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Abstract 

Cost engineering and economic assessment play a crucial role in evaluation of CO2 capture 

technologies and energy systems. Cost is one of the key decisive factors when considering 

industrial deployment of a technology. Economic analysis is very important when a selection is 

to be made from different options. Estimates of CO2 capture and storage processes are essential 

for making policies, and for making important decisions like funding of research and projects, as 

well as investment in industrial implementations.  

Capital cost estimates made by engineering and procurement contractors (EPC) are usually 

accurate. Nevertheless, their methodologies are usually not open and transparent for others to 

adopt due to commercial policies. The technical and economic underlying assumptions utilised 

are normally not disclosed. They are also difficult and expensive to access by researchers, 

students and others that are not in the commercial and governmental sectors. The common 

practice for capital cost estimation in the open literature is that a single overall installation factor 

is applied uniformly on all equipment. The results from this study propose that it may likely lead 

to over-estimation of very expensive equipment and under-estimation of least expensive 

equipment. At best, it limits such methods suitability to only cost estimation of new and large 

plants. 

It has been stated in literature that the accuracy of capital cost estimates can be improved 

by applying detailed factors and sub-factors as provided by the Enhanced Detailed Factor (EDF) 

method. The EDF method is robust, especially with the introduction of the plant construction 

characteristic factors (PCCF). They account for different situations that may be encountered in 

different plant construction projects. In the EDF method, installation factors are assigned to each 

piece of equipment based on their costs. A very expensive equipment unit is assigned a lower 

installation factor while a less expensive equipment unit will have a high installation factor. 

Therefore, the EDF method is suitable and robust for capital cost estimation of new plants, 

modification projects and retrofit plants, and large and small plants.  

The EDF method’s installation factors are more sensitive to differences in equipment costs 

compared to the Lang Factor method, Hand Factor method, percentage of delivered equipment 

(PDE) cost and the Bare Erected Cost (BEC) method. All the seven methods studied in this project 

estimated the same cost optimum minimum temperature approach (∆𝑇𝑚𝑖𝑛) based on CO2 

capture cost. Nevertheless, the capture costs were different, ranging from €66/tCO2 to 

€79/tCO2. The total plant cost estimates of the BEC method, the Lang Factor method, and the 

percentage of delivered equipment cost method which are purely based on application of a 
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single installation factor uniformly on all equipment were 31 – 54 % higher than the result of the 

EDF method. 

Due to the details involved in the EDF method, it is relatively time intensive, and it requires 

more work to implement. This becomes challenging when there is a need for several iterative 

calculations. For example, iterative cost estimation with each iteration involving process 

simulations, equipment dimensioning, capital cost, operating cost and other economic analysis. 

This is the case for sensitivity analysis and cost optimisation studies which are very important in 

techno-economic analysis. Therefore, the Iterative Detailed Factor (IDF) scheme was proposed 

as a simple tool for cost estimation and optimisation tool for fast and accurate cost estimation 

based on the EDF method. The IDF scheme was implemented by means of the spreadsheets 

incorporated in Aspen HYSYS. The models for equipment dimensioning, capital cost and 

operating cost, as well as other key performance indicators were created inside the Aspen HYSYS 

spreadsheets. It is based on estimating new equipment costs using the Power Law when 

subsequent simulations iterations are performed after the initial one. When a process 

parameter is varied, immediately after the simulation has converged, all cost estimates can be 

automatically obtained. For the columns, a cost exponent of 1.1 for new sizes above the original 

size and 0.85 below the initial size achieved the most accurate estimates in this study. A cost 

exponent of 0.65 was utilised for estimation of the costs of all equipment that is affected by the 

change in the process parameter. Other equipment not affected was assigned a cost exponent 

of 1. The error with the IDF scheme was 0 – 0.4 % in estimation of total plant cost compared to 

the EDF method.  

Different specific types of heat exchangers for CO2 absorption plant were studied. This was 

to evaluate their cost reduction and emissions reduction potentials. They are the fixed 

tubesheet shell and tube heat exchanger, floating head shell and tube heat exchanger, U-tube 

shell and tube heat exchanger, gasketed plate heat exchanger and welded plate heat exchanger. 

The gasketed plate heat exchanger outperformed all the other heat exchanger types in capital 

cost, CO2 capture cost, CO2 avoided cost and CO2 actual emissions reduction. Their limitations 

are not very important in a solvent based CO2 capture system. This project recommends the use 

of plate heat exchangers for the cross-heat exchanger with a minimum temperature approach 

of 4 – 7 ℃. It is also recommended for the lean amine cooler and for the direct contact unit 

water cooler in a CO2 absorption and desorption process.  

Cost estimation and optimisation were performed for a standard monoethanolamine based 

process and for several other alternative processes. For example, the EDF method based on the 
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IDF scheme was also applied to study a combined rich and lean vapour compression 

configuration for CO2 capture. The combined configuration achieved the best energy and 

economic performance compared to the simple rich vapour compression and the simple and 

lean vapour compression configurations. 

The EDF method was mainly implemented in the IDF Scheme (automatic) approach in this 

PhD study and in master students’ projects as well as master’s theses. Most of the studies 

focused on automatization of cost estimation and process parameters cost optimisation. The 

studies demonstrated that the EDF method implemented in the IDF scheme approach is fast and 

robust to optimize process parameters like minimum temperature approach of the lean/rich 

heat exchanger, columns packing heights and others. Therefore, this work recommends the 

EDF/IDF method for cost estimation of CO2 absorption processes and process parameters 

optimisation. 

Keywords: Techno-economic analysis, carbon capture and storage, CO2, waste heat, excess 

heat, plate heat exchanger, shell and tube heat exchanger, CAPEX, OPEX, energy, optimization, 

emissions. 
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1 Introduction 

1.1 Background   

There has been a constant increase in the amount of anthropogenic carbon dioxide (CO2) 

emitted into the atmosphere since the Industrial Revolution era[1]. Man’s activities and 

demands, espec2ially energy production, manufacturing processes, and transportation have 

been hugely dependent on burning of fossil fuels. Carbon dioxide is one of the by-products of 

these industrial activities. Unfortunately, CO2 is a greenhouse gas, which is a primary cause of 

global warming leading to climate change. Figure 1.1 shows different sectors’ contributions to 

CO2 emissions globally, and it reveals that CO2 emissions have been consistently increasing. 

Figure 1.2 presents the relative change in annual CO2 emissions by sector within the same 

period. 

 

Figure 1.1. Global annual CO2 emissions by sector [2] 

 

The effects of these emissions are palpable: the melting of glaciers, snow cover, sea ice, 

and the rise in sea level and atmospheric water vapour [3-6]. These proofs are based on 

numerous climate indicators. They have been validated by different scientists several times 

globally [3, 4, 7]. With the projected growth of the world’s population, there will be a 

corresponding increase in the amount of CO2 emissions as Figure 1.1 has shown. If no action is 



Aromada (2022): Cost estimation methods for CO2 capture processes 

 

  

___ 

2 

 

taken by man, this will lead to destruction of habitats and consequently extinction of many 

species [8, 9]. It also poses a threat to production of food (agriculture), thus, a threat to 

everyone’s existence. 

 

 

Figure 1.2. Relative change in annual CO2 emissions by sector between 1990 and 2016 [2]  

 

Therefore, CO2 emissions reduction has become one of the most important current 

international challenges. That is the reason for the Paris Agreement to keep the world’s 

temperature rise below 2 ℃ (1.5-degree targeted). The energy producers in general and the 

power industry in particular are now in a transitional period with major investments in research 

and development (R&D) to meet the 1.5-degree target. The industry is likely to have to adapt to 

environments that require a greater degree of flexibility in terms of access to and consumption 

of energy. The ongoing programmes on transition from fossil fuels to green (renewable) energy 

resources as well as improvement of energy efficiencies will bring about CO2 emissions 

reduction. Nevertheless, this measure can only result in considerable reduction of CO2 emissions 

in the long-term. On a shorter term, carbon capture and storage (CCS) technologies are 

promising alternative and are widely accepted as necessary measure for CO2 emissions 

reduction to achieve the 1.5-degree goal [10]. This is also emphasised by SINTEF [11] that we 

have no choice but to deploy CCS technology, that the world cannot manage if CCS is not 

implemented. This is because the world may depend on oil and gas for some years to come.  
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Carbon capture and storage (CCS) refers to technology that can capture CO2 from industrial 

flue gases, compresses and transports the captured CO2 to a storage site, and safely store the 

concentrated CO2 underground, thereby reducing greenhouse gas emissions. Storage sites 

include saline aquifers or depleted oil and gas reserves for storage, as can be seen in Figure 1.3 

which presents an overview of the full CCS chain. 

 

Figure 1.3. Schematic representation of the full CCS chain [12] 

 

CO2 capture from fossil-fuel power plants is based on three fundamental approaches: post-

combustion, pre-combustion, and oxy-fuel combustion as shown in Figure 1.4. In the post-

combustion capture, the CO2 is captured from the flue gas resulting from the combustion of the 

fuel in industrial processes. In pre-combustion CO2 capture, the fuel first reacts with either 

steam and air or with steam and oxygen to produce syngas. The CO is then converted to CO2 in 

a shift reactor with water-gas [13]. The CO2 is removed, and the hydrogen is combusted for 

power generation. In oxy-fuel combustion, the fuel is combusted in a near pure oxygen (first 

separated from air) diluted with recirculated flue gas [4]. CO2 capture in industrial manufacturing 

processes such as cement industry are traditionally based on post-combustion.  



Aromada (2022): Cost estimation methods for CO2 capture processes 

 

  

___ 

4 

 

 

Figure 1.4. Different carbon capture technology approaches (IPCC, 2005) 

 

As research continues, new concepts and innovative modifications of current processes will 

continue to emerge, and the conditions of the energy markets may vary constantly. Techno-

economic analysis of these new concepts and varying energy prices will need to be conducted 

to develop economically promising concepts. Cost engineering and economics play a crucial role 

in assessment of carbon capture technologies [14]. Cost is a key decisive factor when considering 

industrial deployment of a technology if a choice among many options is to be made  [15]. 

Estimates of carbon capture and storage processes are vital for making policies, and for making 

important decisions like funding of research and project, as well as investment in industrial 

implementation [16]. 

Some organizations usually engage contractors to either perform the entire or part of the 

cost estimates they publish [16, 17]. Even though contractors generally prepare cost estimates 

that are accurate, such schemes are however challenging for other sectors except for those in 

the commercial world or governmental organizations. These cost estimates are normally not 

open and transparent, due to commercial interests. They may also require well experienced cost 

engineers that probably work in engineering, procurement, and construction (EPC) companies 

to prepare. The list of equipment, basis of equipment dimensioning, or design are not usually 

disclosed. The assumptions or factors applied to derive both the total direct and total indirect 

costs do vary from one case to another [16].  

In addition, just like the Lang Factor and the closely related percentage of delivered-

equipment costs methodologies, the same (a single) factor is applied uniformly on all the pieces 



Aromada (2022): Cost estimation methods for CO2 capture processes 

 

  

___ 

5 

 

of equipment (sum of all delivered equipment costs) irrespective of wide differences that may 

exist in the purchase costs of the different main plant equipment.  

There is a need to have a method that responds to different costs of equipment. The 

Enhanced Detailed Factor (EDF) Method used at the University of South-Eastern Norway (USN) 

has installation factors that respond based on each equipment cost [15]. A very expensive 

equipment unit has a lower installation factor and a less expensive equipment has a higher 

installation factor. The major challenge with the method is the time it takes to perform cost 

estimation, especially in the cases of cost optimization studies where several parameters are 

varied, and iterative cost estimation is required. Such studies could take days or even weeks if 

all important changes in the process are captured. In addition, in previous studies [18-21] only 

one variable was allowed to change while keeping all other variables constant during cost 

optimisation analysis.  

Therefore, there is a need to develop a robust but simple cost estimation tool that can 

drastically reduce the required time for iterative simulation, equipment dimensioning and cost 

estimation using a detailed factor method. The cost estimation model needs to be developed in 

the simulation software or linked with it so that all required cost estimation is implemented 

completely or partially automatic immediately after the process simulations converge. 

There is also a need to investigate the current processes for cost reduction possibilities. The 

greatest challenge in the CO2 absorption and desorption process is the high energy consumption 

(steam and electricity). One of the ways researchers have responded to this problem is by 

process flowsheet modifications, that is development of alternative process configurations. This 

has been considered as an efficient way to advance to optimize the energy efficiency of the 

process [22]. In the literature, the less complex lean vapour compression model is one of the 

promising alternative process configuration [21-27]. However, Le Moullec and Kanniche, [22] 

proposed that combinations of the individual configurations would further improve the energy 

consumption of the capture process. In a previous techno-economic study of the performances 

of different process configurations, most of the process configurations with higher complexity 

could not achieve better economic performances relative to the standard CO2 capture process, 

even though they achieved considerable energy reduction. Thus, there is need to investigate 

this, particularly to conduct techno-economic analysis of such combinations. 

There is also a need to examine the different equipment units that are the main cost drivers 

and optimise them for cost reduction. The absorption column, lean/rich heat exchanger and 

compression section are the main cost drivers of the standard CO2 capture process. The 
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absorption column has been well studied, and the compression section depends on the storage 

and transport requirement. However, no work was found in the open literature that has shown 

the techno-economic and emissions reduction impacts of selecting the different conventional 

specific heat exchanger types. Most of the studies do not mention the specific type but a broad 

class of heat exchanger, for example, the shell and tube heat exchanger (STHX). However, there 

are different types of STHXs, each with a different cost. Since they have different costs, their 

economic impact may be marginal or significant. A comprehensive optimisation of these 

common different specific types of heat exchangers based on minimum temperature approach 

(∆𝑇𝑚𝑖𝑛) was not found in open literature.  

1.2 Objectives 

The main objective of this PhD project is to develop an existing cost estimation method to 

be applied to different processes and in particular for cost estimation and optimisation of CO2 

capture processes for different conditions in the energy market. Specifically, the objectives are: 

▪ To establish robust methods for cost estimation of CO2 capture processes. 

▪ To establish tools for economic optimization of processes and energy systems. That is 

to develop links between process simulation software and cost estimation tools for 

quick and easy estimation and optimisation of new capture process concepts. 

▪ To perform cost optimization calculations in amine based post-combustion CO2 capture 

processes and evaluate for cost reduction possibilities. 

