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Abstract

Due to the variability of CO2 emission sources, a proper selection of viable and cost-effective
technology for carbon capture is highly critical. In this work, a comparative economic analysis of
physical, chemical, and hybrid physical-chemical absorption processes is performed to guide the
selection of appropriate carbon capture technologies for different types of CO> sources. First, the
three different absorption processes are designed and simulated for treating various industrial
CO2-containing gases with distinct pressures and CO2 concentrations. Then, the total annualized
costs of the processes are calculated and compared. It is found that for carbon capture at
atmospheric pressure, chemical absorption exhibits the highest performance for low CO:
concentrations (< 30.4%), hybrid absorption is most economical for medium CO2 composition
(30.4% ~ 59.3%), and physical absorption is most cost-effective for high CO2 content (> 59.3%).
For treating high-pressure CO2-containing gases (e.g., pre-combustion carbon capture), the

hybrid physical-chemical absorption process is economically preferred.
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1. Introduction

In 2018, the global energy-related CO. emissions reached a historically high level of 33.1
gigatonnes.! Given the increasing demand for energy, CO. emissions are expected to
continuously rise in the future. It has been indicated that CO, emissions contribute to global
warming and cause the anthropogenic climate change.?® Therefore, effective decarbonization
strategies are significant for mitigating the risk of global warming. Carbon capture, storage, and
utilization (CCSU) has been regarded as an attractive route to reduce CO; emissions.>® It
involves the capture, compression, transportation, geological storage, and various utilizations of
CO,. Among them, CO capture accounts for the majority of the total cost.®’ In this regard, the

development of viable and cost-effective carbon capture technologies is highly desired.

Among all the current carbon capture strategies, solvent-based absorption is most
technologically mature and has been widely implemented in commercial scale for many years.”®
For chemical absorption, CO»-containing gases are usually treated with amine-based solvents,
such as the monoethanolamine (MEA) solution. The solvent selectively reacts with CO; to form
water-soluble salts without absorbing other gases.'® For physical absorption, CO2 is physically
absorbed in a solvent (usually under high pressure) while other gases remain in the gaseous
phase due to their relatively small solubility. One of the most popular physical solvents is
Dimethyl Ethers of Polyethylene Glycol (DEPG), which has already been commercially used in
the Selexol™ process.!! These two absorption technologies have their own strengths and
weaknesses, and are suitable for different application situations.*'* For instance, it has been
reported that chemical absorption is preferred for treating diluted-CO. gases while physical
absorption favors high CO2 partial pressures.*? Globally, more than 8,000 large stationary CO2
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emission sources exist covering many industrial sectors such as cement manufacturing, steel
making, coal-fired power plant, etc.* As listed in Table 1, the CO,-containing gases in different
sectors can have significant differences in their pressure and composition. For instance, the gas
can be at atmospheric pressure or at high pressure up to 80 bar. For gases at atmospheric
pressure, the CO2 molar fraction can range from 9% to 76%.>18 Therefore, taking into account
the variability of CO> emission sources, a clear and quantitative guideline for the selection of

suitable absorption processes is significant.*>1°

In addition to physical and chemical absorption, the hybrid physical-chemical absorption
process has also been proposed, which takes advantages of the single technologies and
overcomes their individual inherent limitations.?%?' Generally, in this hybrid process, the bulk
COgz is first removed using physical absorption and the residual CO; is separated by chemical
absorption to meet the purity requirements. Despite this advantage, the hybrid process has its
own weakness. It may lead to a high investment in building the physical and chemical absorption
facilities. It has been indicated that depending on the feed gas conditions, the economic
performance of the hybrid absorption process can be higher or lower than the single absorption
processes.?? Therefore, a rigorous and quantitative analysis is necessary to decide when and how
physical, chemical, and hybrid absorption processes should be adopted for specific carbon
capture tasks. It should be mentioned that an optimal combination of different separation
technologies, such as absorption, adsorption, and membrane separation, is also referred as a

hybrid scheme.?® However, this is not studied in the present work.

