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Abstract

The increasing atmospheric concentration of carbon dioxide (CO;) poses a critical threat
to global climate stability, highlighting the need for efficient carbon capture technologies.
While amine-based solvents such as monoethanolamine (MEA) are widely used for in-
dustrial CO; capture, they are subject to limitations such as high energy requirements for
regeneration, solvent degradation, and environmental concerns. This study investigates
potassium carbonate/bicarbonate system as an alternative solution for CO, absorption.
The absorption mechanism and reaction kinetics of potassium carbonate in the presence
of bicarbonates were reviewed. A rate-based model was developed in Aspen Plus, us-
ing literature kinetics, to simulate CO, absorption using 20 wt% potassium carbonate
(K,CO3) solution with 10% carbonate-to-bicarbonate conversion under different indus-
trial conditions. Three flue gas compositions were evaluated: cement industry, biomass
combustion, and anaerobic digestion, each at 3000 m?3/h flow rate. The simulation was
conducted to determine minimum column height and solvent loading requirements with
a target output of 90% CO, removal from the gas streams. Results demonstrated that
potassium carbonate systems successfully achieved the target removal efficiency across
all scenarios. Column heights ranged from 18 to 25 m, with molar K,CO3/CO, ratios
between 1.41 and 4.00. The biomass combustion scenario proved most favorable due to
lower CO, concentration and effective heat integration. While requiring higher column
heights (18-25 m) compared to MEA systems (6-12 m) and greater solvent mass flow rates,
potassium carbonate demonstrated technical feasibility for CO; capture. The findings of
this study provide a foundation for technoeconomic evaluation of potassium carbonate
systems versus amine-based technologies for industrial carbon capture applications.

Keywords: carbon capture; chemical absorption; potassium carbonate; Aspen Plus; simulation;
sensitivity analysis

1. Introduction

The concentration of carbon dioxide (CO,) in earth’s atmosphere has increased from
278 ppm in 1750 [1] to 425.2 & 0.1 ppm in 2024 [2]. Over the course of these years, emerging
technologies and heavy industrialization have seen remarkable growth. The intensified
human activities have significantly contributed to greenhouse gas emissions and mainly
to carbon dioxide. This trend poses a serious threat to the environment by undermining
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climate stability, ecosystem resilience, and long-term sustainability. In the last 60 years
alone, atmospheric CO, concentration has increased by approximately 105 ppm with an
increasing rate of accumulation as shown in Figure 1.
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Figure 1. Surface atmospheric CO, concentration. Adapted from [3].

Industry sectors such as cement, steel and power are among the largest contributors,
with the cement industry alone responsible for approximately 7-8% of global anthropogenic
CO; emissions due to both fossil fuel combustion and the calcination of limestone during
clinker production [4]. In addition to fossil fuel combustion, biomass burning also con-
tributes greatly to these emissions. In 2023 biomass burning was responsible for 2% of
global CO, emissions [5].

The need to reverse the increasing trend in greenhouse gas emissions has led to
international climate targets such as those delineated in the Paris Agreement [6]. To meet
these targets, large-scale reduction in CO; is essential as reported in [7]. Among available
strategies, carbon capture and storage (CCS) and carbon capture and utilization (CCU)
seem to play key roles for decarbonization. While geological sequestration of CO; gains
attention, utilization pathways offer a more circular and economically attractive solution,
by using CO, as a raw material for the production of fuels, chemicals, or biologically
derived products [8].

Particularly, biofixation serves as a promising route of valorization, wherein captured
CO, is supplied to microalgae as carbon source to enhance biomass production that can
be further processed to biofuels, biomaterials, or animal feed [9,10]. Other routes include
thermochemical conversion into methanol [11], urea [12], mineralization [13], and synthetic
fuels [14]. In any of these cases, the applicability, scalability and cost-effectiveness of these
downstream processes are critically related to the quality and scalability of the upstream
capture process.

Chemical absorption is among the most mature and widely implemented technologies,
especially for post-combustion CO, removal [15]. Amine-based solvents are the most used
chemical species by the industry of chemical absorption. Specifically, monoethanolamine
(MEA) is the dominant solvent in commercial applications due to its high reactivity and
reaction kinetics with CO, [16].

However, MEA and amine-based systems face several drawbacks and limitations to
their use. Its main drawback is the high heat of reaction with CO, (85.6 k] /molcoy) [17].
This leads to increased energy requirements for stripping. Notably, the energy demand is
reported to be between 3.9 and 4.2 GJ /toncop [18].
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Solvent degradation is a critical issue, as it is related to the formation of unwanted
by-products and increased operating costs. Carbamate polymerization is the most common
degradation mechanism for amines in the presence of CO; and elevated temperatures [19].
The rate of polymerization is strongly dependent on CO, concentration [20], thus hindering
the solvent’s regeneration efficiency when treating gas streams with higher concentration
in CO;. Another common mechanism is oxidative degradation which occurs by the
unwanted reaction of the solvent into various chemicals in the presence of oxygen which
is found in higher concentrations in post-combustion flue gas due to the excess of air.
The oxidative degradation of amine-based solvents leads to the formation of a range
of by-products, including aldehydes, low-molecular-weight organic acids (e.g., acetate,
formate, and glycolate), amine salts such as oxalates, as well as ammonia and nitrosamine
compounds [21]. Monoethanolamine is also reported to have a corrosive behavior [22] and
high impact on fresh water ecotoxicity [23].

As a result of these limitations, alternative solvents are actively being investigated [24].
Recent “second-generation” solvent development has focused on hindered /tertiary amines
and blends with Piperazine (e.g., MDEA /PZ and other promoted amines) to lower re-
generation energy and improve cyclic capacity relative to conventional MEA systems.
Nevertheless, the broader amine-solvent family, still faces practical drawbacks linked to
solvent degradation (oxidative/thermal), corrosion, solvent loss, and formation of poten-
tially harmful degradation products (e.g., nitrosamines/nitramines) in systems exposed to
O, /NOx and elevated temperatures, all of which can translate into operational complexity
and added cost for solvent management and emissions control [25].