1.3 PhD project approach and summary of papers 

The project was divided into two parts which are “methodology” and “application” based 

on the objectives. The two parts and their respective publications which fulfilled the objectives 

of the PhD project are presented in Figure 1.5.  
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Figure 1.5. The PhD project, objectives, approach, tasks, and publications that fulfil the objectives 

The methodology part of the project focused on further development, demonstration, and 

documentation of the existing cost estimation method at the University of South-Eastern 

Norway (USN). Two articles were published, which are the Article 1 and 2 in this thesis. The main 

focus of the second part of the project was to evaluate cost reduction possibilities in CO2 capture 

processes. The CO2 emissions reduction implications of different options were also evaluated. 

The PhD Project: Cost Estimation Methods for CO2 Capture Processes 

Methodology Application 

Projects to emphasize the 
robustness of EDF method 

[Article 1] 
 

Development of a simple and 
fast scheme for implementation 

of EDF method (IDF Scheme) 
[Article 2] 

 

Cost performances of different 
specific heat exchanger types 

[Article 3] 
 

Cost optimisation of different 
specific heat exchanger types 

[Article 4 and 5] 
 

CO2 emissions reduction 
implications of different options 

[Article 5 and 6] 
 

Techno-economic evaluation of 
combination of CO2 capture 

configurations [Article 6] 
 

Process parameters optimisation 
and evaluation for economic 

optimum route to increase CO2 
capture rate above 85 %  

[Article 7] 
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The publications in this part of the project include Articles 3 – 7. A brief summary of each article 

is given below: 

Article 1:  This article highlighted the significance of installation factors of a capital cost 

estimation method for initial cost estimation. The robustness of the Enhanced Detailed Factor 

(EDF) method for capital cost estimation was demonstrated and documented. Comparison of 

cost estimates and responses of the installation factors of the EDF method were compared with 

other methods in the open literature to illustrate the robustness of the EDF method.  

Article 2:   An EDF method based scheme referred to as Iterative Detailed Factor (IDF) method 

was developed as a tool for fast and uncomplicated cost estimation and optimisation 

calculations. This article presents the description of the simple scheme or model and its 

validation.  

Article 3:  Techno-economic performance of the gasketed plate heat exchanger (G-PHE) if 

selected for the lean/rich heat exchanger (LRHX) function in an amine based CO2 absorption 

process was compared with selecting five other specific types, to evaluate the cost reduction 

potential. The five specific heat exchanger types include the U-tube shell and tube heat 

exchanger (UT-STHX), the fixed tubesheets shell and tube heat exchanger (FTS-STHX), the 

floating head shell and tube heat exchanger (FH-STHX), the finned double-pipe heat exchanger 

(FDP-HX), and the welded plate heat exchanger (W-PHE).  

Article 4:  Cost optimization study of the G-PHE, W-PHE, UT-STHX, FTS-STHX and FH-STHX in a 

CO2 capture process was conducted based on varying the temperature approach of the LRHX in 

steps of 5 ℃ for a range of 5 – 20 ℃. The aim was to evaluate the cost optimum temperature 

approach of the different heat exchanger types and their corresponding cost reduction 

potentials.  

 

Article 5:  A comprehensive study on cost optimization of the PHE, UT-STHX, FTS-STHX and FH-

STHX in a CO2 capture process was also conducted based on varying the temperature approach 

in steps of 1 ℃ mainly for a range of 5 – 20 ℃. For comprehensiveness, CO2 capture from two 

flue gases were studied and using two different process configurations. They are flue gases from 

a natural gas combined cycle (NGCC) power plant and from a cement plant. The standard and 

the vapour recompression process configurations were used for the study. Here, one specific 

type of heat exchanger was used as the direct contact section’s water cooler, the lean amine 
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and the LRHX. The aim was also to examine the cost reduction potential of the optimum 

temperature approach of each heat exchanger type. The CO2 emissions reduction implication of 

varying minimum temperature approaches were also evaluated. 

Article 6:  The energy consumption, CO2 emissions reduction and cost reduction implication of 

a combined lean and rich vapour compression process configuration for CO2 capture were 

investigated. This was to find out if the combined process will have a better performance 

compared with the individual processes and the reference standard CO2 capture process. 

Article 7:  The impact of different optimisation process parameters and factors on the CO2 

capture cost was studied to evaluate the most influential among them. The cost implication of 

the route of merely increasing solvent circulation rate to increase CO2 capture rate versus the 

route of mainly increasing the absorption column packing height were investigated. This is to 

find the optimum route for increasing CO2 capture efficiency above 85 %. 

1.4 Outline of the thesis 

The thesis is structured into two parts. Part I comprises general overview of the project 

from introduction to discussion of the key results. It consists of five chapters. Chapter 1 presents 

the background, objectives, the approach of the PhD project execution and the summary of 

papers. Chapter 2 reviews relevant concepts and literature that established the motivation for 

this research. The techno-economic analysis methodology employed, and steps taken are 

described in Chapter 3. The most significant results obtained in the work are discussed in 

Chapter 4. While Chapter 5 contains the major conclusions drawn from all the studies as well as 

recommended further studies. 

The Part II contains the seven published and submitted articles used for this thesis. This 

part is very important. This is because it contains the comprehensive details of the underlying 

technical and economic assumptions, methodology, process specifications, and comprehensive 

results presentation and discussion. 
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2 Literature review 

Relevant concepts and literature are reviewed to give further background information, but 

most importantly, to identify knowledge-gaps that need to be filled by this research. This work 

is part of a continuous development at the University of South-Eastern Norway (USN) to assess 

CO2 capture processes from different views. It is based on the PhD projects of Hassan Ali [28] 

and Lars Erik Øi [20] at USN, and on the several years of Nils Henrik Eldrup cost estimation 

teaching and industrial project works at both SINTEF Industry and USN. It is also based on several 

student projects with Øi, Eldrup, Ali and Aromada as supervisors. The Enhanced Detailed Factor 

(EDF) method was developed by Nils Henrik Eldrup. An open version is documented by Ali et al. 

[15]. 

2.1 Status of carbon capture and storage facilities 

CO2 capture using an amine based solvent is not a new concept. The idea of capturing CO2 

by absorption into an amine solvent has been in practice in the 1920s – 1930s for natural gas 

treatment to meet quality requirement, and in production of syngas to produce methanol and 

ammonia [29, 30]. The use of CO2 from natural gas treatment facility for enhanced oil recovery 

(EOR) was first demonstrated in the U.S. (Texas) [29]. However, it was in 1977 the concept of 

CO2 separation motivated by CSS for climate change mitigation was suggested [29]. In the 1990s, 

researchers began to focus on different aspects of CSS. Since then, several CCS pilot plants and 

industrial-scale projects have been implemented globally.  

Norway is one of the countries that have shown much commitment to the deployment of 

CCS. In the Norwegian continental shelf, there is a great potential for storage of large quantities 

of CO2 captured from industry [31]. Since 1996, around one million tons of CO2 from the Sleipner 

field in the Norwegian North Sea has been injected annually into the Utsira Formation [32]. This 

is the first CO2 offshore storage project in the world [33]. There is also the Snøhvit facility which 

also stores CO2 offshore [33]. Norway established the largest test facility in the world called 

“Technology Centre Mongstad (TCM)”, to test and develop CO2 capture technologies  [34]. The 

project was initiated in 2006, and the operations commenced in 2012 [35]. Currently, a 

commercial-scale CO2 capture plant is under construction to capture 50 % of the CO2 emissions 

from the Norcem Cement plant at Brevik in Norway, with steam production from waste heat. 

Another commercial-scale plant is planned to capture 400,000 tons/year of CO2 emissions from 

the energy recovery plant at Fortum in Oslo [36]. Each of the two CO2 capture plants are planned 
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to capture about 400,000 tons of CO2 [36, 37]. Ships will be employed to transport the CO2 to 

the coast of Norway for offshore storage under the seabed. The current status of CCS facilities 

globally in terms of number and capture capacity in metric tons per annum (Mtpa) is presented 

in Table 2.1. While their locations can be seen in Figure 2.1. 

Table 2.1. Current commercial facilities globally as of September 2021 [38] 

  Number of facilities Capture capacity (Mtpa) 

Operational 27 36.6 
Under construction 4 3.1 
Advanced development 58 46.7 
Early development 44 60.9 
Operation suspended  2 2.1 

Total 135 149.3 

 

 

Figure 2.1. Locations of current commercial facilities globally as of September 2021 [38] 

2.2 The amine based carbon capture technology 

Emissions of CO2 from industrial processes are classified as large point sources. The large 

flue gas flows from these sources have varying partial pressures of CO2 depending on the 

industrial process. Post-combustion carbon capture is the most appropriate technology for this 

kind of systems [28]. The different post combustion capture approaches which have different 

technology readiness level (TRL) are briefly described in Article 3 [39]. Among them, the 

standard amine based, especially monoethanolamine (MEA) CO2 absorption and desorption 

process is the most mature, the oldest and the most studied process. MEA reacts fast with CO2 

to form carbamate; its CO2 capacity is relatively high and readily available and at a relatively low 
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cost. It is the-state-of-the-art CO2 capture technology. Therefore, it is always specified as the 

reference for evaluating the performances of other technologies, pure solvents, and blends. The 

principle of the process is schematically illustrated in Figure 2.2. The capture process is explained 

in Articles 1 and 3 [39, 40]. 

 

 

Figure 2.2. Description of the solvent based CO2 capture process [39] 

2.3 Alternative CO2 capture process configurations 

The greatest challenge in the absorption and desorption process is the high energy 

consumption (steam and electricity), often referred to as energy penalty. One of the 

improvement possibilities is by process flowsheet modification, that is development of 

alternative process configurations. This has been considered as an efficient way to optimize the 

energy efficiency of the process [22]. The proposed process modifications in literature range 

from simple to more complex configurations.  

Gary Rochelle and his group at The University of Texas at Austin in the U.S. have proposed 

different alternative stripper configurations. In one of the studies [23], the order of performance 

of the alternative stripper configurations from best is: matrix > internal exchange > 

multipressure with split feed > flashing feed. 

Separator  5 
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Le Moullec and Kanniche [22] investigated 15 alternative process configurations and 

observed that they could improve the overall efficiency of the system. The configuration with 

the desorber having moderate vacuum pressure of around 0.75 bar, desorber with staged feed, 

the lean vapour compression (LVC), and overhead desorber compression were found to be the 

best individual simple modifications, with 4–8 % reduction in efficiency penalty. They however 

suggested that combination of the individual configuration would further improve the energy 

consumption of the capture process by 10 to 25%. 

Cousins et al. [24] also reviewed 15 flowsheet modifications and concluded that realisation 

of the reduction of energy consumption claimed in literature require increase in process 

complexity by adding extra equipment. They also stated that modest improvements in efficiency 

with minimal extra equipment and control is realisable; as in the case of lean vapour 

compression (LVC) and a number of heat integration concepts. 

Cousins et al. [25] also conducted another study but with only rich split, inter-cooling, split 

flow, lean vapour compression and heat integration alternative process configuration. The lean 

vapour compression was also found to achieve the minimum reboiler duty of 3.04 GJ/tCO2 (19 

% savings) but incurred a compressor duty. 

Karimi et al. [26] conducted a techno-economic study on five process modifications which 

include: split-stream, multi-pressure stripper, lean vapor compression, and compressor 

integration. The lean vapor compression configuration was found to be the optimum 

configuration. It achieved the lowest CO2 capture cost as well as the minimum CO2 avoided cost. 

Aromada and Øi studied three different process configurations and found the lean vapour 

compression configuration to perform best in energy consumption and in overall cost (net 

present value) [21, 27].  

From all the studies reviewed, the less complex lean vapour compression configuration 

seems to be a more promising solution. However, Le Moullec and Kanniche [22] stressed that to 

combine some individual proposed alternative absorption configurations may result in 

achievement of more improvement in energy consumption. This may be the case, but perhaps 

such case or cases could only achieve more overall cost reduction if the capital cost does not 

significantly increase. This is because, the works of [25, 26] indicated that process configurations 

with higher complexity may achieve some improvement in energy consumption, but they may 

not perform better economically. Thus, if process configurations are to be combined, thereby 

increasing the process complexity, the capital cost may not necessarily increase. The schematic 

description of the lean vapour recompression is presented in Figure 2.3. 
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Figure 2.3. Lean vapour compression (LVC) configuration CO2 capture process (modified from [39]) 

Therefore, a combination of alternative configurations that need to be investigated should 

be a combination of simpler alternatives. Examples are the different types of vapour 

compression (combined lean and rich vapour compression) process configuration, different 

types of split stream process configurations or absorber intercooling configuration with the 

vapour compression process configurations. Such studies done comprehensively with techno-

economic analysis are not common in the open literature. The lean vapour recompression (LVC) 

process configuration has been well studied, but studies on the rich vapour compression (RVC) 

are not common. A study of a process configuration that combines both lean vapour 

compression and rich vapour compression processes is not available in the open literature. Since 

cost is the greatest challenge, it is important to investigate this type of arrangements to examine 

if it would really lead to improvement as suggested by [22].  

2.4 Key equipment in the conventional capture process 

The main capture section of the process is described in Article 3 [39]. It comprises the 

section marked-out with red dash lines in Figure 2.2. The key equipment includes the absorber, 

desorber, lean/rich heat exchanger (LRHX) and the reboiler. The absorber and LRHX are the main 

cost centres in the process [15, 41]. There are different specific types of heat exchangers that 

are technically suitable for application as the LRHX. In the literature [41], a broad heat exchanger 

type such as shell and tube heat exchanger (STHX) or plate heat exchanger (PHE) are frequently 

Separator 5 
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mentioned for this function. There are different types of shell and tube heat exchanger with 

different costs or prices, thus, different outcomes would be realised by selecting the different 

specific types of heat exchangers. In addition, there are studies that have suggested that using 

the plate heat exchanger may reduce the over-all cost [42], but no literature was found that has 

shown the performance of the PHE compared with other heat exchangers.  

2.5 Lean/rich heat exchanger optimisation 
 

There is literature [42-44] on minimum energy consumption and optimum cost through 

trade-off analysis of energy cost and capital cost at different temperature approach ∆𝑇𝑚𝑖𝑛 of 

the lean/rich heat exchanger. However, these studies are merely based on one type of specific 

heat exchanger type, and recommendations are often given on the cost optimum ∆𝑇𝑚𝑖𝑛. This 

could be misleading since the specific heat exchanger type are not often specified. Since the 

different specific heat exchanger types have different cost, a more appropriate and 

comprehensive analysis will involve at least more than one of the common specific types of heat 

exchangers such as the fixed tubesheet shell and tube heat exchanger (FTS-STHX), the floating 

head shell and tube heat exchanger (FH-STHX), the U-tube shell and tube heat exchanger (FTS-

STHX), the gasketed plate heat exchanger (PHE) etc. This will give a better overview of cost 

optimum ∆𝑇𝑚𝑖𝑛 of the lean/rich heat exchanger depending on heat exchanger type. 

