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Summary:  

This thesis is based on earlier work conducted by the USN, HSN, and TUC on cost 
estimation and optimization of CO2 capturing from flue gas using monoetahnol amine 
absorption (MEA). 

A simulation model has been implemented in the Aspen HYSYS V10 to simulate the CO2 
removal process by using the calculations in spreadsheets. Spreadsheets have been used 
to compute capital expenditure (CAPEX), operational expenditure (OPEX), equipment 
dimensioning, and removal efficiency. Prices for the base cases were calculated in Aspen 
In-Plant Cost Estimator V10, and the power-law equation was applied to account for new 
equipment dimensions. The tools case study, Aspen simulation workbook, and Visual 
Basic for Application (VBA) in Excel have been used as solutions to automate the 
simulation. The chance of making a mistake when selecting the appropriate installation 
factor and subfactors for each equipment has been eliminated through the VBA code, 
which does it automatically. 

The best trade-off between heat exchanger area and energy consumption has been 
obtained for the minimum approach temperature (ΔTmin) in a lean-rich heat exchanger at 
9 degrees Celsius (°C). In addition, the optimal number of absorber stages in the process 
has been determined to be 15 stages, and the gas through the absorber has an optimal 
superficial velocity of 2 to 2.2 m/s.  

With this model, iterative cost estimation of CO2 absorption and desorption processes can 
be implemented automatically and instantly. Human errors in selecting installation factors 
and subfactors for different equipment are also eliminated.  
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Nomenclature 
 

CAPEX[€], Capital expenditure 

CS, Carbon steel 

DCC, Direct contact cooler 

ΔTmin[°C], Minimum approach temperature 

EDF, Enhanced Detailed Factor 

k€, ×1000 Euro 

MEA, Monoethanolamine 

OPEX, Operational expenditure 

PFD, Process Flow Diagram 

SS, Stainless steel 

VBA, Visual Basic for Application  
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1 Introduction 
This study is based on the previous studies completed in the USN, HSN, and TUC in the context 
of the estimation of carbon dioxide (CO2) capture by monoethanolamine (MEA) absorption in 
the post-combustion. 

1.1 Background 
The main goal of the Paris Agreement is to establish a worldwide framework for avoiding 
catastrophic climate change by keeping global warming far below 2 degrees Celsius (°C) and 
pursuing efforts to keep it below 1.5°C. Reducing Greenhouse Gas (GHG) emissions has been 
identified as one of the most effective ways to achieve this goal [1]. 

CO2 emissions, as one of the main GHG emissions, should be managed and decreased to the 
greatest extent. The carbon capture and storage (CCS) process, which consists of the capturing 
and storing of CO2, is a proper method to encourage industrial plants to reduce their CO2 
emissions. CO2 capturing, which is generated by fossil and biomass power plants and industrial 
facilities, is one of the activities that can be helpful in the reduction of the greenhouse gas 
effects on the world. Nowadays, the world's capacity for capturing and storing CO2 is around 
40 million tons [2]. 

Amine-based CO2 absorption has been identified as the most appropriate solution for 
combustion-based power plants, especially in the power plants with low CO2 concentrations in 
the flue gas. This solution has been tested, and acceptable results have been achieved. There is 
a technical similarity with the end-of-pipe control system as well as, extensive studies in this 
area can be found for optimizing the CO2 capturing process [3]. 

The flue gas flow rate, CO2 concentration in the flue gas, CO2 removal efficiency, amine flow 
rate, steam, and power price are the factors that can affect the plant's CO2 capturing total price 
[4]. The optimal value for different equipment of the process should be measured to minimize 
the plant's CO2 capturing price with the consideration of the required CO2 removal efficiency.  

They have investigated the effects of different parameters to optimize and reduce the total price 
of the CO2 capturing process. They have calculated the cost of power for an additional amount 
of the lean loading under the different CO2 capture efficiency scenarios. They have found an 
interval for lean loading to optimize the cost of power in the power plant [5]. 

CO2 removal efficiency has been defined as a function of the amine flow rate, the height of the 
absorber packing, the temperature of the absorption process, and the temperature of the hot 
utility. For various forms of structured packing, the optimum gas velocity and pressure drop in 
the absorption column have been explored. Murphree efficiency (EM) in the absorption 
calculation is considered as a constant. While EM in the HYSYS is computed automatically and 
it is varying between 0.08 and 0.13 [6]. 

For all packing options, the trade-off between capital expenditure (CAPEX) and operational 
expenditure (OPEX) is investigated. The CAPEX includes a shell, packing, column internals, 
liquid distributor, packing support, and flue gas fan prices. For different types of packing, 
specific ranges for velocity and pressure drop have been identified between 2 and 2.5 m/s and 
10 to 15 mbar, resppectively. The pressure drop in stages has been determined by subtracting 
the pressures at the top and bottom of each stage. The total pressure drop in the absorber is 
calculated by the summation of these pressure drops with the atmospheric pressure [7]. 
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It is required to mention that the cost estimation method employed in the CO2 capturing plant 
should be exact and accurate. Adding extra safety factors is the reason for increasing the plant's 
capital cost, and these calculations are not applicable in the real world. The Enhanced Detailed 
Factor (EDF) is a method for determining the installation factor in the plant's capital cost that 
has shown acceptable results. The cost of carbon capture using the EDF method with             
ΔTmin =15°C was computed at 66 €/tCO2, whereas other methods showed 69 to 79 €/tCO2. 
These findings show that this method can be used to calculate capital costs for a variety of plan 
types and conditions [8]. 

Automation of the cost estimation and optimization of the equipment are the topics that have 
received more attention in recent years. Automation of the process has been investigated to 
determine the trade-off between the area of the lean-rich heat exchanger and energy 
consumption. Another study has been done for the automation of the process in order to update 
the number of stages automatically in the cost estimation. They have added an adjust operation 
in the Aspen HYSYS model for achieving the target ΔTmin in the lean-rich heat exchanger and 
removal efficiency based on lean amine flow. These operations have significant impacts on the 
decreasing of the modeling time and achieve more accurate results. Prices for removal 
efficiency of 85 percent and 90 percent were compared to each other.  The simulation's 
robustness should be considered as one of the suggestions to obtain better results [9].  

In the simulation procedure, some assumptions and methods have been used that can be 
developed or replaced by better assumptions and methods in order to get more accurate results. 
Automation of the process is the other assumption that should also be investigated. 

