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Abstract: As natural gas-fired combined cycle (NGCC) power plants continue to constitute a cru-
cial part of the global energy landscape, their carbon dioxide (CO2) emissions pose a significant
challenge to climate goals. This paper evaluates the feasibility of implementing post-combustion
carbon capture, storage, and utilization (CCSU) technologies in NGCC power plants for end-of-pipe
decarbonization in Uzbekistan. This study simulates and models a 450 MW NGCC power plant
block, a first-generation, technically proven solvent—MEA-based CO2 absorption plant—and CO2

compression and pipeline transportation to nearby oil reservoirs to evaluate the technical, economic,
and environmental aspects of CCSU integration. Parametric sensitivity analysis is employed to
minimize energy consumption in the regeneration process. The economic analysis evaluates the
levelized cost of electricity (LCOE) on the basis of capital expenses (CAPEX) and operational expenses
(OPEX). The results indicate that CCSU integration can significantly reduce CO2 emissions by more
than 1.05 million tonnes annually at a 90% capture rate, although it impacts plant efficiency, which
decreases from 55.8% to 46.8% because of the significant amount of low-pressure steam extraction for
solvent regeneration at 3.97 GJ/tonne CO2 and multi-stage CO2 compression for pipeline transporta-
tion and subsequent storage. Moreover, the CO2 capture, compression, and transportation costs are
almost 61 USD per tonne, with an equivalent LCOE increase of approximately 45% from the base case.
This paper concludes that while CCSU integration offers a promising path for the decarbonization
of NGCC plants in Uzbekistan in the near- and mid-term, its implementation requires massive
investments due to the large scale of these plants.

Keywords: techno-economic analysis; NGCC power plant; CO2 capture; absorption; monoethanolamine;
sensitivity analysis; Uzbekistan

1. Introduction
1.1. Background

When it comes to reducing the impacts of global climate change and reaching the
net-zero emissions goals, carbon capture, storage, and utilization (CCSU) is regarded as
a promising technology in the decarbonization of fossil fuel-based (coal, oil, natural gas)
power plants. There are three approaches to capture carbon dioxide (CO2) from power
stations including pre-, post-, and oxy-fuel combustion. In this context, post-combustion
carbon capture (PCC) has the advantage of retrofitting the existing power plants without
making major adjustments to their performances [1–3]. This makes the PCC more attractive
than the other two approaches as it can easily be retrofitted to the power plants. As of 2022,
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there were a total of 196 CCSU projects (early- and advanced-stage development, under
construction, and operation) worldwide, with a full capacity of nearly 250 million tonnes
per annum (Mtpa) compared to around 60 Mtpa in 2016 [4]. However, the main problem
with the implementation of CCSU projects globally at a large scale is the high capital cost
and energy intensity.

The implementation of decarbonization actions in the power sector, coal, oil, and
natural gas-fired power plants, can be accomplished at a large scale via CCSU technology.
Undoubtedly, the transition to clean energy in the form of renewable sources, including
solar, wind, hydro, etc., is the main target for long-term climate change solutions. In
the short- and mid-term, CO2 capture facilities are expected to be applied in coal-fired
power plants or there will likely be CCSU integration requirements for newly constructed
coal-based power stations. This is not only because coal is the dirtiest type of fossil fuel but
also because of prospective restrictions in more than 40 states that signed the agreement at
the 26th climate conference in Glasgow to stop coal use by the 2030s and 2040s [5]. Unlike
coal and biomass co-firing power generation plants, natural gas-fired power plants, and
particularly natural gas combined cycle (NGCC) power plants, emit around 30% and 50%
lower CO2, respectively [6]. Apart from that, natural gas is a relatively clean energy source
compared with other heavier hydrocarbons owing to the trace amount of impurities such
as H2S, SOx, and NOx in the flue gas, which can reduce the cost of CCSU. However, as a
mid-term solution, natural gas-fired power plants should also be decarbonized in order to
meet the requirements of the Paris Agreement to keep the temperature rise below 2 ◦C by
2100 and zero carbon emission strategies by the 2050s [7].

In terms of CO2 separation from the power plant’s flue gas, absorption with amines,
particularly monoethanolamine (MEA) solvent, stands out among all other PCC approaches
as it is the most mature, technically well-proven, and commercially available method [8].
The world’s largest commercial-scale CCSU projects, so far, such as Petra Nova in the
USA and Boundary Dam in Canada, which have capture capabilities of 1 and 1.4 Mtpa,
respectively, are based on PCC absorption with amines. Apart from that, its technical
applicability and reliability are also high, since this method has been implemented for
several decades in various industrial applications such as natural gas processing plants,
resulting in the ease of retrofitting options to existing power plants in the PCC. Despite these
advantages, the energy requirements for the regeneration process, high capital investments
for the process equipment, and solvent degradation (thermal and oxidative) remain the
main issues [9].

1.2. Previous Studies

There are several previous studies on PCCs from NGCC power plant’s exhaust gas
through modeling and simulation. Canepa et al. investigated the thermodynamic analysis
and EGR effect of a 250 MW NGCC power plant integrated with a CO2 capture plant via
the MEA absorption method. The study revealed that EGR application has an impact on the
increase in CO2 concentration from 4.1 mol% to 7 mol% and a 40% decrease in the flue gas
flow rate, resulting in a reduction in the size of the columns and a specific reboiler duty from
4.97 to 4.68 GJ/t CO2 [10]. Following that, the author also investigated the key operational
parameters to identify the minimum possible reboiler duty. According to the results, the
specific reboiler duty is minimized to 4.1 GJ/tonne CO2 with a 90% capture rate [11]. In
addition, Xiaobo Luo et al. explored how MEA-based capture affects an NGCC plant’s
operation under various market conditions. They reported that a carbon price of EUR
120/ton CO2 would be required to achieve a 90% capture level [12]. Additionally, the study
shows that higher fuel and CO2 transport and storage prices increase the operating costs of
carbon capture, requiring an even higher carbon price to maintain the desired capture level.
On the other hand, since the CO2 content in the flue gas plays an important role in the
energy efficiency of the capture plant, Hailong Li et al. evaluated four different methods to
increase the concentration of CO2 in the exhaust gas stream: exhaust gas recirculation (EGR),
humidification, supplementary firing (SFC) and external firing (EFC) [13]. The research
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suggests that EGR is the most effective method in terms of increasing the CO2 concentration
and maintaining efficiency at the same time. EGR can increase CO2 concentration in the
exhaust gas from 3.8% to 10%, while also having the benefit of requiring no bottoming
cycle, potentially lowering costs. Apart from that, the EGR approach has been applied in
several other studies between 30 and 45% owing to its ability to increase the CO2 content
and decrease the flow rate of flue gas alongside oxygen [14]. With respect to those factors,
this study focuses primarily on the modeling and comparison of an NGCC-integrated
PCC plant without EGR, then moves to find the best possible scenario with EGR and
other sensitivity analysis-based improvements. Finally, an end-of-pipe CCSU integration
to an NGCC power plant and its techno-economic analysis are performed considering
Uzbekistan’s site-specific conditions and CO2 storage and utilization potential.

1.3. Decarbonization of the Power Sector in Uzbekistan

The Republic of Uzbekistan, referred to as Uzbekistan, is located in the middle of
Central Asia and is surrounded by five neighboring countries. Currently, the power sector
of Uzbekistan heavily relies on fossil fuels, which are abundant as natural resources of
the country. As of 2021, more than 85% of the electricity generation in Uzbekistan was
by natural gas [15]. The majority of these thermal power plants are based on combined
cycle gas turbines. Therefore, CCSU integration possibilities are evaluated in the case of
the 900 MW Turakurgan NGCC power station situated in the eastern part of Uzbekistan in
the Fergana Valley.

The problem with NGCC power plants in the decarbonization pathway through the
CCSU is their high volume of flue gas flow rate and relatively low CO2 concentration in
the flue gas, making the CCSU process integration considerably expensive. Due to the
metallurgical limitations of the gas turbine, excess air for cooling is introduced to the flue
gas exiting the combustor, resulting in the dilution of the CO2 concentration [16]. Therefore,
decreasing the flow rate and increasing the CO2 content in the flue gas play vital roles
in reducing the size of the capture plant, and increasing the efficiency of the absorption
process. The total number of fossil fuel-fired power stations and their approximate locations
are presented in Figure 1.
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Figure 1. Current operational power plant sites in Uzbekistan (left) and the Turakurgan natural
gas-fired combined cycle power plant (right).

Overall, there are currently six thermal power plants powered by natural gas, three
natural gas thermal power centers, and two coal-powered plants. According to local
press releases in Uzbekistan, the tendency to transition to renewable energy in the power
sector in Uzbekistan is increasing. However, regarding the recent increase in demographic
indicators, industrialization, and urbanization in the country, it is expected that there will
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be further substantial demand for energy in the near term. Therefore, the evaluation of
CCSU integration potential in the way of the sustainable development plan of Uzbekistan
is crucial for decision-makers, industrial enterprises and power stations.

This work is, thus far, the first to evaluate end-of-pipe CCSU integration possibilities
in Uzbekistan’s power sector through the case of the NGCC power plant, which is the most
common and largest power generation facility. The main aim of this paper is to develop a
model of a full-scale CCSU plant that will aid in the techno-economic and environmental
analysis of “what if” scenarios when it is integrated into the NGCC power station in
Uzbekistan. The following key highlights provide information about the orientation of the
research in this paper:

• Development of CO2 capture, compression, and transportation facilities through a
steady-state model and process simulation for a specific NGCC power plant.

• An economic evaluation of the integrated CO2 capture plant in eastern Uzbekistan
with cost estimates generated through a bottom-up approach.