This paper is organized as follows. First, the detailed modeling of three processes including

DEPG-based physical absorption, MEA-based chemical absorption, and the hybrid physical and
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chemical absorption processes is presented. The process economic evaluation method is then
introduced. Afterwards, two scenarios are defined based on the different pressures of industrial
feed gases. In each scenario, the three processes are modeled and simulated in Aspen Plus. The
total annual costs of the processes are calculated and compared, based on which quantitative
guidelines for the optimal selection of most-efficient CO, absorption technology are

summarized.

2. Process Simulation and Economic Evaluation

Figure 1 depicts the flowsheets of three processes: DEPG-based physical absorption process
(@), MEA-based chemical absorption process (b), and hybrid physical-chemical absorption
process (c). In each process, a gas mixture with a certain CO2 concentration is fed as the input.
The final goal is to capture no less than 90% CO. from the feed gas, as stated in Equation (1).
The captured CO- is compressed to 150 bar and cooled down to 25 °C for storage and/or later
utilization. Note that the optimal transportation and storage of compressed CO: or their later

utilization are not considered here and have been studied elsewhere. 2426
FS x50, 209 F -x[, 1)

F and x denote molar flowrate and molar fraction, respectively. The superscripts f and s
represent the feed gas and CO> storage stream, respectively. Moreover, the cleaned gas should

contain no more than 1% CO,, as given by Equation (2).°
Xéo, < 0.01 (2)

where the superscript ¢ denotes the clean gas.



2.1 DEPG-based Physical Absorption

Figure la shows the DEPG-based physical absorption process (i.e., the ‘Selexol’
process).1t?"2 As depicted, the feed gas is first compressed by a two-stage compressor chain
with inter-cooling since high pressure is favorable to physically dissolve CO,. The compressed
gas is sent to an absorber where it is counter-currently contacted with the DEPG solvent. The
specific composition of the DEPG mixture has been given by Zubeir et al.?® The clean gas is
collected from the top while the CO.-loaded solvent leaves from the bottom of the absorber.
Afterwards, the COz-rich solvent enters the first flash drum which has a lower pressure than that
of the absorber. Upon the pressure drop, most of the dissolved low-solubility gases (N2, Oz, CO,
H>) and a certain amount of CO; are released from the solvent. These gases are re-compressed
and recycled back to the absorber in order to reduce the loss of gas. Later, the solvent is
regenerated in three flash drums with decreasing pressures and sent back to the absorber. The
released CO2 is compressed and sent for storage and/or utilization. The compression process is

carried out via a multi-stage compressor chain with inter-cooling.

2.2 MEA-based Chemical Absorption

Figure 1b depicts the chemical absorption process whose simulation model is built according
to the Aspen Plus guide manual.*® The feed gas is first cooled and sent into the absorber where
the gas flows counter-currently against the MEA solvent, a 30 wt% MEA water solution.® In the
absorber, the CO: in the feed gas dissolves into the solvent via chemical reactions. The involved
reactions and the corresponding reaction equilibrium constants have been reported by Aboudheir
et al.3! The clean gas leaves the top of the absorber while the bottom product, CO2-loaded MEA

solvent, is heated and sent to a stripper for desorption in order to regenerate the solvent. Since a
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small amount of MEA solution is lost in the stripper, makeup solvent is added to the absorber.
The stripped CO flows through a cooler and a flash drum to remove the water moisture.
Afterwards, it is fed to a four-stage compressor chain with inter-cooling and finally discharged at

150 bar and 25 °C.