1.2 Objective 
This master's project has many primary aims, which are highlighted below: 
 

 Optimizing the amine-based CO2 capture in the Aspen HYSYS, 
 Dimensioning and cost estimating by spreadsheet,  
 Automating the optimization process,  
 And evaluating the limitations in the estimation and optimization process.  

 
Appendix A is a detailed explanation of the project's overall goal. 
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2 Process summary and simulation of the 
base case in the Aspen HYSYS 

In this chapter CO2 capturing process will be explained briefly. All the main components and 
their roles in the process are defined. In the second part, the specifications and assumptions of 
the base case are shown in Table 2-1. 

2.1 Process summary 
The main components of the process, the CO2 removal procedure, and the general flow diagram 
of the CO2 removal power plant are shown in Figure 2-1.  

A production plant's flue gas is transferred to the carbon-capturing facilities. The flue gas is 
driven through the pre-cooler, separator, and absorber by a fan. It should provide the flue gas 
with the required pressure and flow. In the pre-cooler, the temperature of the flue gas should 
be reduced to around 40°C. When lean-amine comes into touch with flue gas in the absorber, 
the CO2 in the flue gas is absorbed. The solution passes through the lean-rich heat exchanger. 
The temperature of the solution is increased after the lean-rich heat exchanger by absorbing 
heat from the lean-amine flow. CO2 is removed from the mixture via a stripper or desorber, 
and absorbent flows toward the lean-rich heat exchanger. Before entering the absorber, the 
temperature of the mixture is decreased to around 40°C in the lean-amine cooler. Due to the 
bonding, amine solutions are categorized as chemical absorbents. Physical bondings are 
another category for solvents families [4]. The flow diagram, which is shown in Figure 2-1, is 
based on the previous study [10]. 

2.1.1 Absorber column 
In the absorber, liquid and gas have flown countercurrent. The main aim is to absorb the gas 
mixture to the liquid or solvent by providing contacting surface. The mass transfer happens on 
these surfaces(stages). The following are the major steps in the design of the absorber:[11] 

 Choosing the Solvent 
 Finding the most cost-effective gas velocity(absorber diameter) 
 Calculating the height of the absorber, which includes the number of stages in the 

absorber 
 Calculating the best solvent circulation rate 
 Calculating temperature of streams  
 Finding the operating pressure in the absorber 
 Designing of the mechanical components 

Designing the absorber is one of the most important parts of CO2 capturing, and here only 
some parts of the absorber have been explained [11]. 

The absorber's solvent can be chemical or physical. The amount of solubility for the desired 
solute is one of the key reasons for choosing the solvent's type, which is influenced by the 
temperature and pressure. MEA is the chemical solvent that is used in this project. 

Tray and packed towers are two types of contactors used in the absorber. Structured packing is 
one of the most popular packed towers in commercial practice. Low-pressure drop is a key 
factor in making it more attractive. Structured packing is utilized in this project [11]. 
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Another important aspect to consider while designing an absorber is the gas velocity. As the 
gas velocity changed, the diameter of the packing altered as well. When the diameter of the 
packing is decreased, the pressure drop and energy consumption increase. The flue gas's high 
velocity in the absorber has two negative effects: 

 Loss of MEA 
 Local pollution due to MEA losses 

Installing a water wash downstream of the absorber can assist to reduce these negative 
consequences[11]. 

 

 
Figure 2-1: Flow diagram of the standard amine-based CO2 capture plant[10]. 

2.1.2 Desorber column 
Structured packing, reboiler, and condenser are the key components of the desorber. In the 
desorber, CO2 is removed from the circulated amine solution. For regeneration of the amine 
from the circulating solution should be added heat. The liquid solution flows from the bottom 
of the desorber to the reboiler, where the heat from the steam is absorbed as a hot resource 
(kallevik].[4] A thermosiphon vertical fixed tube sheet(V-FXD) reboiler has been used for cost 
estimation in this project. This sort of reboiler is quite common, and it's usually used in one of 
the following situations: [12] 
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 The constant head above the reboiler  
 Low operating pressure  
 The reboiler feed contains a high concentration of volatiles(over 5%) 

Effluent flow from the desorber includes water and CO2. Water can be condensed and return 
to the process. Lean amine solution returned to the process from the bottom of the reboiler [4]. 

2.1.3 Water separator 
There may be a small amount of water in the flue gas before it goes through the absorber due 
to the temperature reduction in the pre-cooler. In the separator, water can be separated from the 
gas. 

2.1.4 Lean-rich heat exchanger 
In the lean-rich heat exchanger, the heat added to the lean solution in the reboiler can be 
transferred to the rich amine solution. This heat exchanger is playing the role of pre-cooling 
for the lean solution. One of the most expensive pieces of equipment in this CO2 capture 
process is the lean-rich heat exchanger. It is required to find the optimum ΔTmin, which can be 
calculated based on the trade-off between heat exchanger area and energy consumption. An 
increasing trend in ΔTmin leads to a decreasing trend in the surface area and heat recovery, and 
vice versa [4]. 

2.1.5 Lean amine cooler 
The lean cooler is able to reduce the temperature of the lean solution to around 40°C. External 
cooling water resources are applicable to decrease the temperature. The total area of this heat 
exchanger is usually lower than the lean-rich heat exchanger, and all the assumptions are the 
same for both [4]. 

2.1.6 Pumps 
Different pumps are needed in this process. The main pumps are rich-MEA pump, lean-MEA 
pump, pump in the condenser of the desorber, and cooling water pumps. All pumps, in 
general, should have enough head to overcome all process losses. The required head of the 
pump should be determined by considering the losses in the pipes, in the absorber, desorber, 
heat exchangers, pressure differential between the absorber and desorber, and type of the 
solution or liquid [4]. 

2.1.7 Fan 
The flue gas pressure from the process is around 1atmosphere (atm), and the temperature is 
about 110°C. The fan should compensate for all the pressure drop in the pre-cooler, separator, 
and absorber. Pressure drop in the absorber can be affected by the number of packing stages 
and cross-sectional area of the packing. The minimum driving force of the fan is determined 
after the calculation of pressure drop for this equipment. The fan is chosen based on the 
pressure drop and the volume flow of the flue gas. Due to the large volume flow, two or more 
fans in parallel may be employed [4]. 
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2.1.8 Pre-cooler before absorber 
This pre-cooler is to reduce the temperature of flue gas to around 40°C. 

