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This thesis studies cost estimation in the field of plant engineering focusing on the early 

stages of plant projects. Thesis consists of three sections: literature review, case studies and 

cost estimation DEMO project. All sections support and complete each other forming a clear 

and coherent entity. Thesis was done to target company Cyient. 

Study managed to identify and collect best practices of cost estimation in the field of plant 

engineering utilizing high quality sources in the literature section. Literature section also 

covers the pitfalls of cost estimates, key cost metrics and insights to cost optimization. 

Literature review can be seen as a baseline for the cost estimation case studies and cost 

estimation DEMO project. Thesis studies two different cost estimation case studies, both in 

very different point of view, one to evaluate the validity of a cost estimate done by Cyient 

and the other to assess the causes of Klemetsrud carbon capture (CC) plant cost overrun. 

Finally, a DEMO cost estimation project is conducted utilizing UniSim Design and 

Cleopatra Enterprise. Cost estimation is done for an example MEA CC plant modelled in 

UniSim Design. DEMO project was set to identify the requirements, methodologies and best 

practices to conduct a cost estimate utilizing Cleopatra Enterprise and UniSim Design 

process model. Another goal for the project was to generate and compare first cost estimates 

generated by Cleopatra. DEMO project succeeded and achieved its goals, which delivered 

significant value to the target company Cyient. 
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Tämä työ käsittelee kustannusarvioita laitossuunnitteluprojektien alkuvaiheessa. Työ 

koostuu kolmesta osiosta: kirjallisuuskatsaus, tapaustutkimuksista ja DEMO 

kustannusarvioprojektista. Kaikki edellämainitut osiot tukevat toisiaan luoden selkeän ja 

yhtenäisen kokonaisuuden. Työ tehtiin työn kohdeyhtiölle Cyientille. 

Työ onnsitui tunnistamaan ja keräämään kustannusarvioinnin parhaat toimintatavat/mallit 

laitossuunittelun alalla käyttäen korkealaatuisia lähteitä kirjallisuuskatsauksessa. 

Kirjallisuuskatsausosio kattaa myös kustannusarvioinnin sudenkuoppia ja antaa näkemyksiä 

kustannusoptiomointiin. 

Kirjallisuuskatsausta voi pitää perustana tapaustukimus osiolle ja DEMO kustannusarvio 

projektille. Työ käsittelee kahta eri tapaustutkimusta, jotka molemmat ovat hyvin eri 

näkökulmista, toisessa arvioidaan Cyientin tekemän kustannusarvion 

pätevyyttä/oikeellisuutta ja toisessa arvioidaan syitä Klemetsrud CC projektin 

kustannusylitykseen. 

Lopuksi DEMO kustannusarviointiprojetki toteutetaan käyttäen UniSim Design ja Cleopatra 

Enterprise ohjelmistoja. Kustannusarvio tehdään esimerkki MEA CC laitokselle, jonka 

prosessi on mallinnettu UniSim Design:ssa. DEMO projektin tavoite oli tunnistaa 

vaatimukset, metodit ja parhaat toimintatavat kustannusarvion toteuttamiseen käyttäen 

Cleopatra Enteprise ohjelmistoa ja UniSim Design prosessimallia. Projektin tavoite oli myös 

saada ja vertailla ensimmäisiä tuloksia kustannusarvioista Cleopatralla toteutettuna. DEMO 

projekti onnistui ja tavoitti sille asetetut tavoitteet., mikä tuotti merkittävästi arvoa 

Cyientille.  
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SYMBOLS AND ABBREVIATIONS  

 

Roman characters 

A Year One 

B Year Two 

C ISBL Capital Cost  [€] 

E Net Power Plant Heat Rate  [MJ/MWh] 

f Factor   [-] 

F Installation Factor  [-] 

n Industry Specific Exponent [-] 

N Number of Functional Unit [-] 

P Net Plant Capacity  [MW]  

Q Plant Capacity  [mton/year] 

S Capacity   [-] 

s Reactor Conversion  [-] 

  

Subscripts 

c Civil 

captured CO2 captured 

CC Plant with Carbon Capture 

CCS Plant with CCS 

con Contingency 

e Equipment 

el Electrical 
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eng Engineering 

er Equipment Erection 

i Instrumentation and Control 

l Lagging and Painting 

m Material 

os Offsite 

p Piping 

ref Plant without CCS 

s Structures and Buildings 

 

Abbreviations 

AACE Association for the Advancement of Cost Estimating International 

ABS Absorber 

ACC Aker Carbon Capture 

ACCE Aspen Capital Cost Estimator 

CAPEX Capital Expenditures 

CC Carbon Capture 

CCS Carbon Capture and Storage 

CEPCI Chemical Engineering Plan Cost Index 

CESK Cost Engineering Standard Knowledgebase 

CF Capacity Factor 

COE Cost of Electricity 

CS Carbon Steel 

DEMO Demonstration 
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DES Desorber 