• Full-scale end-of-pipe techno-economic and environmental evaluation of CO2 capture
plant integration in Turakurgan TPP located in Uzbekistan.

1.4. Outline of This Paper

This research investigates the integration of CO2 capture technology with an NGCC
power plant in Uzbekistan. This paper begins with an introduction that provides back-
ground information on decarbonization in the power sector, discusses relevant previous
studies, and outlines the research objectives.

Section 2 details the development of a model for the NGCC power plant with CO2
capture integration. This section covers the modeling of the Turakurgan NGCC power
plant, along with the integration of EGR, CO2 compression and transportation, and the
capture plant itself. The modeling process includes the initial setup, process description,
and scaling up. Finally, this section discusses the economic evaluation of the power plant
with CO2 capture (PCC) integration.

Section 3 presents the results and discussion of the research. The model results are
validated and analyzed, followed by a sensitivity analysis to assess the impact of various
factors on the capture process. Finally, the techno-economic performance of the full-scale
integrated NGCC and CO2 capture plant is evaluated.

The paper concludes in Section 4 by summarizing the key findings and outlining
potential areas for future research.

2. Model Development
2.1. Modeling of the Turakurgan NGCC Power Plant

Process simulation (modeling) is an essential tool in all process-engineering operations,
including R&D, process design, and process operation. Aspen Plus V11 by Aspentech offers
steady-state and dynamic modeling of a wide variety of processes, including chemical,
hydrocarbon, pharmaceutical, solid, polymer, and petroleum tests and blend synthesis,
among others [17]. In addition, Aspen Plus can provide industrial-scale modeling such
as that of the NGCC power plant and integrated PCC plant, with good accuracy and an
acceptable computational load.

A 900 MW Turakurgan NGCC power plant was divided into two identical 450 MW
units (actual power output of 433.8 MW), each of which contained one gas turbine and one
steam turbine. The plant consists of an M701F4 gas turbine by Mitsubishi Hitachi Power
Systems and three pressure level steam turbines with a reheating cycle through the HRSG.
The simulation of one 450 MW unit of a power plant was developed using Aspen Plus®

commercial software and validated against the data provided in the report “Preparatory
Survey on Turakurgan Thermal Power Station Construction Project” prepared by the Japan
International Cooperation Agency [18]. Detailed information about modeling, results, and
validation of the power plant is given in the previously published paper [16]. For a brief
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overview of the model of the power plant, the main process flowsheet of the Turakurgan
NGCC power plant is presented in Figure 2.
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Moreover, the air and fuel compositions used in the simulation are given in Table 1.

Table 1. The air and fuel compositions used in the Turakurgan NGCC power plant [18].

N Elements By Weight

Air composition

1 N2 75.52%
2 O2 23.13%
3 Argon 1.28%
4 Carbon dioxide 0.07%

Fuel composition

1 CH4 93.44%
2 C2H6 3.14%
3 C3H8 0.56%
4 n-C4H10 0.08%
5 i-C4H10 0.09%
6 n-C5H12 0.03%
7 i-C5H12 0.03%
8 n-C6H14 0.01%
9 N2 0.54%

10 CO2 2.08%
Lower calorific value (kJ/kg) 46,750

2.2. EGR Integration

As mentioned in the introduction, with only minor modifications to the power plant,
EGR integration, which involves recirculating the exhaust gas from the heat recovery steam
generator (HRSG), is considered a viable technique to increase the CO2 content in the
exhaust gas and decrease the O2 content, minimizing the oxidative degradation of the
MEA in the CO2 capture process [19]. Moreover, through this approach, the flow rate of
the flue gas sent to the CO2 capture facility can nearly be halved, leading to a significant
reduction in the size of the absorber and stripper columns, which increases the capital cost
of the capture plant. As a result of the decrease in the solvent circulation rate, the pumping
energy is also reduced. The optimal EGR ratio differs in response to maintaining a stable
and sufficient O2 level in the combustor, the fractions of the flue gas components, and the
flue gas dehydration rate. Since the maximum EGR ratio is limited due to the combustion
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process stability, in the literature it is usually applied between 0.3 and 0.45 [14]. The EGR
ratio is calculated via the following expression (Equation (1)):

EGR ratio =
volume f low o f recirculated f lue gas

total volume f low o f f lue gas f rom HRSG
(1)

Here, to maintain EGR ratio consistency in all parts of the system, both volumetric
flow rates are recalculated to normal cubic meters per hour (Nm3/h).

In this investigation, the changes in the concentrations of flue gas components and
the power outputs of gas and steam turbines in response to different EGR ratios from 0 to
60% were studied to determine the optimal EGR ratio. Regarding the above-mentioned
limitations in the combustion chamber, a 45% EGR ratio was selected as the optimal case
for this process (Figure 3). More information about the EGR effects on different parameters
can also be found in [16]. The final results of the flue gas characteristics leaving the power
plant are provided below in Table 2.
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Figure 3. Effects of different ratios of exhaust gas recirculation on the existing flue gas mass flow rate
and the molar fractions of CO2, combustion outlet O2, and flue gas containing O2.

Table 2. Flue gas specifications leaving the power plant after EGR integration.

Parameters Without EGR With EGR Compositions
(mol%) Without EGR With EGR

Flue gas exit mass flow rate (kg/s) 707 389
N2 0.76 0.770
O2 0.12 0.062

Flue gas exit temperature (◦C) 104 103
CO2 0.04 0.073
H2O 0.077 0.085

Flue gas exit pressure (kPa) 98.1 98.1
Argon (Ar) 0.002 0.009

Nitric oxide (NO) 0.001 0.001

2.3. Flue Gas Pre-Treatment

To increase the absorption efficiency and minimize solvent evaporation in the capture
plant, exhaust gas exiting the HRSG undergoes pre-cooling to a target temperature range
of 40–50 ◦C. A direct contact cooler (DCC) achieves this by employing a water spray
that directly cools the flue gas. Cooling water is taken from the nearby artificial channel,
Grand Canal Namangan (average water flow and temperature of 6.62 m3/s and 15 ◦C,
respectively), to cool the flue gas to approximately 37 ◦C, maintaining the absorber inlet
temperature at approximately 46 ◦C after a slight pressure increase in the blower. The
Aspen Plus block RadFrac (Figure 4) was employed to model this process. Cooling the flue
gas leads to water condensation, thereby reducing its water content while further increasing
the CO2 content by around 0.2%. This extracted water, approximately 7.72 kg/s, becomes a
crucial factor in achieving the overall plant’s water balance. To overcome pressure drop
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within the absorber column including the water-wash section, 2 mbar/m of pressure drop
is considered, as reported in the Sulzer Mellapak webpage [20]. The blower subsequently
elevates the cooled flue gas pressure above atmospheric pressure by 0.1 bar including the
gas distributor, headers, deminster, etc. [14,21,22]. For the blower, the isentropic efficiency
is assumed to be 0.89, resulting in a power consumption of 3786 and 7293 kW for the cases
with and without EGR, respectively.
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2.4. Steam Extraction

Since the solvent is regenerated in the CO2 capture plant by the use of thermal energy,
the reboiler requires a substantial heat input to facilitate the separation of MEA and CO2
bonds within the stripper. Steam extraction for solvent regeneration can affect the overall
efficiency of the power generation system since it reduces the amount of steam available
for electricity generation. To regenerate the solvent in the process, low-pressure steam
is drawn from the power plant’s steam cycle and used to heat the stripper reboiler. This
leaves the solvent in a state where it can be reused for further CO2 capture. In this process,
steam is extracted between the intermediate-pressure and low-pressure steam turbines at
a pressure of 470 kPa and a temperature of 290 ◦C, leading to a notable decrease in the
power output of the low-pressure turbine. In order to prevent the solvent from degrading
at excessively high temperatures, the incoming steam undergoes a cooling process. This
involves spraying water onto the steam, effectively reducing its temperature to just above
its saturation point. Maintaining this temperature threshold minimizes solvent degradation
while ensuring sufficient heat transfer for the intended purpose. The condensed steam,
after giving its heat to the reboiler, is sent back to the HRSG.

2.5. Modeling of the Capture Plant
2.5.1. Initial Set-Up

The commercial-scale CO2 capture plant was modeled via Aspen Plus®, which is
based on chemical engineering principles. The electrolyte nonrandom two-liquid (NRTL)
method is used for the liquid phase, and the Redlich–Kwong (RK) equation of state is used
for the vapor phase. The rate-based mode with packing is selected for the modeling of
both the absorber and the stripper since this mode can provide a more rigorous model
of the process over the equilibrium mode [9,23]. For the starting point, CO2 capture by
the MEA absorption model of the AspenTech guidelines [24] is used for the physical
properties of the model with only minor modifications as the reference model is specifically
developed for flue gas from coal-fired power plants. Due to the process going through the
reactive environment, it is essential to enter the right set of reactions in the reaction panel.
Therefore, a set of three ionic equilibrium reactions ((R1), (R2), (R3)) and two reversible
kinetic reactions ((R4), (R5)) are included in the model.

2H2O ⇌ H3O+ + OH− (R1)

MEA+ + H2O ⇌ H3O+ + MEA (R2)

HCO−
3 + H2O ⇌ H3O+ + CO2−

3 (R3)



Clean Technol. 2024, 6 1364

CO2 + MEA + H2O ⇌ MEACOO− + H3O− (R4)

CO2 + OH− ⇌ HCO−
3 (R5)

For the equilibrium constants, the standard Gibbs free energy (Equation (2)) offered
by the Aspen Plus properties database was used while the kinetic reactions are set as the
default built-in power law kinetic expression by Aspen Plus (Equation (3)):

Keq = exp (−∆G0

RTL ) (2)

∆G0 is obtained from the Aspen Properties database.

ln
(
Keq

)
= A +

B
TL + C ∗ ln(TL) + DTL (3)

All A, B, C, and D kinetic constants are the same as those in reference [24].

