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Abstract. This study evaluates the optimization of Carbon Capture and Storage
(CCS) implementation in a subcritical Coal Fired Power Plant (CFPP). The
objective of this paper is to investigate how heat integration can reduce energy
consumption of CCS systems and analyze their impact on the overall energy penalty
of CFPP. The research focuses on a CFPP with an installed capacity of 3x330 MW
and design efficiency of 38.4%. The results of the baseline case without heat
integration indicate that achieving a 90% CO: capture rate using an MDEA+PZ
solvent requires a reboiler energy consumption of 3.46 MJ/kgCO-, which results in
an energy penalty of 34% relative to the total energy generated by the CFPP and
reduces the overall plant efficiency to 27.4%. Process optimization was identified
through the utilization of waste heat. Among all the scenarios evaluated, Case 6,
which integrates a rich solvent preheater and an inter-stage heater, achieves the
highest energy savings, with up to a 40% reduction in reboiler energy consumption
to 2.07 MJ/kgCO> and a 10.7% decrease in the overall energy penalty of the CFPP.
These findings highlight that strategic heat integration mitigates the energy impacts
of CCS implementation which could reduce energy penalty of CFPP.

Keywords: Optimization, Carbon Capture and Storage, Coal Fired Power Plant, Heat
Integration

1 Introduction

The urgency to address climate change has accelerated global efforts toward
achieving Net Zero Emissions (NZE) by the mid-21st century[1]. In this
context, decarbonizing the power generation sector which remains a major
contributor to CO: emissions has become critically important [2]. Despite the
steady increase in renewable energy deployment, fossil-fueled power plants are
projected to continue playing a critical role in the global energy mix in the
foreseeable future, highlighting the urgent need for effective carbon capture and
storage (CCS) technologies [3]. Among various CO: mitigation strategies, post-
combustion CO: capture via absorption processes has emerged as the most
mature and extensively researched approach for large-scale applications,
especially in the context of retrofitting existing power generation facilities[4].
Amine-based solvent systems have been extensively utilized in post-combustion
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CO: capture (PCC) processes owing to their high reactivity and ease of
operation [5]. Nevertheless, these systems incur a substantial energy penalty,
primarily stemming from the solvent regeneration step in the stripper, which
contributes to over 30% of the power plant’s total energy consumption [6].
Consequently, the integration of PCC may cause an overall efficiency to decline
of up to 20%, posing a considerable challenge to their economic feasibility. In
the case of Indonesia, retrofitting coal-fired power plants with CCS is projected
to elevate the Levelized Cost of Electricity (LCoE) by approximately two to
three times relative to the current LCoE [7].

To address these challenges, research efforts have increasingly focused on
enhancing the performance of PCC through process flow sheet modifications
and the development of advanced solvent technologies with lower regeneration
energy requirements[3]. The reviewed article consolidates research on process
modification strategies for CO: capture, which are classified into three main
categories: absorption enhancement, focusing on improved CO: absorption
efficiency[8], heat integration, aimed at maximizing the utilization of thermal
energy within the system[9][10]; and heat pump processes, which employ
mechanical work such as compression to enhance solvent regeneration
efficiency [11][8]. A reboiler energy reduction of up to 45% has been reported
by combining parallel economizers with rich solvent splitters, rich solvent
preheating, multi-effect strippers, and split flow configurations. In a similar
effort, [4] provides a comprehensive review of process modification strategies,
classifying them into three primary categories: absorption enhancement,
stripping enhancement, and multi-enhancement configurations. The study
concludes that the integration of lean vapor recompression, absorber
intercooling, and cold solvent bypass yields the greatest reduction in reboiler
energy demand up to 50% savings.

The integration of coal-fired power plants (CFPP) with CCS systems presents a
distinct profile of waste heat sources compared to other industries, such as oil
and gas, thereby requiring further investigation into integration processes.
Specifically, six heat integration schemes are evaluated, namely the base case,
rich solvent preheater, rich solvent preheater design 2, split flow arrangement,
stripper interstage heater, and the combination of rich solvent preheater and
interstage heater, as well as comparing their effects on reboiler energy and
CFPP energy penalty.