A recent study on advanced amine and phase-change solvents, including conven-
tional MEA, blended with Dimethylethanolamine and Triethylene glycol monomethyl
ether forming systems such as DMEA/MAE, and biphasic formulations based on
DMEA /MAE/TGME, show that gains in regeneration energy efficiency are often accompa-
nied by practical limitations. Although blended and biphasic solvents can enhance cyclic
capacity and reduce calculated regeneration duties compared to MEA, reported results
consistently point to challenges associated with the high viscosity of the CO,-rich phase,
which can hinder mass transfer, narrow the operating window of packed columns, and
increase pumping demands. Phase-change solvents also introduce additional constraints,
including the need for careful control of the phase-change loading to avoid premature
separation within the absorber, as well as possible losses in overall energy efficiency as-
sociated with the enthalpy of phase separation. Moreover, the literature points to a clear
trade-off between minimizing energy consumption and achieving adequate CO; removal
efficiency under industrially relevant operating conditions. Overall, these findings suggest
that, despite their promising thermodynamic characteristics, advanced amine and biphasic
solvent systems remain limited by issues related to viscosity, phase behavior, and process
operability [26]. Against this landscape, potassium carbonate (K,COj3), poses a promising
option as it is characterized by low volatility, chemical stability under typical operating
conditions, relatively low cost and minimal environmental impacts. The post absorption
solution, rich in potassium, carbonates and bicarbonates, has also shown potential as a
biofertilizer for algae cultivation ponds and bioreactors [27], promoting circular economy
and sustainability principles.

Potassium-rich, bicarbonate-based solutions derived from CO, capture processes are
compatible with typical microalgae cultivation systems, including open raceway ponds
and closed photobioreactors, where dissolved inorganic carbon is commonly supplied in
bicarbonate form rather than exclusively as gaseous CO,. Multiple studies have shown that
microalgae such as Chlorella and Spirulina can tolerate and assimilate elevated concentra-
tions of bicarbonate in aqueous media, with growth sustained across a broad range of ionic

https:/ /doi.org/10.3390/ cleantechnol8010014


https://doi.org/10.3390/cleantechnol8010014

Clean Technol. 2026, 8, 14

40f24

strengths depending on species, pH control, and cultivation configuration. In particular,
bicarbonate-based carbon delivery has been demonstrated under controlled photobioreac-
tor conditions as well as in hybrid capture—cultivation systems relevant to pond operation,
indicating that moderate potassium and alkalinity levels typical of alkaline growth media
do not inherently limit algal productivity. These observations support the feasibility of
coupling potassium-rich CO, capture solutions with algae cultivation, provided that ionic
strength and alkalinity are managed within species-specific tolerance ranges reported in
the algae cultivation literature [28-30].

Nevertheless, potassium carbonate systems face a specific drawback. The K,CO3-CO,
system is inherently slower than amine-based or strong electrolyte systems. This can be
overcome by adjusting other operational factors such as temperature, packed section height,
and molar liquid-to-gas (L/G) ratio [31].

Despite the extensive body of simulation work on carbon capture, MEA and amine-
based systems [32-37], there are relatively few to no studies that have examined how
process parameters such as temperature, L/G ratio, and column height affect CO, removal
yield in potassium carbonate-based systems. This study aims to address the existing gaps
by designing and modeling a CO; absorber using K,CO3-KHCOj; in Aspen Plus. The
effects of these process parameters will be assessed.

The primary objective is to evaluate the technical feasibility of achieving over 90% CO,
removal yield with potassium carbonate solvent and to identify the key design parameters
necessary for effective performance across various flue gas compositions. Specifically, three
different emission profiles are considered: cement production, biomass combustion and
biogas derived from anaerobic digestion. The absorber is designed for a gas flow rate of
3000 m3/h, which is approximately the biogas production of a 5 MW anaerobic digestion
unit which is considered a representative and realistic scale for both industrial and regional
organic waste management. It is a size that can be economically viable while still addressing
significant waste streams, making it a practical option for various applications [38,39].

This capacity is applied across all scenarios, so the results are comparable between the
different gas compositions. The findings of this work aim to provide the carbon capture
industry with crucial insights into the use of potassium carbonate as a solvent and to inform
the development of energy-efficient absorption configurations that can facilitate a more
sustainable and circular approach to the CO, management strategies.

2. Materials and Methods
2.1. Process Chemistry

The physical and chemical mechanisms occurring during the absorption of CO; are
well explained in [40,41]. The reactions occurring during the process can be described with
the following equations:

CO2(g) = COzaq) M
COy(aq) + H20 — HCO3 +HT (2)
COy(nq) +OH™ — HCO; 3)
HCOj; — COyq) + OH™ (4)
H,O=O0H +H" ®)

Equation (1) represents the physical phase equilibrium of CO, at the interface of the
gas and the liquid. The equilibrium of Equation (1) is governed by Henry’s law:

Ci = HP; (6)
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where C; is the concentration of the aqueous gas on the liquid phase, H is Henry’s constant
and P; is partial pressure of the gas in the gas phase [42].

In the well-known work of [43-46], it is suggested that the kinetic factor of Equation (3)
is depended on the ionic strength of the solvent as described below:

logkopy = logk,, + bl (7)

where ke is rate constant in infinite dilution, b is a temperature dependent coefficient,
and I is the ionic strength of the solution. This kinetic expression has been tested and
validated in [47]. Although the reaction kinetics in the previously described work have
been thoroughly studied, they are not applicable for weak electrolytes such as carbonic
salts. When carbonate and bicarbonate ions are present, the following reaction takes place
and plays a significant role in the overall kinetic mechanism.

CO3™ + H,O = HCO; +OH~ (8)
In [48] it is stated that the overall reaction rate of the CO, can be expressed as

Tabs = _d[((:i?z] = kov [COZ] ©9)

where r (kmol m~3 s~ 1) is the rate of the absorption CO,, [CO,] (kmol m~3) is the concen-
tration of aqueous species of CO, in the liquid, ¢ is the time and koy (s7!) is the overall
constant for the first order rate given by the following equation:

kov = k1,0 + kon[OH™] (10)

where ki,0 (s~ 1) is the first order constant for reaction (2) and kop (m> kmol~1 s~ 1) the

second order constant for Equation (3). The kg0 factor is significantly smaller than ko,

hence it is considered negligible [49]. The equilibrium of Equation (8) is instantaneous [27].