2.6 Route to capture more CO2 from flue gas-optimisation 
 

Øi [45] conducted a study on CO2 capture efficiency based on solvent circulation rate and 

examined the specific reboiler heat consumption implication. His work indicated that a 5 % 

increase in CO2 capture rate from around 80 % to 85 % based on only solvent flow will require 

about 8 % more solvent flow, and about 3 % increase in specific reboiler heat consumption. To 

increase the capture efficiency further by about 4 %, that is from 85 % to around 89 %, the extra 

solvent flow was approximately 15 % and the specific reboiler heat consumption rise with 

around 30 %.  

Different specific reboiler heat consumptions for the standard CO2 capture has been 

reported in literature for similar processes [41]. One of the reasons is because the capture rate 

is arrived at mainly through increase in solvent flowrate, or by increase in number of packing 

stages [41]. When going through the route of varying the column packing height, the optimum 

is identified when only a very little or no change in CO2 removal efficiency occurs [41].  
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2.7 Techno-economic assessment of CO2 capture technologies 

Techno-economic analysis or assessment is a technique applied to analyse the technical 

and economic performance or feasibility of a technology [28]. It is applied to assess the technical 

suitability and cost performances of technological innovations, perform cost optimisation of 

industrial processes and parameters, as well as analyse the environmental impact of 

technologies or industrial processes, irrespective of the Technology Readiness Level (TRL). 

Critical process and economic parameters can be identified through techno-economic analysis 

[15]. Techno-economic analysis is mostly used for comparing different technologies. That is to 

evaluate the best promising or cost optimum system [15].   

Cost engineering and economics play a crucial role in assessment of carbon capture 

technologies [14, 40]. Cost is the key decisive factor when considering industrial deployment of 

a technology when a choice among many options is to be made [15]. Estimates of carbon capture 

and storage processes are vital for making policies, and for making important decisions like 

funding of research and project, as well as investment in industrial implementations [16, 40].  

New and innovative concepts will continue to emerge from research. For transparent and 

proper comparison of technologies or benchmarking of a technology, it is vital to establish a 

common basis, especially in scope of study, underlying process and economic assumptions, and 

methods of estimation. 

2.8 Process parameters and automatic cost optimisation in 

Aspen HYSYS 

Process parameters optimisation is a common practice in CO2 absorption processes to 

achieve the best economic solution. Several process parameters can be optimised through 

process simulation. Chu et al. [46] conducted a study on the optimisation of absorber packing 

height based on mass transfer and on lean solvent flow. Absorber packing height optimisation 

study based on pressure drop has also been conducted by Mores et al. [47]. There has been a 

strong focus on the optimisation of the temperature difference (∆𝑇𝑚𝑖𝑛) between the hot (lean) 

and cold (rich) streams at the cold end of the cross-exchanger at the Telemark University College 

which is now University of South-Eastern Norway [19-21, 27, 48]. Several other researchers have 

shown that this is an important process parameter to optimise [20, 26, 43, 44, 49, 50]. 

Optimisation of the desorber pressure was recently studied by Khan et al. [51]. Aromada and Øi 

[27] and Fernandez et al. [52] have conducted studies to optimise the flash pressure of the lean 
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vapour compression configuration. Studies on optimum split ratio in both lean and rich split 

configurations are available [49, 51, 53]. Optimisation of other process parameters such as lean 

loading and solvent concentration have also been of interest [49]. 

Optimisation of a process parameter in CO2 absorption process is typically done by keeping 

all other parameters constant [20]. To optimise all the process parameters in a CO2 absorption 

and desorption process to achieve a cost optimum solution is a challenge [20]. It would require 

an automatic modelling to implement a process parameter optimisation where all other process 

parameters can simultaneously respond to changes in the process. The lean/rich heat 

exchanger’s minimum temperature approach (∆𝑇𝑚𝑖𝑛)  has been successfully optimised 

automatically [53]. In theory, simultaneous optimization of all process parameters is possible 

[20]. For example, using the Aspen HYSYS Optimizer tool [20]. The columns are the key 

constraints for automatic process optimisation calculations in Aspen HYSYS [20]. A major 

challenge is the columns’ convergence issues. Obvious limitations in Aspen HYSYS is that before 

performing the optimization, one needs to first manually specify the number of equilibrium 

stages and Murphree efficiencies in the columns [20]. At the University of South-Eastern 

Norway, there has been a strong interest to implement automatization of process simulation 

combined with equipment dimensioning, cost estimation and optimisation. This will help to run 

automatic cost estimation and optimization of CO2 absorption processes in Aspen HYSYS. The 

framework can simply be customised as stated in Aspen HYSYS Customization Guide [54]. A 

programme can be written and executed through a third-party application which supports 

automation such as Visual Basic [55]. Aspen HYSYS has an internal Macro Engine. This macro 

supports a syntax like in Visual Basic [55, 56]. It is therefore possible in theory to write a Visual 

Basic code that can link Aspen HYSYS spreadsheets with Microsoft Excel spreadsheets [56]. This 

will help to implement automatic process parameter cost optimisation based on any factorial 

capital cost estimation [56]. 

2.9 Capital cost estimation methods in literature 

At research level, industrial plants’ capital cost estimation is based on initial cost estimates, 

which are derived mainly based on a bottom-up approach with installation factors. The methods 

fall under Class 5 and 4 of the AACE classification. A literature review on this topic can be found 

in Article 1 [40]. It was concluded that there is a need to have a more robust method that is open 

and transparent. The common factorial methods are classified and summarised in Table 2.2.    
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Table 2.2. Categories of factorial methods in literature 

Factorial method categories Basis/example literature 

Plant’s overall installation factor Lang factors  [57-61] 

Equipment type factor Hand factors  [60, 62]  

Percentage of delivered 
equipment cost 

Percentage or ratios of delivered 
equipment usually free-on-board 

[47, 57, 59, 60, 63] 

Bare Erected Cost (BEC) module  Percentage or ratios of BEC  [16, 41, 64, 65]   

Detailed factors  Individual factor and sub-factor method [57, 66]     

EDF method [15, 39, 40]   

2.9.1 Process and economic scope of cost estimates 

It is very important to clearly define and state the scope of a CO2 capture process cost 

estimates [15, 40]. The initial step in a techno-economic analysis of a CO2 capture plant’s 

construction and operation is to determine the process boundary. That is, what should be 

included or excluded in the cost estimate(s) of the process. This may be implemented by first 

developing a simple block or process flow diagram (PBD or PFD) of the capture system. Then, 

the boundary of the all the subprocesses to be included in the cost estimate is marked out as 

can be seen in Figure 2.4. All the main plant equipment/units can then be identified and are 

used for the cost estimation. 

Common scopes of techno-economic studies on CCS in literature are described in Figure 

2.4 and Table 2.3 with some references. This work has classified them into seven scopes (Scope 

A to Scope G). Nevertheless, some other scopes can be found where one of these scopes extends 

into a part of the next scope, or where some subprocesses are excluded from a particular scope. 

An example is that of Karimi et al. [26] which can be seen as “Scope D” without the flue gas pre-

cooling process and without the flue gas fan/blower. It can also be seen as “Scope A” with the 

CO2 compression section which is part of “Scope D”.  

Rubin et al. [16] stressed that to use cost metrics such as CO2 avoided cost and increased 

cost of electricity, the cost has to be “Scope G”. They argued that CO2 avoided cost should 

include the entire CCS chain, that technically, until the CO2 is safely stored, it has not been 

avoided. However, the common practice is to limit the cost estimates to the capture process 

and most times including the compression section [17, 26, 44, 67]. If the objective of the work 

is to optimise process parameters, that should be sufficient. 
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Figure 2.4. Different CCS techno-economic studies’ scopes in literature (transport and storage pictures 

are taken from: [68-70] 

Table 2.3. Different CCS techno-economic studies’ scopes in literature  

Scope Description Literature 

A Absorption to desorption [21, 71] 

B Fan/blower to desorption [18, 48, 72] 

C Flue gas cooling, fan/blower to desorption [73, 74] 

D Flue gas cooling, fan/blower to compression [43, 44, 75] 

E Process plant, flue gas cooling, fan/blower to compression [17, 76, 77] 

F Transport and storage [78-80] 

G Process plant to storage [81] 

 

The accuracy of the cost estimates does not depend on the scope if the interpretation is 

limited to or applied based on a clearly stated scope for transparency [15]. When comparison is 

to be made among different CO2 capture technologies for the same process, any of Scope A to 

Scope D may be appropriate [15, 41]. The cost estimate scope for a process plant that already 

has flue gas pre-treatment process for removal of NOx, SOx, particulate matters (PM) and other 

impurities will likely be “Scope C” or “Scope D” if transport and storage are not included as 

mostly done [15, 17, 41]. 

However, it is obvious that the cost estimate increases with increase in scope from Scope 

A to Scope G. Thus, the cost estimates from the different scopes will be in the following order: 
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Scope A < Scope B < Scope C < Scope D < Scope E < Scope F < Scope G. Therefore, it is important 

to clearly state the scope of the cost estimates to allow for a transparent interpretation and 

comparison with other studies. 

In addition to process scope, it is important to be transparent about the scope of the capital 

cost and operating and maintenance costs. The different scopes of capital cost are concisely 

illustrated in Article 1 [40]. Ali et al. [15] also showed the scopes of the procedure of different 

capital cost methods employed by different industries. Some studies limit their capital cost 

estimates to total plant cost (TPC) [15, 17], while some other studies use total investment cost 

[41]. The more transparent way to compare capital costs would be by total plant cost since it is 

the sum of all the main process equipment installed costs. This is because there is a wide range 

of differences in the underlying assumptions used for estimating the total investment cost from 

the total plant cost [15].   

2.10   CCS techno-economic analysis cost measures and metrics  

Different measures or metrics are used to analyse or report the cost of carbon capture and 

storage (CCS) processes in literature [80]. The most common among them includes CO2 avoided 

cost (€/tCO2), CO2 capture cost (€/tCO2), levelized cost of electricity (LCOE) (€/MWh) for a power 

plant scenario, negative net present value (NPV) (million €), and total annual cost (TAC) (million 

€). CO2 abated (or reduced) cost has also been reported by [80]. A good understanding of these 

CCS cost measures and metrics is important for proper understanding and appropriate 

interpretation of results and comparison. 

2.10.1   CO2 capture cost 

This is one of the most common CCS cost measures. It is frequently applied for reporting 

carbon capture costs in both power plant and other industrial plant scenarios [67]. This cost 

metric expresses merely the economic implication for capturing a ton of CO2. It is commonly 

used to evaluate the economic viability of a CO2 capture process or technology relative to a CO2 

market price as an industrial product [80]. It does not account for the actual or true climate 

change impact of the capture process [82]. That is, it does not reflect the actual CO2 emissions 

reduction. It is also important to clearly state the scope of the estimate because CO2 capture 

cost are estimated for “Scope A” to “Scope F” in literature (see Figure 2.4). It is generally 

estimated as shown in equation (2.1).       
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𝐶𝑂2 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 𝑐𝑜𝑠𝑡 (
€

𝑡𝐶𝑂2
)  =  

𝑇𝐴𝐶 (
€

𝑦𝑟
)

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑎𝑛𝑛𝑢𝑎𝑙 𝐶𝑂2 𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 (
𝑡𝐶𝑂2

𝑦𝑟
) 

   (2.1) 

And the total plant cost (TAC), 

𝑇𝐴𝐶 (
€

𝑦𝑟
) =  𝐴𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝐶𝐴𝑃𝐸𝑋 (

€

𝑦𝑟
) + 𝐴𝑛𝑛𝑢𝑎𝑙 𝑉𝑂𝐶 (

€

𝑦𝑟
) + 𝐴𝑛𝑛𝑢𝑎𝑙 𝐹𝑂𝐶 (

€

𝑦𝑟
) 

            (2.2) 

VOC is variable operating cost, FOC is fixed operating cost and the Annualized CAPEX is the yearly 

capital expenses which is defined as: 

𝐴𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝐶𝐴𝑃𝐸𝑋 (
€

𝑦𝑟
)  =

𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 (𝑇𝑃𝐶)

𝐴𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝑓𝑎𝑐𝑡𝑜𝑟
      (2.3) 

 

Equation (2.4) is applied for computing the annualized factor. 

𝐴𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝑓𝑎𝑐𝑡𝑜𝑟 =  ∑ [
1

(1+𝑟)𝑛]𝑛
𝑖=1                (2.4) 

 However, for a power plant scenario, CO2 capture cost can also be expressed as equation (2.5) 

[80]:     

𝐶𝑂2 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 𝑐𝑜𝑠𝑡 (
€

𝑡𝐶𝑂2
)  =  

(𝐶𝑂𝐸)𝐶𝐶 (
€

𝑀𝑊ℎ
)−(𝐶𝑂𝐸)𝑟𝑒𝑓 (

€

𝑀𝑊ℎ
)

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑛𝑛𝑢𝑎𝑙 𝐶𝑂2 𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 (
𝑡𝐶𝑂2
𝑀𝑊ℎ

) 
    (2.5) 

(𝐶𝑂𝐸)𝐶𝐶 = cost of electricity for the scenario of power plant with carbon capture plant. 

(𝐶𝑂𝐸)𝑟𝑒𝑓  = cost of electricity for the scenario of a reference power plant without carbon 

capture. 

2.10.2   CO2 avoided cost 

This is one of the most important and most common metrics for reporting cost of CCS in 

literature [80]. It is generally estimated as the average cost of preventing emissions of a ton of 

CO2 (tCO2). It is based on comparison of a process plant (power plant or other industrial plants) 

with carbon capture and storage technology with a reference plant without CCS as a unit of 

useful commodity is produced (1 ton of cement or clinker in the case of cement plant, and 1 

MWh for power plant scenario). For a power plant, it is estimated as follows [80]: 

𝐶𝑂2 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 𝑐𝑜𝑠𝑡 (
€

𝑡𝐶𝑂2
)  =  

(𝐶𝑂𝐸)𝐶𝐶𝑆 (
€

𝑀𝑊ℎ
) − (𝐶𝑂𝐸)𝑟𝑒𝑓 (

€

𝑀𝑊ℎ
)

 (
𝑡𝐶𝑂2
𝑀𝑊ℎ

) 𝑟𝑒𝑓 −  (
𝑡𝐶𝑂2
𝑀𝑊ℎ

) 𝐶𝐶𝑆

    (2.6) 
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For the case of a cement plant, it can be expressed as shown in equation (2.7) based on cost of 

cement or clinker (COC) and specific mass of CO2 emissions. 