2.3 Hybrid Physical-chemical Absorption

The flowsheet of the hybrid absorption process is illustrated in Figure 1c. It consists of three
subsystems, i.e., DEPG-based physical absorption, MEA-based chemical absorption, and three-
stage compressor chain with inter-cooling.?® The gas mixture is first fed into the physical
absorption subsystem where the bulk of CO. is captured. The CO, molar fraction in the
intermediate stream leaving the physical absorber, xéoz, is a key parameter that should be
optimally selected according to different feed gas conditions. Afterwards, the intermediate
stream flows through a pressure-relief valve and then enters the chemical absorber to capture the
residual CO>. The reason why a reduced pressure is used in chemical absorption is that a high
pressure does not substantially enhance the absorption efficiency but results in a much larger
capital cost. Since the CO> collected from the chemical absorption subsystem and the gas flows
out of the third flash drum (F3n) has the same pressure, they are mixed together before further

compression.

2.4 Process Economic Evaluation
After process design and simulation, the economic performance of the three absorption
processes should be evaluated. In this work, process total annualized cost (TAC) is considered.

As shown in Equation (3), TAC is the summation of annualized capital cost (ACC) and operating



cost (AOC). ACC is related to total capital cost (C.qp). CRF is the capital recovery factor related
to the discounted rate (dr) and the life-time of equipment (n).3> AOC depends on the annual
utility cost (Cy¢). In addition, it is assumed that « - C,; accounts for the other operating costs
including maintenance cost, labor cost, etc. The parameter a denotes the ratio of other operating

costs over the utility cost.

TAC = ACC + AOC (3)

ACC = CRF - Coqp (4)
__dr(1+dn)"

CREF = (1+dr)n-1 ®)

AOC = Cyr +a - Cyy (6)

3. Results and Discussion

The three absorption processes are simulated in Aspen Plus V9. The capital and utility costs
are directly evaluated using Aspen Process Economic Analyzer. Key cost parameters, such as
dr, n, a and steam, cooling water, and electricity prices, are listed in Table S1 (Supporting
Information). According to the composition and pressure of various industrial CO2-containing
gases (Table 1), several representative feed gases are selected and studied with their detailed
conditions summarized in Table 2. As indicated, two scenarios are considered based on the
pressure difference. For gases at atmospheric pressure (Scenario 1), six cases with CO2 molar
contents of 15% (post-combustion flue gas), 25%, 35% and 45% (flue gas in iron and steel

industries), 55% and 65% (oxy-combustion flue gas) are investigated. Scenario 2 considers high-



pressure pre-combustion gas treatment. A pressure of 30 bar and a CO2 concentration of 35% are
selected according to the industrial reality. In both scenarios, the feed gas flowrate F/ and
temperature are set to 1 kmol/s and 40 °C, respectively. Detailed settings in the process simulator
including component specifications, thermodynamic and unit operation model selection, as well

as the operating conditions of each unit are elaborated in Table S2-S6 (Supporting Information).

3.1 Scenario 1: Gases at Atmospheric Pressure

In this scenario, CO2-containing gases at atmospheric pressure are considered as the feed gas.
Each of the six feed gases (Table 2) is treated with the three absorption processes (Figure 1). In
order to fulfill the separation requirements given in Equations (1)—(2), the absorber pressure in
the physical absorption process is adjusted for each feed gas condition. The flow rate of recycled
MEA solvent in the chemical absorption process is identified in a similar way. For the hybrid
absorption process, the CO2 molar fraction in the intermediate stream Xéoz IS a key parameter
that can be changed by altering the operating pressure in the physical absorber. After preliminary

calculations, it is known that to select a < 5% value for xéoz is favorable for minimizing the TAC
of the hybrid process. Considering the final goal of reducing the CO. content to 1%, Xéoz =
1.5%, 2%, 3%, 4% and 5% are selected to study the influence of xéoz on the process TAC. It is

worth noting that the process simulation results indicate that except CO>, the other gases (N2, O,
CO and Hy) are almost insoluble in both physical and chemical solvents. Therefore, the TAC of

the physical and chemical absorption processes only depends on the CO. molar fraction in the

feed gas ngZ and the TAC of the hybrid absorption process depends on both ngZ and xéoz.