The concentration of OH™ ions in the solution is driven by the ionic equilibrium equation:
[OH™~ | [HCO; |

Ky = W (11)

where K}, is the equilibrium constant of Equation (8). During the absorption process with
dilute solutions, the relative change in [HCOj | and [CO?} is small, thus the [OH ™|
remains almost constant. Overall, the final absorption rate as described in Equation (9) is
regarded as a pseudo-first-order reaction with respect to CO, [43,45,46].

2.2. Process Modelling
2.2.1. Components and Methods

The simulation model was developed in Aspen Plus V12. The ELECNRTL (Electrolyte
Non-Random Two Liquid) method was used for the calculation of the liquid phase proper-
ties, while the RK (Redlich-Kwong) equation of state was used to retrieve properties of the
vapor phase. ELECNRTL was selected as the most versatile and accurate model for both
low and high concentrations of aqueous mixed solvent systems. The following components
represent the chemical species in the process as shown in Table 1.
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Table 1. Chemical components of the simulation in Aspen Plus.
Component ID Type Component Name Alias
H20 Conventional WATER H20
CcO2 Conventional CARBON-DIOXIDE CcO2
N2 Conventional NITROGEN N2
02 Conventional OXYGEN 02
CH4 Conventional METHANE CH4
K2CO3 Conventional POTASSIUM-CARBONATE K2CO3
KHCO3 Conventional POTASSIUM-BICARBONATE KHCO3
HCO3— Conventional HCO3— HCO3—
CO3-2 Conventional CO3—— C0O3-2
K+ Conventional K+ K+
H30+ Conventional H30+ H30+
OH-— Conventional OH-— OH-

Components COy, Ny, Oy, CHy are selected as Henry-components and their tempera-
ture dependent binary parameters with H,O are retrieved from the Aspen Plus databanks.
The CO; parameters were retrieved from APV110 ENRTL-RK, while the parameters of the
remaining components were retrieved from APV110 BINARY. The fitted temperature valid-
ity ranges span approximately 0-227 °C for CO,-H;0O, 0-73 °C for N»,-H,O, 1-75 °C for
0,-H,0, and 1-72 °C for CH4—H;O. These ranges encompass the operating temperatures
encountered in the absorber unit considered in this study. The parameters are pressure-
independent within the moderate pressure range investigated, consistent with their use in
vapor-liquid equilibrium and activity-coefficient calculations for low- to medium-pressure
gas absorption systems.

2.2.2. Flue Gas Cases

The carbon capture model is developed for flue gases from: the cement industry,
biomass combustion and anaerobic digestion. The volumetric flow rate is set at 3000 m3/h
for each case. The conditions and compositions of the flue gas stream are given in Table 2,
which were retrieved from literature.

Table 2. Flue gas parameters and composition.

Parameter Cement Plant [50] Com]ilsgiaosrf [51] Anaerlt))llzl lrft][jsl;gf stion
Mass rate (kg/h) 3344.9 2972.7 3718.7
Temperature (°C) 130 130 35

Pressure (bar) 1.2 1.2 1.2
Mol fractions
H,O 0.11 0.2 0.05
CO, 0.22 0.06 0.35
N, 0.6 0.66 -
) 0.07 0.08 -
CHy4 - - 0.6

To place the three case studies in a broader industrial context, the selected flue gas com-
positions were benchmarked against typical operating ranges reported for full-scale plants.
Coal-fired utility boilers generally exhibit stack gas CO, concentrations of 7-15 mol%,
whereas natural-gas-fired power plants are typically in the range of 3—4 mol% CO; [53].
Biomass combustion in industrial boilers and fluidized-bed units produces similar or
slightly lower CO; levels (approximately 5-10 vol%), depending on excess air and fuel
moisture content [53,54]. The biomass combustion case adopted in this work (6 mol% CO»,
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SOLVENT ,\

20 mol% H,O) therefore lies well within the range measured for operating biomass plants
and is consistent with literature data for wood-chip combustion units.

For cement production, modern dry-process kilns typically generate flue gases with
CO; concentrations between about 15 and 25 mol%, depending on raw meal composition,
degree of calcination and fuel mix [55]. Schakel et al. report a representative cement-
plant stack gas with 17.8 mol% CO, and 18.2 mol% H,O [56], while lab-scale capture tests
have used synthetic cement flue gas streams containing 20 vol% CO;. The cement case
considered here (22 mol% CO;, 11 mol% H;O) is thus representative of real kiln conditions
and reflects the fact that the cement industry is responsible for approximately 7-8% of
global anthropogenic CO, emissions.

Anaerobic digestion plants typically produce raw biogas streams containing around
35-45 vol% CO, and 55-65 vol% CH, at near-ambient temperature, depending on substrate
and operating conditions [57]. The anaerobic digestion case in this study (35 mol% CO,,
60 mol% CHy, 5 mol% H,O) closely matches these reported compositions and can be
regarded as representative of biogas upgrading applications. Taken together, the three
flue gas cases therefore span a realistic range of low-, medium- and high-CO, streams
encountered in large stationary sources (biomass boilers, cement kilns and biogas plants),
which are among the primary targets for post-combustion CO, capture and utilization
technologies [58].