 

𝐶𝑂2 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 𝑐𝑜𝑠𝑡 (
€

𝑡𝐶𝑂2
)  =  

(𝐶𝑂𝐶)𝐶𝐶𝑆 (
€

𝑡𝑐𝑙𝑖𝑛𝑘𝑒𝑟
) − (𝐶𝑂𝐸)𝑟𝑒𝑓 (

€

𝑡𝑐𝑙𝑖𝑛𝑘𝑒𝑟
)

 (
𝑡𝐶𝑂2

𝑡𝑐𝑙𝑖𝑛𝑘𝑒𝑟
) 𝑟𝑒𝑓 −  (

𝑡𝐶𝑂2
𝑡𝑐𝑙𝑖𝑛𝑘𝑒𝑟

) 𝐶𝐶𝑆

    (2.7) 

In literature, CO2 avoided cost is often estimated without the transport and storage process as 

shown in equation (2.8) [17, 67]: 

𝐶𝑂2 𝑎𝑣𝑜𝑖𝑑𝑒𝑑 𝑐𝑜𝑠𝑡 (
€

𝑡𝐶𝑂2
)  =  

(𝐶𝑂𝑃)𝐶𝐶 − (𝐶𝑂𝑃)𝑟𝑒𝑓

(𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠)𝑟𝑒𝑓 −  (𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠)𝐶𝐶
      (2.8) 

 

where 𝐶𝑂𝑃𝐶𝐶  is the cost of product when carbon capture technology is implemented, and 

𝐶𝑂𝑃𝑟𝑒𝑓 is the cost of product in a reference plant without carbon capture technology. It is also 

simply estimated as in equation (2.9):     

 

𝐶𝑂2 𝑎𝑣𝑜𝑖𝑑𝑒𝑑 (
€

𝑡𝐶𝑂2

) =  
𝑇𝐴𝐶 (

€
𝑦𝑟

)

𝐶𝑂2 𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑  (
𝑡𝐶𝑂2

𝑦𝑟
) − 𝐶𝑂2 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑖𝑛 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛  (

𝑡𝐶𝑂2

𝑦𝑟
)

 

                 (2.9) 

Rubin [80] argued that equations (2.6) and (2.7) are the appropriate ones, that CO2 

emissions into the atmosphere are only avoided when the captured CO2 has been successfully 

stored (Scope G). However, often in literature, estimates of CO2 avoided cost mostly include 

merely the CO2 capture process without the transport and storage (mainly based on Scope D 

and Scope E) [17, 43, 44, 67, 80]. Therefore, it is important that it is clearly stated the process 

scope of their techno-economic studies. 
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3 Methodology 

The techno-economic studies conducted in the PhD project were implemented as follows: 

• Conceptualization of the research project towards fulfilment of one or more of the 

objectives of the PhD project. 

•  Process and economic scope analyses and assumptions. 

• Process flowsheet diagram (PFD) development and simulation in Aspen HYSYS. 

• Development of IDF scheme based on EDF method in Aspen HYSYS using the 

incorporated spreadsheets. These include implementation of equipment dimensioning, 

obtaining equipment cost from Aspen In-Plant Cost Estimator, capital cost estimation 

model, operating and maintenance costs estimation model, and other economic 

analyses models using the spreadsheets in Aspen HYSYS. 

• The EDF scheme and IDF tool were employed for cost estimation and cost 

optimisation/sensitivity analysis. 

3.1 Process scope and assumptions 

As stated in Section 2.8, the most common scope of techno-economic studies in literature 

is “Scope D” (based on Figure 2.4). Therefore, it is reasonable to choose this scope for the 

projects in this work to make it easy for a better comparison with literature. Scope D comprises 

the main CO2 absorption and desorption process, the flue gas cooling process and fan, and the 

CO2 compression process as can be seen in Figure 2.4. These processes have been discussed in 

Article 3 [39]. 

For publications in conferences Scope C was selected. The most common scopes found in 

most of the conference publications are Scope B and Scope C. Scope C only includes the main 

capture process and flue gas cooling section together with the flue gas transport fan.  

Monoethanolamine (MEA) is the most mature and most studied solvent in post-

combustion CO2 capture process. Thus, it was selected for all the studies. However, the blends 

of MEA with Methyldiethanolamine (MDEA) and with piperazine (PZ) [83] were studied in one 

of the master’s thesis projects during this programme. The scope of the project does not cover 

CO2 transport and storage. 
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3.2 Process simulation and assumptions 

After conceptualisation and scope determination, process flow diagrams (PFD) were 

developed and simulated in Aspen HYSYS. The process simulations were implemented based on 

the same strategies as in [27, 45]. The only difference is that the Amine property package in 

Aspen HYSYS version 7 and earlier has been replaced by the acid gas property package. Aspen 

HYSYS version 10 was used for the work in Articles 3, 4 and 7 [39, 73]. Version 11 was used for 

Articles 1 and 2 [40, 74], and version 12 was utilised for Articles 5 and 6. The absorber and the 

desorber were both simulated as equilibrium stages with stage (Murphree) efficiencies in all the 

studies. The detailed assumptions in each study are presented in their respective publications. 

The process simulations provided the mass and energy balances as well as duties used for 

equipment dimensioning, which is the basis for capital cost estimation. The utilities and raw 

material consumption, that is electricity, steam, process water, cooling water and solvent, which 

are the inputs for estimation of variables operating costs (VOC) were also obtained from the 

process simulations.  

3.3 Equipment dimensioning, equipment costs and assumptions 

The dimensioning approach applied in the PhD project is the same as in previous works at 

Telemark University College, now University of South-Eastern Norway (USN) [18, 20, 21]. The 

basis and assumptions for each equipment sizing in each work was clearly stated. Due to 

corrosion resistance consideration and amine degeneration, all the equipment except the flue 

gas fan and the casing of the compressors were assumed to be constructed from SS. However, 

the cooling water pumps in Article 1 [40] were assumed to be constructed from carbon steel.  

The equipment costs were obtained directly from Aspen In-Plant Cost Estimator 

software/database. Aspen In-Plant Cost Estimator version 11 was used to obtain equipment 

costs in Articles 1, 3, 4 and 7 [39, 40, 73], while version 12 was used to acquire the cost data 

used in Article 2, 5 and 6 [74]. 

3.4 Scope of economic analysis and assumptions 

All cost estimates in this project are initial or early phase cost estimates. The scope of capital 

cost estimation in this project has been well discussed in all the articles, and it is detailed in 

Article 1 [40]. Thus, only a brief information is necessary here. Figure 3.1 gives a summary of the 

main elements of total capital investment or cost. The capital investment or expenses (CAPEX) 
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in all the studies conducted is limited to the total plant cost (TPC), which is the sum of all 

equipment installed costs. Since there are varying underlying assumptions for estimation of the 

total capital investment from the TPC, the TPC which is the sum of all equipment installed costs 

would be a more proper basis for comparison. 

Location factor, even though it is important, was not included in this project because a 

default CO2 capture plant location of Rotterdam was selected for all the studies. Nth-of-a-kind 

(NOAK) plant was also assumed in all studies [17].     

Variable operating costs (VOC) were limited to the cost for consumption of electricity, 

steam, cooling water, process water (including make-up water) and solvent (including make-up 

solvent). While the fixed operating costs (FOC) are limited to cost of annual maintenance and 

salaries for operators and supervisor. CO2 transport and storage are not included in the process 

scope in all the studies. In addition, preproduction costs, insurance, taxes, first fill cost and 

administrative costs are not included in the operating and maintenance costs. 

 

 

 

 

 

 

 

 
 
 
 
 
 

Figure 3.1. Elements of total capital investment  

 

 

Total capital investment or cost (TCI) 

Non-manufacturing fixed-capital 
investment (indirect cost) 

Capital required for construction overhead and for 
plant components that are not directly related to plant 
operation, e.g., land, administrative and other offices, 
warehouses, shipping etc. 

Manufacturing fixed-capital investment 
(direct cost) 

Capital required for the installed equipment with all 
components that are needed for complete plant 
operations, e.g., equipment, site preparation, piping, 
instruments, insulation, foundation etc. 

Fixed-capital investment (FCI) or 
Total plant cost (TPC) 

Capital needed to supply required 
manufacturing and plant facilities 

Working capital (WC) 
Capital necessary for the operation of 
the plant before sales revenue 
becomes available (typically 10 – 20% 
of TCI for a chemical plant) 
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3.5 Capital cost estimation method and assumptions 

The main objective of this PhD project is to further develop an existing cost estimation 

method to be applied to study different CO2 capture technologies. The aim is to have a robust 

method that can be applied to conduct comprehensive cost optimisation and sensitivity analyses 

of different capture processes efficiently, easily, and quickly. This method is referred to as the 

Enhanced Detailed Factor (EDF), and its application has been demonstrated and comparison has 

been made with other methods in literature in [40]. 

3.5.1 Enhanced detailed factor (EDF) method  

The Enhanced Detailed Factor (EDF) method was used for all the studies. The details of the 

method have been given in [15, 40]. Nevertheless, it is important to review the key 

implementation procedures.  

As the name implies, it is a factorial capital cost estimation method based on a bottom-up 

approach. Different installation factors are applied to the different main plant items depending 

on their respective costs. The installation factors are prepared for equipment constructed in 

carbon steel (CS). Consequently, it is necessary to convert equipment costs in other materials 

such as stainless steel to costs in CS. This is performed using equation (3.1): 

  

𝐶𝐸𝑞.,𝐶𝑆 =
𝐶𝑜𝑡ℎ𝑒𝑟 𝑚𝑎𝑡.

𝑓𝑀
                                (3.1) 

where, 

𝐶𝐸𝑞.,𝐶𝑆  = cost of equipment in carbon steel 

𝐶𝐸𝑞.,𝑜𝑡ℎ𝑒𝑟 𝑚𝑎𝑡. = cost of equipment in other material 

𝑓𝑀  = material factor for converting cost in other materials to cost in CS 

 

When the equipment costs in SS have been converted to costs in CS, the applicable total 

installation factors (𝐹𝑇,𝐶𝑆) for each equipment in CS can be obtained from the EDF installation 

factor table (Appendix C2 of Article 1). Other factors may be used. In this work, the total 

installation factor consists of the following subfactors:  

𝐹𝑇,𝐶𝑆 =  𝑓𝑑𝑖𝑟𝑒𝑐𝑡 + 𝑓𝑒𝑛𝑔𝑖𝑛𝑒𝑒𝑟𝑖𝑛𝑔 + 𝑓𝑎𝑑𝑚𝑖𝑛𝑖𝑠𝑡𝑟𝑎𝑡𝑖𝑜𝑛 + 𝑓𝑐𝑜𝑚𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑖𝑛𝑔 + 𝑓𝑐𝑜𝑛𝑡𝑖𝑛𝑔𝑒𝑛𝑐𝑦 (3.2) 
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Material factors and piping subfactors were also obtained from the table for each equipment. 

They are applied for conversion of the installation factors from CS to their corresponding 

installation factors in their respective material of construction such as SS. It is essential to 

recognize that it is merely the material of construction and piping that are affected. Hence, the 

final EDF installation factor for a particular of equipment in its original material was calculated 

as follows: 

𝐹𝑇,𝑜𝑡ℎ𝑒𝑟 𝑚𝑎𝑡. =  𝐹𝑇,𝐶𝑆 − (𝑓𝐸𝑞. + 𝑓𝑝𝑝,𝐶𝑆) + 𝑓𝑀(𝑓𝐸𝑞. + 𝑓𝑝𝑝,𝐶𝑆)   (3.3) 

𝐹𝑇,𝑜𝑡ℎ𝑒𝑟 𝑚𝑎𝑡. = 𝐹𝑇,𝐶𝑆 + (𝑓𝑀 − 1) ∙ (𝑓𝐸𝑞. + 𝑓𝑝𝑝,𝐶𝑆)     (3.4) 

 

𝐹𝑇,𝑜𝑡ℎ𝑒𝑟 𝑚𝑎𝑡.  = total installation factor for equipment cost in other material, e.g., SS. 

𝑓𝐸𝑞.  = equipment subfactor which is equal to 1. 

𝑓𝑝𝑝,𝐶𝑆  = piping subfactor in CS. 

 

The installed cost of each piece of equipment in CS (𝐶𝐸𝐼𝐶,𝐶𝑆 ), and in other materials 

(𝐶𝐸𝐼𝐶,𝑜𝑡ℎ𝑒𝑟 𝑚𝑎𝑡.)   were estimated as follows: 

𝐶𝐸𝐼𝐶,𝐶𝑆 = 𝐶𝐸𝑞,𝐶𝑆 ∙ 𝐹𝑇,𝐶𝑆        (3.5) 

𝐶𝐸𝐼𝐶,𝑜𝑡ℎ𝑒𝑟 𝑚𝑎𝑡. = 𝐶𝐸𝑞.,𝐶𝑆 ∙ 𝐹𝑇,𝑜𝑡ℎ𝑒𝑟 𝑚𝑎𝑡.      (3.6) 

 

Since installation cost is estimated for only equipment unit, the total installation for equipment 

that requires more than one unit was estimated by simply multiplying equation (3.5) or (3.6) 

with the number of units of the equipment. Then, the total plant cost (TPC) was estimated as 

the sum of all equipment total installed costs. 