2 Methodology

Process simulation was conducted using Aspen HYSYS V14 to model a
subcritical coal-fired power plant (CFPP) and post-combustion CO: capture
(PCC). The power plant model was based on mass and energy balance data
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from an Indonesian CFPP, while the flue gas parameters are used as input for
the CCS simulation model. The CCS system design included CO: capture and
compression unit. Waste heat sources were identified from the baseline CCS-
CFPP integration, followed by hot and cold stream mapping and
thermodynamic analysis. Heat integration modeling was performed in Aspen
Energy Analyzer to generate composite curves and evaluate integration scheme
[12].

2.1 Power Plant Model

The power plant modeled in this study is a subcritical coal-fired power plant
(CFPP) with a capacity of 3x330 MW and a thermal efficiency of 38.4%. The
existing CFPP utilizes a subcritical boiler fueled by lignite coal, with a boiler
efficiency of 92.7% [13]. The main steam is generated at a pressure of 174.3 bar
and a temperature of 539°C, supplying steam to the high-pressure (HP), IP, and
LP turbines. In this case, the flue gas is processed in a shared CCS facility. The
plant has a baseline CO: emission intensity of 1.02 tCO/MWh, with the flue
gas composition [14] summarized in Table 1. The modeling of this CFPP
assumes identical mass and energy balance parameters across all three CFPP
units.

Table 1 Flue Gas Temperature Profile

Parameter Concentration
CO2 13.8%

(0)) 2.16%

N> 70.08%

H,O 13.3%

SO« 844 ppm

NOx 164 ppm
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The CFPP was modeled in Aspen HYSYS (Figure 1) and validated against
design mass and energy balance for gross power and power plant efficiency.
The model assesses the impact of reduced steam flow to the CCS reboiler and
its effect on lowering the overall energy output of the CFPP.

The selection of tapping points can be made based on the available steam
sources within the plant. The mass and energy balance of the power plant,
shown in Figure 1, was used to identify and select potential steam tapping
points from the existing plant. A technical comparison was then conducted to
evaluate the required steam mass flow to the reboiler and the resulting energy
penalty. The identified tapping point options from the baseline plant model are
presented in Table 2.

Table 2 Steam Tapping Option

Pressure Temperature Enthalpy  Mass Flow

Tapping (bar) ©C) (kJ/Kg). (ton/h)
LP/IP Crossover 5.04 261 2983 731
Cold Reheat 43.5 339 3056 880
Main Steam 177 540 3392 969

2.2 Carbon Capture Model

The CO: capture process was modeled based on the flue gas parameters,
targeting a 90% capture rate using the Shell-Cansolv solvent (MDEA+PZ) and
Fluid Package used in the simulation is Acid Gas-Chemical Solvent [15]. The
CCS design was developed with reference to prior studies to ensure alignment
with established process configurations [16]. The flue gas from each CFPP unit
undergoes treatment in a flue gas desulfurization (FGD) system to reduce SOx
content. Subsequently, the flue gas pressure is adjusted by increasing it to 1.2
bar, while the temperature is conditioned at 40°C prior to entering the absorber
column. This pressurization is implemented to enhance the CO: partial pressure,
which facilitates the optimization of CO: separation efficiency in the absorber
[17]. The CCS process model developed in Aspen HYSYS is illustrated in
Figure 2.
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Figure 2 Carbon Capture Modelling

The CCS model aims to determine the reboiler duty and the steam consumption
required from the power plant. The CO. compression process is designed with
four compression stages, achieving a final pressure of 110 bar in the
supercritical phase [18] for subsequent storage in an aquifer assumed located 50
km from the existing power plant. The CO. compression process model is
illustrated in Figure 3. The design parameters employed in the simulation are
summarized in Table 3.