2.2.3. Process Flowsheets

A rate-based model is used to develop the process flowsheets of Figures 2 and 3. The
absorber is considered the main process. RadFrac module is selected as the most rigorous
model for simulating all types of multistage vapor-liquid fractionation operations. The
heat exchanger (EX-1) is set to return a hot stream outlet temperature of 50 °C. As a result,
the liquid solvent temperature reduces as the L/G ratio is increasing. The dehumidifier
(COND-1) is a flash column with zero duty and zero pressure drop to trap and remove the
water vapor condensates that hinder the CO, removal efficiency. In Table 3 the model and
design parameters are presented for the absorbing column.

st |
GASOUT o>
EX-1
v
} 1 LEANIN
ABSORBER
f |
GAS-IN |
COLD-GAS COND-1
T
RICHOUT | o

Figure 2. Process flowsheet of gas absorption for cement and biomass combustion units.
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GASOUT 2
HEAT-1
SOLVENT > LEANN >
ABSORBER
GAS-N
[RicHOUT | 2>
GVLV —
= FLUEGAS {><} coLp-cas COND-1

WATER o>
Figure 3. Process flowsheet of gas absorption for the anaerobic digestion unit.

Table 3. Aspen Plus model and design specifications for the RadFrac column.

Specification Parameter Value
Number of stages 18
Operating pressure 1 bar
Re-boiler None
Condenser None
Packing type Berl saddles, ceramic, 13 mm
Packing height range 18-25m
Packing diameter 1.2 m (1.6 m for AD unit)
Reaction condition factor 09*

Mass transfer coefficient Onda68 [59]
Interfacial area method Onda68 [59]
Interfacial area factor 2
Heat transfer coefficient method Chilton and Colburn

Holdup correlation
Liquid film resistance
Vapor film resistance

Flow model

Stichlmair89 [60]
Discretization, 5 points
Film consideration
Mixed

* A reaction condition factor of 0.9 was applied in the RadFrac model to account for non-ideal reactive mass
transfer and to avoid assuming ideal equilibrium conditions on each theoretical stage.

The absorber column diameter was determined based on hydraulic constraints to
ensure operation within a target flooding range of 45-75%. Flooding velocity was esti-
mated using the packed-column hydraulic models implemented in Aspen Plus (RadFrac),
accounting for the specified gas and liquid mass flow rates, fluid properties, and packing
characteristics. In the Anaerobic Digestion configuration, the higher total mass flow rate
led to increased superficial gas velocity and liquid loading, resulting in predicted flooding
fractions above the acceptable range when a column diameter of 1.2 m was applied. The
column diameter was therefore increased to 1.6 m to reduce superficial velocities and
maintain operation within the prescribed flooding window. This adjustment ensured
hydraulically feasible operation while keeping the absorber design consistent with the
comparative scope of the study. The packing material used in the simulation was 13 mm
ceramic Berl saddles. Ceramic packing was selected due to its compatibility with aqueous
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potassium carbonate/bicarbonate systems, which operate under alkaline conditions and
can impose corrosion constraints on metallic materials. Inert ceramic packings are com-
monly reported for potassium carbonate absorption processes due to their resistance to
chemical degradation and suitability for operation over the temperature range relevant to
absorption and regeneration. The nominal size of 13 mm was chosen to provide a balance
between effective interfacial area and hydraulic capacity, allowing operation within the
targeted flooding range for the investigated gas and liquid flow rates [27].

The biogas produced by the anaerobic unit is usually at 35 °C and so the heat integration
cannot be applied at this scenario. This excludes the use of the heat exchanger between the
gas stream and the liquid solvent. A heat exchanger is introduced only for the liquid stream
and is set to return a cold stream outlet temperature of 45 °C as presented in Figure 3.

2.2.4. Reaction Kinetics

In the work of Ye and Lu [48], an extensive assessment of the CO; absorption reaction
kinetics in different K,CO3-KHCOj3 solutions was performed. Their results showed that
higher concentrations of K,COj in the solvent promote the rate of the reaction, while
an increase in carbonate-to-bicarbonate (CTB) conversion lowers the reaction’s activation
energy E, making it more favorable in higher temperatures. They came down to four
different equations that correlate the Arrhenius’ preexponential factor with solution’s ionic
strength and CTB as presented below:

In(A) = 0.241 4+ 26.40, (x = 0%) (12)

In(A) = 0.431 +23.39, (« = 10%) (13)

In(A) = 0.50I +19.79, (a« = 20%) (14)

In(A) = 0.641 4+ 17.83, (« = 40%) (15)
and to an equation for correlating E, with CTB

E, = 171.10a% — 128.74x + 47.03 (16)

Figures 4 and 5 present the behavior of the pre-exponential factor A and of the

activation energy E, for the different values of «.

28 -
26
w
i
o
£ 24
E
<
E 22
0% CTB
20 - —— 10% CTB
—— 20% CTB
—— 40% CTB
18 - . T T T T —
2 4 6 8 10 12

I (kmol m~3)

Figure 4. Variation in In(A) with I for different values of a (0-40%).
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36

32 1

30 A

Eq (k)/mol)

28
26

24 A

\——

0.10 0.15 0.20 0.25 0.30 0.35 0.40
CTB conversion level, a

Figure 5. Correlation of the activation energy E, with a based on the fitted quadratic relationship.

For this simulation model a solvent stream with 20 wt% in K,CO3; has been assessed
with 10% CTB. The kinetics of Equations (3) and (4) are presented in Table 4.

Table 4. Reaction kinetics parameters.

Parameter Kinetic Factor Activation Energy (kJ/mol)
Equation (3) 1.1458 x 101! 35.89
Equation (4) 2.83 x 10V 123.3

For Equations (5) and (7) the equilibrium constants K; are calculated by the
following equation:

B.
In(Kj) = Aj + o +Gn(T) + DT (17)
The constants of Equation (17) are presented in Table 5.

Table 5. Equilibrium parameters.

Parameter A]- Bj Cj Dj
Equation (5) 132.899 —13,445.9 —22.4773 0
Equation (8) 216.049 —12,431.7 —35.4819 0

2.2.5. Sensitivity Analysis

A sensitivity analysis was performed for each scenario on the molar L/G ratio and
on the column height to assess the CO, removal yield, which is the percentage of the
removed CO; from the gas stream entering the column. The removal yield is promoted
by both parameters. Initially, an L/G sensitivity analysis was carried out to define the
effective operating range for each scenario. Subsequently, a parallel sensitivity analysis of
the column height was introduced, and the optimal points could be identified. The target
CO; removal was 90% of the inlet concentration. Two minimum points were identified for
each case: one at minimum column height and one at minimum L/G ratio.
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3. Results
3.1. Model Outputs

Table 6 summarizes the major parameters of the solvent streams under each scenario,
based on the respective solvent loading range.