2.5.2. Process Description

The power plant’s flue gas at 40 ◦C from the pre-treatment process is fed to the
absorber column from the bottom, where the chemical reaction between CO2 in the flue gas
and the MEA-based liquid solvent flowing countercurrently from the top of the column
occurs throughout the packing. Since the reaction is exothermic in the absorber, a small
amount of solvent is evaporated with CO2-free purge gas at the top, where it is then
recovered in the water-wash cycle. To avoid a lengthy computational duration due to
the complexity of the model, the water-wash cycle of the process is included only in the
economic evaluation. CO2-rich solvent coming from the bottom is pumped to the stripper
column through the cross-heat exchanger, where it is heated with the lean solvent coming
back from the stripper, reducing the regeneration energy requirement. As the cross-heat
exchanger application requires a closed-loop system, which makes the model more difficult
to test for different sensitivity analyses later, it is also avoided when two heater and cooler
blocks connecting with the heat stream are used to provide the same amount of heat duty
exchange. The hot rich solvent out of the heat exchanger flows from the top to the bottom
of the stripper column and heats more with the extracted steam from the power plant to
break the chemical bond between the CO2 and MEA solvents. A CO2-rich stream in the
vapor phase is vented to the flash separator, which also serves as the condenser to recover
the partially evaporated solvent and to concentrate the CO2. The regenerated solvent is
recycled back to the absorber, closing the loop of the process after the solvent makeup and
cooling. Figure 5 below presents the flowsheet of the capture plant model.
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In terms of the process simulation in the Aspen Plus simulation environment, a rate-
based MEA absorption model was developed using several unit operation blocks that are
available in the model palette. Absorber and stripper columns were selected from the
RadFrac block with the same structured packing of the Mellapak Sulzer standard 250X,
which has great performance in terms of the column pressure drop and a higher surface
area for liquid–gas contact. The rate-based setup for both columns is set as the mixed flow
model with the mass transfer coefficient method and interfacial area method of Bravo-
85. The reaction condition factor and film discretization ratio are changed to 0.9 and 10,
respectively. For the holdup calculation, the Bravo-92 correlation method is used, whereas
the Chilton and Colburn analogy is used to calculate the heat transfer coefficients for both
column packings. Among the four different types of film resistance, “discretize film” is
chosen for the liquid phase, “consider film” is selected for the vapor phase, and the number
of discretization points and interfacial area factor are changed to 10 and 1.2, respectively. as
used in the reference [9].

Since the capture plant is at a large scale, more than one absorber column is needed,
which leads to an extended computational time. Therefore, this is avoided by using a mul-
tiplier/divider from manipulators to provide a rigorous closed-loop system by changing
the stream distributions. A pump with an overall efficiency of 0.80 is used to increase the
rich solvent pressure to between 150 and 220 kPa at discharge because the regeneration
process occurs at pressures higher than atmospheric pressure. As mentioned earlier, the
cross-heat exchanger is replaced by two ordinary heat exchangers connected with a heat
stream, indicating that the user input temperature approaches the cold end of the heat
exchanger from 5 ◦C to 10 ◦C. A flash separator is applied for the CO2-rich gas stream
exiting the stripper to condense the evaporated solvent, while the cooler is used to further
decrease the lean solvent temperature to 40 ◦C.

2.5.3. Scaling Up

General chemical engineering principles are used to scale up the model of the CO2
capture plant and its integration with the 450 MW power plant. As mentioned earlier, for
the beginning of MEA absorption model development, the Aspentech [24] reference model
is used with several assumptions. The MEA concentration in the solvent is assumed to be
35% by weight, and the CO2 capture rate is set as the standard 90% of CO2 in the flue gas.
The heat loss in both columns is ignored, assuming an adiabatic absorption and desorption
process. Operative pressure for absorption is set as atmospheric pressure, whereas the
stripper operates at a slightly higher pressure of 210 kPa. The number of absorber and
stripper columns, their dimensions, and the required solvent flow rate should be identified
to scale up the capture plant model.

For the initial estimation of the required solvent flow rate, 564 kg/s of solvent was
found to be satisfactory when the flue gas flow rate, CO2 content in the flue gas, 90%
capture rate, and an assumption of MEA absorption capacity of 0.19 mol CO2/mol MEA
were used. In terms of column dimension estimation, the highest economic pressure drop
operation should be maintained, which was offered at 42 mm water/meter packing by [25].
To estimate the column cross-sectional area and thus the required diameter of the columns,
the following expressions are used with the generalized pressure drop correlation provided
in [25] (Equations (4) and (5)):

FLV =
L∗

w
V∗

w

√
ρV
ρL

(4)

The flow parameter FLV can be calculated easily via expression (4) once the liquid-to-
vapor ratio and the ratio of their densities are provided. The flow parameter is then used to
identify the modified gas load K4 via generalized pressure drop correlation, as previously
mentioned, followed by the calculation of V∗

w, which is the amount of flue gas per m2 of
cross-sectional area.

K4 =
13.1(V∗

w)
2Fp

(
µL
ρL

)0.1

ρV(ρL − ρV)
(5)
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where Fp is the packing factor and where µL is the liquid viscosity as well as the densities
of the liquid solvent ρL and flue gas ρV .

This method is applied to calculate the diameter of both the absorber and the stripper
columns. Owing to the low partial pressure of CO2 and high flow rate of flue gas, the
dimensions of the column should be large enough to achieve the desired level of capture. In
summary, more than one absorber column with lower diameters were selected to enhance
the distribution of fluids, improve operational flexibility, provide redundancy, and avoid
the challenges associated with constructing and operating a single large-diameter column.
From those factors, the most notable one is the part load condition of the power plant. As it
is briefly provided in the introduction of the manuscript that Uzbekistan plans to cut its
carbon emissions by mainly renewable energy integration. Since there are high potential
areas for solar photovoltaic and wind energy in the country, there is a significant probability
of switching the NGCC power plants to part load conditions in the future. In this case,
three absorbers (two absorbers with EGR integration) with a smaller diameter would be
good selection instead of one with larger diameter. Figure 6 shows the relationship between
the required diameter for the absorber/stripper and the number of required columns.
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In addition, an overall summary of the assumptions used in the model development
is presented in Table 3 below.

Table 3. Overall assumed parameters for the power plant and CO2 capture plant models.

Assumed Parameters Units Value

Ambient pressure in the power plant side bar 0.981
Ambient temperature in the power plant side ◦C 20
Cooling water temperature ◦C 15
Gas and steam turbines isentrophic efficiency % 90
Gas and steam turbines mechanical efficiency % 99
Compressor isentrophic efficiency in power plant % 89
Compressor mechanical efficiency in power plant % 99
Pressure ratio in the compressor of power plant bar/bar 18
Blower isentrophic efficiency in the capture plant % 89
Blower mechanical efficiency in the capture plant % 99
Pressure drop estimate per meter of packing mbar 2
Total pressure drop of column with water-wash section mbar 90
Overall efficiency of the pumps % 80
Total pressure drop estimate for base case capture plant mbar 90
Heat exchanger minimum approach temperature at capture plant ◦C 19
Column flooding in columns % 70
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2.6. Water-Wash Section

Due to the exothermic nature of the MEA-CO2 reaction in the absorption column, a
significant amount of solvent is lost during the process. To address this, the water-wash
section of the CO2 capture unit is crucial for recovering evaporated MEA and water vapor,
thereby maintaining the solvent balance within the system. In addition to the recovery of
the evaporated MEA and water vapor, the water-wash section helps ensure compliance
with environmental and health regulations that set limits on maximum amine emissions.
Amine emissions, including MEA and its degradation products, can have significant
environmental and health impacts. High levels of amines released into the atmosphere can
contribute to the formation of harmful compounds, such as nitrosamines, which are known
to be carcinogenic [26]. Therefore, the water-wash section not only aids in solvent recovery
but also plays a vital role in reducing these emissions, protecting both the environment and
public health. Environmental regulations impose strict limits on solvent emissions, often
expressed as Threshold Limit Values. For MEA, the permissible Time-Weighted Average
exposure is set at 3 ppm [27]. Regulations on water-wash emissions are becoming even
more strict, which could result in emission levels falling below 1 ppm. Other amines may
also be subject to more stringent emission regulations. For instance, European standards
set a limit for piperazine (second generation amines) emissions to below 0.1 mg/Nm3 [28].
This compliance is critical for the sustainable operation of CO2 capture plants, ensuring
they meet stringent regulatory standards and minimize their ecological footprint.

Regarding this, a water-wash section consisting of two separate beds (Figure 7) at the
top of the absorber column is considered for MEA and water recovery. In order to simplify
the calculations in Aspen Plus, we model the water-wash section as a separate block using
two columns with the same packing type and diameter—one for MEA recovery and the
other for water recovery. Part of the liquid from the regenerator condenser and fresh water
are used as solvents for the MEA and water recovery packing sections, respectively. While
the packing section diameter corresponds to the absorber diameter since the water-wash
section is inside the same vessel, the only thing to be computed is the effective packing
height, which was determined via sensitivity analysis, as shown in Figure 8.
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According to the sensitivity analysis, the packing section height for MEA recovery
was selected at 3 m, ensuring that it fits within the limit of the environmental regulatory
standard at <3 ppm. This is close to 2.15 m, which was selected to ensure the residual MEA
content of 5 ppm in the purge gas by Gilardi et al. [29]. For the water recovery section, a
packing height of 1.5 m is selected, and the total height of the water-wash section is 4.5 m.