Table 3 CCS Design Parameter

Unit Parameter

Absorber Type : Bubble Cap Tray
Number of Stages : 40 stages
Diameter :22m
Absorber Pressure : 1.2 bar
Flue Gas Temperature 140 °C

Regenerator Type : Bubble Cap Tray
Number of Stages : 20 stages
Diameter :15.8m
Regenerator Pressure : 1.8 bar
Temperature : 120 °C

Heat Exchanger ATmin :10°C

Loading Rich Loading : 0.48 CO»/Amine

Duty Regenerator Duty :2,9¢°kl/h

Compressor CO; Outlet Pressure : 110 bar
Compression Stage : 4 stages
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Figure 3 CO, Compression Modelling

2.3 Heat Integration Modelling

This study employs a modelling approach to simulate heat transfer within the
heat exchanger. The heat balance is determined by quantifying the heat released
by the hot fluid and the heat absorbed by the cold fluid. It is assumed that no
heat is lost to the surroundings, ensuring that the heat released equals the heat
absorbed.

O=UA.FAT,y, (1)

The heat transfer rate is subsequently calculated based on the inlet and outlet
temperatures of each fluid, the mass flow rate, and the specific heat capacity of
the fluids [19]. The logarithmic mean temperature difference (LMTD) method
is used to calculate the average temperature difference between the hot and cold
fluids. This value is then utilized to assess the performance of the heat
exchanger, taking into account the heat transfer surface area and the heat
transfer efficiency

(Thi ca ) (Tha cz )

In (Thz ca) (2)
(Thn Tm)

ATy, =

In the heat exchanger network concept, the pinch method is applied where the
heat transfer calculation in pinch analysis is performed using the enthalpy
difference, which is obtained by multiplying the heat capacity flow rate (Cp) by
the temperature difference between the target temperature and the initial
temperature [20]. This method is used to determine the heating and cooling
requirements and to identify the pinch point, which represents the minimum
temperature difference separating the heating and cooling demands within the
system. This approach facilitates the design of an energy efficient heat
integration system.

j Cp.dT = AH (3)
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The process modelling results of the CFPP and CCS were used to identify the
potential for waste heat utilization, as presented in Table 4. In this study, the
heat integration model includes two main streams requiring heat input to
optimize the CCS process. The application of rich solvent preheating and an
interstage heater aims to reduce the reboiler energy demand by lowering the
sensible heat, as expressed by the following equation|[21].

PHZO
Qreg = (Mygiere™ Mgz ) Cp ((Treg— Ttin ) + AHavs 1 co2 + AHyap, 120 rns 1lco2 “)

Table 4 Stream Energy Identification

Inlet Outlet AT Q

Hot Stram ton/h  bar °C bar °C °C kW

Intercooling 1 841 5.4 148.6 5.4 40 108.6  3.0x10%
Intercooling 2 827 16.2 1489 16.2 40 1089 2.4x10*
Intercooling 3 823 50.6 1432  50.6 40 103.2  2.8x10*
Intercooling 4 822 110 1157 110 40 75.7 4.6 x10*
Flue gas 4061 1 141.8 1 40 101.8  2.5x10°
Overhead Stripper 842 1.8 105 1.8 48 57 3.6 x 10°
Cold stream ton/h  bar °C bar °C °C kW