Table 6. Solvent parameters and ranges for each case.

Biomass Anaerobic
Parameter Cement Plant Combustion Digestion
mol K,CO3/mol CO, 1.75-4.00 1.75-2.75 1.25-2.00
Mass flow (kg/h) 27,408.4-43,070.4 8155.8-12,816.2 44,743.2-71,589.1
Solvent/Gas mass ratio 8.19-12.88 2.74-4.31 12.03-19.25
Column height (m) 20-25 18-23 18-23
Temperature (°C) 24.5-23.2 47.8-41.6 45
Concentration wt% 20 20 20

The results of the initial sensitivity analyses are presented in Figures 4-6. As expected,
the CO; removal yield increases with an increasing L/G ratio. Figure 6 demonstrates a
weaker correlation between the L/G and the removal efficiency, whereas Figures 7 and 8
exhibit a greater relationship. Figure 7 shows that the CO, removal efficiency for biomass
combustion flue gas increases with the L/G ratio up to a maximum, beyond which a
decline is observed. This behavior can be interpreted in terms of enthalpy fluxes between
the phases: at higher L/G ratios, the enthalpy flux carried by the colder liquid stream
exceeds the latent enthalpy flux available from water vapor in the hot flue gas. As a result,
the interfacial temperature decreases, reducing solvent capacity and the mass-transfer
driving force for CO, absorption, and leading to a maximum in removal efficiency at the
specific operating configuration.

88

86

84l

82

80

78

CO, Removal (%)

76

74

72

1 1 1 1
70 15 2.0 2.5 3.0 35 4.0

mol K;CO3 /mol CO,

Figure 6. L/G ratio sensitivity analysis for the cement industry flue gas (column height = 20 m).
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Figure 7. L/G ratio sensitivity analysis for the biomass combustion flue gas (column height = 18 m).
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Figure 8. L/G ratio sensitivity analysis for the anaerobic digestion biogas (column height = 18 m).

Figures 9-11 present the 3D plot of CO, removal as a function of column height and
solvent loading in terms of mol K,CO3 per mol of CO,. As expected, increasing the column
height promotes removal efficiency as a taller column provides more contact time for the
mass transfer mechanism, while higher solvent loading promoted the chemical absorption’s
driving force.
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Figure 9. Three-dimensional plot of CO; removal vs. column height and L/G for the cement industry

flue gas.
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Figure 10. Three-dimensional plot of CO, removal vs. column height and L/G for the biomass

combustion flue gas.
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Figure 11. Diminishing returns area for biomass combustion scenario.

Figure 9 illustrates two minimum operating points on the surface. The first (red
marker) indicates the minimum height required (22 m) for the removal of approximately
90% CO;, at a relatively higher L/G ratio of 4.00. The second (blue marker) indicates the
lowest L/G ratio needed (3.34) for the same level of removal efficiency but in a taller
column (23 m). These factors decide the chemical consumption versus equipment size
tradeoff: increased solvent flow can reduce capital cost in terms of column height, while
increased column allows reduced chemical consumption, thus reducing operating costs
and energy requirements for solvent recovery.

The response surface shows a small degree of nonlinearity in trend, especially at
higher L/G ratios, where the law of diminishing returns to removal efficiency becomes
evident. Eventually, additional increase to the L/G ratio no longer returns proportional
improvements in performance, and therefore maximum solvent utilization can be identified
for minimizing operating costs. Finally, this case exhibits the highest solvent loading
requirements, as well as the highest column height for the effective removal of CO,.

Figure 10 presents the two minimum operating points for the biomass combustion
case. The first (red marker) corresponds to the minimum height required (19 m) to achieve
approximately 90% CO, removal, at a molar L/G ratio of 2.21. The second (blue marker)
corresponds to the minimum L/G ratio (1.89) to achieve the same target, for a column
slightly taller (23 m). These points demonstrate again the trade-off between solvent usage
and column design, allowing flexibility depending on economic or operational priorities.

As observed before in Figure 7, an interesting behavior of this case is the presence of a
peak followed by a drop in CO, removal efficiency as the L/G ratio increases beyond ~2.25.
This local optimum appears due to the optimization of the (L/G—Temperature) parameter
set in the process. It indicates that in flue gases with higher water vapor content, energy
integration through heat exchanger is essential for solvent, thus energy savings.

For this case, a diminishing-returns region was defined as the subset of the operating
space satisfying two conditions: (i) CO, removal equal to or greater than the design target
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of 90%, and (ii) low local sensitivity, identified as gradient magnitudes within the lowest
20% of all computed values. This criterion isolates regions where further increases in height
or L/G result in only marginal improvements in removal performance. The identified
region is highlighted directly on the three-dimensional removal surface in Figure 11.

Figure 11 shows that the 90% removal target is not achieved at a single, sharply
defined operating point but rather across a flat trade-off region where the surface slope is
low. Within this region, substantial increases in packed height or L/G yield only minor
gains in CO, removal, indicating diminishing returns.

The two reported “optima”—minimum packed height and minimum L/G—represent
limiting design choices on this plateau. While they differ in operational emphasis, both
lie within the same low-sensitivity region and, therefore, provide essentially equivalent
capture performance. As a result, the optimum is not unique in a practical sense. Instead,
final design selection within this region may be guided by secondary considerations such
as column footprint, hydraulic constraints, solvent circulation costs, or retrofit limitations,
without materially affecting removal efficiency.

Overall, the case indicates the importance of process optimization, as solvent over-
feeding will result in deteriorating or even negative returns on capture efficiency. Defining
both minimum column height and solvent loading to reach performance goals allows for
flexible design and cost trade-off.