𝑇𝑃𝐶 = ∑(𝐴𝑙𝑙 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 𝑐𝑜𝑠𝑡𝑠)             (3.7) 

If the equipment cost year is different from the capital cost year, the estimate can be escalated 

using an appropriate industrial cost price index. The main elements of the EDF method’s 

installation factors are presented in Figure 3.2. 
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Figure 3.2. Main elements of the Enhanced Detailed Factors [15] 

 

3.5.2 Plant construction characteristic factors (PCCF) 

A new set of factors which accounts for the peculiarity or specific characteristics of different 

process plant construction have in this work been introduced in the EDF method. They are 

known as plant construction characteristic factors (PCCF). They were developed and have been 

tested against real plant construction projects by Nils Eldrup [40]. To implement a particular 

PCCF, the factor is used to multiply the corresponding direct subfactor and engineering 

subfactor in the EDF installation factor list. An example is if there is no need for ground 

preparation, then, the subfactor “ground work” in the direct cost as well as the “engineering 

ground” subfactor in the EDF installation factor list is multiplied by the corresponding PCCF 

under “ground preparation”. Further details are provided in Article 1 [40] and the PCCF list is 

presented in Table 3.1. 
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Table 3.1. The EDF method’s plant construction characteristic factors (PCCF) 

Plant construction characteristics factors (PCCF) 

Instrument     Insulation   

Local instruments 0.36   No insulation 0.05 

One control loop per main equipment 0.88 
 

Heat insulation of utilities pipes 0.52 

Two control loops per main equipment 0.94 
 

Normal heat insulation 1.00 

Tree control loops per main equipment 1.00 
 

More than normal heat insulation 1.13 

Electrical   
 

Cold insulation of vessels and pipes 1.42 

No electricity 0.09 
 

Ground preparation   

Light 0.23 
 

No ground preparation works 0.09 

Light and electric power to building 0.82 
 

Normal ground preparation without piling 1.00 

Electric power from existing power supply 1.00 
 

Normal ground preparation with piling 1.30 

Electric power from new power supply 1.45 
 

More than normal ground preparation 
without piling 

2.16 

Piping   
 

More than normal ground preparation with 
piling 

2.82 

No piping 0.09 
 

Civil and buildings   

Channels 0.27 
 

No buildings 0.09 

Thin pipes and pipes for utilities systems 0.67 
 

Open on ground 0.28 

Normal pipes and pipes for utilities 1.00 
 

Open in a structure 0.78 

Complex pipes and pipes for utilities 1.12 
 

Closed structure 1.00 

Big bore pipe and pipe for utilities 1.12 
 

Insulated closed structure 1.60 

Big bore and complex pipes and pipes for 
utilities 

1.29   More than normal ground preparation with 
piling 

2.82 

     

 

 

3.5.3 Iterative detailed factor (IDF) scheme 

Application of the EDF method is relatively complex and requires more time especially for 

iterative process simulations and capital cost estimation. It is the same for varying of process 

parameters in sensitivity analysis and cost optimisation. The iterative detailed factor (IDF) 

scheme was proposed as solution. The EDF method was implemented based on this scheme in 

most of the studies conducted. Detailed explanation has been given in Article 2 [74]. Therefore, 

only a brief description through the flowchart (Figure 3.3) is given here. 
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Figure 3.3. Flow chart describing the iterative detailed factor CO2 capture cost optimization model [74]. 
n is cost like total annual cost, CO2 avoided cost and cost, CO2 capture cost 

 

The concept is to connect process simulations with equipment dimensioning, capital cost 

and operating cost estimation and all other key economic performance indicators (KPI’s) such 
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as CO2 capture cost and CO2 avoided cost. This is to enable a fully or partially automatic iterative 

simulations, cost estimation and optimisation. By this, immediate (fast) cost estimates that are 

comprehensive and reasonable are produced. This is implemented with the aid of the 

spreadsheets incorporated in Aspen HYSYS. When any process or economic factor or parameter 

is varied or changed, accurate estimates that account for all the effects caused by the change(s) 

are produced immediately after each simulation iteration. 

The arrows in Figure 3.3 indicate how the procedure flows. There are two decision boxes. 

The first decision box is to decide how the equipment cost would be obtained. If it is the first 

iteration, then the equipment costs are to be taken from a reliable source. In all the studies in 

this project, the Aspen In-Plant Cost Estimator software/database was the source of all 

equipment cost. For subsequent iterations, the equipment costs are generated based on Power 

Law, using the recommended cost exponents of the IDF scheme. 

With this IDF scheme, which can be modified when the process is changed, the advantages 

of the EDF method can be retained and accurate estimates can be obtained very fast. This 

encourages the application of the EDF scheme for cost estimation in situations of varying 

conditions. 

3.6 Cost metrics and assumptions 

CO2 capture cost (€/tCO2) and CO2 avoided cost (€/tCO2) metric were used for techno-

economic analysis in this work. 
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4 Results and discussion 

The most significant results that fulfil the objectives of the PhD project are presented and 

discussed in this chapter. The comprehensive results as well as the underlying assumptions can 

be found in the main articles. The first two sections deal with the methodology improvement 

part of the project, while the other subsequent sections focus on cost reduction measures (see 

Figure 1.5). 

4.1 The Enhanced Detailed Factor (EDF) method 

The key aspect of the Enhanced Detailed Factor (EDF) method is the installation factors and 

subfactors. Open studies have not demonstrated the impact of these factors on the total plant 

cost (TPC). To illustrate this significance, it was necessary to study the impact of the EDF method 

installation factors on the TPC compared with other methods in the open literature. The process 

scope in this study is “Scope D” based on Figure 2.4. 

4.1.1 Comparison of capital costs from different methods 

An 85 % CO2 capture plant for treating flue gas from natural gas (NGCC) power plant was 

studied. The estimated total plant cost and the ratios between the total plant cost and total 

equipment costs (TEC) of the different methods studied are compared in Figure 4.1. The Lang 

Factor method [58], Nwaoha et al. [41] Bare Erected Cost (BEC) method and the Gerrard’s [57] 

percentage of delivered equipment (PDE) cost apply a single or an overall installation factor 

uniformly on the sum of all equipment cost. The total plant cost estimates from these three 

methods [41, 57, 58] which are only based on application of a single installation factor on the 

total equipment cost are significantly higher than the four factorial methods that included some 

additional details [40, 60, 63]; EDF method [40], Smith’s [63] percentage of delivered equipment 

cost method, Sinnott and Towler’s [60] percentage of delivered equipment cost method, and 

Hand Factor method [62]. The total plant cost estimates from the Nwaoha et al. [41] Bare 

Erected Cost model, the Lang Factor [58], and the Gerrard’s [57] PDE cost method are roughly 

31 – 54 % greater than that of the EDF method [40]. While the total plant cost estimate of Sinnott 

and Towler’s [60] percentage of delivered equipment cost method having only additional detail 

of a uniform material factor for SS material, is 10 % more than that of the EDF method [40]. The 

total plant cost estimates of the three methods with much more details, the EDF method [40], 
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the Smith’s [63] percentage of delivered equipment cost method and the Hand Factor method 

[62] are close. 

 

Figure 4.1. Total plant costs (TPC) and the ratios of TPC to total equipment cost for 85 % CO2 capture 
plant [40] 

 

According to Smith [63], application of a single factor on the total equipment cost may not 

always represent reality. Gerrard [57] also asserted that the accuracy of total plant cost 

estimates can be improved by application of detailed factors and sub-factors. It should be 

expected that the installation factors for very expensive equipment will be different and less 

than those for least expensive process units. Applying a single or an average installation factor 

uniformly on all equipment could therefore lead to over-estimation of very expensive 

equipment and under-estimation of least expensive equipment. Most of the equipment units in 

the CO2 capture process studied in this work are very expensive. Thus, the results suggest that 

this is the reason why the estimates of Gerrard [57] PDE cost method, Lang Factor method [58], 

and Nwaoha et al. [41] BEC method are substantially higher. This highlights the significance of 

the installation factors of a capital cost estimation method. In the EDF method, a very expensive 

equipment is assigned a lower installation factor while a least expensive equipment will have a 

high installation factor. Installation factors are assigned to equipment based on their costs. A 

recent installation factor list can be found in the Appendix C of [40]. Based on that, the EDF 

method is suitable for capital cost estimation of new plants, modification projects and retrofit 

plants, and large and small plants. 
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4.1.2 Responses of the installation factors of different methods on each 

piece of equipment 

The results presented in in Figure 4.2, Figure 4.3, and Figure 4.4 illustrate the responses of 

the installation factor(s) of the EDF method [40], Hand Factor method [62], Smith’s percentage 

of delivered equipment [63] and Sinnott and Towler’s [60] percentage of delivered equipment 

in carbon steel (CS) and stainless steel (SS). These are the responses of the installation factors if 

they are applied on each piece of equipment. This enables us to understand the capabilities of 

each method to handle different types of projects or plants. For both the EDF method and the 

Hand Factor method, it is straightforward to apply specific installation factors to each piece of 

equipment. For the EDF method, it is based on the cost of each piece of equipment, while it is 

based on equipment type for the Hand Factor method.  

 

 

Figure 4.2. Comparison installation factor responses of Hand Factor method [62] with those of the EDF 

method for each piece of equipment [40] 
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Figure 4.3. Comparison installation factor responses of Smith [63] percentage of delivered equipment 

method with those of the EDF method for each piece of equipment [40] 

 

 

Figure 4.4. Comparison installation factor responses of Sinnott & Towler [60] percentage of delivered 

equipment method with those of the EDF method for each piece of equipment [40] 

 

All the 39 points (39 pieces of main plant equipment) are linked together with lines to 

clearly show how the installation factors either respond to the cost or type of equipment. The 

lower lines are for CS while the upper lines are for equipment in SS. An overlap of both CS and 

SS installation factors’ lines indicates equipment constructed in CS. Among all these methods 

investigated, the EDF method installation factors are more sensitive to the widely varying costs 

of equipment. Installation factors of the Hand Factor method merely respond to the equipment 

type irrespective of the size or cost. The straight line that can be observed in Figure 4.3 and 

Figure 4.4 for the installation factors in CS indicate that a uniform or single installation factor is 

applied. However, the installation factors in SS for the Smith’s [63] percentage of delivered 
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equipment show sensitivity to equipment type in another material of construction (SS) other 

than CS. 

The question is, what is the implication or significance of these installation factors’ 

responses? A method with installation factors that are either insensitive or less sensitive to 

especially equipment costs may not be suitable for capital cost estimation of small plants, 

modification projects and retrofit plants. This is acknowledged by [57, 63], that such methods 

may only be applicable to new plants’ capital cost estimation. Such methods will likely over-

estimate the installed costs of very expensive equipment and under-estimate less expensive 

main plant items. This is vital as techno-economic studies may increase among researchers and 

institutions as new concepts and technologies continues to emerge for cost reduction [40]. They 

do not usually have access to EPC contractors’ methodologies [15]. It is difficult to have access 

to the details of the EPC contractors’ methodologies due to confidentialities. It is also imperative 

to emphasise that it is not reasonable that all equipment irrespective of cost would have the 

same installation factor. Therefore, the EDF method, among the method studied shows better 

sensitivity to equipment cost. Thus, it can be applied for cost estimation of new plants, 

modification plants, retrofit plants, small and large plants. 

4.1.3 EDF method plant construction characteristic factors (PCCF)  

The influence of the EDF method’s “plant construction characteristic factors (PCCF)” (See 

Table 3.1) was demonstrated, and the results are presented in Figure 4.5. The PCCF under 

consideration is for civil engineering works, structures and building subfactor (both 𝑓𝑑𝑖𝑟𝑒𝑐𝑡 𝑐𝑜𝑠𝑡 

and 𝑓𝑒𝑛𝑔𝑖𝑛𝑒𝑒𝑟𝑖𝑛𝑔). For this same plant, if no building is needed, if the equipment is installed on 

ground or open in a structure, the TPC falls by 2.3%, 1.8% or 0.6% respectively as can be 

observed in Figure 4.5. When there is a need for insulated closed structure(s) or if there is a 

need for more than the normal ground preparation with piling, the impact is a respective rise of 

2% or 5% in the TPC. These are substantial since the TPC is around €190 million. These additional 

factors enable the EDF method to estimate capital costs that are adapted to different situations. 
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Figure 4.5. The effects of the EDF method’s plant construction characteristic factors (PCCF) on TPC [40] 

4.1.4 Estimation of cost optimum ∆𝑇𝑚𝑖𝑛  in the LRHX using the different 

methods 

CO2 capture costs were estimated using the different methods and at varying ∆𝑇𝑚𝑖𝑛 in the 

LRHX to evaluate for the cost optimum ∆𝑇𝑚𝑖𝑛 . All the seven method estimated the cost 

optimum ∆𝑇𝑚𝑖𝑛  to be 15 ℃ [40]. However, the EDF method, Smith's [63] percentage of 

delivered-equipment method and Hand's factor method estimated a capture cost of €66/tCO2 

at this optimum temperature approach, while it was €69 –79/tCO2 by the other methods. The 

methods where a single installation factor is applied on the entire plant seemed to over-

estimate the TPC and therefore resulted in much higher CO2 capture costs. 

 

Figure 4.6. Comparison of CO2 capture cost estimates from the different factorial methods [40] 
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4.2 Simulation-based Cost Optimization tool for CO2 Absorption 

processes: Iterative Detailed Factor (IDF) Scheme 

The costs of equipment may vary from one supplier to another, or from location to location. 

The unit price of energy as well as costs of other variables can vary widely. Therefore, sensitivity 

analysis is vital in techno-economic analysis. In addition, since the initial concept developed for 

a plant may not be the cost optimum, cost optimisation involving iterative calculations to 

evaluate for cost optimum process parameters are important in techno-economic analysis.  

A common practice in cost estimation of CO2 capture processes is by importing process 

simulation results into other applications like Microsoft Excel or for equipment dimensioning 

and other economic analysis [18, 21, 44, 84]. This is done iteratively for sensitivity analysis and 

cost optimisation. It is time consuming, and it may be discouraging to conduct a comprehensive 

cost optimisation when required. It is even more work intensive if a detailed factor method like 

the EDF method is applied, and all its merits or features are to be retained in each iteration of 

simulation and economic analysis. 

The Iterative Detailed Factor (IDF) Scheme was then developed as a tool to implement the 

EDF method in a techno-economic analysis for fast and reasonable cost estimation. This was 

based on Power Law. One of the foci is to determine the right cost exponents for accurate cost 

estimation. The results of validation and accuracy are presented and discussed in the following 

subsections. The process scope of the study is “Scope C” (see Figure 2.4). 

4.2.1 Validation of the IDF scheme 

To have different capital cost estimates of the same CO2 capture process, the ∆𝑇𝑚𝑖𝑛 of the 

LRHX was varied between 5 ℃ and 30 ℃ in temperature approach steps of 5 ℃ as shown in 

Figure 4.7. This has significant influence on the resulting capital costs [26, 85]. A second 

approach was to vary the absorption column packing height between 12 m and 25 m, as can be 

observed in Figure 4.8 [18, 21, 48]. 

The reference (or original) costs were estimated in the conventional EDF method manual 

approach [18, 21, 44, 84]. In the reference case, each time a new simulation is performed due 

to change in a process parameter, new equipment costs are obtained from Aspen In-Plant Cost 

Estimator, then the cost estimation can be conducted. In the IDF tool scenario, immediately 

after the process simulation has converged, all cost estimates, capital costs, operating cost, total 

annual cost, CO2 capture cost as well as CO2 avoided cost are automatically available. There may 
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be a need to briefly check if a change in the EDF installation factors for any equipment is 

necessary or not. However, in a subsequent work in our group [56], a visual basic code has been 

written to link Aspen HYSYS spreadsheets and the simulation with Microsoft Excel. This has 

eliminated the need for any manual check. Therefore, after a parameter is varied, cost estimates 

are automatically available immediately after the simulations converge.  

As can be seen in Figure 4.7 and Figure 4.8, the agreement between the IDF scheme and 

the EDF method is very good. In the IDF Scheme, apart from the columns, a cost exponent of 

0.65 was utilised for estimation of the costs of all equipment that is affected by the change in 

the parameter. Other equipment not affected were assigned a cost exponent of 1.  