EDF Enhanced Detailed Factorial 

EIC Equipment Installed Cost 

EPC Engineering, Procurement and Construction 

FC Unit Fuel Cost 

FCF Fixed Charge Factor 

FCI Fixed Capital Investment 

FEED Front-End Engineering Design 

FG Flue Gas 

FOM Fixed O&M Costs 

GGHEX Gas to Gas Heat Exchanger 

GGHEX Gas-to-Gas Heat Exchanger 

HE Heat Exchanger 

HOC Hafslund Oslo Celsio 

HR Human Resources 

IEA International Energy Agency 

ISBL Inside Battery Limits 

LCOE Levelized Cost of Electricity 

MARR Minimum Attractive Rate of Return 

MEA Monoethanolamine 

MPE Ministry of Petroleum and Energy 

OPEX Operational Expenditures 

OSBL Outside Battery Limits 

P&ID Piping and Instrumentation Diagram 
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R&D Research and Development 

SOx Sulfur Oxides 

STE Shell-and Tube Heat Exchanger 

TCC Total Capital Cost 

TCI Total Capital Investment 

TCR Total Capital Requirement 

TIC Total Installed Cost 

UI User Interface 

VOM Variable Non-Fuel O&M Costs 

WC Working Capital 

WtE Waste-to-Energy 
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1  Introduction 

This thesis is about the early-stage cost estimation of plant engineering projects. The focus 

point in this thesis is on carbon capture (CC) plants, but this has no effect on the cost 

estimation methodologies and principles, due to their flexibility between different plant 

types (Rubin et al., 2013). The focused plant type is selected purely based on the interests of 

the target company Cyient. Cyient is a multinational technology company that provides 

engineering solutions for digital, autonomous, and sustainable future.  

Thesis is discussing the theory of cost estimation (focusing on early-stage estimation 

processes), insights into cost optimization strategies, early-stage cost estimation case studies 

provided by Cyient and creating of a demonstration (DEMO) cost estimation project for 

implementing a cost estimate out of a UniSim Design process model, utilizing Cleopatra 

Enterprise cost estimating software. 

The reason for carrying out this thesis is the urge to research and develop the early-stage 

cost estimation methodologies of plant engineering projects in general on behalf of the target 

company and to be able to conduct cost estimates based on UniSim Design process models 

utilizing Cleopatra Enterprise. Plant engineering projects are initially capital intensive and 

possible profit margins tend to be thin, and high-quality cost estimation in the early stages 

of plant engineering is crucial to carry out the project successfully all the way to the end. 

Implementing a high-quality cost estimate in the early stages of plant engineering presents 

challenges due to the limited data and the immaturity of the project. This underlines the need 

for professional perspective and practices in early-stage cost estimation. 

Cost estimating is a widely researched topic, and there is a substantial amount of different 

kind of research about the methodologies and guidelines to estimate plant project costs in 

the early stages of plant engineering project. Yet there is a lot of inconsistencies, and the 

implementation of cost estimates by different parties can be very unstandardized, albeit there 

is a lot of institutions/organizations providing standardized methods to estimate project 

costs, such as Association for the Advancement of Cost Estimating International (AACE) 

which is a professional association representing the cost engineering profession in the United 

States of America (USA). 
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Objectives of this thesis set by Cyient are to conduct detailed literature review on best 

practices and methodologies in capital expenditures (CAPEX) and operational expenditures 

(OPEX) estimation in early stages of plant engineering projects, analyze the cost estimation 

case studies to identify patters and key variables affecting CAPEX and OPEX, gather 

insights into cost optimization strategies and to conduct a DEMO cost estimation project 

utilizing Cleopatra Enterprise and UniSim Design process model. The value of this thesis 

for Cyient is to prepare them for supporting clients in the early stages of plant engineering 

projects and enable expansion in the field of energy transition technologies, where the urge 

of professional cost estimation is emphasized due to novel technologies applied in the 

projects. 

The research problem of this thesis is to identify the best practices in the early stages cost 

estimation of plant engineering projects and try to identify somewhat standardized way to 

conduct cost estimates. This can be difficult due to the huge amount of information and 

unstandardized methodologies and practices around the topic of project cost estimation. 

Target of this thesis is to be able to utilize the information and knowledge gathered 

throughout the literature review and cost estimation case studies to perform a professional 

cost estimation DEMO project utilizing the linkage between Cleopatra Enterprise and 

UniSim Design. 

Research questions in this thesis are “What is plant engineering project cost estimation?”, 

“What are the best practices on CAPEX and OPEX estimation in the early stages of plant 

engineering projects?”, “What are the most common pitfalls of cost estimates?”, “What are 

the methods to estimate CAPEX and OPEX?”, “What are the key cost metrics and how to 

use them right? “How to achieve cost optimization?”, “How to improve case study 1 cost 

estimation process?”, “What could have gone wrong in the case study 2 cost estimate, if 

anything?”, and “How plant engineering project cost estimation can be done professionally 

utilizing Cleopatra Enterprise and UniSim Design process model?”. When these questions 

are answered the thesis objectives are most likely obtained. 