Figure 12 illustrates two minimum operating points for anaerobic digestion case. The
first (red marker) indicates the minimum height required (18 m) to achieve approximately
90% CO, removal, at a molar L/G ratio of 1.53. The second (blue marker) corresponds to
the minimum L/G ratio (1.41) to achieve the same target, for a taller column (20 m). These
points demonstrate again the trade-off between solvent usage and column design, allowing
flexibility depending on economic or operational priorities.
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Figure 12. Three-dimensional plot of CO, removal vs. column height and L/G for the anaerobic

digestion biogas.
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These results demonstrate the lowest L/G values between all the cases, but they are
not comparable to the other cases as they derived from a process with a solvent temperature
of 45 °C. Energy integration was not feasible in this case, as the produced biogas is usually
around 35 °C. Nevertheless, the high CO, content in biogas enhances the driving force of the
chemical absorption, while the presence of bicarbonates in the solvent lowers the reaction’s
activation energy—improving efficiency at elevated temperatures. These conditions make
potassium carbonate-based solvents a technically feasible option for biogas upgrading. The
cumulative results for each optimal point are presented in Table 7.

Table 7. Minimum operating and design parameters for each scenario.

Scenario Cement Industry Biomass Combustion Anaerobic Digestion
Constraint Min. Height Min. L/G  Min. Height Min. L/G  Min. Height = Min. L/G
Column height (m) 22 25 19 23 18 20
mol K,CO3/mol CO, 4.00 3.34 221 1.89 1.53 1.41
Solvent/Gas mass ratio 12.88 11.50 3.46 2.96 15.92 14.21
CO; Removal (%) 89.82 90.17 89.86 90.03 89.80 89.97

Table 7 summarizes the operating and design parameters across the three scenarios. In
every scenario the targeted CO, removal was achieved, indicating that potassium carbonate
is a technically viable solvent.

The column height varied between 18 and 25 m for all cases. This implies higher
capital expenditures when compared to MEA-based systems which typically operate within
6 to 12 m is similar scenarios [61].

Molar ratios between scenarios range within relatively small limits, as opposed to
the L/G mass ratios, where they show great variations in the case of the cement industry
and AD flue gases. These cases show significantly higher requirement of solvent mass
rate when compared to the biomass combustion scenario, which suggests elevated energy
and material demands. The elevated solvent requirement is attributed to the higher CO,
composition in those gases. Even though the higher partial pressure of CO, increases the
driving force of absorption, the kinetic rate remains at a level where large solvent quantities
are required.

While the molar ratios required for the potassium carbonate solvent are moderately
higher (ranging from 1.41 to 4.00) than those reported for MEA which typically range be-
tween 1.00 and 2.00 [62-64], the mass ratios differ significantly. This discrepancy stems from
the difference in molecular weights between the two solvents: 138.21 g mol~! for K,COj3 ver-
sus 61.08 g mol~! for MEA and, from the slower reaction kinetics of the carbonate system.

To address regeneration feasibility, a simplified stripper section was appended down-
stream of the absorber for each case, using the corresponding CO,-rich solvent stream
as feed. Table 8 reports preliminary rich CO, loadings and the associated reboiler duty
normalized per tonne of CO; regenerated. These values are intended as first-pass esti-
mates, because detailed heat integration (e.g., lean—rich exchanger optimization), pres-
sure/temperature optimization, and advanced regeneration configurations were not im-
plemented at this stage. Nevertheless, the results provide an initial basis for comparing
the relative regeneration demand among the investigated operating cases and highlight
regeneration-energy optimization as a key direction for future work.
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Table 8. Preliminary stripper performance indicators and estimated regeneration energy.
Scenario Cement Industry Biomass Combustion Anaerobic Digestion
Constraint Min. Height Min. L/G  Min. Height  Min. L/G  Min. Height = Min. L/G
Column height (m) 22 25 19 23 18 20
mol CO,/mol K,CO3 0.275 0.261 0.223 0.284 0.354 0.372
Specific reboiler duty 3.72 3.47 415 3.94 2.69 2.59
(GJ/toncog)

The calculated lean solvent loadings at the stripper outlet range between 0.223 and
0.372 mol CO, mol~! K,CO3, reflecting differences in inlet gas composition, solvent circu-
lation rate, and operating temperature among the three cases.

The estimated specific reboiler duty varies from 2.59 to 4.15 GJ t~! CO,. The anaerobic
digestion case exhibits the lowest regeneration energy demand (2.59-2.69 GJ t~! COy),
which is attributed to the higher CO, partial pressure, resulting in increased cyclic capac-
ity. In contrast, the biomass combustion scenario shows the highest regeneration energy
requirement (3.94—4.15 GJ t~1 COy), despite its lower solvent circulation rates, due to the
lower CO, driving force in the absorber and reduced cyclic loading. The cement industry
case yields intermediate regeneration energy values (3.47-3.72 GJ t~1 CO,), consistent with
its moderate CO, concentration and solvent loading.

3.2. Model Validation

Direct experimental validation of the present model was not conducted within this
study; therefore, the developed rate-based Aspen Plus model was validated against pub-
lished pilot-scale and demonstration-scale data for potassium carbonate CO, absorption
systems. This approach is commonly adopted for absorption modeling studies, particularly
when well-documented experimental benchmarks are available in the literature.

3.2.1. Validation Against Pilot-Scale Potassium Carbonate Absorption Studies

Smith et al. [65] investigated CO, capture using 20-40 wt% potassium carbonate
solutions in both laboratory-scale and industrial pilot plants and developed Aspen Plus
models to predict absorber performance. Their work demonstrated that rate-based Aspen
Plus simulations employing the ELECNRTL thermodynamic model, Onda correlations for
mass transfer, and literature-based reaction kinetics could predict CO, removal efficiencies,
solvent loadings, and temperature profiles within £5% of experimental measurements.

They also reported stable operation and accurate model predictions for CO, removal
efficiencies ranging from approximately 80-95%, depending on solvent concentration,
liquid-to-gas (L/G) ratio, and column height. These removal levels are consistent with the
90% CO, capture target adopted in the present study. Furthermore, the solvent concentra-
tions (20 wt% K,;CO3) and operating temperature ranges employed in the present model fall
well within the experimentally validated ranges reported in their pilot-scale investigations.