Solvent Preheater 9147 2 95 2 110 15 4.7x10°

Interstage Heater 1444 1.8 118.8 1.8 119.5 0.7 1.7x10°

The thermodynamic parameters of each stream were mapped to identify heat
recovery opportunities within the system. A cascade diagram and a composite
curve were then developed using a minimum temperature difference (ATmin) of
10°C. This approach was selected to balance technical optimization with
financial feasibility[12]. The heat integration scheme was developed using
Aspen Energy Analyzer, with the heat exchanger network (HEN) design
summarized and illustrated in Figure 4. In this study, six process cases were
evaluated to improve the energy efficiency of the CO: capture system. Case 2
modified the Rich Solvent Preheater (RSP) to raise the rich solvent temperature
entering the regenerator, reducing sensible heat demand. Case 3 applied a split-
flow RSP design downstream of the rich pump to maximize heat recovery and
achieve a higher temperature rise. Case 4 investigated the effect of parallel rich
solvent injection at stages 1 and 10 on sensible heat reduction. In Case 5, an
additional heater at stages 18—19 enhanced the CO: separation driving force,
increasing stripper temperature, and lowering reboiler duty. Finally, Case 6
combined the interstage stripper modification with the RSP to assess potential
synergistic benefits. The heat exchanger modeling assumes that ambient
temperature does not affect the heat transfer effectiveness.
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Figure 4. Case Heat Integration. (a) Case 1 Base Case (b) Case 2 Rich Solvent
Preheater (c) Case 3 Rich Solvent Preheater Design 2 (d) Case 4 Split Flow
Arrangement (e) Case 5 Stripper Interstage Heater (f) Case 6 Rich Solvent
Preheater and Interstage Heater Combination

3 Result and Discussion
3.1 Base Case Model

In the base case modeling, capturing 90% of CO: from the 3x330 MW
subcritical power plant requires a reboiler duty of 3.46 GJ/tCO.. The model was
validated using reboiler duty data from previous studies[22][23]. A comparative
analysis of the tapping point options was carried out to assess steam mass flow
requirements, energy penalties, unit efficiency impacts, and potential
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operational challenges. The LP/IP crossover delivered the highest gross output
of 270.2 MW with a steam requirement of 414.3 ton/h, achieving the lowest
energy penalty 33.7% and highest efficiency 27.4%. In comparison, cold reheat
produced 210.6 MW at 399.0 ton/h of steam with a 52.0% energy penalty. while
main steam tapping, although requiring the least steam 355.7 ton/h, yielded the
lowest output 191.3 MW and highest energy penalty 57.9%. Overall, the LP/IP
crossover configuration provides clear operational and energetic advantages,
reducing the energy penalty by up to 24 percentage points and improving gross
output by nearly 79 MW compared to main steam tapping. Beyond technical
factors, operational considerations must also be addressed. For example, the
cold reheat tapping point may risk overheating the boiler’s reheater tubes, the IP
extraction point could affect deaerator operation, and the existing LP extraction
point may not supply sufficient steam mass flow to meet the CCS system’s
requirements.

Table 5 Steam Tapping Evaluation

Tappin Steam Req  Gross Out Energy Efficiency
pping (ton/h) (MW) Penalty (%) (%)
Main Steam 355.7 191.3 57.9 18.5
Cold Reheat 399.0 210.6 52.0 21.4
LPIP Crossover 414.3 270.2 33.7 27.4

3.2 Heat Integration Model

The heat integration scheme identifies the potential recoverable heat, as
summarized in Table 4. Using this stream data, a composite curve was
developed to determine the pinch temperature, which served as the basis for
designing the heat exchanger network integration.

Termperature (C)

40.00 4
0.0008,0002+30K0e~00H 020800 £+ 208) D=+ 30800 -+ 30500 =+ B ) =+ B000 e~ JIM 0003

Enthalpy (kJ/h)

Figure 5 Composite Curve Case 6

Case 2. The rich solvent preheater raises the temperature of the rich
solvent before it enters the regenerator. In the baseline simulation, the
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solvent reached ~94°C, constrained by the lean-rich heat exchanger’s minimum
temperature difference (ATmn) of 10°C to ensure retrofit feasibility.
Incorporating a parallel economizer increased the rich solvent temperature to
97.9°C, reducing reboiler duty by 15.3% to 2.93 GJ/tCOs..

Case 3. In Case 2, the system was further optimized by introducing a 3:1 split
flow of the rich solvent at the rich pump outlet, effectively dividing the duty of
the lean-rich heat exchanger. This configuration was enhanced by a parallel
economizer that utilized waste heat sources identified in Table 4. As a result,
the outlet temperature of the lean-rich heat exchanger increased from 94°C in
the baseline case to 106°C, achieving a 30% reduction in reboiler duty and
lowering the energy penalty to 28.4%.