2.2 Aspen HYSYS simulation of the base case 
 

The process diagram of CO2 capture, which is included in the calculations, is shown in Figure 
2-1. 

 

 
Figure 2-2: PFD (Process Flow Diagram) of the CO2 capturing process simulated in the Aspen HYSYS. 

In the PFD, all the streams have been labeled with the name of a fluid that flows to the next 
equipment. PFD Main equipment has been marked with name, and adjust operation has been 
added to the simulation in order to achieve the required ΔTmin in the flowsheet. Table 2-1 
presents an overview of the required data for Aspen HYSYS' base case simulation.  

 

Table 2-1: Specification and assumption for base model simulation. 

Parameters Value Source 

Co2 capture efficiency(%) 85 [10] 

Flue gas 

Temperature 110°C Assumed 

Pressure 101kPa [4] 

CO2 mole-fraction 0.033 Assumed 

H2O mole-fraction 0.069 Assumed 

N2 mole-fraction 0.898 Assumed 

Molar flow rate 10,910 kmol/h Assumed 
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Inlet temperature to Absorber 40°C [10] 

Inlet pressure to absorber 120kPa Assumed 

Lean-Rich heat exchanger 

ΔTmin 10°C [10] 

Lean MEA 

Temperature 40°C [10] 

Pressure 110kPa Assumed 

Molar flow rate 132,100kmol/h Calculated 

Mass fraction of MEA 0.225 Assumed 

Mass fraction of CO2 0.035 Assumed 

Absorber 

No. of stages 10 [9] 

Murphree Efficiencies(%) 25 [13] 

Packing type M76YB Aspen In-Plant 

Desorber 

No. of stages 6 [9] 

Pressure 200kPa [9] 

Murphree Efficiencies(%) 50 [10] 

Reflux ratio 0.3 [10] 

Temperature into desorber 103.2°C Assumed 

Reboiler temperature 120°C [10] 

Pumps 

Adiabatic efficiencis(%) 75 Assumed 

Fan 

Adiabatic efficiencis(%) 75 Assumed 
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Structured packings M76YB are made of stainless steel 304 and have a 45° vertical orientation 
angle and a geometric area of 250 m2/m3. Table 2-2 summarizes an overview of the 
assumptions and foundation for designing the equipment dimensions. The dimensioning 
spreadsheet in the Aspen HYSYS has been added to Appendix D. the Table is based on a study 
from Aromada [10]. 

 

Table 2-2: Equipment dimensioning factors and assumptions 

Equipment Assumption 

Absorber Superficial velocity of 2.5m/s, TT=40m, 

1m packing height per stage 

Desorber Superficial velocity of 1m/s, TT=15m, 

1m packing height per stage 

Packing Structured packing: SS304 Mellapak 

250YB  

Lean/Rich heat exchanger 

Reboiler 

Condenser 

Coolers 

Intercooler pressure drop 

U = 0.5kW/m2K 

U = 0.8kW/m2K 

U = 1kW/m2K 

U = 0.8kW/m2K 

0.5bar 

Pumps Centrifugal 

Flue gas fan Centrifugal 

Separators Corrosion allowance of 0.001m; joint 

efficiency of 0.8; stress 2.15×108 Pa; 

TT=3Do 
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3 Cost estimation method 
The main aim of the cost estimation is to calculate the total cost of the project and the 
uncertainties. Calculations are based on the dimensioning from the Aspen HYSYS V10. Prices 
for all the parts in the base case process have been computed from the Aspen In-Plant Cost 
Estimator V10. In this chapter, the calculation technique for the different dimensioning ports 
will be discussed. 

3.1 Clasification of expenses 
CAPEX and OPEX are the main expenses in the CO2 capturing projects. CAPEX includes the 
cost of purchasing and installation of equipment, piping, instruments and control, electrical 
equipment, buildings, land, engineering and supervision, construction costs, contingency, and 
start-up expenses. Land, delivering the essential utility to the site, administrative buildings, and 
control rooms expenses are excluded from this project. OPEX consists of the operation cost, 
utility cost, and maintenance cost. Spare parts, building maintenance, raw material, and 
employee's salary are not considered in the calculations [4]. 

In this project, CAPEX has solely taken into account the cost of equipment. The equipment 
expenses at the Aspen-In Plant are calculated using costs from the first quarter of 2016. It 
includes an estimate for labor costs that are not included in the cost estimates. 

3.2 Design data for a price estimation in Aspen-In Plant 
In Aspen-In Plant software, some design data must be provided in order to achieve more 
accurate results. Designing parameters are explained in the four main categories. These 
categories are towers or column-trayed/packed, heat exchangers, pumps, and blowers. 

1. Designing items in the Towers or column-trayed/packed are:  
 Application  
 Dimensions 
 Shell material 
 Vessel diameter 
 Vessel tangent to tangent height 
 Packing type 
 Number of packed sections 
 Total packing height 

 

2. Designing items in the heat exchangers are:  
 Heat transfer area 
 Number of shells  
 Tube material 
 Shelle material 

 

3. Designing items in the pumps are:  
 Casting material 
 Liquid flow rate 
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4. Designing items in the fans are:  
 Material 
 Actual gas flow rate 

All these items must be specified for calculation in the Aspen In-Plant, however other input 
data can be used from the default data. 

3.3 Equipment cost calculation 
The technique which has been used for estimating the capital cost is EDF Estimation. A table 
related to this method has been added in Appendix C [4]. 

The procedure of the cost estimation in this project is based on the following steps: 

 Finding the new dimensions of the equipment, which can be volume, area, heat transfer 
area, or duty, 

 Calculating the cost of the new equipment by using the power law, which is explained 
in the 3.3.1and Table 3-1, 

 Finding the material factor which is added in Appendix C, 
 Computing the price of carbon steel through the division of the equipment price by the 

material factor,  
 Extracting the installation factor for 2020, equipment cost, and piping from the table, 

which includes the equipment cost adjustment. The installation factor can be calculated 
from 3.3.3, 

 Adjusting the prices for 2020 by using 3.3.1 
 Calculating the final price for each equipment by multiplication the installation cost 

and the number of equipment. 
 