 
 

Figure 4.7. Comparison of IDF Scheme capital costs with reference capital cost when the temperature 

difference in the lean/rich exchanger is varied [74] 
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Figure 4.8. Impact of varying absorber packing height on CO2 capture cost [74] 

It can be observed in Figure 4.8 that different cost exponents, 0.65, 0.85, 0.9, 1.0 and 1.1 

were experimented for the different packing heights (PH). This is necessitated by the peculiarity 

of the columns compared to other equipment. If the packing volume increases, the size of the 

column shell will increase accordingly, and more packing supports and auxiliaries will be 

required. Consequently, the principle of economy of scale may not essentially apply by using a 

cost exponent of 0.65. In Figure 4.8, PH-0.65 means 0.65 cost exponent was used to estimate 

the PH (packing heights = 12 m, 18 m, 20 m, 22 m, and 25 m). The results show that a cost 

exponent of 1.1 gave the best fit for column heights above the Base case size (15 m), while 0.85 

gave the best fit below it. The IDF scheme for estimation of varying column’s packing size 

therefore utilises a cost exponent of 1.1 (PH-1.10) for sizes above the original size and 0.85 (PH-

0.85) below the initial size. 

4.2.2 IDF tool error analysis 

A simple percentage error was estimated for the IDF tool. Average errors of approximately 

0.3% and 0.2% were estimated for the capital cost and CO2 capture cost estimates respectively 

in the case of varying ∆𝑇𝑚𝑖𝑛. For the different packing height cases, they are 0.01 – 0.39% and 0 

– 0.12% for the capital cost and CO2 capture cost estimates respectively. The errors are small 

and therefore acceptable. They also did not have any effect on cost optimization results or 

results of sensitivity analysis when process parameters were varied several times. This is 

125

130

135

140

145

150

155

12 m 15 m 18 m 20 m 22 m 25 m

C
ap

it
al

 c
o

st
, M

€

Absorber packing height

Original cost PH-0.65 PH-0.85 PH-0.90 PH-1.00 PH-1.10 (IDF)

Base case 



Aromada (2022): Cost estimation methods for CO2 capture processes 

 

  

___ 

41 

 

demonstrated in Article 2 [74]. Thus, with the IDF scheme, the EDF method can be applied to 

obtain fast and accurate cost estimates. This can be utilised in cost optimisation involving 

iterative processes.    

4.3 Combination and automatization of process simulation, cost 

estimation and optimisation 

Some master projects and master’s thesis were conducted as part of this PhD 

programme. They were aimed at automatic process parameter optimisation simulation 

combined with equipment dimensioning, cost estimation and optimisation. This was 

simply implemented by the aid of the spreadsheet incorporated in Aspen HYSYS. The 

equipment dimensioning and cost estimation models were developed in the Aspen 

HYSYS spreadsheets linked with the simulation as also described in the IDF Scheme 

(Section 4.2).  

In one of the master’s group projects, Haukås et al. [86] demonstrated the use of 

the Aspen HYSYS spreadsheets to perform cost optimisation. The minimum temperature 

approach and absorber parking height were optimised. The results agreed with previous 

studies [18, 21, 87]. The results were published in [53]. In Haukås’ master thesis [88],  

process parameters of different process configurations were also successfully 

optimized. In the autumn of 2021, in another master’s group project, Shirdel et al. [55] 

also performed automated process parameter cost optimisation based on the power 

law. They highlighted the challenges in this scheme. However, Rahmani improved upon 

the automatic cost optimisation procedure in his master’s thesis [56]. He developed a 

Visual Basic script to link Aspen HYSYS spreadsheets with Microsoft Excel. With this, the 

need for minor checks of the EDF method’s installation factors in the IDF scheme were 

eliminated. The code helps to automatically pick the right installation factor and 

subfactors whenever a change in process parameter is executed. This makes the IDF 

scheme to do all calculations automatically when a process parameter is varied.  

These works demonstrated that it is possible to automatise the CO2 absorption 

process simulation combined with cost estimation and optimisation. Most importantly, 
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they demonstrated that it is automated simulations and automated cost optimization is 

efficient. 

4.4 Cost reduction potential by using plate heat exchanger 

Three studies were conducted with the aim of assessing the economic impact of 

substituting the conventional shell and tube heat exchangers with the plate heat exchanger 

(PHE). None of such works were found in the open literature, even though it has been suggested 

that the PHEs may reduce the cost of solvent based CO2 capture processes [20, 42, 50, 85]. The 

first study focused mainly on the conventional process with a lean/rich heat exchanger (LRHX) 

having the common ∆𝑇𝑚𝑖𝑛 of 10 ℃. A comparison of CO2 capture cost optimisation based on 

varying ∆𝑇𝑚𝑖𝑛 was subsequently done. This was done to assess the cost saving potential of the 

PHE at the cost optimum ∆𝑇𝑚𝑖𝑛. The final project was focused on both analysis of cost and CO2 

emissions reduction also through cost optimisation based on varying ∆𝑇𝑚𝑖𝑛.     

The key results are summarised in the subsequent subsections. The comprehensive works 

can be found in Articles 3 – 5 [39, 73, 82]. 

4.4.1 Equipment installed costs and their cost contributions to total plant 

cost 

A techno-economic analysis of an amine based CO2 absorption and desorption plant 

capturing 85 % from a representative European cement plant with a CO2 concentration of 25 

mol% was conducted [89]. The aim was to evaluate the economic impact of selecting any of the 

conventional heat exchangers for the lean/rich heat exchanger (LRHX) function. The focus was 

on the PHE, its cost saving potential in the system. The process scope was “Scope D” based on 

Figure 2.4.     

Figure 4.9 presents the purchase (or delivered) costs and the installed costs of all the main 

plant equipment. The gasketed-plate heat exchanger (G-PHE), the welded-plate heat exchanger 

(W-PHE), the U-tube shell and tube heat exchanger (UT-STHX), the fixed tubesheet shell and 

tube heat exchanger (FTS-STHX), the floating head shell and tube heat exchanger (FH-STHX), and 

the finned double pipe heat exchanger (FDP-HX) were used as the LRHX. It can be observed that 

if the most common FTS-STHX [59], the most robust FH-STHX [59], or the FDP-HX is used as 

LRHX, the LRHX would have the highest contribution to the TPC.  
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Figure 4.9. Equipment purchase and installed costs, including 6 specific types of heat exchangers as the 
lean/rich heat exchanger [39] 

Figure 4.10 presents comprehensive details of the cost (CAPEX) implication of selecting any 

of the heat exchanger types. If any of the UT-STHX, FTS-STHX, FH-STHX or FDP-HX is selected as 

the LRHX, the LRHX contribution to the TPC will be 30 %, 32 %, 33 % or 35% respectively. 

However, if the G-PHE or the W-PHE is used instead, then the LRHX contribution will be reduced 

to merely 8 % or 9 %. This is significant.    

 

 

Figure 4.10. Overview of the number of HX units, HX purchase costs, HX installed costs, CAPEX, and %ratio 

of HX/CAPEX of the different capture plant options with different HX (HX is heat exchanger) [39] 

 
The summary of cost performances of using the different heat exchangers as LRHX in the 

capture system is presented in Table 4.1. While the economic performance of the G-PHE is 

compared with the other heat exchanger scenarios in Table 4.2. The results indicated that about 
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24 – 27 % of the heat exchanger capital cost can be saved if the G-PHE is used instead of the 

STHXs as the LRHX. A corresponding saving of 6 – 7 % in CO2 capture cost was estimated. It was 

also concluded that even though the PHE is not as technically robust as the STHXs, their 

limitations are not very important in a solvent based CO2 capture system. Further details and 

underlying assumptions are documented in Article 3 [39]. 

 

Table 4.1. Cost performances of all the capture plant scenarios [39] 

 

Table 4.2. Comparison of cost performances of the G-PHE capture plant scenario with other plant 
scenarios [39] 

 

4.4.2 Cost optimisation: minimum temperature approach analysis 

Capital costs, operating costs and CO2 capture costs were estimated for the same CO2 

capture process as in Subsection 4.3.1 with different ∆𝑇𝑚𝑖𝑛 of 5 ℃, 10 ℃, 15℃ and 20 ℃ in the 

lean/rich heat exchanger. The scope of the study is however “Scope C” based on Figure 2.4. That 

is, the compression section was not included. The G-PHE, W-PHE, UT-STHX, FTS-STHX and FH-

STHX were used as lean/rich heat exchanger. The capital costs (CAPEX) and operating costs 

(OPEX) are presented in Figure 4.11. While the CO2 capture costs are presented in Figure 4.12. 
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Figure 4.11. CAPEX (left) and OPEX (right) of the different heat exchangers at different ∆𝑇𝑚𝑖𝑛  [73] 

 

Figure 4.12. Cost optimum ∆𝑇𝑚𝑖𝑛  of the different heat exchangers [73] 

 
The Base case CO2 capture system has lean/rich heat exchanger with ∆𝑇𝑚𝑖𝑛 of 10 ℃.  The 

G-PHE and W-PHE cases achieved the lowest capital cost at 15 ℃, and at 20 ℃ for the STHXs. 

The plant scenarios with G-PHE and W-PHE as lean/rich heat exchanger have slightly higher 

CAPEX ∆𝑇𝑚𝑖𝑛 of 20 ℃. This is because as the cost of the lean/rich heat exchanger declines, the 

costs of the reboiler and the lean amine cooler increase more. However, the cost of the lean/rich 

heat exchanger dominates from ∆𝑇𝑚𝑖𝑛 of 5 ℃ to 20 ℃ in the other cases. The total capital costs 

increased by 42 % and 19 % for the plant scenarios with FH-STHX and G-PHE respectively when 

the ∆𝑇𝑚𝑖𝑛 was reduced from 10 ℃ to 5 ℃. This is significant especially because the scope does 

not include the CO2 compression. Karimi et al. [26] calculated a 6 % increase for a 90 % CO2 

absorption from exhaust gas from a 150 MW bituminous coal power plant. According to Karimi 
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et al. [26] and Eimer [85], the heat exchange area required in the lean/rich heat exchanger 

increases by 100 % from ∆𝑇𝑚𝑖𝑛 of 10 ℃ to 5 ℃. The impact of the lean/rich heat exchanger is 

not as much as in this study, firstly because of the larger scope and secondly due to the higher 

overall heat transfer coefficient.   

Even though steam consumption is reduced at ∆𝑇𝑚𝑖𝑛 of 5 ℃, the high cost of maintenance 

caused the annual OPEX to be only slightly reduced for the STHXs. Significant reduction is 

achieved in annual OPEX by the PHEs since annual maintenance costs are relatively lower. 

All the STHXs and the W-PHE achieved their cost optimum CO2 capture cost at ∆𝑇𝑚𝑖𝑛 of 15 

℃, while it is at ∆𝑇𝑚𝑖𝑛 of 5 ℃ for the G-PHE. Karimi et al. [26] conducted their study with ∆𝑇𝑚𝑖𝑛 

of 5 ℃ and 10 ℃ for the STHX. The lowest CO2 capture cost was estimated at ∆𝑇𝑚𝑖𝑛 of 10 ℃. In 

a previous work with a temperature approach step of 1 ℃, Aromada and Øi [21] estimated the 

cost optimum ∆𝑇𝑚𝑖𝑛  to be 13 ℃ for an 85 % CO2 capture process from flue gas from 400 MW 

natural gas combined cycle power plant. Kallevik [18] calculated the cost optimum ∆𝑇𝑚𝑖𝑛 to be 

between 10 – 14 ℃. All the available studies of CO2 capture process optimisation based on 

∆𝑇𝑚𝑖𝑛 utilised the STHXs. No study in the open literature was found for the PHE.    

The estimated CO2 capture costs for the G-PHE is 16 %, 8 %, 5 % and 3 % lower than those 

of the CO2 capture plant with lean/rich heat exchanger having the most robust FH-STHX at ∆𝑇𝑚𝑖𝑛 

of 5 ℃, 10 ℃, 15 ℃ and 20 ℃ respectively. The G-PHE plant’s optimum CO2 capture cost is 5.0 

%, 4.7 % and 4.1 % lower than the those of the FH-STHX, FTS-STHX and UT-STHX, respectively. 

4.4.3 Cost and CO2 emissions reduction: optimum ∆𝑇𝑚𝑖𝑛 analysis 

The previous works focused on just economic viability. The climate change implications, 

that is, the actual CO2 emissions reduction was not considered. Therefore, the work reported 

here is aimed at both cost optimisation and evaluating the corresponding actual CO2 emissions 

reduction. The work compares a scenario where the PHE is used as the lean/rich heat exchanger, 

the lean amine cooler and the direct contact cooler unit in a 90 % CO2 absorption and desorption 

process and the conventional FTS-STHX. The flue gas is that of Norcem Cement plant at Brevik 

in Norway [89]. Two process configurations, the standard and the lean vapour compression 

(LVC) process configurations were studied. The cost measure of CO2 avoided cost was used in 

this study because it is an appropriate cost metric when actual CO2 emissions reduction is 

considered. However, the cost of CO2 transport and storage were not included. This is how it is 

frequently done in literature [4, 17, 43, 67]. Therefore, the scope of the study based on Figure 

2.4 is Scope D. To account for indirect CO2 emissions in the CO2 capture process, 0.18 kg of CO2 
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emissions per kWh of steam consumption was used [90]. That implies 0.64 kg of CO2 emissions 

per kWh of electricity consumption, which is based on 25 % efficiency for steam conversion to 

electricity [27]. CO2 capture from the flue gas of a natural gas combined cycle power plant was 

also studied, and details can be found in [82]. 

 

Figure 4.13. Energy and heat exchanger costs trade-off analysis at different ∆𝑇𝑚𝑖𝑛  for different heat 

exchanger types in a standard CO2 capture from cement flue gas with consideration of actual CO2 

emissions reduction [82]. 

The cost optimization results are presented in Figure 4.13 for the standard process. The red 

dots only show where (∆𝑇min ) the optimum CO2 capture cost was achieved and not the actual 

cost. The curves are for CO2 avoided costs with values at the left vertical axis. The column charts 

represent the actual CO2 emissions reduction with values at the right vertical axis. 

The FTS-STHX and PHE standard CO2 capture plant scenarios achieved their optimum CO2 

avoided costs of €87.5/tCO2 and €82.4/tCO2 at ∆𝑇𝑚𝑖𝑛 of 10 ℃ and 4 ℃ respectively (Figure 4.13). 