The absorber packing heights reported were on the order of 3-6 m at pilot scale,
which, when scaled to industrial gas flow rates and comparable L/G ratios, translate to
absorber heights in the range of 15-30 m. This range is in good agreement with the 18-25 m
column heights predicted by the present model, supporting the physical realism of the
simulation results.

3.2.2. Validation Against Demonstration-Scale Potassium Carbonate Processes

Further validation is obtained by comparison with the demonstration-scale potassium
carbonate capture process reported, where a concentrated K,COj3 system was successfully
operated at up to 1 tonne CO, per day using flue gas from a coal-fired power station. In
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that work, Aspen Plus simulations were used to predict absorber performance, solvent
circulation rates, and CO, removal efficiencies, and were shown to be in close agreement
with measured plant data [66].

The demonstration plant achieved CO; removal efficiencies approaching 90% at sol-
vent loadings and L/G ratios comparable to those identified as optimal in the present study.
The authors highlighted that potassium carbonate systems require larger absorber heights
and higher solvent circulation rates than MEA systems, due to slower reaction kinetics—an
observation that is directly reflected in the current modeling results. The predicted solvent-
to-gas mass ratios and column heights in this work are therefore consistent with validated
industrial-scale potassium carbonate capture systems.

3.2.3. Consistency with Independent Aspen Plus Simulation Studies

Additional validation is provided by comparison with independent Aspen Plus simu-
lation studies of potassium carbonate-based CO, capture processes. Chuenphan et al. [67]
performed a techno-economic and sensitivity analysis of CO, capture using K,CO3 solu-
tions and demonstrated that Aspen Plus simulations could reliably predict CO, removal
efficiencies between 85 and 90%, solvent circulation requirements, and energy consumption
trends when benchmarked against experimental data.

Their results confirmed that L /G ratio and inlet CO, concentration are the dominant
parameters controlling removal efficiency—findings that are fully consistent with the
sensitivity trends observed in Figures 4-9 of the present study. Moreover, the solvent
loadings reported by Chuenphan et al. (typically 1.5-4.0 mol K,COj3 per mol CO5,) align
closely with the optimal ranges predicted here (1.41-4.00 mol K,CO3/mol COy), further
supporting the validity of the model outputs.

3.2.4. Overall Validation Assessment

Taken together, comparison with pilot-scale experiments, demonstration-scale opera-
tion, and independent Aspen Plus simulation studies confirms that the present rate-based
model reliably captures the dominant physical, chemical, and mass-transfer phenomena
governing CO, absorption in potassium carbonate systems. The predicted CO, removal
efficiencies, solvent loadings, and absorber height requirements fall squarely within ranges
that have been experimentally observed and previously validated in the literature.

4. Discussion

The present study evaluated the technical feasibility of potassium carbonate-based
CO; capture across three representative industrial gas streams, with particular emphasis
on absorber design requirements, solvent utilization, and preliminary regeneration energy
demand. By combining absorber sensitivity analysis with simplified stripper simulations,
the results allow a first-order comparison of capture performance and regeneration intensity
across cases with markedly different CO, concentrations and thermal characteristics.

For the cement industry flue gas, relatively high solvent circulation rates and molar
KyCO3/CO; ratios were required to achieve the target CO, removal efficiency. Optimal
operating points corresponded to molar ratios between 3.34 and 4.00, reflecting the high
inlet CO, concentration and the slower intrinsic kinetics of the carbonate system. These
conditions translated into intermediate regeneration energy demands, with specific reboiler
duties ranging from 3.47 to 3.72 G] t ! CO,. While these values remain below or compa-
rable to typical MEA-based systems, they indicate that solvent regeneration constitutes a
significant energetic contribution for cement applications, particularly when high solvent
loadings are required. The results suggest that cement flue gas capture with potassium
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carbonate is technically feasible, but optimization of cyclic loading and solvent circulation
is essential to avoid excessive regeneration duties.

The biomass combustion scenario exhibited the most favorable overall behavior among
the investigated cases. Due to the lower CO, concentration in the flue gas and the high
water vapor content, lower molar solvent ratios (1.89-2.21 mol K,CO3 per mol CO,) were
sufficient to reach 90% removal. Despite this, the biomass case showed the highest specific
regeneration energy (3.94-4.15 GJ t~! CO,). This apparent contradiction is explained by
the reduced cyclic loading of the solvent under low CO; partial pressure conditions, which
limits the amount of CO, released per unit of circulating solvent.

A distinctive feature of the biomass case was the presence of a clear diminishing-
returns region, where increases in L/G ratio or column height produced marginal or
even negative gains in CO, removal efficiency. This behavior arises from the interaction
between mass transfer and thermal effects: excessive solvent flow reduces interfacial
temperature due to heat imbalance between the cold liquid and the hot, humid gas stream,
thereby decreasing solvent capacity. From a process design perspective, this highlights
the importance of avoiding solvent overfeeding and operating within a narrow optimal
window. Nevertheless, the ability to exploit sensible heat from the flue gas renders biomass
combustion particularly attractive for potassium carbonate systems when appropriate
energy integration is applied.

The anaerobic digestion (AD) case showed the lowest specific regeneration energy
demand, with reboiler duties between 2.59 and 2.69 GJ t~! COj. This reduction is primarily
attributed to the high CO, partial pressure in biogas and the elevated solvent operating
temperature (45 °C), both of which enhance cyclic loading and facilitate solvent regenera-
tion. However, this apparent energetic advantage must be interpreted with caution. The
AD scenario required the highest solvent circulation rates and solvent-to-gas mass ratios
among all cases, driven by the very high inlet CO, concentration. As a result, while the nor-
malized regeneration energy is low, the absolute energy consumption and solvent handling
requirements are substantial. This indicates a potential inefficiency at the system level,
where low specific heat duty does not necessarily translate into overall process optimality.