2.7. Sensitivity Analysis

To gain deeper insights into the behavior of the CO2 capture plant model, a sensitivity
analysis was performed. This involved systematically varying the user-defined input
parameters from a baseline case and observing the corresponding changes in the model
outputs. The primary focus of this analysis was to assess the sensitivity of the model
to parameters that influence the reboiler duty and subsequent design of the columns.
Parameter optimization is best achieved via an open-loop process flow diagram. Once
a closed-loop system with recirculation is implemented, the model becomes unsuitable
for optimization because of interdependent material balances. Once the key operational
parameters are identified using a sensitivity analysis, the process flow diagram is modified
with the parameters found in the analysis prior to the switch to the closed-loop system.
The primary aim of the sensitivity analysis carried out in this study is to find the minimum
in techno-economic performance of the CO2 capture process. Thus, the CO2 capture plant
uses the flue gas of the NGCC power plant with 45% EGR explained in Section 2.2. with
the specifications given in Table 2.

Process optimization in absorption/regeneration-based CO2 capture is a complex task,
as there are several interconnected process parameters. A more focused multi-objective
optimization approach that encompasses all interlinked parameters—such as MEA concen-
tration in the solvent, absorption process temperature, lean loading, L/G ratio, cross-heat
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exchanger approach temperature, column dimensions, regeneration pressure, and reboiler
duty—would be more effective. This comprehensive approach would allow for a thorough
techno-economic performance analysis, ultimately helping to identify the optimal balance
among these parameters. In this study, we employed a simplified two-stage sensitivity
analysis instead of a conventional optimization approach used in [22,29–34], since the broad
scope of the work. The first stage focused on minimizing the reboiler duty to reduce OPEX,
while the second stage aimed to optimize packing height for potential CAPEX reduction.
Although this approach provides valuable preliminary insights, it does not represent a
fully rigorous optimization, as we relied on literature-derived values and made a few
simplifications, such as maintaining fixed flooding levels at consistently equal or below
70%. Through this, the optimization approach used in this study offers the opportunity for
quick, practical insights by focusing on key parameters in a simplified two-stage sensitivity
analysis, making it more accessible and less time-consuming. However, it is limited by its
reliance on fixed assumptions and literature-derived values, which may prevent finding
the true global optimum.

In this study, process optimization was performed in two stages. Initially, since the
equipment dimensions and reboiler duty have a direct significant effect on the capital cost
and operation and maintenance cost, respectively, these two indicators are selected as the
objective functions with the required solvent circulation rate, as represented in Figure 9
below in the first stage. In the second stage, using the optimal process parameters identified
from the first stage, the column heights, which were initially set as fixed, are varied to assess
their impact on process performance. The analysis involves incrementally changing the
absorber and regenerator column heights to find the optimal configuration that maintains
the CO2 capture efficiency at 90% while minimizing energy consumption. This stage allows
the system to be fine-tuned to achieve the best balance between performance and energy
requirements (see in Figure 9).

Figure 9. Sensitivity analysis workflow showing two stages. In Stage 1, the independent variables are
MEA concentration (30–40 wt%), lean loading (0.15–0.30 mol/mol), and stripper pressure (1.6–2.2 bar).
These variables affect the dependent variables: the diameter of both columns, required solvent flow
rate, and specific reboiler duty. In Stage 2, using the results of first stage, the independent variable
is the column packing height for both absorber and stripper, which affects the dependent variable,
specific reboiler duty.

Initial assumptions for the sensitivity analysis:

• The CO2 capture rate was set at 90%.
• Flooding in the columns is limited at 68% (+-1) for both columns.
• Mellapak Sulzer 250X packing is selected for both columns.
• The heated rich solvent out of the heat exchanger is conditionally set at 100 ◦C.
• The absorber and regenerator heights are conditionally set at 25 and 20 m, respectively,

for the initial stage.
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2.8. CO2 Compression and Transportation
2.8.1. CO2 Compression

CO2 transportation over long distances usually involves pressurizing the captured
CO2 to a high level, typically greater than 10 MPa. Single-stage compression, despite being
simple, becomes highly inefficient at high pressures due to the large temperature increase
during compression. This temperature increase can lead to various disadvantages, such as
increased compressor work, material degradation, and liquefaction issues. In this work,
to overcome those challenges, multi-stage compression with intercooling is employed
with the Peng–Robinson equation of state for thermodynamic modeling. The required
number of compression stages is determined by assuming that each stage’s pressure
ratio is less than 3, as recommended by [35] (Equation (6)). Considering the maximum
allowable discharge temperature and the equation below, the number of stages selected
is 6, with an ultimate pressure ratio of 2.3. After the fifth stage, the model of the CO2
dehydration/purification unit is integrated to reach the CO2 pipeline quality standards.
The average intercooling temperature was set to 40 ◦C, with subsequent cooling at 25 ◦C,
allowing for water condensate removal in each stage via knockout drums. To further
optimize the energy consumption of the CO2 compression unit, the last-stage compressor
was designed with a CO2 stream outlet pressure of approximately 80 bar. Once the stream is
cooled and liquefied, a subsequent pressure of 120 bar is achieved via a pump, reducing the
energy consumption of the CO2 compression unit by approximately 588 kW. The detailed
CO2 compression model specifications are given in Table 4. A detailed flow diagram of the
multi-stage CO2 compression unit is presented in Figure 10.

Rs = R
1

Ns
t (6)

where Rt is the total pressure ratio of the compression plant, Rs is the stage pressure ratio,
and Ns is the number of stages [35].

Table 4. CO2 compression model tuning parameters.

Parameter Value

Mass flow rate of CO2 (kg/s) 39.5
Plant exit pressure (MPa) 12

Final outlet temperature (◦C) 25
Intercooling temperature (◦C) 40

Isentropic efficiency for all stages (%) 80
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Figure 10. The flowsheet of CO2 dehydration, compression, and pipeline transportation to the
enhanced oil recovery storage site.
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2.8.2. CO2 Dehydration

CO2 captured directly from flue gas contains a significant amount of moisture, which
requires dehydration. Without proper removal of water, carbonic acid can form, potentially
clogging the transportation system. Dehydration is crucial to prevent hydrate formation
under high-pressure conditions and to safeguard infrastructure against corrosion. Common
methods for CO2 dehydration include the use of glycol-based systems, such as triethylene
glycol (TEG), where CO2 is passed through a glycol solution that absorbs moisture. Another
method involves adsorption using solid desiccants such as molecular sieves, which trap wa-
ter molecules from the CO2 stream. Additionally, membrane-based separation techniques
can be employed to selectively permeate water vapor from CO2. These methods ensure the
removal of water from CO2, enabling safer and more efficient transport and storage.

Considering this, a CO2 dehydration unit model is developed and integrated into
the CO2 compression and pipeline transportation unit as a separate block after the fifth
stage of compression prior to the last compressor inlet (see Figure 10). TEG was used as
the solvent at an L/G ratio of 0.05. Approximately 2% of CO2 inevitably dissolves into the
TEG during the absorption process because of the relatively high pressure. This dissolved
CO2 was recovered through the flash tank and was considered for recirculation. The TEG
dehydration unit integration has been included in the techno-economic evaluation. The
final water content in the CO2 stream is reduced to less than 100 ppmv, as accepted by the
US pipeline quality standard and Dynamis project [36].

2.8.3. CO2 Pipeline Transportation

Pipeline transportation is the most common and economical method for transporting
captured CO2 to storage locations. In this study, part of the captured CO2 is assumed to be
injected into the oil reserves for CO2-enhanced oil recovery (EOR) and underground storage,
since those technologies are well-proven and available for a long period of time [37]. A
preliminary estimation of CO2 utilization options and potential in Uzbekistan was provided
in previous works [15,38]. Since the average distance to nearby oil wells is 100–120 km
from the plant site, the total length of the CO2 transportation pipeline is assumed to be
120 km. However, transporting CO2 over long distances at high pressures, exceeding 10
MPa, as considered in this research, requires careful consideration of several factors to
ensure safe, efficient, and reliable operation. In addition, the selection of pipeline material
and design of the most economical diameter play crucial roles in the annualized cost of
the CO2 transportation system. For instance, finding the optimal pipeline diameter for
CO2 transportation is determined via a cost-minimization approach. While capital costs
associated with the pipeline itself increase with diameter, pumping costs decrease due to
reduced pressure drop in pipes with larger diameters. Therefore, the most economical
diameter lies at the point where the total annualized cost, providing both capital and
pumping expenses, reaches its minimum. In this work, the optimum internal diameter of
the pipe was found at 0.25 m using following equation given the mass flow rate of CO2 at
39.5 kg/s and its density at 707 kg/m3 on the basis of [25] (Equation (7)):

di =

(
m
ρ

)0.5
(7)

where di = pipeline internal diameter (m), m = mass flow rate (kg/s), and ρ = fluid den-
sity (kg/m3).