The actual CO2 emissions reduction are approximately 64 % and 65 % respectively. Gardarsdottir 

et al. [17] estimated a CO2 avoided cost of €80.2/tCO2 for a cost year of 2014 for a capture 

process from a cement plant flue gas, with capture plant’s lean/rich heat exchanger having a 

∆𝑇𝑚𝑖𝑛 of 10 ℃. If it is escalated from 2014 to 2020 using the Norwegian SSB industrial price 

index, the cost becomes €91.2/tCO2. Schach et al. [44] estimated their optimum CO2 avoided 

cost to be at LMTD of 7.5 ℃. It is not clear what type of heat exchanger was used as the lean/rich 
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heat exchanger. In this work, the optimum CO2 capture costs were achieved at 13 ℃ and 7 ℃ 

for FTS-STHX and PHE CO2 capture plant scenarios respectively.  

 

Figure 4.14. Energy and heat exchanger costs trade-off analysis at different ∆𝑇𝑚𝑖𝑛  for different heat 

exchanger types in a LVC CO2 capture from cement flue gas with consideration of actual CO2 emissions 

reduction [82] 

In Figure 4.14, the optimum CO2 avoided costs of approximately €77/tCO2 and €73/tCO2 

were achieved at ∆𝑇𝑚𝑖𝑛 of 7 ℃ and 4 ℃ for the lean vapour compression CO2 capture plants 

scenarios with FTS-STHX and PHE respectively as the lean/rich heat exchanger. The actual CO2 

emissions reduction are approximately 67 % and 68 % respectively. A comparison of the 

optimum results of both process configurations indicates that with the lean vapour 

compression, 3 % more CO2 emissions reduction was achieved (compared to the standard 

capture process). While 3 % and 4 % more CO2 emissions are achieved by the FTS-STHX and PHE 

lean vapour compression CO2 capture plant scenarios respectively relative to the Base case 

which is a standard CO2 capture process which has FTS-STHX as LRHX with a ∆𝑇𝑚𝑖𝑛 of 10 ℃. The 

optimum CO2 capture costs in the LVC scenarios were achieved at ∆𝑇𝑚𝑖𝑛  of 10 ℃ and 5 ℃ 

respectively. 

The cost savings of the two standard and the two lean vapour compression CO2 capture 

plants scenarios for the range of ∆𝑇𝑚𝑖𝑛 investigated relative to the CO2 avoided cost of the Base 

case are presented in Figure 4.15. Since the optimum CO2 avoided cost for the FTS-STHX 
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standard CO2 capture plant was achieved at the same ∆𝑇𝑚𝑖𝑛 of 10 ℃ as the Base case, operating 

at any other ∆𝑇𝑚𝑖𝑛  would lead to higher CO2 avoided cost. The PHE is a promising option 

achieving 5.8 % and 16.4 % cost reduction by the optimum standard and optimum lean vapour 

compression capture processes respectively relative to the Base case. However, the optimum 

FTS-STHX lean vapour compression capture plant scenario achieved 12 % cost saving. Therefore, 

the lean vapour compression configuration offers a lowerCO2 avoided cost solution. 

 

 

Figure 4.15. Cost reduction analysis at different ∆𝑇𝑚𝑖𝑛  for different heat exchanger types compared with 

FTS-STHX of ∆𝑇𝑚𝑖𝑛 = 10 ℃ 

4.4.4 Impact of waste/excess heat on the cost and CO2 emissions reduction 

by optimising ∆𝑇𝑚𝑖𝑛 

Similar analysis was done as in Subsection 4.3.3 but considering that there is an opportunity 

to utilise the available excess/waste heat at the Norcem cement plant to produce steam for 

capturing 50 % of the CO2 in the flue gas. Figure 4.16 presents the results for the standard cases. 

The optimum CO2 avoided cost of €63.5/tCO2 was achieved at ∆𝑇𝑚𝑖𝑛 of 13 ℃ for the FTS-STHX. 

The PHE plant scenarios achieved its optimum CO2 avoided cost of €60.2/tCO2 at ∆𝑇𝑚𝑖𝑛 of 7 ℃. 

The actual CO2 emissions reduction was 73.2 % and 74.1 % respectively at the optimum avoided 

costs.  
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Figure 4.16. Energy and heat exchanger costs trade-off analysis at different ∆𝑇𝑚𝑖𝑛 for different heat 

exchanger types in a standard CO2 capture from cement flue gas  

Figure 4.17 presents the results for the lean vapour compression CO2 capture cases. The 

optimum CO2 avoided cost of €60.5/tCO2 was achieved at ∆𝑇𝑚𝑖𝑛 of 10 ℃ for the FTS-STHX. The 

PHE plant scenarios achieved its optimum CO2 avoided cost of €58/tCO2 at ∆𝑇𝑚𝑖𝑛 of 5 ℃. The 

actual CO2 emissions reduction at the optimum are 74.1 % and 74.5 % respectively. 

 

Figure 4.17. Energy and heat exchanger costs trade-off analyses at different ∆𝑇𝑚𝑖𝑛 for different heat 

exchanger types in a standard CO2 capture from cement flue gas 
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Figure 4.18. Cost reduction analysis at different ∆𝑇𝑚𝑖𝑛  for different heat exchanger types compared with 

FTS-STHX of ∆𝑇𝑚𝑖𝑛 = 10 ℃, in waste heat utilization scenario 

Figure 4.18 presents the results of CO2 avoided cost reduction. The reference case here is 

a standard CO2 capture plant which has FTS-STHX as lean/rich heat exchanger with ∆𝑇𝑚𝑖𝑛 of 10 

℃, with available waste heat to cover 50 % CO2 capture. For ∆𝑇𝑚𝑖𝑛<10 ℃, the PHE standard CO2 

capture plant performs better than the FTS-STHX LVC CO2 capture plant case. The results 

emphasise the significance of selecting the PHE for the lean/rich heat exchanger, lean amine 

cooler and DCC cooler functions instead of the conventional STHX.  

All the cases studied were compared with the original Base case as shown Table 4.3. That 

is a standard CO2 capture plant which has FTS-STHX as LRHX with ∆𝑇𝑚𝑖𝑛  of 10 ℃. It was to 

evaluate the impacts of the ∆𝑇𝑚𝑖𝑛 optimisation, of the alternative configuration (LVC) and of 

waste heat application. The best case of the PHE CO2 capture plant scenarios performed better 

than the best cases of the FTS-STHX plant cases with 3 – 3.7 %. The optimum PHE scenarios also 

performed slightly better in CO2 emissions reduction. 
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Table 4.3. CO2 avoided cost and emissions reduction performances of FTS-STHX and PHE with and 

without 50% steam from available waste heat [82] 

  ∆Tmin Reboiler 

heat 

Equivalent 

heat 

Capital 

cost 

(TPC) 

CO2 

avoided 

cost 

Cost 

reduction  

CO2 

emissions 

reduction  
℃ GJ/tCO2 GJ/tCO2 M€ €/tCO2 % % 

  Standard process  
Reference/optimum FTS-STHX 10 3.89 3.89 78.8 87.5 0 64.1 

PHE 10 3.89 3.89 65.2 84.5 3.4 63.7 

Optimum PHE  4 3.68 3.68 70.6 82.4 5.8 64.9 

FTS-STHX (Excess heat) 10 3.89 3.89 78.8 63.8 27.1 73.9 

Optimum FTS-STHX (Excess heat) 13 4.01 4.01 75.0 63.5 27.5 73.6 

Optimum PHE (Excess heat) 7 3.78 3.78 67.0 60.2 31.2 73.9  
Lean vapour compression (LVC)  

FTS-STHX 10 2.95 3.28 85.1 77.4 11.5 66.7 

PHE 10 2.95 3.28 76.8 75.2 14.1 66.6 

Optimum FTS-STHX  7 2.82 3.15 89.3 77.0 12.0 67.3 

Optimum PHE  4 2.71 3.04 80.8 73.1 16.4 67.7 

FTS-STHX (Excess heat)/optimum 10 2.95 3.28 85.1 60.5 30.8 74.1 

Optimum PHE (Excess heat) 5 2.74 3.06 79.6 57.9 33.8 74.5 

Compressor work for the LVC is   0.082 GJ/tCO2 
   

*Capital cost of steam production from excess heat is not included in the main capture plant TPC, but it is rather included 

in the steam cost 

 

4.4.5 Heat recovery in the lean/rich heat exchanger 

Evaluation of heat recovery in the lean/rich heat exchanger was done. The results are 

presented in Table 4.3. Two flue gas treatment processes were studied. They are CO2 capture 

from flue gas from a 400 MW natural gas combined cycle (NGCC) power plant [45] and from the 

Norcem cement plant [89]. The NGCC results agree with that in [85]. The results indicate that in 

the NGCC case, 7 – 8 % more heat is recovered for every 5 ℃ decrease in ∆𝑇𝑚𝑖𝑛 of the lean/rich 

heat exchanger. For the cement plant process, it is 9 – 10 ℃. Therefore, ∆𝑇𝑚𝑖𝑛 of the LRHX is an 

important variable to consider in design of post-combustion CO2 absorption and desorption 

processes.      

Table 4.4. Comparison of heat recovery in the LRHX of the standard CO2 capture processes [82] 

∆Tmin This work (NGCC) This work (cement) Eimer (2014)-NGCC 

℃ % % % 

5 7 10 7 

10 Reference (Base case) 

15 -8 -9 -7 

20 -16 -20 
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4.5 Energy, emissions and economic evaluation of combined 

lean and rich vapour compression configurations in CO2 

capture plant 

The motivation and objectives of this work are comprehensively documented in Article 6. 

The main aim was to evaluate if a CO2 absorption process configuration that combine the lean 

vapour and rich vapour compression would achieve a better energy, emissions reduction and 

ultimately a better economic performance. 

4.5.1 Energy performance analysis 

The reboiler heat and equivalent heat requirements were both estimated for the vapour 

compression models. The equivalent heat was estimated as the sum of the specific reboiler heat 

(GJ/tCO2) and four times (x4) the vapour compressor’s specific electrical energy demand 

(GJ/tCO2) [27]. This assumes a steam conversion to electricity efficiency of 0.25 [18, 27, 40].  

 

Figure 4.19. Comparison of specific reboiler heat consumptions (left) and equivalent heat consumptions 

(right) of the different alternative process configurations for CO2 absorptions 

Figure 4.19 presents the results. The simple rich vapour compression, the simple lean 

vapour compression and the combined rich and lean vapour compression process configurations 

performed considerably better than the standard CO2 absorption configuration. The combined 
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rich and lean vapour compression (RLVC) achieved better performances than the simple rich 

vapour compression and the simple lean vapour compression processes in reboiler heat 

consumption. The RLVC performed over 3 % better than the lean vapour compression (LVC) 

process configuration in the cases of minimum temperature approach of 5 ℃ and 10 ℃. The 

combined rich and lean vapour compression process reboiler heat was calculated to be about 

17 % and 15 % respectively lower than for the simple rich vapour compression configuration. 

These indicate that the combination of the rich and lean vapours, thereby increasing the 

stripping vapour leads to lower steam requirement by the reboiler compared to the simple rich 

and lean vapour compression processes.  

The increase in volume flow of vapour to the compressor which results from flashing of 

both the rich and lean streams caused the electricity demand by the vapour compressor to also 

increase for the RLVC compared to the simple cases. This made the performances in equivalent 

heat of the combined process to be only slightly better than the lean vapour compression 

process configuration.  

Le Moullec and Kanniche [22] stated that combination of some simple proposed alternative 

CO2 absorption configurations may result in achievement of more improvement in energy 

consumption. They proposed that instead of 4 – 8 % improvement by other proposed simple 

process configurations compared to the standard process, a combination of the simple 

configurations would further improve the energy consumption of the capture process by 10 % 

to 25%. The results of this work for the combined rich and lean vapour compression (RLVC) 

configuration are 17.9 % and 17.2 % for processes with ∆𝑇𝑚𝑖𝑛 of 5 ℃ and 10 ℃ respectively. 

This agrees with reference [22]. The simple lean vapour compression (LVC) configuration 

achieved 17.6 % and 15.8 % respectively. It is 3.4 % and 4.1 % respectively for the rich vapour 

compression (RVC) configuration. Khan et al. [51] also conducted a study on combined process 

configurations. They reported a 16.2 % reduction of total energy requirement for a rich solvent 

split combined with rich vapour compression (RVC). The performance of their combined 

configuration is within the range of savings (16.1 – 17.9 %) calculated for the proposed combined 

rich and lean vapour compression (RLVC) configuration in this work. 

4.5.2 CO2 emissions performance analysis 

The results are presented in Figure 4.20. They show that all the vapour compression process 

configurations outperformed the standard CO2 absorption process. The combined process 

(RLVC) achieved the highest actual CO2 emissions reduction for the cases with cross-exchanger 
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temperature approach of 5 ℃ and 10 ℃ in the case of electricity supply from natural gas 

combined cycle power plant. The lean vapour compression process performed slightly better at 

15 ℃. This is because the difference in steam consumption by the vapour compressor between 

the RLVC and LVC processes became small. Since, the electricity requirement of the vapour 

compressor in the combined process is higher than in LVC, the indirect CO2 emissions from to 

the NGCC electricity generation slightly dominated. 

 

 

Figure 4.20. Comparison of actual CO2 emissions reduction performances of the different alternative 

process when electricity is supplied from NGCC power plant (left) and renewable electricity source 

(right)  

The combined process performed better than the simple vapour compression and standard 

processes in situations of electricity supply from renewable electricity. Indirect CO2 emissions in 

these cases only occurred from the production of steam from natural gas boiler. It can also be 

observed that over 3 % more emissions can be avoided or reduced if electricity is supplied from 

renewable energy source compared to NGCC power plant. In addition, about 1 % more CO2 

emissions can be reduced at temperature approach of 5 ℃ instead of 10 ℃ or at 10 ℃ instead 

of 15 ℃. This agrees with our recent study [91]. Actual CO2 emissions reduction of 78.3 %, 77.5 

% and 76.3 % for minimum temperature of 5 ℃, 10 ℃ and 15 ℃ respectively were calculated 

for the combined process (RLVC) for the cases of electricity supply from renewable energy 

source. For the simple lean vapour compression (LVC) configuration, they are 77.7%, 76.7 % and 

76.2 % respectively.  
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The combined process performed 5 – 6 % better in actual CO2 emissions than the standard 

process. The lean vapour compression configuration accomplished 4 – 6 % higher emissions 

reduction relative to the standard process. About 2 % more CO2 emissions reduction compared 

to the standard process was calculated for the rich vapour compression (RVC). 

4.5.3 Economic performance analysis 

The economic performance analysis is based on the key performance indicator of CO2 

avoided cost. The analysis was also conducted for two scenarios of electricity supply. That is 

from natural gas combined cycle (NGCC) power plant and renewable energy source such as 

hydropower. The results are presented in Figure 4.21.  