Table 3-1: sizing factor for different equipmentp[10] 

Equipment Sizing Factors 

Absorber Tangent-to-tangent height(TT), packing height, 

inner and outer diameters 
Desorber 

Packing 

Lean/Rich heat exchanger 

Reboiler 

Condenser 

Coolers 

Intercooler pressure drop 

Heat transfer area(m2) 

Pumps Flow rate(L/s) and power(kW) 
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Flue gas fan Flow rate(m3/h) and power(kW) 

Separators Outer diameters; tangent-to-tangent height(TT) 

3.3.1 Power law 
The cost of the new facility is derived from a similar facility with a different capacity. This 
relation is shown in eq.(3.1) 

 

 𝐶ா = 𝐶஻(
𝑄

𝑄஻
)ெ (3.1) 

Where CE = equipment cost with capacity Q 

           CB = known base cost for equipment with capacity QB 

           M = constant depending on equipment type 

            

Exponent power(e) can vary from 0.6 until 1.7, according to the facility type. [4] 

3.3.2 Index adjustment 
The cost of the equipment used in the process may vary from year to year due to inflation and 
other variables. To update the base costs published in open literature or other resources, cost 
indexes should be used. The price indexes are added in Appendix B. The price index equation 
is shown in Eq.(3.2) [4]. 

 

 𝐶ଵ =  𝐶ଶ.
𝐼𝑛𝑑𝑒𝑥ଵ

𝐼𝑛𝑑𝑒𝑥ଶ
 (3.2) 

 

Where    C1 = equipment cost in year 1 

               C2 = equipment cost in year 2 

               Index1: cost index in year 1 

               Index2: cost index in year 2 

Index adjustment data from the SSB website, which has the main role in providing these data, 
is used in this study and is included in Appendix B. The base costs have been extracted from 
Aspen In-Plant, based on a database from 2016. 

3.3.3 Installation factor 
Using the table of installation factor 2020 [] in AppendixC, the total price for the plant can be 
calculated from the CAPEX of the equipment. This table includes the direct cost, engineering, 
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administration, commissioning, and contingency. The total installation cost is computed by 
applying[4]. 

 𝐶௜ =  𝐶௉ . [𝑓 ஼ − 𝑓௉ − 𝑓ா + 𝑓௠. ൫𝑓௣ + 𝑓ா൯] (3.3) 

Where: Ci = Total installed cost factor for carbon steel[€] 

CP = Purchase cost for a equipment for carbon steel[€] 

fTC = Total installation cost factor 

fP = Piping cost factor for equipment 

fE = Equipment cost factor 

fm = Material cost factor 

3.4 Assumptions for CAPEX  
All the assumptions for CAPEX estimation are shown in Table 3-2. This table is drawn by the 
author but the idea is from Aromada [10]. 

 

Table 3-2: CAPEX assumptions 

Parameter Value Source 

Cost year 2020, January [10] 

Cost currency Euro(€) [10] 

Method of CAPEX estimation EDF method [10] 

Plant location Rotterdam [10] 

Project life 25 [10] 

Duration of construction 0 [4] 

Discount rate 8.5% Assumed 

Material conversion factor(SS to CS) 1.75 Welded; 1.3 Machined [4] 

Annual maintenance 4% of CAPEX [4] 

Cost data year 2016, January Aspen In-Plant 

3.5 Cost of utilities or OPEX 
In this project, OPEX for one year includes electricity cost, steam cost, and cooling water 
cost for 8000 hours per year. The one-year maintenance price is considered to be 4% of the 
total CAPEX price, which is added to the one-year OPEX price. 



 

             3 Cost estimation method                                                                                                      

19 

 

Table 3-3: Utility and maintenance cost 

Electricity cost 0.06 €/kWh 

Steam cost 0.015€/kWh 

Cooling water 0.02€/m3 

Maintenance cost  0.04 of CAPEX 

3.6 Net present value 
Net present value (NPV) is a method of calculating a project's overall cost by considering 
capital and operating costs over a given time period. The capital cost in this calculation covers 
all installation expenses for the main equipment in the CO2 capture process. Operational costs 
involve utility expenditure. CAPEX is assumed to start from year zero in this calculation, and 
the OPEX is computed from year zero. [4] 

 

 

 𝑁𝑃𝑉ை௉ா௑   =  ෍ ൜(𝑎) ×
1

(1 + 𝑖)ே
ൠ

ேୀ௘௡ௗ

ேୀ଴

 (3.4) 

 

 𝑁𝑃𝑉ை௉ா௑  =  𝑎 × ෍ ൜
1
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Where: NPVOPEX = Total OPEX price for calculation period [€] 

             i = annual interest rate 

             a = annual operation cost [€] 

             N = number of years 

The annual OPEX price is assumed constant in the project calculation period. 

 NPV = CAPEX + NPVOPEX (3.6) 

The calculation period for this project is 20 years, and the discount rate is 8.5%. 
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4 Sensitivity Analysis 
This chapter will investigate the effect of changing the different items in order to determine the 
best trade-off for the CO2 capture plant. These items are the absorber packing height, ΔTmin, 
and superficial velocity in the absorber. 

4.1 Approach temperature in the lean-rich heat exchanger 
The goal of this subchapter is to determine the minimum approach temperature for the lean-
rich heat exchanger with the lowest NPV. The heat exchanger is one of the most expensive 
parts of the CO2 capture process. Optimizing the dimension of this equipment leads to a 
reduction in the price. By changing the lean-amine flow in the simulation, the capture rate 
remains constant.  The NPV values are calculated in the Aspen HYSYS spreadsheet for each 
ΔTmin, and the results are shown in Appendix I.  All other parameters such as flue gas 
temperature after pre-cooler, number of stages in the absorber, and essential items have 
remained constant. NPV can be computed for different ΔTmin values by defining a case study 
or manually in the Aspen HYSYS. The first case in the Aspen HYSYS case study achieved 
about 85% CO2 removal efficiency just by changing lean-amine flow. The energy consumption 
is determined by dividing the reboiler's energy consumption by the mass flow of CO2 captured. 
The explained situation has been shown in Figure 4-1.  

 
Figure 4-1: NPV and energy consumption as a function of ΔTmin with 85% capture rate, EM=0.25, 20 years 
calculation period, and 8.5% interest rate 

4.2 Absorber packing height 
The optimal number of stages in the absorber can be determined in this analysis. The height of 
each stage is considered to be 1 meter (m) with a pressure drop of 1 kilopascal (kPa) per meter 
of packing. In order to reach 85%, CO2 removal efficiency should be adjusted according to the 
lean-amine flow rate. Pressure in the stream from the fan to the absorber should be adjusted 
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based on the new number of stages in the absorber. Murphree efficiency has been set to 0.15 
in all stages. Aspen HYSYS automatically assigns a value of 1 to new stages, which should be 
updated to 0.15 in this simulation. For simulations in 4.2 and 4.3, several assumptions in the 
base case have been changed as follows: 

 Absorber's number of stages has been changed from 10 to 16  
 EM has been set to 0.15 instead of 0.25.  
 Number of stages in the desorber has been increased from 6 to 10 stages.  

