value in the M3 mod-
ule. As the stage-cut value increases, and taking into account a CO: recovery rate of >90%,
a small amount of nitrogen begins to permeate. On the other hand, as the membrane area
in the enrichment section decreases, the purity of the captured CO: increases significantly
up to 99.82 mol.% for a membrane area of 75 400 m? and up to 99.7 mol.% for a membrane
area of 52 780 m? (optimum value) in the stripping section. Such results suggest the pos-
sibility of CO2 capture of the highest grade. Taking into consideration the previously ob-
tained results establishing the values of membrane areas in stripping and enrichment sec-
tions equal to 52 780 and 4 500 m? correspondingly based on the product recovery rate, it
can be concluded that these parameters are optimal for the process of carbon dioxide cap-
ture from CHPP flue gases. Within the scope of the paper, the calculation was performed
for the hollow fiber membrane modules.
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Figure 8. Dependence of carbon dioxide content in the product stream (withdrawn from the cascade
enrichment section) on the membrane area in the enrichment section (M1 and M2) for four different
fixed membrane area values in the stripping section.

3.3. Feasibility study for a membrane cascade type of «Continuous Membrane Column» for
carbon dioxide capture from CHPP flue gases

As a result of the parametric analysis of the proposed technological scheme of the
three-module membrane cascade configuration, the main technological parameters of the
process were established (Table 2).

The following formula [10] was used to calculate the cost of CO2 extraction per ton:

_(PXTXE)+(0.2x0C)
B Fco, X T

c )

where, C. is the cost of capture per ton of COz, $/ton COz; P is the power required for
CO: capture equipment, kW; T is the CHPP capacity factor (operating time per year),
h/year; E is the electricity cost, $/kWh; C is the capital cost of equipment, $; F¢o, is the
mass flow of captured COz, ton/h.

Table 2. Key process parameters of the CO:z processing in the membrane cascade during its capture
from CHPP flue gases.
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Parameter Value Units
Pressure in the feed side, MPa 0.15 MPa
Pressure in the permeate side, MPa 0.02 MPa
Membrane area, m?
Stripping section 52 780 m?
Enrichment section 4500 m?
Membrane permeance, GPU 1000 GPU
Membrane selectivity for CO2/N; 50
CO; content, mol.%
Product flow 97.2 mol.%
Residual flow 1.87 mol.%

The capital costs of equipment is calculated from the following simplified formula:
C = (Astr + Aenr) X Sm + Sc1 + Scz + Svc 2)

where Asr and Aer are the area of membrane used in the stripping and enrichment
sections, respectively, m? Swm is the cost of 1 m? of membrane, $/m? (~ 50 $/m? based on the
MTR Polaris™ membrane manufacturer [10]); Sci - cost of compressor unit C1, $; Scz - cost
of compressor unit C2, $; Svc - cost of vacuum compressor VC, $.

Compression work is calculated according to the formula:

P = PCl + PCZ + PVC (3)

where Pci, Pc2 and Pvc are the compression work of compressor C1, C2 and vacuum
compressor respectively. Pci, Pc2 and Pvc are each calculated separately according to the
formula:

y-1
. Y RTl Pout Y _
me(y_l)x o, X (Pi ) 1 (4)
k= 1000

where Pi is compression work, kW; Li: is compressor inlet flow, mol/s; y is adiabatic
expansion coefficient of the gas mixture; R is the universal gas constant; Tin is inlet gas
temperature, K; n» is compressor efficiency; Pou and Pin are compressor inlet and outlet
pressures.

The adiabatic expansion coefficient of the gas mixture was calculated as follows:

Cco, N,
Cp prCO2+Cp pXYNZ

€02

- ©
v pXYco, + Gy XyN,

y=

where Cp and Co are the heat capacities of the pure components at constant pressure
and temperature, respectively; J/(mole K); yco, and yy, are the molar fractions of CO2
and N2 in the inlet stream, respectively. The heat capacity values of the pure components
were obtained from the Aspen™ Properties database.

The efficiencies of the vacuum and compression parts are generally dissimilar. There-
fore, a formula has been applied to calculate the efficiency, establishing a correspondence
between the efficiency and the pressure ratio at the inlet and outlet of the apparatus stage:

l:)in

n, = 0.1058 x ln( ) + 0.8746 (6)

out

As a result of the calculation of the compression work, it was found that Pc1 = 360,
Pc2 =900 and Pvc =1 270 kW. Thus, the total compression work P is 2 530 kW.

The cost of compressor equipment providing a capacity of ~100 m3 min-1 varies over
a fairly wide range, so it is reasonable to calculate the cost of this equipment through link-
ing it to its capacity and assuming that 1 kW = $500 [34]. Hence, the cost of each
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compressor unit is: ~$178 000, $635 700 and $450 600 for C1, VC and C2 respectively. Tak-
ing the cost of 1 m? of membrane (including housing costs) to be $50, the capital cost is
~$4 129 350. Thus, assuming a CHPP capacity factor of 7 446 hr year”, and an electricity
cost of $0.04/kW, the cost of capturing a ton of COz2is $31.

4. Conclusions

As a result of the complex study devoted to CO: capture process from combined heat
power plants using the membrane cascade type of «Continuous Membrane Column» it
was found, that this specific design provides an efficient separation. Namely, during the
separation of binary N2/CO2 mix with 17 mol.% of COy, it is possible to capture more than
90 % of carbon dioxide with its purity of 97.2 mol.%, meanwhile the residual content is
1.87 mol.%. That separation occurs on ~57 000 m? of membrane and capture costs are $31
per ton. Taking into account the amine scrubbing CO:2 capture cost range of $40-$100, the
proposed membrane cascade design seems to be perspective solution for CO2 capture.
Moreover, it was observed, that it is possible to process CO2 with higher purity up to 99.8
mol.% at the same recovery rate, which allows to use this specific process design in the
CO: pretreatment operations in the production of high-purity carbon dioxide. However,
there are number of membrane competitive design, which are should be considered
choosing the appropriate technological scheme. In further studies, the most perspective
designs will be simulated using same mathematical model for adequate comparison of
process costs.
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