Table 3 summaries the obtained TAC of all the process alternatives for different ngZ and xg,.



3.1.1 Comparison between physical and chemical absorption

Figure 2 shows the dependence of the TAC of the physical and chemical absorption processes
on x{OZ. It is found that chemical absorption is more economically preferred when the feed CO-
molar fraction is less than 32%. Otherwise, the physical absorption process results in a lower
cost. In order to better understand the process TAC, Figure 3 shows the cost breakdown of the
two processes for three types of feed gases with 15% (low-level), 35% (medium-Ilevel), and 65%
(high-level) CO2. As indicated, electricity cost dominates the TAC of physical absorption. The
large amount of electricity is consumed for compressing the feed gas and captured CO..
Moreover, the electricity expense increases slightly with x{OZ. In terms of chemical absorption,
the majority of the TAC originates from the cost of steam that is used to regenerate the MEA
solvent. The required amount of steam increases linearly with the CO2 content, which results in a

significant TAC expansion.

3.1.2 Comparison between single and hybrid absorption

In order to identify when hybrid absorption is more cost-effective and how to select the
intermediate CO2 molar fraction xéoz in the hybrid process, the TAC of the three absorption
processes are compared. As indicated in Figure 4a, when the feed gas contains 15% COg, the
cost of the hybrid absorption process decreases as xéoz increases from 1.5% to 5%. More
importantly, the TAC of the hybrid process is higher than that of the chemical absorption process
in the whole range of xéoz. Clearly, hybrid absorption is not preferred in this situation. For feed

gases containing 35% COz (see Figure 4b), the cost of hybrid absorption first decreases as xéoz

increases from 1.5% to 3% and then increases as xéoz continues increasing to 5%. Compared



with physical and chemical absorption, the hybrid absorption process can lead to a maximal
reduction of TAC by 0.7 M$/year and 3.1 M$/year, respectively. Therefore in this case, hybrid

absorption with an intermediate CO, concentration of 3% should be employed. Finally, as shown
in Figure 4c, when x({fOZ Is 65%, physical absorption results in the minimal TAC among all the
absorption processes, which makes it most promising for capturing such a high concentration of

CO..

It can be concluded that the selection of the most economical absorption technology depends
on the CO; content in the feed gas. Additionally, when hybrid absorption is applied, its economic

performance is also affected by the selection of CO- content in the intermediate stream.

3.1.3 Optimal selection of absorption processes
Based on the above analysis on process TAC for specific CO, feed contents, we have

acquired some preliminary knowledge on the selection of absorption processes. In order to obtain
quantitative selection criteria, x{OZ—TAC relationship models are regressed based on the discrete

TAC data listed in Table 3 using the following expressions.*®
TAC =a+p - (x},)" @

a, f, and y are fitting parameters. Table 4 shows the explicit TAC functions for all the
process alternatives. Using these functions, a minimum TAC profile for treating gases containing

9% ~ 76% CO> (lowest and highest CO. contents in atmospheric-pressure industrial gases, see

Table 1) can be obtained. As indicated in Figure 5, when x{oz is less than 30.4%, chemical

absorption is economically preferred. When ngZ falls into the range of [30.4%, 59.3%], hybrid
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absorption is most cost-effective and should be selected. Regarding the operation of the hybrid

process, 3% CO; in the intermediate stream should be chosen when 30.4% < x{oz < 35.3%; 2%
should be used if 35.3% < ngZ < 37.9%,; and 1.5% is preferred when 37.9% §x£02 < 59.3%.

Finally, if ngZ is larger than 59.3%, physical absorption shows the highest economic

performance and thus should be used.

One should note that in industry the CO, feed concentration ngZ can be time dependent.