New capital costs have been calculated by using Aspen In-plant for the base case.  

 

 

 
Figure 4-2: NPV as a function of absorber packing height with removal efficiency 85%, EM=0.15, 20 years 
calculation period, and 8.5% interest rate 

 

4.3 Superficial velocity in the absorber 
This section has been investigated the variation of NPV by changing the gas velocity in the 
absorber. Only the OPEX and CAPEX of the fan and absorber are considered in the NPV. The 
simulation's packing type is M76YB (structured packing). Pressure drop per meter of packing 
for different velocities have been estimated from Appendix J. In this part, a column for the 
absorber's internal price has been added to the CAPEX. The costs for unit liquid distributor, 
packaging support, and liquid catcher were 4000, 800, and 2000$/m2 correspondingly, 
according to data from Dejanovic [7]. 

In Figure 4-3, Murphree efficiency is set at 0.15 in the simulation, and packing is assumed to 
remain constant for different velocities. The flue gas total pressure to the absorber has been 
adjusted in the Aspen HYSYS simulation based on the new pressure drop per meter of the 
packing. Appendix I-3 summarizes the simulation results for different velocities in the 
absorber. 
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Figure 4-3: NPV as a function of superficial velocity with 85% capture rate, 20 years calculation period, and 
8.5% interest rate, and constant volume in the packing 

 

In the subsequent analysis, EM (Base Case) for velocity 2.5 m/s is assumed to be constant at 
0.15. The EM (Base Case) value for each velocity has been computed using the percentage of 
the differences between the corresponding EM value and the EM value of 2.5m/s. For velocities 
of 1.5, 2, 2.5, and 3 m/s, EM is computed using the pseudo-first-order method, with area 
correction factors taken from Debrito-Billet provides a summary of the EM and EM of the base 
case (Base Case) [13]. Background, formulation, and the excel sheet related to these 
calculations have been depicted in Appendix K. Results have been presented in Appendix I-4. 
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Figure 4-4: NPV as a function of superficial velocity with 85% capture rate, 20 years calculation period, and 
8.5% interest rate and constant volume in the packing 
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5 Automation  
Automation of the simulation has been investigated in this chapter, and results have been 
compared with manual simulation. Some of the input data should be changed in the simulations 
manually, which is time-consuming. Connecting Excel and Aspen HYSYS to transfer the data 
is the first step toward automating the process. In order to make the connection, there are 
different ways, including the Aspen simulation workbook and programming in visual basic. In 
addition, defining a case study in the Aspen HYSYS can be useful for automating the 
simulations. 

5.1 Aspen simulation workbook 
The Aspen simulation workbook is an Excel feature that can be activated through Excel's 
settings. The Aspen HYSYS simulation model should be linked to Excel, and it has to be done 
under the simulation tab in the Aspen simulation workbook. Variables in Aspen HYSYS 
simulation can be copied from a spreadsheet or other parts of the process and put into the 
organizer under the Aspen simulation workbook. There are two options to run the simulation 
1) create the profile table 2) create the scenario table. Creating the profile table is more manual 
and should be updated with the new input data each time to run the simulation. In the second 
option, the scenario table, all of the input data are collected once, and the simulation runs one 
at a time. Results will be displayed when all of the simulations have been completed. It should 
be noted that there is the possibility to save the Aspen HYSYS model for each simulation. In 
this procedure, all the processes are automatic, but the input data should be added 
manually[14]. 

In the approach temperature simulation, ΔTmin is considered as input in the lean-rich heat 
exchanger. As well, capture rate and NPV are considered as outputs. In order to fix the capture 
efficiency at about 85%, a controller should be added to the simulation model. With this option, 
simulation is more automated. Table 5-1 summarizes the results of the automated simulation 
by changing ΔTmin. Aspen HYSYS model for ΔTmin = 5°C has been used as the base for other 
simulations. Required ΔTmin have been written as input in Table 5-1, and a scenario function 
has been run for the input data. The results will be presented in Excel. The controller for the 
capture rate percentage has been set to 85±0.05. 

The pressure of the flue gas to the absorber, the number of stages, the pressure in the last stage, 
and EM are all input variables for the simulation of changes in the height of the absorber 
packing. The number of stages changes the absorber's input pressure. The pressure drop in each 
stage is assumed to be 1kPa. NPV can be considered as an output. 

 



 

             5 Automation                                                                                                      

25 

Table 5-1: simulation results 

 

5.2 Case study 
The case study is another solution for the automation of the process. In this method, a provided 
Aspen HYSYS model is used as the base, and a new case should be added to the model's case 
study folder. Independent and dependent variables are imported from this model to the new 
case study. The start point, endpoint, and step size should be added in the setup tab. The 
simulation has been done for the specified ranges, and results can be exported to Excel. Figure 
5-1 compares the results for manual and case study (automatic) simulation. Setting the goal of 
85% on capture efficiency leads to more accurate results, and consequently, the process will 
be more automated. The results are closer to the manual results by adding this controller, 
especially when the temperature is from 5°C to 12°C. These diagrams have the same minimum 
value for NPV in different ΔTmin. In both of the diagrams, the minimum value for NPV is 
between 8 and 9. 
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Figure 5-1: NPV as a function of ΔTmin with removal efficiency 85%, EM=0.25, 20 years calculation period and 
8.5% interest rate for case study(automatic) and manually, by using Aspen HYSYS model for ΔTmin=5°C 

5.3 Visual basic for application 
 VBA programming language in Excel is another method for automating the process and cost 
estimation in Aspen HYSYS. Aspen HYSYS library can be activated in Excel from the 
developer tab, visual basic, tools, and preference [15]. Aspen HYSYS root should be inserted 
into an Excel sheet and updated for different models. In the entire process, Aspen HYSYS 
model is closed. One of the most time-consuming in cost estimations is determining the correct 
installation factor from the EDF table (Appendix C). The CAPEX spreadsheet must be updated 
with new equipment costs by using the new variables from the EDF table. A VBA code is 
written for coupling Aspen HYSYS spreadsheet and Excel. The code reads equipment prices 
from the Aspen HYSYS spreadsheet and imports them into an excel spreadsheet. In parallel, 
the total installation factors, equipment factors, and piping factors have been read from Excel 
to the Aspen HYSYS spreadsheet. A copy of the EDF table should be made in Excel. Appendix 
K contains the VBA code. 