 

 

Figure 4.21. Comparison economic performance of the different process configurations with scenarios 

of electricity supply from NGCC power plant (left) and renewable energy source (right) 

 

The combined rich and lean vapour compression (RLVC) process achieved the lowest CO2 

avoided cost in all cases. The avoided cost for the lean vapour compression case with 15 ℃ 

temperature approach of the lean/rich exchanger when electricity supply is from NGCC power 

plant marginally lower than the combined process. The CO2 avoided cost reduction of the simple 
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rich vapour compression process was 5 – 8 %. The lean vapour compression process achieved a 

cost reduction of 13.3 – 15.6 %. The combined rich and lean vapour compression (RLVC) process 

cost reduction performance was 13.1 – 16.3 %. The combined process (RLVC) best performance 

over the lean vapour compression process (LVC) is 1.1 %. The results indicate that if the cost of 

steam rises, the combined process will always be economically optimum. 

It is difficult to compare carbon capture or avoided costs due to the different underlying 

assumptions, scope and location involved [17, 40, 91]. Still, it is important to make comparison 

with recent cost range in the open literature for similar technologies and processes.  

There are some recent similar studies of MEA based 90 % CO2 absorption from cement flue 

gases [17, 76]. Gardarsdottir et al. [17] estimated a CO2 avoided cost of €80/tCO2 (€2014). If it is 

escalated to 2020 using the Norwegian SSB Industrial Price Index [92], it will amount to €91/tCO2 

(€2020). A CO2 avoided cost of €83/tCO2 (€2014) was estimated by [76]. When it is escalated to 

2020 it becomes €94/tCO2 (€2020). There are several other techno-economic studies available 

in literature on CO2 capture from cement plants’ flue gases. IEAGHG [93] recently conducted a 

review of a number of them. The CO2 avoided cost range based on their review for different 

process configurations was $72/tCO2 – $180/tCO2 ($2016). When converted to Euro (€), the CO2 

avoided cost range for cement plant flue gas treatment is €64/tCO2 – €159/tCO2 (€2016). If it is 

escalated to 2020, the range becomes €70/tCO2 – €174/tCO2 (€2020).  

In this work, the estimated CO2 avoided costs for standard CO2 absorption process 

configuration in the cases which have lean/rich heat exchanger with minimum temperature 

approach of 5 ℃, 10 ℃ and 15 ℃ are €88/tCO2, €87/tCO2 and €89/tCO2 respectively. These are 

values for NGCC power plant’s electricity supply scenarios. In the scenario with renewable 

electricity, the avoided cost is €85/tCO2, €84/tCO2 and €85/tCO2 respectively. The CO2 avoided 

cost estimated for all the four process configurations and for all scenarios ranges from €71/ tCO2 

to €89/tCO2 (€2020). This indicates that our CO2 avoided cost estimates agree with literature. 

Among the three minimum temperature approach of the cross-exchanger studied, the 

standard case achieved cost optimum at 10 ℃. This agrees with the results of Ali et al. [15] who 

studied CO2 capture from a cement plant based on the standard process configuration.  
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4.6 Cost optimum route to increase CO2 capture efficiency 

Figure 4.19 presents the analysis of two routes to increase CO2 capture rate. This is to 

evaluate for the cost optimum route to increase CO2 removal efficiency from 85 % to 90 % 

between merely increasing the solvent flow rate and by increasing the packing height (N) of the 

absorption column. Increase of packing height was found to be the better route with significant 

difference. 

 

Figure 4.22. Economic implications of two different routes to increase the CO2 capture rate above 85%  

Increasing the solvent flow will lead to capturing more CO2 as done in [45]. The extra CO2 

capture through this route is however achieved with higher steam consumption. This will also 

require a larger reboiler. Since the solvent and solution flow increases, the heat exchange area 

needed by the lean/rich heat exchanger would also increase. The volumetric flow of the rich and 

lean amine streams will increase. Thus, larger pumps or at least more pumping power will be 

required. Therefore, both the capital cost and operating costs are significantly impacted, which 

results in very high CO2 capture cost. 

Increasing the number of packing stages (N) of the absorber effectively lead to both less 

flow of solvent because of the increase in CO2 and solvent contact. This will also lead to the 

process requiring a relatively smaller heat exchange area. The steam requirement for desorption 

will also substantially reduce. 

The minimum cost is at 85 % capture rate for the only solvent flow increase route. While 

the route of increasing absorber packing height achieved optimum at 87.5 % CO2 capture rate. 
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The cost of capturing 91.7 % in the packing height route was estimated to be less than the cost 

of capturing 87.5 % in the solvent flow route.  

4.7 General discussion 

 This thesis has highlighted the importance of the installation factors of a factorial capital 

cost estimation method. They determine the capital cost estimates and the type of capital costs 

they can be applied on. The Lang factor method [58], methods based on Bare erected cost (BEC) 

[41, 94] the percentage of delivered equipment cost factorial method [17, 59, 60] applies a 

uniform installation factor on the sum of all equipment costs.  According to Gerrard [57] and 

Smith [63], such methods are only suitable for estimating the capital cost of new plants. They 

stressed that these methods should not be used to estimate capital costs of modification 

projects.  

Process parameters optimisation are frequently performed in CO2 capture processes. The 

EDF method’s installation factors are detailed factors that respond based on the cost of each 

equipment unit. Lower installation factors are assigned to equipment units with higher costs, 

and less expensive equipment units are allocated higher installation factors. A new set of factors 

referred to as “plant construction characteristic factors (PCCF)” have been introduced. They 

account for the effect each plant’s construction characteristic will have on the total plant cost. 

For instance, it captures the effects of situations like if there is a need for piling or not, or if 

electric power supply already exists or not. These would have impact on the resulting total plant 

cost estimate. Gerrard [57] asserted that the accuracy of capital cost estimates can be improved 

by applying detailed factors and sub-factors. In this work, seven capital cost estimation methods 

were analysed. The analysis suggests that applying a uniform installation factor on all equipment 

units that make up a plant would likely lead to overestimation of very costly equipment units 

and underestimation of less expensive equipment units. Therefore, the EDF method is suitable 

and robust for estimating total plant cost for new plants and modification projects, small and 

large plants, and accounts for different plants’ situations.  

The typical technique for conducting carbon capture cost estimation studies is to import 

mass and energy balance data from a simulation software into applications like Microsoft Excel 

[15, 21, 44, 84]. This becomes challenging when there is a need for iterative calculations, which 

involve process simulations, equipment dimensioning and cost estimation/optimisation. 

Examples are sensitivity analysis and process parameters optimisation [19, 48, 50, 52, 53, 56, 

73, 95, 96]. It becomes challenging to implement the EDF method because it is relatively more 
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time consuming. To harness the advantages of the EDF method in such scenarios, it is important 

to reduce the time needed. This is the motivation for proposing the iterative detailed factor (IDF) 

scheme in Aspen HYSYS. This was implemented by developing the entire loop from the 

simulation process flow diagram. The simulation was then linked by the spreadsheets to the 

models for equipment dimensioning, capital cost estimation, operating and maintenance cost 

estimation, and to all other economic key performance indicators (KPI’s) analysis such as CO2 

capture cost and CO2 avoided cost. The capital cost and all the economic indicators such as CO2 

avoided cost can be automatically obtained in subsequent iterations immediately after 

simulations have converged.  

This idea of automatization of combined process simulation and cost estimation and 

optimisation has been illustrated in Article 2 [74]. It was also implemented in the studies 

documented in Article 4 – Article 7 [73, 82, 97, 98]. Studies were also conducted in master’s 

projects [55, 86, 99] and master’s theses [56, 88] for further implementation and towards 

improvement of the automatic cost estimation and optimisation. Rahmani [56] was able to 

improve upon the process by writing a Visual Basic code that linked the Aspen HYSYS 

spreadsheets with Microsoft Excel. This has helped to automate the selection of the right 

installation factor and sub-factors for equipment unit based on their costs. Errors associated 

with application of these factors has thus been eliminated. All these works demonstrated that 

the EDF method implemented in the IDF scheme approach is fast and robust to optimize process 

parameters like minimum temperature approach of the lean/rich heat exchanger, columns 

packing heights and others. Others here include for example flash pressure optimisation in the 

case of different vapour compression configurations and split ratio optimisation in the cases of 

split-stream configuration. In addition, this approach works in situation of cost estimation for 

different CO2 capture efficiencies. Therefore, this work recommends the EDF/IDF method for 

cost estimation of CO2 absorption processes and process parameters optimisation. 

5 Conclusion  

This thesis presents the results of the studies conducted during the PhD project. More 

details of the studies can be found in the articles attached in the Part II of the thesis. The project 

broad aims were to further develop an existing cost estimation method, clearly demonstrate 

how it is applied, and to apply it to evaluate and optimise the amine based CO2 absorption and 

desorption process for cost reduction.  
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It can be concluded that a capital cost estimation method that applies a single or an overall 

installation factor uniformly on all equipment (sum of equipment cost) may likely over-estimate 

very expensive equipment and under-estimate least expensive equipment. The accuracy of early 

phase capital cost estimates can be improved by applying detailed factors and sub-factors as 

done by the Enhanced Detailed Factor (EDF) method. A new set of installation factors have been 

introduced and can be used together with the main EDF method’s main installation factors. 

These new factors have been termed plant construction characteristic factors (PCCF). They 

account for different situations that may be encountered in different plant construction 

projects. In the EDF method, installation factors are assigned to each piece of equipment based 

on their costs. A very expensive equipment is assigned a lower installation factor while a least 

expensive equipment will have a high installation factor. Therefore, the EDF method should be 

suitable and robust for estimating the total plant cost of new plants, modification projects and 

retrofit plants, and large and small plants. 

Other methods were studied in this work. All the methods studied estimated the same cost 

optimum minimum temperature approach (∆𝑇𝑚𝑖𝑛) of 15 ℃ based on CO2 capture cost, but with 

different specific costs ranging €66 – 79/tCO2. The BEC method, the Lang Factor method, and 

the PDE cost method that are purely based on application of a single installation factor uniformly 

on all equipment estimates of total plant costs (TPC) were 31 – 54 % higher than the TPC of the 

EDF method. 

The iterative detailed factor (IDF) scheme which is based on Power Law is simple, and it 

provides fast and accurate CO2 capture process cost estimates, especially for cost optimisation 

and other sensitivity analysis. The IDF scheme utilises a cost exponent of 1.1 for estimating the 

cost of column packing and 0.65 for other equipment. Any equipment that is not affected when 

any process parameter is changed is assigned a cost exponent of 1. The deviation of the IDF 

Scheme estimates compared to the usual manual EDF method is 0 – 0.4 % in estimation of TPC, 

while it is 0 – 0.2 % in CO2 capture cost estimation. The EDF method was mainly implemented in 

the IDF Scheme approach for process parameters cost optimisation in this study and the master 

students’ projects and theses.  

Different specific types of heat exchangers were studied to evaluate their cost reduction 

and CO2 emissions reduction potentials. They are the fixed tubesheet shell and tube heat 

exchanger, floating head shell and tube heat exchanger, U-tube shell and tube heat exchanger, 

gasketed plate heat exchanger and welded plate heat exchanger. The gasketed plate heat 

exchanger outperformed all the other heat exchanger types in capital cost, CO2 capture cost, 
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CO2 avoided cost and CO2 actual emissions reduction. This project recommends the use of plate 

heat exchangers for the cross-heat exchanger with a ∆𝑇𝑚𝑖𝑛 of 4 – 7 ℃, lean amine cooler and 

for the direct contact water cooler unit in a CO2 absorption and desorption process.  

The EDF/IDF methods were also applied to study a combined rich and lean vapour 

compression configuration for CO2 capture. This achieved the best performance compared to 

the simple rich vapour compression and the simple lean vapour compression configurations. 

The works documented in this thesis demonstrated that the EDF method implemented in 

the IDF scheme approach is fast and robust to optimize process parameters and factors like 

minimum temperature approach of the lean/rich heat exchanger, columns packing heights, flash 

pressures in vapour compression configurations, split ratios in split-stream configurations, and 

CO2 capture efficiency. Therefore, this work recommends the EDF/IDF method for cost 

estimation of CO2 absorption processes and process parameters optimisation. 

5.1 Suggested further works 

Having conducted several studies with the EDF method and IDF scheme during this PhD 

programme, the following topics would be interesting to investigate: 

• The automatic cost optimisation approach based on the Visual Basic script should be 

developed further. Clear procedures should be developed and implemented in a CO2 

capture (absorption) plant with process parameter optimisation. The comprehensive 

work can be published in an open journal for benefit of others in this field. 

• It is important to perform other studies based on the IDF scheme to confirm the proper 

cost exponents for the major equipment that will require optimisation. For example, the 

columns, the lean/rich heat exchanger, the flue gas fan based on different pressure drop 

in the absorber. It will also be interesting to vary the CO2 concentration in the flue gas 

and the flow rate to examine if the reported cost exponents are consistent or if they are 

specific to each system. 

• This work focused on the solvent based CO2 capture processes. This can be applied to 

other energy systems. 

•  The EDF method includes the use of location factors, which was not applied in this work. 

it is important to comprehensively document and demonstrate how to estimate 

location factors for CO2 plant construction. Location factors should be estimated for 

different locations in Norway and other countries. There are values published for broad 
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locations, but the underlying assumptions are not comprehensively open. It will be novel 

to publish the comprehensive details of estimation of location factors in the open 

literature. 

• In this study, combination of simple process configurations was evaluated. The 

combined rich and lean vapour compression (RLVC) configuration was only applied to a 

cement plant. Important process parameters optimisation such as flash pressure of the 

rich and lean streams was not done. It will also be important to optimise and evaluate 

the economic impact of the flash pressures. The optimum rich pump outlet pressure can 

also be evaluated. 

• Other simple process configuration can be added to the RLVC configuration evaluate the 

energy and economic performance. Simpler alternative configurations like absorber 

intercooling (requiring an additional cooler and a pump), rich-split, and lean-split can be 

combined with the RLVC or with the simple rich vapour compression and simple lean 

vapour compression configurations. 

• A study on calculation of the Murphree efficiencies of other amine solvents is important. 

This will enable the CO2 group at USN to delve into more comprehensive study of solvent 

blends to further optimise the solvent based CO2 capture processes. It will be interesting 

to combine the effect of a more promising solvent or blends with an optimised CO2 

capture configuration. The overall heat transfer coefficients especially in the lean/rich 

heat exchanger for these alternative solvents and blends should be calculated for a fair 

and transparent performance comparison. 
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