Typically, x{ozat time t can be described by a probability distribution function and is constrained

withinarange [L s , U s ]. For handling the impact of this x{oz uncertainty, the easiest way
COo, COo,

is to employ the worst-case scenario method where the worst case U s s set as the CO2 feed
Cco,

concentration in designing the absorption process. This ensures the separation target fulfilled for

all the ngZ fluctuations.

3.2 Scenario 2: High-pressure Pre-combustion Gas

In Scenario 2, the pre-combustion gas (see Table 2) is considered as the feed gas. Similarly,
the two carbon capture requirements in Equations (1) — (2) have to be fulfilled. After simulating
the three absorption processes for treating this pre-combustion gas, the process TAC are obtained
and compared in Figure 6. As can be seen, the hybrid absorption process with an intermediate
CO2 molar fraction of 2% results in the minimal cost. The corresponding TAC is 9.2 M$/year,
lower than those of the physical (9.6 M$/year) and chemical (26.2 M$/year) absorption

processes. Thus, hybrid absorption should be employed for pre-combustion gas treatment.
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4. Conclusion

A comparative economic analysis on physical, chemical, and hybrid physical-chemical
absorption processes is performed for capturing CO2 from various industrial gases with different
compositions and pressures. It is found that for carbon capture at atmospheric pressure, chemical
absorption is most economically-favorable when the CO2 concentration is lower than 30.4%,
hybrid absorption is cost-effective for medium CO2 compositions (30.4% ~ 59.3%), and physical
absorption should be applied when the CO> content is higher than 59.3%. For treating high-
pressure feed gases, the hybrid absorption process is always economically preferred. Even
though no rigorous process optimization is considered, all the studied processes are designed and
specified according to literature reports.'*2%27:2830 From this perspective, the main conclusions
drawn above are valuable and instructive for guiding the selection of absorption technologies for

specific carbon capture tasks.

In this work, DEPG and MEA are fixed as the physical and chemical solvents, respectively
due to their reported high performance. However, recently many efforts have been made to
rationally design solvents for enhancing the absorption efficiency.?”3*-% The optimal solvent
selection can improve the economic performance of the absorption process thus may influence
the results of optimal process selection. On the other hand, as the other carbon capture
technologies (e.g., adsorption®®*” and membrane separation®) become commercially
competitive, they should be studied and compared with the absorption processes. Additionally,
hybrid schemes that combine more than one separation technology (such as absorption-
adsorption) are also worth studying for carbon capture applications. Taking into account the
solvent effects and other CO; capture methods can potentially help find more cost-effective
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solutions, and thus deserves further investigation in future work. Finally, as capturing CO; is

never the ultimate goal, to identify the best way of utilizing CO: is always significant.

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website at

*khkkkk

List of cost parameters for economic analysis; Detailed settings in Aspen Plus for

physical, chemical, and hybrid absorption processes (doc)
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Table 1. Conditions of CO2-containing gases in different industrial sectors

15-18

o . Molar fraction (%) Pressure
COs-containing gases
CO, N 02 CO H2 (bar)
A e s w sl - -
Flue gas in cement industry 14-33 59-72 8-14 - -
Tail gas from hydrogen production ~ 15-44  0-38 - 0-3  54-80 1
Flue gas in iron and steel industries  20-45 2-56 = 21-45 3-20
Oxy-combustion flue gas 55-76 16-23 5-26 - -
Pre-combustion gas” 3045 2-5 - 0-5 4565 20-80
* Assuming dehydrated # After water-gas shift reaction
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Table 2. Feed gas conditions considered in the two scenarios

Molar fraction (%)

. Pressure
Scenario b

CO, N, 02 co H, (bar)
15 75 10 - _
25 12 - 45 18
35 5 — 42 18

Scenario 1 1
45 10 - 25 20
55 22 23 - _
65 17 18 - -

Scenario 2 35 5 — 5 55 30
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Table 3. TAC (M$/year) of the absorption processes for feed gases in Scenario 1