5.4 limitations 
Several limitations have been identified for the automated cost estimation of CO2 capturing by 
using a spreadsheet in Aspen HYSYS, which are as follows: 

 Different results will be achieved for the other base models in the case study (Figure 
5-2 and Figure 5-3). 

 Other base models produce different results in the Aspen simulation workbook. 
 It is not possible to use case study in the sensitivity analysis for different absorber 

heights and superficial velocity (EM, the pressure of flue gas into the absorber, and 
pressure in the last stage of the absorber should be updated for each case). 

 Correction to the installation factors in the CAPEX spreadsheet and Aspen simulation 
workbook for the case study. 

 Before running the model, the input data for the Aspen simulation workbook should be 
imported manually in Excel. 
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 The coupling of the VBA code for updating the EDF installation factors with the case 
study and Aspen simulation workbook should be integrated. 

 VBA code will be complicated for running the Aspen HYSYS directly from Excel and 
updating installation factors from the EDF table. 

 The connection of Aspen HYSYS and Excel to achieve different running times might 
be regarded as the final limitation that has been found. 

 
Figure 5-2:NPV as a function of ΔTmin with removal efficiency 85%, EM=0.25, 20 years calculation period and 
8.5% interest rate for case study(automatic) and manually, by using Aspen HYSYS model for ΔTmin=16°C 

 

 
Figure 5-3:NPV as a function of ΔTmin with removal efficiency 85%, EM=0.25, 20 years calculation period and 
8.5% interest rate for case study(automatic) and manually, by using Aspen HYSYS model for ΔTmin=10°C 
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6 Discussion 
In this chapter, different results will be compared and discussed with previous studies. In the 
last subchapter, the achievements from the present work will be explained, and avenues for 
future works will be recommended.  

6.1 Comparison of the results with previous works 
In this study, two different base cases have been used for simulation. Differences between these 
case studies have been explained in section 4.2. In The total equipment price for 2020 has been 
compared with the Aromada[8]. The total price of the equipment in the CO2 capture plant 
without direct contact cooler (DCC) has been reported 122 million euros (M€). CAPEX in this 
study is 120.2 M€ for 10 stages and 117 M€ for 16 stages. Absorber, fan, and lean-rich heat 
exchanger are the most expensive parts of the process, and they have been considered around 
80% to 85% of the total equipment cost of the process.  

Table 6-1, simulation results are compared with the current literature, and the results show 
differences between this simulation with the other simulations. Reboiler-specific heat is used 
for validation of the simulation. CO2 mole fraction, absorber height, and EM are the factors that 
can explain the differences. Despite these differences in the simulation, energy regeneration 
for simulations with ΔTmin=10°C were in the range 3.2 and 5 MJ/kgCO2 as reported in several 
articles [16].  

The total equipment price for 2020 has been compared with the Aromada[8]. The total price of 
the equipment in the CO2 capture plant without direct contact cooler (DCC) has been reported 
122 million euros (M€). CAPEX in this study is 120.2 M€ for 10 stages and 117 M€ for 16 
stages. Absorber, fan, and lean-rich heat exchanger are the most expensive parts of the process, 
and they have been considered around 80% to 85% of the total equipment cost of the process.  

Table 6-1: Comparison simulation results[8]  

 CO2 

(mol%) 

Capture 

rate(%) 

No. 

absorber 

stages 

ΔTmin Rich 

loading 

Reboiler 

specific heat 

(MJ/kgCO2) 

EM 

[8]EDF 3.75 85.06 15 10 0.5 3.71 0.11-

0.21 

Present work 3.3 85.08 16 10 0.5 3.64 0.15 

Amrollahi[17] 3.8 90 13 8.5 0.47 3.74 n.a 

N.Sipocz[18] 4.2 90 26.9(Height) 10 0.47 3.93 n.a 

Øi2007[6] 3.75 85 10 10 n.a 3.65 0.25 

Present work 3.3 85.12 10 10 0.5 3.79 0.25 
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This is a trade-off between the heat exchanger area and the process's external utility 
requirements (steam, power, and cooling water).[Robin S. chemical] Figure 4-1shows the 
minimum value of NPV, which is at ΔTmin=9°C. CAPEX for the process has been steadily 
reduced, and at the same time, whereas OPEX has been gradually increased (Appendix I-1) for 
ΔTmin from 5°C to 18°C. In this simulation, the main part that has effects on the CAPEX is the 
lean-rich heat exchanger. The heat transfer between lean amine and rich amine has been 
decreased due to the smaller lean-rich heat exchanger area, and on the other side, the required 
heat in the reboiler will be increased. The main reason for the rising trend in OPEX is the 
increase ΔTmin. When ΔTmin is 9°C, NPV has the lowest value, as seen in Figure 4-1. The range 
has been determined from 10°C to 14°C for ΔTmin[4]. As well, based on the results of another 
study, the value of ΔTmin has a nearly same range of 10°C to 15°C [9]. It should be noted that 
there are also some differences between the results of these two studies and the present work. 
The number of stages, EM, and the flue gas content are the main differences in the present work  
case in comparison with the Kallevik [4]. As well, the removal efficiency and CO2 content in 
the flue gas are the main differences between the present work and Øi [9]. 

The next analysis in Figure 4-1 is changing the energy in the reboiler per kg CO2, which has 
been captured in the process. The reduction of the lean-rich heat exchanger area is the reason 
for the increasing trend in energy consumption in the reboiler, as indicated in the diagram. 

CAPEX and OPEX can be affected by the packing height in the absorber. Each stage of the 
absorber has a given pressure drop per meter, and the pressure of the flue gas to the absorber 
should be updated for each simulation. Total equipment price has been changed due to the 
changing cost from the absorber to the lean-rich heat exchanger. The primary cause for 
increasing OPEX in the calculations is increasing the pressure drop in the absorber column. 
Calculation results and diagram are presented in appendix I-2 and Figure 4-2, respectively 
Figure 4-2. The optimal number of stages has been reported 15 for both this study and Kallevik 
[4]. 