Maintaining pressure above a critical value throughout the CO2 pipeline is crucial.
To maintain this, the inlet pressure at the pipeline entrance must be determined on the
basis of a thorough pressure drop estimation along the entire pipeline length. Employing
the principles given in reference [39], a pipeline pressure drop over 120 km is determined
at 2.1 MPa, which requires CO2 compression of an average of 12 MPa to ensure that the
transporting fluid is above the critical point. The selected pipe thickness is 8 mm, and the
material is carbon steel.
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2.9. Economic Evaluation

Techno-economic analysis (TEA) plays a crucial role in optimizing the cost-effectiveness
of power plants integrated with carbon capture processes. The TEA often utilizes a diverse
range of economic indexes to assess the financial viability of such systems comprehensively.
The economic aspects of CCSU technology include costs for capture, transportation, storage,
or utilization (modifying the receiver’s production line) as well as profits from carbon trad-
ing and selling captured CO2. The two main cost components of carbon capture systems
are CAPEX and OPEX [40]. The economic measure used in this study is the levelized cost
of electricity, LCOE, which is obtained from the ratio between the total annualized cost,
TAC, and net power output, NPO (Equation (8)):

LCOE =
TAC
NPO

(8)

TAC is given by the sum of the annualized capital cost (ACC), fixed operational cost
(FOC), and variable operational cost (VOC) (Equation (9)):

TAC = ACC + FOC + VOC (9)

where FOC is assumed to be 3% percent of total capital cost [41], TCC, VOC is estimated
using the data in Table 4, and ACC is found by the capital recovery factor, CRF, multiplied
by TCC (Equation (10)):

ACC = CRF ∗ TCC (10)

In the case of CRF, it is determined by the plant’s economic life, EL, and the average
annual interest rate, iav, as follows (Equation (11)):

CRF =
iav ∗ (1 + iav)

EL

(1 + iav)
EL − 1

(11)

TCC includes the fixed capital cost, FCC, which is the sum of direct and indirect
capital costs, DC and IC, respectively, and working capital, WC (Equation (12)):

TCC = DC + IC + WC (12)

The detailed cost calculations are carried out through the methodology used in [42],
and individual parameters are determined via the methodology of [25,39,43], with the
following assumptions and data provided in Table 5:

• The economic life of the capture plant is set to 25 years.
• The design and construction work are scheduled to begin in 2025.
• The plant’s commercial operation is assumed to start in 2028.
• The year 2023 (December) is used as the reference year for the economic evaluation,

with a corresponding chemical engineering plant cost index (CEPCI) value of 790.8.
• The annual plant capacity factor is assumed to be 85%, with an annual operating hour

of 7446 h.
• The average annual interest rate is assumed to be 10%.
• The captured CO2 is assumed to be transported to nearby oil reserves with an average

distance of 120 km through the pipeline for storage and utilization.
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Table 5. Key variable operational cost inputs.

Description Value Reference

Electricity price (USD/kWh) 0.071 [44]
Solvent price MEA (USD/metric ton) 1290 [45]

Cooling water price (USD/m3) Pumping cost
CO2 price Storage and monitoring price

The required low-pressure steam consumption for solvent regeneration is converted to the equivalent consumption
of electricity. Cooling water is assumed at the cost of pumping and cooling tower operation. The CO2 price is
assumed to be equal to the storage and monitoring prices.

The CO2 transport pipeline cost is estimated via the following expression and included
in the whole economic calculations (Equation (13)):

PMC = 0.0246 ∗ (D − T) ∗ T ∗ L ∗ C (13)

where PMC represents the pipe material cost (USD), and L, D, T, and C represent the length
of the pipe (km), pipe diameter (mm), pipe wall thickness (mm), and pipe material cost
(USD/metric ton), respectively. The calculation of the pipeline material dimensions is
briefly explained in Section 2.4.

In addition, due to the heat generated during absorption, some of the solvent evapo-
rates and ends up in the exhaust gas. This is a problem because releasing this amine into
the air is harmful to both the environment and people. It is also wasteful, as the loss of
solvent represents an economic cost. Therefore, as mentioned above, a water-wash section
of 7 m with the same diameter and packing type is included in the economic evaluation of
the top of the absorber columns. The system is designed to recover the solvent vaporized in
the exhaust stream of the absorber. It includes an additional packing section located above
the absorber packing height. In this setup, MEA is recovered through physical absorption,
and water from the condenser serves as the solvent for the process.

3. Results and Discussion

This section is divided into subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

3.1. Model Results, Comparison and Analysis

Accurate modeling of CO2 capture plants is crucial for optimizing their design and
operation. To assess the model’s performance, the results were compared with data from
open- and partially open-access reference cases, including the Canepa et al. [11] reference
case and the Cesar project case [46], provided in summary data in Table 6, which both
analyze the PCC MEA-based model for the NGCC power plant with similar capacity. This
comparison aims to evaluate the model’s ability to predict key performance parameters of
a CO2 capture plant. Owing to the complexity of the rate-based MEA absorption model,
several parameters play important roles in the overall performance of the capture plant,
such as the flow rate of the CO2 and its content in the flue gas, lean solvent loading,
liquid-to-gas ratio, packing type, dimensions of the columns, heat exchanger approach
temperature, and MEA concentration. With respect to those factors, most relevant user-
defined input parameters have been subjected to a sensitivity analysis, changing them
for different cases to observe their impact on capture plant performance, particularly on
reboiler duty and the size of the columns maintaining the capture rate at a constant 90%
with 95% CO2 purity. Exhaust gas recirculation modification to the power plant was not
included in any of the three cases. The main parameters and their values of model results
and reference results are provided in Table 6.
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Table 6. Model input and output comparisons against two similar reference cases.

Parameter Model Value Canepa et al. [11] Cesar Project [46]

Plant gross power output (MW) 433 427 430.3
Flue gas mass flow rate (kg/s) 717.5 702 690.6

Flue gas temperature (◦C) 45 40 40
CO2 capture efficiency (%) 90% 90% 89%

CO2 content in flue gas (mass%) 6.14 7.60 6.03
CO2 mass flow (kg/s) 44.05 43.35 41.54

MEA concentration (%) 35 32.5 30
L/G ratio (mol/mol) 0.86 0.97 1.71

Lean solution temperature (◦C) 40 40 37
Lean loading (mol CO2/mol MEA) 0.20 0.20 0.26

Number of absorber columns (-) 3 3 -
Absorber column pressure (kPa) 98.1 105 -

Flooding in absorber/stripper (%) 68 65 -
Absorber column packing type Sulzer 250X IMTP no. 40 -
Absorber pressure drop (kPa) 9 5 -

Packing height of absorber (m) 25 25 -
Packing diameter (m) 8.7 10.3 -

Number of regenerator columns (-) 1 1 -
Regenerator column pressure (kPa) 210 210 -
Regenerator column packing type Sulzer 250X Flexipack 1Y -
Regenerator packing height (m) 18 15 -

Regenerator column diameter (m) 7.1 7.4 -

Captured CO2 (kg/s) 39.3 38.75 37.22
Rich loading (mol CO2/mol MEA) 0.48 0.477 0.46

Reboiler duty (kW) 160,000 158,800 149,000
Specific reboiler duty (GJ/tonne CO2) 4.07 4.10 4.01

Overall, it is apparent from the table that, in most cases, there is good agreement
between the model values and reference data. According to Table 6, as the net power
output is slightly higher in the model case, the flow rates of the flue gas and the captured
CO2 are also higher than those in the other two cases. However, the CO2 concentration in
the flue gas of the developed model is somewhat lower than both reference values. This
might be due to the differences in the gas turbine, air and fuel compositions, fuel calorific
values, and air/fuel ratios among the NGCC power stations. In addition, although the L/G
ratio was determined by the initial guess and assumption, it was subsequently changed to
consider the minimization of the column dimension packing selection. Marginal differences
in the specific reboiler duties are also associated with the possible differences in the mass
transfer surface area and MEA concentration.

On the other hand, according to Table 6, the model design values are compared
with only Canepa et al. because there are no data given in the Cesar project report about
equipment sizing and specifications. However, an extensive comparison of the model
with the literature is provided with a summary comparison and its brief discussion in the
following Section 3.2.3. In this table, the main change can be observed in the absorber
column pressure, which is due to the modeled plant site location having a higher altitude
from sea level. In the case of lower diameters of the columns in the model, the result is
dependent on the packing type difference. During the test of the simulation, despite all
the packings being structured, Mellapak has better performance than IMTP and Flexipack
because of its high mass transfer efficiency and low pressure drop.

3.2. Sensitivity Analysis Results and Discussion
3.2.1. First Stage of the Sensitivity Analysis

The results (given in Figures 11 and 12) are obtained through testing the model in
36 different cases, varying the relevant key user-defined input parameters to achieve the
most efficient performance of the capture plant. In this first stage sensitivity analysis, it
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is important to note that while the L/G ratio was adjusted based on variations in MEA
concentration and lean loading, it remained unchanged when the stripper pressure was
changed, which makes the work different from the conventional procedure, as also reported
in Section 2.7. Throughout the analysis, flooding was consistently kept below the 75–80%
threshold, which is a widely accepted safe operating range for absorption columns. A
detailed summary of the assumptions and results of the stage 1 sensitivity analysis is
provided in Table S1. To conduct a comprehensive technical analysis of the integrated
MEA absorption CO2 capture process, lean loading is selected as the base parameter for
visualizing its impact. Figure 11 shows the effects of lean loading on the required solvent
flow rate (L/G ratio) and rich loading across different MEA concentrations. Additionally,
the impact of lean loading on specific reboiler duties, as well as the size of the absorber and
stripper under varying MEA concentrations and stripper pressures, was investigated, as
shown in Figure 12.
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In general, as the flow rate of the flue gas entering the capture plant nearly halved due
to EGR integration, equipment dimensions such as the size of the absorbers and stripper,
heat exchangers, flash separators, and reboiler also decreased, leading to a lower capital
cost. The main change in the modified plant is that the number of absorber columns
decreases from 3 to 2 accordingly. In addition to the increase in CO2 concentration due to
EGR integration—increasing from approximately 4 mol% to 7.3 mol%—the CO2 absorption
process notably benefits. Another important point of EGR integration is reflected in the
blower power consumption, which is reduced from 7293 kW to 3786 kW in the base case
and optimized case, respectively. This higher CO2 content in the gas stream enhances
the driving force for mass transfer, leading to improved mass transfer efficiency between
the solvent and CO2. As a result, the solvent’s capacity to absorb CO2 is more effective,
potentially allowing for more efficient CO2 capture and lower energy requirements in the
overall CO2 capture process, as the increased absorption efficiency may reduce the need for
additional processing or solvent regeneration steps.