Case 4. In the split-flow configuration, the rich solvent stream was divided at an
8:1 ratio to enter the regenerator at stage 1 and stage 10, respectively. The lean-
rich heat exchanger raised the solvent temperature to 102°C before entry at
stage 1, while a parallel heat exchanger further increased the temperature to
177.2°C for injection at stage 10. This configuration resulted in a 29% reduction
in reboiler duty and lowered the energy penalty to 30% of the power plant’s
capacity.

Case 5. An interstage heater was installed between stages 18 and 19 of the
regenerators. At stage 19, the solvent temperature increased from 118.8°C to
119.2°C using a solvent mass flow ratio of 1:6 relative to the total regenerator
flow. This adjustment reduced the reboiler thermal duty to 2.94 GJ/tCO..
However, the additional heating represented a significant energy input,
effectively substituting part of the reboiler demand and redistributing heat duty
across the column. Overall, the configuration achieved a 15% reduction in
reboiler duty and lowered the power plant’s energy penalty to 31.7%.

Case 6. A combination of the interstage heater and rich solvent preheater was
applied by utilizing the remaining heat from Case 5 to further preheat the rich
solvent. In this configuration, the solvent temperature at stage 18 increased from
118.8°C to 119.2°C, while the residual heat raised the rich solvent temperature
from 59°C to 104.6°C. Integrating these approaches resulted in a 40% reduction
in reboiler duty and lowered the energy penalty to 26%.

Reboiler Duty per tCO:z Steam Requirement
124300

1035.00
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Net Power Output Energy Penalty
701.80
685.40 oo o0

6a9.00 56940

30.00
28.40

Base Case Case2 Case3 Cased Cases Case6

BaseCase Case2 Case3 Cased Case5 Case6
Case Case

(c) (d)

Net Efficiency
3970

29,02

(e)
Figure 6 Comparation Result (a) Reboiler Energy (b) Steam Requirement (¢)
Net Power Output (d) Energy Penalty (e) Net Efficiency

The observed temperature profiles highlight the distinct effects of interstage
heating and rich solvent preheating on regenerator performance. The interstage
heater improved the temperature at stage 18, lowering the reboiler duty by
enhancing the CO: release driving force. Meanwhile, the rich solvent preheater
increased the inlet temperature of the rich solvent, leading to a decrease in
sensible heat demand due to a reduced temperature gap relative to the reboiler.
The temperature profile for each stage is presented in Figure 8.

Tervperature Profile Acrass Stages

— Dace
o~ Case?
g = case3

—e Casea

-

Temperature (“CF

0 s 1 1 E)
Number of Stage

Figure 7 Temperature Profile Across Stages
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Future research should further investigate the cost of process modifications,
perform detailed economic sensitivity analyses, and evaluate the potential
broader impacts on the power grid system.

4 Conclusion

Retrofitting a 3x330 MW subcritical coal-fired power plant with CCS requires a
reboiler energy of 2.9%10° kJ/h, resulting in an energy penalty of 34% and a
reduction in plant efficiency to 29.7%. When evaluating steam tapping
locations, the LP-IP crossover point was found to deliver the lowest energy
penalty at 24%, compared to main steam or cold reheat tapping points.
Additionally, the LP-IP crossover posed fewer operational risks than the other
tapping options. To mitigate the CCS energy penalty, this study explored heat
integration strategies by utilizing waste heat identified from the integrated
CFPP-CCS system. Several heat integration scenarios were modeled and
compared using Aspen Energy Analyzer to assess their effects on the CCS
reboiler duty. Reducing the reboiler duty translates directly into lower steam
demand from the power plant, thereby reducing the overall energy penalty.
Among the evaluated scenarios, Case 6 combining rich solvent preheating with
an interstage regenerator heater achieved the highest improvement, reducing the
reboiler duty by 40% to 2.07 GJ/tCO.. This reduction lowered the energy
penalty to 26% and increased net power output by 10.6%.
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