Figure 4-3 depicts the NPV value in the absorber for various gas velocities. In this analysis, it 
has been assumed that the packing volume is equal for different velocities. Based on this 
assumption, the cross-sectional area plays an important role in the calculations. The NPV of 
the superficial velocity with the lowest NPV is between 2 and 2.2. The cross-sectional area of 
the packing decreases as the flue gas velocity increases. By reducing the packing diameter, the 
total price of the absorber is reduced, while at the same time, the fan price is increased. Lower 
velocity leads to a decrease in the pressure drop in the packing. Therefore, the fan should be 
able to overcome these pressure drops. Energy consumption (power for the fan) has been raised 
for a higher velocity of flue gas in the absorber, and the main reason was the high-pressure 
drop in the packing. A trade-off between energy consumption and the price of equipment for 
different gas velocities is around 2.2 m/s. EM is considered to be constant for all the velocities 
in the simulation. Pressure drop per meter packing has been extracted from Appendix J for 
packing type 250Y and different velocities. 

The only difference between this following analysis and the previous one is the impacts of the 
calculated EM on the results. The most significant change is an increase in the price of absorber 
packing; however, the optimum superficial velocity for flue gas in the absorber is about 2.2 
m/s. Results are presented in Figure 4-4 and Appendix I-4. 

According to the previous studies, gas velocity in the absorber is between 2 and 2.5 m/s, which 
is consistent with the results of this study [7]. 
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6.2 Comparison of the automation methods 
Automation of the cost estimation for CO2 capturing is helpful to reduce the required time for 
simulation or check new changes in the process. Possibilities for automated cost estimation and 
optimization have been investigated by Øi [9]. They have added adjust operation to their Aspen 
HYSYS model to achieve the required ΔTmin and capture efficiency. The potentials for 
automated cost estimation and optimization were studied by Øi [9]. To attain the required ΔTmin 
and capture efficiency, they have incorporated adjust operation to their Aspen HYSYS model. 
These operations are beneficial to reduce the required time for performing the defined 
requirement. The model should be iterated until all of the constraints are fulfilled, and the 
model results can be calculated using the Aspen HYSYS spreadsheet. All simulations in this 
study used the adjust operation for ΔTmin, and the Aspen simulation workbook used the adjust 
operation for removal efficiency. Case study and Aspen simulation workbook are two ways for 
automating the simulation in the Aspen HYSYS. Aspen simulation workbook offers more 
flexibility in terms of automating simulation. The case study in Aspen HYSYS can only be set 
up for some simulations, such as different ΔTmin, but changing the absorber height is not 
straightforward. The pressure to the absorber should be adjusted for the new absorber height, 
which is challenging in the case study, while it is quite simple in the aspen simulation 
workbook. VBA is another way to connect Aspen Hsysy and Excel. It is possible to import 
from Excel to Aspen HYSYS spreadsheet by total installation factors in the EDF method. A 
VBA code has been written and added to Appendix K. The Aspen HYSYS library can be 
quickly imported into Excel and utilized in simulations upon request. 

6.3 Future work 
In the current study, the calculation of the dimension and price of the different equipment has 
been done by using the spreadsheet in the Aspen HYSYS. The required Aspen HYSYS 
spreadsheets are defined and formulized for dimensioning and calculating of CAPEX, OPEX 
(NPV), and removal efficiency. For each change in equipment size, all the items have been 
updated automatically. The base case prices have been calculated from Aspen In-Plant Cost 
Estimator V10, and these values were used to determine the other prices using the power law 
equation. Gas inlet temperature to the absorber is assumed to be constant at 40°C. The optimal 
ΔTmin for lean/rich heat exchangers and the optimal number of stages in the absorber have been 
determined. Furthermore, the effects of various superficial velocities with a constant packing 
volume have been described. In one of the cases, EM is considered as a constant, whereas in the 
other case, EM is calculated by the Excel spreadsheet, which is presented in Appendix L. The 
data which are applied for the calculation of the pressure drop per meter packing is extracted 
from the diagram in Appendix J.  

The following approaches have been used to automate the process: 

 Case study 
 Aspen simulation workbook 
 VBAfor application in the Excel 

The first approach may be configured in Aspen HYSYS, with the results exported to Excel. 
The second is an Excel-Aspen HYSYS interface, which allows Aspen HYSYS to be run 
through Excel and the results to be shown in Excel. In order to execute the Aspen HYSYS 
simulation in the Aspen simulation worksheet, different input data can be added to Excel. VBA 
is an Excel programming language that can be used to make the cost estimation fully 
automated. A VBA code was created to link the Aspen HYSYS spreadsheet and the Excel file 
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of the installation factors. This code has enabled the link between the CAPEX spreadsheet and 
the Excel table of installation factors 

The input data (number of stages, pressure drop per stage, different ΔTmin) is read and imported 
into the Aspen HYSYS model from Excel using VBA code. Therefore, the automation of the 
whole process can be an interesting future study for researchers. Implementing all of the 
simulations in the Aspen simulation workbook with different stages and improving the 
robustness of the Aspen HYSYS simulations are the other suggestions that can be valuable for 
future studies. 
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7 Conclusion 
 

MEA, followed by desorption, is one of the conventional techniques for removing CO2 from 
industry flue gas [9]. Absorption, desorption, and circulation system are the main 
considerations in this study. Aspen HYSYS V10 is used for CO2 capturing simulation. By 
defining four spreadsheets for dimensioning, CAPEX, OPEX, capture rate and all of the 
required items for simulation and optimization are available. Aspen In-Plant Cost Estimator 
V10 with the database from 2016 was used to estimate the cost of the base case equipment.The 
other required prices have been calculated by utilizing of power law equation. 

Due to the analysis for determining the trade-off between the heat exchanger area and energy 
consumption, minimum approach temperature has been investigated in the analyses. The 
optimal  ΔTmin has been obtained equal to 9°C. Absorber height optimization with the optimal 
number of stages equal to 15 is another item that has been investigated in this study. Superficial 
velocity for constant packing volume has also been examined. Pressure drop and EM were 
collected from two different sources, and the optimal velocity was found to be between 2 and 
2.2 m/s in both cases. 