Overall, a higher concentration of MEA in the solvent tends to be more efficient in
terms of both the solvent circulation rate and its CO2 absorption capacity (see Figure 11).
In contrast, a higher lean loading leads to a lower solvent absorption capacity along with
a higher solvent requirement to achieve a 90% capture rate. For example, the largest
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difference between the rich loadings at lean loads of 0.15 and 0.30 at 30% MEA is 0.009,
which is almost negligible, whereas it is equal to a difference of more than 470 kg/s (L/G
ratio increase of 1.39) in the required solvent flow rate under the same conditions.
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Figure 12. The relationship between lean amine loading, reboiler duty, and column diameter (both
absorber and stripper) for different MEA concentrations (30%, 35%, and 40%) and at three different
stripper pressures (1.6 bar, 1.8 bar, and 2 bar). Each subplot (a–i) corresponds to a specific combination
of these variables.

In terms of Figure 12, the interplay between reboiler duty, lean loading, and column
diameter highlights the trade-offs in optimizing the CO2 capture system. Across all sce-
narios, the reboiler duty decreases as lean loading increases up to a certain point, after
which it begins to increase again. This U-shaped curve suggests an optimal lean loading
value where the reboiler duty is minimized. The position of this minimum shifts slightly
depending on the MEA concentration and stripper pressure. For instance, when lean
loading is lower, corresponding L/G ratio is also lower, which typically results in a lower
solvent circulation rate and subsequent reduced reboiler duty. However, the system is
rather complex due to the increased energy requirement in the reboiler to strip the solvent
until it reaches the initial lower CO2 load.

Since the column flooding is fixed at 68%, the diameters of both columns are subject to
change in response to the lean loading and subsequent L/G ratio change. The absorber
diameter increases as lean loading increases, reflecting the need for a larger column to
handle the higher liquid flow rate associated with higher lean loading. The increase is
more pronounced at lower stripper pressures, suggesting that operating at lower pressures
requires larger absorber columns to maintain the same performance. The stripper diameter
generally decreases with increasing lean loading, particularly at the mid-to-high lean
loading range. However, as there is a direct impact of stripper pressure and solvent
circulation rate, the trend is not consistently requiring individual assessment.
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From the analysis of the nine different panels in Figure 12, at first glance, it seems
that the most desirable values are reached at an MEA concentration of 40%, especially at
the reboiler duty. When the MEA concentration is relatively high in the solvent, the CO2
capture process results in better performance because of the relatively high absorption
capacity of the solvent. Moreover, the process tends to be more sensitive to corrosion
issues in response to the increase in the MEA content in the solvent. However, it can
be assumed that corrosion concerns might be compensated via the use of stainless steel
materials, coatings, or using appropriate anti-corrosion inhibitors [47]. In addition, as far
as the diameters of the absorber and stripper columns are concerned, the lowest values
of the sum of both columns’ diameters are found at test 30 (Figure 12i), where they reach
15.3 m when the stripper pressure and lean loading are 200 kPa and 0.20, respectively. This
test case also resulted in the smallest sum of the diameters of the two absorbers and one
stripper column at 24 m.

On the other hand, a specific reboiler duty is observed in test 34 (Figure 12g) at
3.86 GJ/t CO2 when the MEA concentration, lean loading, and stripper pressure are 40%,
0.30, and 160 kPa, respectively. Apart from only the high MEA content at 40%, its reduction
to 35% also results in a reasonable energy consumption of the regeneration process at
3.93 GJ/t CO2, with a sum of all the column diameters of 25.8 m considering two absorbers
and one stripper (Figure 12d). Nevertheless, almost all tests related to the MEA content of
30% presented lower competitiveness, with a specific reboiler duty of more than 4 GJ/t
CO2 compared with the other two cases with higher MEA contents. Moreover, the results
indicate that as the MEA concentration in the solution and lean loading increase, the
solvent flow rate required for circulation decreases, leading to a lower L/G ratio and a
lower diameter.

The results suggest that for a given stripper pressure, optimal lean loading exists,
which minimizes reboiler duty. However, this optimal point varies with MEA concentration
and requires corresponding adjustments in absorber and stripper column diameters. Thus,
a comprehensive system optimization must consider both operational parameters such as
pressure and MEA concentration and design parameters such as column diameter packing
heights (which is the subject of the stage 2 sensitivity analysis in the following subsection)
to achieve the best performance. In summary, from the sensitivity analysis, it can be
concluded that the case of test 34 (Figure 12g) with the lowest specific reboiler duty can
be selected for the second stage sensitivity analysis due to the column diameters are also
reasonable in this case, with a slight influence on the total plant cost.

3.2.2. Second Stage of the Sensitivity Analysis

The design and optimization of the absorber packing height in CO2 capture systems
play crucial roles in determining the effective packing height and energy consumption of
the process. In this study, various absorber packing heights, ranging from 12 to 30 m for
the absorber and 6 to 25 m for the stripper, were tested to evaluate their impact on system
performance, with a specific focus on the heat requirements for CO2 capture. The heat
requirement, defined as the amount of energy needed to separate 1 tonne of CO2 from the
flue gas mixture, was used as the primary performance indicator. According to the results,
as the absorber packing height increases, the liquid–gas contact area within the column
also increases, which can increase the mass transfer efficiency and potentially reduce the
required heat duty, as shown in Figure 13. However, taller packing heights may also lead
to increased pressure drop and higher capital costs due to the larger column size.

The results from these tests are critical for identifying the optimal packing height that
balances enhanced CO2 absorption efficiency with manageable energy consumption and
costs. By carefully selecting the appropriate packing height, the design can achieve a more
efficient CO2 capture process, reducing the specific reboiler duty and improving the overall
techno-economic performance of the system.
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Reducing the column height directly results in a reduction in the CO2 capture efficiency,
which can be compensated for by increasing the L/G ratio, leading to an increase in the
column diameter to keep the column flooding set below 70% in this study. In addition, an
increased solvent flow rate subsequently increases the energy consumption of the pump and
regeneration process (reboiler duty). In addition, this column height reduction indirectly
impacts the increase in the stripper column diameter and the increase in the cross-heat
exchanger area due to the increase in the solvent circulation rate. For example, according to
the test conducted in the modified model case with EGR, reducing the absorber diameter
from 25 m to 15 m resulted in a decrease in the CO2 capture efficiency of approximately
6%, which was compensated by increasing the solvent flow rate flowing into the absorber
by approximately 480 t/h. This increase in the solvent flow rate led to an increase in
the column diameter from 9.3 m to 9.6 m. This decrease in the absorber packing height
reduced the column volume by around 35% and subsequently reduced CAPEX. However,
the specific reboiler duty was increased from 3.81 to 4.53 GJ/t of CO2.

Overall, the absorber packing height that corresponds to specific reboiler duty (SRD)
below 4 GJ/t CO2 seems acceptable from a techno-economic perspective, as the remain-
ing increase in packing height would result in only a small improvement in the energy
consumption of the regeneration process. Based the Figure 13, the selection of a packing
height of 20 m offers a good balance between performance and cost-effectiveness. At this
height, the SRD has already shown a significant reduction compared with lower packing
heights, indicating improved energy efficiency in CO2 capture. Additionally, the L/G ratio
is favorably reduced, enhancing solvent utilization without the need for excessive liquid
flow rates. While increasing the packing height further might yield marginal improve-
ments in energy efficiency, it would also result in a significantly larger column volume,
leading to higher CAPEX due to increased material and construction costs. By selecting
a 20-m packing height, the design can achieve strong performance in CO2 capture while
maintaining a more manageable column size, thus optimizing both operational efficiency
and capital investment.

In terms of the regenerator packing height design, the most desirable stripper packing
height for optimization is, similar to the absorber packing height design assumption of
SRD below 4 GJ/t CO2, approximately 13 m was selected for the final techno-economic
evaluation (see Figure 14). At this height, the SRD (measured in GJ/t CO2) reaches a point
where it is close to its minimum, indicating that the energy efficiency for CO2 regeneration
is near optimal. Beyond 13 m, the reduction in SRD becomes insignificant, suggesting
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that further increases in packing height would offer diminishing returns in energy savings.
Therefore, selecting a 13-m packing height provides a balanced approach, optimizing both
the operational efficiency and the cost-effectiveness of the CO2 capture system. Considering
the plant modifications through 45% EGR integration and the sensitivity analysis results,
the final specifications for the techno-economic evaluation are provided in Table 7.
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Table 7. Final specifications and results for techno-economic evaluation.