CO2 molar fraction in the feed gas (%), xgoz

Processes
15 25 35 45 55 65

Physical absorption 22.8 23.3 23.8 24.2 24.6 25.1
Chemical absorption | 11.3 18.3 26.2 33.8 41.9 48.5
15 | 225 230 233 237 244 253

Hybrid 20 | 218 227 232 236 245 254
W?R]Sz:?ftéﬁgnt 30 | 211 225 231 238 247 256
xco,) 40 | 208 225 233 241 249 257
50 | 207 226 236 244 250 258
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Table 4. Regressed xgoz—TAC relationship models for different absorption processes (TAC in

M$/year and xgoz in %)

Processes

xgoz—TAC relationship models

Physical absorption

Chemical absorption

0.80
TAC = 21.81+0.12- (x/,)

0.99
TAC = —0.46 + 0.79 - (x/,,)

15
Hybrid 2.0
bsorpti

absorption 30

with different
xéoz (%) 4.0

5.0

f 2.24
TAC = 22.54 +0.00024 - (x£,, )

f 1.36
TAC = 21.41+0.014 (x/,.)

0.67
TAC = 1871+ 0.41- (x/, )

0.28
TAC = 11.84 + 4.23- (x/,.)

f 0.0038
TAC = —865.58 + 877.33  (x/)
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Figure Captions

Figure 1. Flowsheets of DEPG-based physical absorption process (a), MEA-based chemical

absorption process (b), and hybrid physical-chemical absorption process (c).
Figure 2. TAC of the physical and chemical absorption processes for feed gases in Scenario 1

Figure 3. Cost breakdown of the physical (a) and chemical (b) absorption processes for feed

gases with 15%, 35%, and 65% CO. at atmospheric pressure

Figure 4. Cost comparison of the absorption processes for feed gases with 15% CO: (a), 35%

COz2 (b), and 65% CO: (c) at atmospheric pressure

Figure 5. Minimal process TAC for treating gases containing 9% ~ 76% CO- at atmospheric

pressure using different absorption technologies

Figure 6. Cost comparison of the absorption processes for pre-combustion gas (Scenario 2)

treatment
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Figure 1. Flowsheets of DEPG-based physical absorption process (a), MEA-based chemical
absorption process (b), and hybrid physical-chemical absorption process (c).

25



Process TAC (M$/year)

50
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__—4®— Physical absorption

—8— Chemical absorption /

/
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o X

\
(32, 24)

T T T T
15 25 35 45 55 65

CO, Molar Fraction in the Feed Gas (%)

Figure 2. TAC of the physical and chemical absorption processes for feed gases in Scenario 1
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Figure 3. Cost breakdown of the physical (a) and chemical (b) absorption processes for feed
gases with 15%, 35%, and 65% CO- at atmospheric pressure



- - - Physical absorption for 15%-CO, feed gas at 1 bar
24+ - - - Chemical absorption for 15%-CO, feed gas at 1 bar
—e— Hybrid absorption for 15%-CO, feed gas at 1 bar
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- - - Physical absorption for 35%-CO, feed gas at 1 bar
9 - - - Chemical absorption for 35%-CO, feed gas at 1 bar
| —e— Hybrid absorption for 35%-CO, feed gas at 1 bar
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Figure 4. Cost comparison of the absorption processes for feed gases with 15% CO: (a), 35%
CO2 (b), and 65% CO- (c) at atmospheric pressure
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Minimal Process TAC (M$/year)
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Figure 5. Minimal process TAC for treating gases containing 9% ~ 76% CO; at atmospheric
pressure using different absorption technologies
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27.0

- - - Physical absorption for pre-combustion gas treatment
- - - Chemical absorption for pre-combustion gas treatment
265 —@— Hybrid absorption for pre-combustion gas treatment
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Figure 6. Cost comparison of the absorption processes for pre-combustion gas (Scenario 2)
treatment
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