Across all scenarios, the predicted regeneration energies and solvent loadings fall
within ranges reported in previous simulation and pilot-scale studies of potassium car-
bonate systems. Reported reboiler duties in the literature [67] typically range from ap-
proximately 2.0 to 4.5 GJ t~! CO,, depending on solvent concentration, lean loading, and
operating conditions. The values obtained in this work are, therefore, consistent with
established trends and further support the validity of the modeling approach. The results
reinforce the general observation that potassium carbonate systems can achieve regenera-
tion energy requirements lower than conventional MEA systems, albeit at the expense of
higher solvent circulation rates and larger absorber dimensions.

Overall, the comparative analysis demonstrates that potassium carbonate is best
suited to applications where moderate CO; concentrations and favorable thermal integra-
tion opportunities exist, while high-CO, streams may require careful balancing between
regeneration efficiency and solvent throughput.

Limitations and Directions for Future Work

Despite the insights provided by this study, several limitations should be acknowl-
edged. First, the reaction kinetics employed in the rate-based model were derived entirely
from literature sources, and no experimental data were available for regression or recalibra-
tion under the specific operating conditions examined. While the selected kinetics are well
established, experimental validation at pilot scale would improve confidence in predicted
mass-transfer and loading behavior.
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Second, the regeneration energy estimates presented here are preliminary. The stripper
was modeled in a simplified configuration, without detailed optimization of operating
pressure, or advanced regeneration schemes such as multi-pressure stripping or vapor
recompression. As a result, the reported reboiler duties should be interpreted as indicative
rather than optimal values.

Third, a full techno-economic assessment was outside the scope of this work. Capital
costs associated with larger absorber columns, increased solvent circulation, and heat-
exchange equipment were not quantified, nor were operating costs beyond reboiler energy
considered. Such analysis is essential for assessing the overall feasibility of potassium
carbonate systems relative to amine-based technologies.

Future work should, therefore, focus on

Experimental validation of absorption and regeneration performance;
Detailed energy integration and optimization of the regeneration section;
Comprehensive techno-economic and exergy analyses;

RN =

Systematic investigation of alternative solvent formulations, including different
K,COj3 concentrations and carbonate-to-bicarbonate (CTB) conversion levels, to eval-
uate their impact on cyclic capacity and reboiler duty.

Addressing these aspects will be critical for advancing potassium carbonate systems
from technical feasibility toward industrial implementation.

5. Conclusions

This study investigated the application of aqueous potassium carbonate solutions
for post-combustion and biogas CO; capture through detailed rate-based process simula-
tions. Three representative industrial gas streams—cement production, biomass combus-
tion, and anaerobic digestion—were examined under consistent throughput conditions
to assess absorber design requirements, solvent utilization, and preliminary regeneration
energy demand.

The simulation results confirm that potassium carbonate systems can technically
achieve high CO, removal efficiencies, approaching 90% across all investigated cases, when
appropriate combinations of column height and solvent circulation rate are applied. Achiev-
ing this level of performance required packed column heights between 18 and 25 m and
molar K,CO3/CO; ratios ranging from approximately 1.4 to 4.0, depending on the inlet gas
composition. These requirements are higher than those typically reported for fast-reacting
amine solvents and reflect the lower intrinsic reaction kinetics of carbonate-based systems.

The comparative analysis revealed distinct behavior among the three cases. Biomass
combustion flue gas showed the most balanced absorber performance, requiring relatively
moderate solvent loadings while benefiting from favorable thermal conditions and oppor-
tunities for heat integration. However, the presence of a diminishing-returns region with
increasing solvent circulation highlights that process optimization is essential, as solvent
overfeeding may lead to reduced absorption efficiency and unnecessary energy penalties.

In the anaerobic digestion scenario, the high CO; partial pressure resulted in enhanced
cyclic loading and the lowest specific regeneration energy demand among the cases stud-
ied. Nevertheless, this advantage was accompanied by high solvent circulation rates and
solvent-to-gas mass ratios, suggesting that low normalized reboiler duty does not neces-
sarily imply overall process efficiency when evaluated at the system level. The cement
industry case exhibited intermediate behavior, combining relatively high solvent loading
requirements with moderate regeneration energy demand, consistent with its elevated
CO; concentration.

Preliminary stripper simulations indicated regeneration energy requirements between
2.6 and 4.2 GJ t~! CO, across all scenarios. These values are in line with ranges reported in

https:/ /doi.org/10.3390/ cleantechnol8010014


https://doi.org/10.3390/cleantechnol8010014

Clean Technol. 2026, 8, 14

21 of 24

the literature for potassium carbonate systems and generally lower than those associated
with conventional MEA-based processes. However, the regeneration section was not
optimized in detail, and the reported values should be interpreted as indicative estimates
rather than optimized benchmarks.

Overall, the results suggest that potassium carbonate can be considered a technically
feasible solvent for CO, capture in selected industrial applications, particularly where
solvent stability, low volatility, and reduced degradation are important considerations. At
the same time, the higher solvent circulation rates and larger absorber dimensions required
relative to amine-based systems represent important trade-offs that must be accounted for
in the process design.

In conclusion, potassium carbonate does not constitute a universal substitute for
amine solvents, but it represents a credible alternative for specific applications where
its advantages can be effectively leveraged. Further experimental validation, detailed
regeneration optimization, and comprehensive techno-economic analysis are required
before definitive conclusions regarding its industrial competitiveness can be drawn.
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Abbreviations

The following abbreviations are used in this manuscript:

AD Anaerobic Digestion

CCs Carbon Capture and Storage

CCu Carbon Capture and Utilization

CCUs Carbon Capture, Utilization and Storage
CTB Carbonate-to-Bicarbonate Conversion
DMEA Dimethylethanolamine

ELECNRTL  Electrolyte Non-Random Two-Liquid Model
GJ Gigajoule

GML Global Monitoring Laboratory

IPCC Intergovernmental Panel on Climate Change
L/G Liquid-to-Gas Ratio

MEA Monoethanolamine

Pz Piperazine

RK Redlich—-Kwong Equation of State

TGME Triethylene glycol monomethyl ether
UNFCCC United Nations Framework Convention on Climate Change
VLE Vapor-Liquid Equilibrium
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