Parameter Value Parameter Value

Plant gross power output (MW) 433 Plant net power output (MW) 420
Flue gas mass flow rate (kg/s) 389 Flue gas temperature (◦C) 45
CO2 capture efficiency (%) 90% CO2 content (mol%) 7.6
CO2 mass flow (kg/s) 43.71 MEA concentration (%) 40
L/G ratio (mol/mol) 1.88 Lean solution temperature (◦C) 40
Lean loading (mol CO2/mol MEA) 0.30 Number of absorber columns (-) 2
Absorber column pressure (kPa) 98.1 Flooding in absorber/stripper (%) 70
Absorber column packing type Sulzer 250X Absorber pressure drop (kPa) 9
Packing height of absorber (m) 20 Packing diameter (m) 9.5
Water-wash packing height (m) 4.5 Number of regenerator columns (-) 1
Regenerator column pressure (kPa) 160 Regenerator packing height (m) 13
Regenerator column packing type Sulzer 250X Regenerator column diameter (m) 6.7
Captured CO2 (kg/s) 39.1 Reboiler duty (kW) 154,886
Rich loading (mol CO2/mol MEA) 0.491 Specific reboiler duty (GJ/tonne CO2) 3.97
Compression power (kJ/kgCO2) 344 Compression energy consumption (kW) 13,443
Blower power consumption (kW) 3451 Compression pump power (kW) 274
Plant efficiency (%) 55.8 Plant efficiency drop (%) 8.99
Total energy consumption (kW) 67,699 Energy penalty with CCSU (%) 16.12%

3.2.3. Comparative Discussion with the Literature

In this study, the standard MEA absorption CO2 capture process in a NGCC power
plant is optimized by incorporating EGR and refining key design parameters. A critical
analysis of obtained results in the sensitivity analysis compared with those reported in the
literature highlights both the strengths and areas for further improvement in the employed
approach. Detailed comparison summary of key design data and assumptions for the
standard MEA-based CO2 capture process with the literature is provided in Table 8.
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Table 8. Comparison summary of key design data and assumptions for the standard MEA-based CO2 capture process with the literature.

Base
Case Optimal Case Agbonghae et al. [34] Biliyok et al.

[48] Luo et al. [12] Luo et al.
[40]

Canepa et al.
[11]

Gilardi
et al. [29]

Canepa
et al. [10] Sipöcz et al. [49]

Flue gas supply NGCC
plant

NGCC plant +
45% EGR NGCC plant 1 NGCC plant 2 NGCC plant NGCC plant +

EGR
NGCC
plant NGCC plant Irving oil

refinery

NGCC
plant + 40%
EGR

NGCC plant +
40% EGR

Gross power output (MW) 433 433 400 450 440 453 453 427 - 250 448
Flue gas flow rate (kg/s) 717.5 389 622.2 725 693.6 408.8 673.57 702 77.86 213.6 370.28
L/G ratio (kg/kg) 0.86 1.88 0.96 0.96 1.04 2.75 1.79 0.97 1.91 3.32 1.13 b

Number of absorber 3 2 2 2 4 1 1 3 1 2 -

Absorber packing Mellapak
250X Mellapak 250X Mellapak 250Y Mellapak 250Y Mellapak 250X Mellapak 250Y IMTP no. 40 IMTP no. 40 Mellapak

250X IMTP no. 40 Mellapak 250

Absorber diameter (m) 8.7 9.5 11.93 12.88 10 16.2 9.9 b 10.3 5.86 8 6.87
Absorber packed height (m) 25 20 19.06 19.99 15 20 25 25 12 30 22.7
Absorber pressure drop (mbar) 100 90 36.2 a 38 a - 54 69 50 230 123 a 140
Number of stripper 1 1 1 1 1 1 1 1 1 1 1

Stripper packing Mellapak
250X Mellapak 250X Mellapak 250Y Mellapak 250Y Mellapak 250X Mellapak 250Y Flexipack

1Y Flexipack 1Y Mellapak
250X

Flexipack
1Y Mellapak 250

Stripper diameter (m) 7.1 6.7 6.76 7.74 9 8.6 5.1 b 7.4 3.12 8 3.8
Stripper packed height (m) 18 13 28.15 28.15 15 20 15 15 10 30 18
Lean loading (mol/mol) 0.20 0.30 0.20 0.20 0.234 0.32 0.32 0.20 0.24 0.30 0.125
Rich loading (mol/mol) 0.48 0.491 0.483 0.483 0.4945 0.461 0.461 0.477 0.506 0.466 0.481
CO2 content in flue gas (vol%) 4 d 7.6 d 4.04 d 4.04 d 3.996 w 7.32 d 4.5 d - 7.2 w 7 d 7.3 d

MEA concentration (%) 35 40 30 30% 30% 30 32.5 32.5 30 30 30
CO2 capture rate (%) 90 90 90 90 90 90 90 90 90 90 90
Stripper pressure (bar) 2.1 1.6 1.62 1.62 1.5 2.1 2.1 2.1 1.9 1.62 1.92 c

Reboiler duty (MW) 160 154.89 138.9 b 161.8 b 156.91 176.23 186.81 158.77 33.05 114.16 126.17
Specific reboiler duty (GJ/t CO2) 4.07 3.97 3.96 3.96 4.003 4.31 4.54 4.1 3.78 4.68 3.25

a—packing height pressure drop based on the data provided in the corresponding references as pressure loss per meter. b—is calculated based on the data provided in the reference.
c—based on the stripper pressure of 122 ◦C reported. “-”—no data is found in the corresponding parameter. w—CO2 content in wet basis; d—CO2 content in dry basis.
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The base case and optimized case-specific reboiler duty values were 4.07 GJ/t CO2 and
3.97 GJ/t CO2, respectively. This reduction demonstrates an enhanced thermal efficiency
in the optimized case owing to the increased content of CO2 with EGR integration and
optimized system parameters. When compared with other studies, such as those by Biliyok
et al. [48] and Agbonghae et al. [34], which reported reboiler duties of 3.96–4.003 GJ/t CO2,
our findings are in close agreement. The similarity in reboiler duty values across these
studies suggests that the optimization approach and process adjustments implemented
in our study are consistent with best practices in the field. The significant reduction in
reboiler duty in the model optimized case compared to that of Luo et al. [12,42] and Canepa
et al. [10] indicates that the process is both competitive and effective as well as suggests
that the combination of EGR and optimized solvent flow rates can achieve competitive
thermal efficiency. However, in comparison with the work of Sipöcz et al. [49], there is
still space to improve the process implementing additional strategies, such as the absorber
interval cooling applied in their study. Nevertheless, this falls outside the scope of the
current investigation.

In terms of the optimized design of the process, EGR integration resulted in more than
35% packing volume reduction in compared to the base case. In the literature, the packing
heights for absorber and stripper columns are widely applied within the ranges of 12–30 m
and 10–30 m, respectively. In this line, the optimized model in this study uses heights
of 20 m for the absorber and 12 m for the stripper ensuring the results are within that
range. These column heights could potentially be further reduced through multi-objective
optimization considering all variables and their interactions, which is also beyond the
scope of this study.

The liquid-to-gas (L/G) ratio is another critical parameter in the absorption process,
influencing both the CO2 capture efficiency and the energy requirements for solvent re-
generation. Our optimized case achieved an L/G ratio of 1.88, a significant increase from
the base case of 0.86. This adjustment was essential to maintain high CO2 capture effi-
ciency despite the increased CO2 content due to EGR. This L/G ratio aligns well with
the findings of other studies in the field, where higher L/G ratios are typically required
to achieve higher CO2 capture efficiencies, particularly in NGCC plants implementing
EGR. For example, Biliyok et al. [48] reported L/G ratio of 1.04 in their NGCC studies,
highlighting the necessity of balancing solvent flow rates to minimize both reboiler duty
and pumping energy.

3.3. Techno-Economic Performance

This section presents the technical performance and economic assessment of CO2
capture from the Turakurgan NGCC power plant. The analysis focuses specifically on
an improved case that integrates EGR technology and the sensitivity analysis results
mentioned in Sections 2.2 and 3.2, respectively. The total CAPEX of the capture plant and
fixed OPEX are estimated from the references [25,41]. The variable OPEX is estimated
considering the results of the simulation and the prices of solvent, fuel, and electricity.
Table 9 shows the main results from the technical and economic estimation. From first
glance, it is not easy to judge how practical the financial results are due to the differences
in natural gas prices, capture rates, local electricity prices and post-combustion carbon
capture prices. In particular, in the case of Uzbekistan, natural gas and electricity prices
are not yet fully liberalized, leading to some uncertainty concerns. Therefore, the latest
costs for electricity and fuel that came into force after 1 May 2024, are obtained due to the
proximity to global market conditions.
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Table 9. The economic calculation results from PCC integration with the Turakurgan NGCC power
plant in Uzbekistan.

Description Units NGCC Plant CCSU Plant

CO2 capture rate tonne/year - 1,048,000
TOTAL CAPEX USD 550,000,000 233,072,402

Annualized CAPEX USD 60,555,000 21,337,843
Fixed OPEX USD/year 16,500,000 6,992,172

V
ar

ia
bl

e
O

PE
X

Electricity cost USD/year
16,120,590

35,652,706
Cooling water USD/year 137,453

Solvent makeup USD/year 19,211
Fuel cost USD/year 79,400,474 -

Total annual cost USD 172,576,064 64,139,385
Cost of CO2 capture C&T USD/tonne CO2 - 61.22

LCOE USD/MWh 53.52 77.97
Multi-stage CO2 compression unit and 120 km pipeline costs are included in the calculation, assuming that the
CO2 storage/utilization cost equals the CO2 price. C&T refers to CO2 compression and pipeline transportation.

According to the comparison between the NGCC power plant and the end-of-pipe
CCSU integration, the total CAPEX of the CCSU plant is almost half of the CAPEX of
the power plant itself and the fixed OPEX. The variable costs—excluding fuel costs—are
assumed to be the same as those for the standalone NGCC power plant, on the basis of
the data from reference [50]. In terms of the CCSU plant, the steam consumption of the
reboiler is converted to equal electricity (around 50,500 MWh), which would otherwise be
generated by a low-pressure steam turbine without CCSU integration. While the majority
of the variable OPEX is related to fuel consumption in the power plant case, the reboiler
duty consists of more than three-fourths of the total operational and maintenance costs
in the CCSU plant case. Overall, from these initial estimates, full-scale CCSU integration
into the NGCC power plant increases the LCOE by more than 45% when the capture rate
is set to 90% and CO2 capture is slightly more than 1 Mt per year. On the other hand, the
CO2 capture C&T cost is estimated to be 61.22 USD per tonne, which may be much higher
than the possible carbon tax imposition in the case of Uzbekistan. However, from a global
perspective, this estimated price could be nearly three times lower than the 185 USD per
tonne reported in the social cost of carbon by Rennert et al. in Nature [51].