Case study, Aspen simulation workbook, and VBA have been examined for the automation of 
cost estimation and optimization. The case study can be defined in the Aspen HYSYS 
simulation model, and it can be automatically calculated by adding adjust operation to the ΔTmin 
and removal efficiency. In the Aspen simulation workbook, all the input data, which consists 
of pressure drop in the different number of stages, EM, and other inputs data, are defined in 
Excel. After that, all the data have been read from Excel, and finally, the simulation is 
performed using these updated data. VBA is one of the best solutions to provide a connection 
between Aspen HYSYS and Excel. In the present study, a VBA code has been written for 
importing installation factors from the table to the Aspen HYSYS spreadsheet.  
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Appendix A – project description 
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Appendix B – Price index and cumulative discount factors[19] 
 

Year Price index 

2020 111.3 

2019 109.3 

2018 106 

2017 104.3 

2016 101.5 

2011 92.7 

 
 
 
 
 
 

 
  



 

             Appendices                                                                                                      

39 

Appendix C – Installation cost factor 
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Appendix D–1: Dimensioning of absorber and desorber 
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Appendix D–2: Dimensioning of reboiler and condenser 
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Appendix D–3: Dimensioning of heat exchangers 
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Appendix D–4: Dimensioning of pumps, fan and seperator 
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Appendix E – 1: CAPEX calculation for base case with 10 stages and EM=0.25 

 

 

 

Appendix E – 2: CAPEX calculation for base case with 16 stages and EM=0.15 
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Appendix F – 1: OPEX calculation for base case with 10 stages and EM=0.25 

 

 
Appendix F – 2: OPEX calculation for base case with 16 stages and EM=0.15 
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Appendix G–1: Aspen In-Plant Cost Estimator results for absorber 
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Appendix G–2: Aspen In-Plant cost estimation results for desorber 
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Appendix G–3: Aspen In-Plant cost estimation results for reboiler 
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Appendix G–4: Aspen In-Plant cost estimation results for condenser 
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Appendix G–5: Aspen In-Plant cost estimation results for lean-rich heat exchanger 
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Appendix G–6: Aspen In-Plant cost estimation results for lean heat exchanger 
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Appendix G–7: Aspen In-Plant cost estimation results for lean pump 
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Appendix G–8: Aspen In-Plant cost estimation results for rich pump 
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Appendix G–9: Aspen In-Plant cost estimation results for fan 
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Appendix G–10: Aspen In-Plant cost estimation results for seperator 
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Appendix H – Aspen HYSYS PFD for base case 

 

 

 

 

 

 

Appendix I – Results for all the simulation 

 

Table I-1: ΔTmin 
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Table I-2: Absorber packing height for different number of stages 

 
 

Table I-3: Calculation of NPV for different velocities 

 
 

Table I-4: Calculation of NPV for different velocities 
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Appendix J – Pressure drop for different packings[7] 
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Appendix K – Macro code for importing and exporting data between Aspen HYSYS and 
Excel[20] 
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Appendix L – Calculation of Murphree efficiency 

 

Background: 
In the simulation of the CO2 capturing process by using MEA(monoethanolamine), stages are 
assumed ideal in the absorber column. Murphree efficiencies(EM) should be applied to the 
absorber calculation to get more accurate results. EM is defined for a specific height of packing 
in the absorber. Packings in the absorber are one of the most expansive parts and should be 
tried to design more accurately to reduce the costs. Packings are designed with respect to 
maximum efficiency and minimum pressure drop. The first item, efficiency, caused an increase 
in the number of stages, and it has a direct effect on the CAPEX. Pressure drop has impacted 
the electricity that is used in the fan and the size of the fan. These explanations have shown 
that it has an impact on CAPEX and OPEX simultaneously. It has been investigated the 
differences between rigorous and less complicated methods for simulation of CO2 absorption. 
Due to the challenges in convergence, complexity, and computing impact of different 
assumptions on the accuracy, it has been preferred to use methods with less complexity for 
simulations. If absorption fulfilling the conditions in the pseudo first-order regime, EM can be 
used for calculating. The level of uncertainty in these methods is almost the same.[21] 

The equation for Murphree efficiencies: 
Formula of EM for 1m packing height for the structured packing has been derived by Øi.[13] 
The main formulas for EM in the current work are:  

Overall tray efficiency and Murphree tray efficiency[Murphree, 1925] are connected in the 
general Coulson and Richardson[1991] equation. By rearranging the equation, EM can be 
calculated from eq.(L.1) EM computed from the eq when the m.V/L is specified 

 
Figure L.1: mole fractions in the Murphree efficiency 

𝐸ெ =
exp ቂ

𝐻ா௅ாெ

𝐻𝑇𝑈ீ
. (𝑚. 𝑉 𝐿⁄ − 1)ቃ − 1

(𝑚. 𝑉 𝐿⁄ − 1)
 (L.1) 

 

By combining Van Krevelsen and Hoftijer [1948] with the absorption rate formula for the 
pseudo 1st order, which depends on the reaction, the overall mass transfer can be calculated 
and used in the HTUG formula. 
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𝐾ீ𝑎 =
1

1
𝑘ீ𝑎

+
𝐻𝑒

𝑎. ඥ𝑘ଶ. 𝐷஼ைଶ. 𝐶஺௠

 
(L.2) 

𝐻𝑇𝑈ீ =
𝐺

𝐾ீ𝑎. 𝑃
 (L.3) 

 

KGa: overall mass transfer [mol/(m3.s.bar)] 

G: molar gas flow per cross-section [mol/(m2.s)] 

V: molar vapor flow rates 

L: molar liquid flow rates 

m: slope of the equilibrium curve 

HELEM: height of packing element 

HTU: height of transfer unit 

NTU: number of a transfer unit 

P: pressure 

CAm: amine concentration 

DCO2: diffusivity coefficient[m2/s] 

He: Henryʼs constant 

kG: gas side mass transfer coefficient[m/s] 

k2: 2nd order reaction constant[m3/(kmol.s)] 

 

Murphree efficiencies can be calculated by importing KGa and HTUG to the eq.(L.1). Some 
correction factors have shown up for Henryʼs constant, fraction effective area, and diffusivity 
coefficients in the calculations. For computing the percentage difference between EM in 
different superficial velocities, for the constant volume of the packing, the effective area 
coefficient,aEFF, should be updated in the calculating excel sheet. [13] 
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Figure L.2: Relation between effective area and superficial liquid velocity in the CO2 absorption column[13] 
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Table L-1: Murphree efficiency calculation excel spreadsheet[13] 
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