3.4. Discussion of Regional Profile for CCSU Integration
3.4.1. Potential Funding Mechanisms

Uzbekistan has begun taking serious action toward decarbonization, especially in the
power sector. For example, Uzbekistan is one of the active members of the Paris Agreement,
with the updated climate goal of 35% GHG reduction target by 2030 compared to 2010.
In addition, Presidential Decree PF-80 was signed on 31 May 2023, about the transforma-
tion of the Ministry of Natural Resources into the Ministry of Ecology, Environmental
Protection and Climate Change of the Republic of Uzbekistan. Apart from those, there are
several initiatives, projects, and project memberships, such as “Green Space [52]”, “Green
Economy [53]”, and “iCRAFT [54]”, exist to reduce the carbon footprint in the country.

In terms of the funding mechanisms for energy sector decarbonization, Uzbekistan
has been actively cooperating with international funding organizations, including the
Asian Development Bank, the World Bank, and the European Bank for Reconstruction and
Development, to receive grants, bank loans with low interest rates, and subsidies [55–57].
Furthermore, Uzbekistan has become the first country to receive a payment from the World
Bank for reducing carbon emissions through the Innovative Carbon Resource Application
for Energy Transition (iCRAFT) program. This initiative supports Uzbekistan’s efforts to
improve energy efficiency, reduce subsidies, and transition to cleaner energy. The World
Bank’s Transformative Carbon Asset Facility (TCAF) awarded Uzbekistan a USD 7.5 million
grant for successfully reducing 500,000 tons of carbon emissions, which were independently
verified [58]. In addition, Uzbekistan has already started electricity price liberalization
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through the transition to a competitive electricity market. In fact, the electricity price used
to be much lower than the actual market price for both businesses and households at
the cost of 26–41 USD/MWh before May 2024, subsidizing the rest of the expenses by
the government [59]. However, the initial steps toward a competitive electricity market
have been implemented through the application of classified prices in response to the
consumption rate within the range of 36–143 USD/MWh [60].

However, the majority of the received funds, loans, incentives, grants, and investments
from both governmental and international sources are planned primarily for the transition
to renewable energy sources (RESs). This means that the Uzbekistan government plans
to reduce its GHG emissions primarily through a transition to renewable energy sources
(RESs). While the RES transition is crucial for decarbonization, integrating carbon capture,
storage, and utilization (CCSU) technologies alongside RES will be essential for achieving
comprehensive emissions reductions, particularly in sectors and certain areas where com-
plete electrification or immediate RES deployment is challenging. From this perspective,
CCSU initiatives have also been taken into consideration in neighboring countries. For
example, the Environmental Research Group in Kazakhstan has already been working on
the “KAZCCUS” project—Development of Carbon Capture, Utilization and Storage Tech-
nology in Kazakhstan [61]. Given that Kazakhstan’s energy demand is predominantly met
by fossil fuels (coal, oil, and natural gas), the insights gained from CCSU implementation
studies in Uzbekistan can serve as a valuable foundation for the research, development,
and deployment of CCSU strategies in Kazakhstan. Additionally, since the operational
principles of NGCC power plants are largely consistent, with only minor differences in
efficiency and capacity, Uzbekistan’s method for integrating the CCSU with its existing
NGCC infrastructure serves as a practical model that can be adapted and applied to other
countries with similar NGCC power plant configurations.

3.4.2. CO2-EOR Potential and Risks

Uzbekistan’s significant reserves of oil, gas, and coal, combined with its rapidly
growing industrial sector, make it a key player in the Central Asian energy landscape.
These resources, particularly crude oil and natural gas, present a unique opportunity for
the country to explore and implement CO2 storage and utilization technologies in terms
of CO2-EOR (enhanced oil recovery) and CO2-EGR (enhanced gas recovery). Geological
formations such as oil and gas reservoirs, saline aquifers, and unmineable coal seams offer
viable options for CO2 storage, which could be integral to reducing the country’s carbon
footprint. Figure 15 shows the potential sites for deep underground CO2 storage, EOR, and
EGR in Uzbekistan.

According to Figure 15, Uzbekistan has strong potential for utilizing captured CO2
through EOR, EGR, and underground storage. The nearby reservoirs also allow for offshore
storage, reducing transportation costs. Since EOR is the most mature technology that offers
a partial return on investment, both onshore and offshore EOR could be key targets for
CO2 utilization in Uzbekistan [38]. In this study, as mentioned in Section 2.8.3, the captured
CO2 is assumed to be injected into nearby crude oil reservoirs to increase production and
facilitate long-term storage. According to the initial estimation in a previous study, the
CO2-EOR capacity at the selected Turakurgan NGCC power plant site (at 100 km radius) in
the Fergana Valley is the highest in Uzbekistan, at over 54 million tonnes, which has been
sufficient for many years [62]. In this context, environmental concerns about the CO2-EOR
utilization pathway may arise, since the main focus of this investigation is the reduction in
the carbon footprint of the country. Table 10 shows the main advantages and drawbacks of
the CO2-EOR pathway.
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Table 10. The main advantages and disadvantages of the CO2-EOR pathway.

Advantages Drawbacks

Up to 95% of CO2 sequestration Overall life cycle CO2 emissions
Extended life of oil fields and resource utilization Risk of potential leakage
Economic incentives for CCSU implementation Water usage and its contamination
Potential reduction of new drilling operations May induce seismic activity after injection
Technically mature and proven approach Increase in subsurface pressure

From an environmental perspective, CO2-EOR has both potential benefits, such as
carbon sequestration and a reduced need for new oil exploration, and significant drawbacks,
including the risk of CO2 leakage, net carbon emissions from additional oil production,
and the continuation of fossil fuel dependency. The overall environmental impact of
CO2-EOR depends on how effectively it is managed and integrated with broader climate
strategies. Overall, to comprehensively assess the environmental benefits of the CO2-EOR
pathway, it is essential to conduct a full life cycle analysis in conjunction with a detailed risk
assessment. This approach provides a more accurate understanding of both the advantages
and potential drawbacks associated with this method.

4. Conclusions

This study investigated the integration of CO2 capture, storage, and utilization (CCSU)
technology with a natural gas combined cycle (NGCC) power plant in Uzbekistan via an
end-of-pipe approach by full-scale modeling and simulation of a power plant and CCSU
plant. The key findings of this study are as follows:

• The model predicts a significant CO2 emission reduction of approximately 1.05 Mt
annually, which is achievable with a 90% capture rate.

• The findings demonstrate the effectiveness of 45% exhaust gas recirculation (EGR) in
reducing the power plant’s energy penalty and capital expenditure by minimizing the
size of the columns by more than approximately 35%.

• Additionally, employing a 40% monoethanolamine (MEA) concentration in the sol-
vent yielded a lower energy consumption than what lower concentrations yielded in
the literature.
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• By compressing the CO2 product by 120 bar, with the initial liquefaction at 80 bar
using compressors and reaching the rest of the required pressure by pump, saves
around 588 kW of total energy consumption of compression and transportation unit.

• Water-wash section ensures the process of meeting the legislation of current environ-
mental and health standards by maintaining the system’s solvent and water balance.

• CO2 stream dehydration plays a crucial role in transporting it to long distances
through pipelines.

• Reboiler duty is reduced as low as 3.97 GJ/t CO2, ensuring the plant size in an
acceptable range.

• CO2 capture plant integration resulted in the power plant’s net efficiency to drop from
55.8% to 46.8%.

• CO2 avoidance cost is found at 61.22 USD/t CO2 while levelized cost of electricity is
calculated at 77.97 USD/MWh in the case of Uzbekistan.

• According to the initial estimation in a previous study, the CO2-EOR capacity at the
selected Turakurgan NGCC power plant site (at 100 km radius) in Fergana Valley is
the highest in Uzbekistan, at over 54 million tonnes, which has been sufficient for
many years.

However, despite the minimum value of a specific reboiler duty of 3.97 GJ/tonne CO2
obtained from the sensitivity analysis, the energy demand for the regeneration process is
still high enough and remains a key challenge for widespread commercial deployment,
especially considering the current low market price of CO2. Further research efforts should
focus on optimizing capture processes via novel solvents and sorbents and developing
new CO2 capture technologies such as adsorption, membrane separation, CO2 biofixation,
particularly those that enhance viable CO2 utilization routes to reduce energy consumption
and improve the economic viability of this technology in the Uzbekistan energy sector.
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Nomenclature
CCSU Carbon capture, storage, and utilization
CO2 Carbon dioxide
CO2-EOR Enhanced oil recovery
CO2-EGR Enhanced gas recovery
PCC Post-combustion carbon capture
Mtpa Million tonnes per annum
Mt Million tonnes
NGCC Natural gas combined cycle
H2S Hydrogen sulfide
SOx Sulfur oxides
NOx Nitrogen oxides
MEA Monoethanolamine
EGR Exhaust gas recirculation
HRSG Heat recovery steam generator
DCC Direct contact cooler
TEA Techno-economic analysis
LCOE Levelized cost of electricity
TAC Total annual cost
NPO Net power output
ACC Annualized capital cost
FOC Fixed operational cost
VOC Variable operational cost
TCC Total capital cost
CRF Capital recovery factor
DC Direct cost
IC Indirect cost
WC Working capital
CEPCI Chemical Engineering Plant Cost Index
PMC Pipe material cost
CAPEX Capital expenses
OPEX Operational expenses
USD United States Dollar
SRD Specific reboiler duty
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