At the beginning of this thesis cost estimation in the field of plant engineering is discussed 

in general. This discussion covers cost estimates in plant engineering, focusing on their 

purpose, accuracy of these estimates, and the most common and significant pitfalls 

associated with cost estimation. This section of the thesis is generalist and is meant to 

introduce the reader to the topic of cost estimating in plant engineering projects. 
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Following from the general theory of cost estimation, the CAPEX and OPEX estimating in 

the early stages of plant engineering is discussed. In this section concrete methods to estimate 

CAPEX and OPEX at the early stages of plant engineering are introduced and discussed. 

The CAPEX and OPEX estimation methods included in this thesis are widely used and 

gathered from reliable sources dealing with cost engineering. It is worth noting that cost 

estimation methods revealed in this thesis are only the most relevant examples of numerous 

different methods used in the industry. 

Following from there, the key cost metrics are discussed. Key cost metrics are a highly 

relevant topic for this thesis, since cost metrics illustrate the relative cost of different plant 

types in relation to the amount of produced product. Following the focus point of this thesis 

(CC plants) the key cost metrics are emphasized to be about CC plants. 

The next stage of the thesis is about cost optimization strategies for plant design and 

operational processes, drawing insights from the previous literature review. This section is 

a key objective set by the target company, Cyient, emphasizing its importance to the overall 

thesis. Insights found into cost optimization in this section are focused on the co-operation 

of cost engineers and process engineers. 

Following from the cost optimization topic the case studies of cost estimation provided by 

Cyient are dealt with. There are two case studies included in this thesis, which are from 

totally different cost engineering point of view, which increases the fascination of them to 

reader and the research value. The case study analysis is supposed to provide important 

insights to Cyient on the cost estimates conducted in these projects. This section is another 

key objective set by Cyient, which underlines its importance to the overall thesis. 

Finally, a total installed cost (TIC) cost estimation DEMO project is conducted by utilizing 

Cleopatra Enterprise cost estimation software and UniSim Design process modelling 

software. At the beginning a simple, yet realistic monoethanolamine (MEA) CC process is 

modelled and simulated with UniSim Design. A research article on MEA CC process 

modelling is used as support to implement the DEMO process model. Process operation units 

are dimensioned, and the cost data is imported to the Cleopatra Enterprise cost estimator to 

implement the cost estimations itself. Focus on this last section is on the cost estimation and 

not on the process modelling although the process modeling was the most time-consuming 

part of the last task for the author. 
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2  Literature review on cost estimation of plant engineering projects 

The literature review on cost estimation in this thesis (Section 2) is an overlook on to the 

cost estimation of plant engineering projects especially in the early stages, utilizing a broad 

range of different high-quality sources on the topic. The most significant single source for 

the literature review is the 6th edition of Chemical Engineering Design written by Ray Sinnot 

and Gavin Towler. 

Literature review consists out of few main subsections including titles as “Basics of cost 

estimation in plant engineering”, “CAPEX estimation in the early stages of plant 

engineering” and “OPEX estimation in the early stages of plant engineering. The titles 

presented are the main titles, which still consist of various subtitles detailing the topic 

further.  

Literature review of this thesis gives a comprehensive general overlook on the topic, and the 

reader can understand the basics of early-stage cost estimation of plant engineering projects. 

The data gathered in the literature review is utilized further in the case studies and DEMO 

cost estimation project of this thesis. 

2.1  Basics of cost estimation in plant engineering 

To be introduced into the topic of “cost estimation”, cost estimation in the field of plant 

engineering is discussed in a general level. The purpose-, motives-, accuracy- and pitfalls of 

cost estimation will be examined. At this stage it is good to note that the phrase “plant 

engineering” in this study refers to engineering of plants of chemical process industry, such 

as chemical processing facilities, CC plants and hydrogen production plants.  

As the title states, in this thesis the focus will be on the cost estimates implemented in the 

early stages of the plant engineering process, in this thesis early stages are considered to go 

from pre-feasibility study stage to the front-end engineering design (FEED) stage. The plant 

engineering process stages can vary between projects and contractors, but the backbone of 

it remains to be quite standardized. The reference plant engineering project stages used in 

this thesis are shown in Figure 1. 
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Figure 1. Plant engineering process stages (Kuva tehty käyttäen Open AI:ta (OpenAI, 2024). 

 

Every capital project needs to have a balance between scope, schedule, and cost to ensure a 

successful project. All three components of so called “dynamic triangle” displayed in the 

Figure 2, affect to each other, and it is usually the project manager’s responsibility to find a 

balance between them to achieve the highest possible quality of the outcome. Given that cost 

is one component of the "dynamic triangle," it must be factored in when conducting a cost 

estimation. (Williams et al., 2021b) 
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Figure 2. Capital project dynamic triangle (Williams et al., 2021). 

 

2.1.1  What are cost estimates in plant engineering? 

In plant engineering, cost estimates approximate the future CAPEX and OPEX resulting 

from a plant engineering project implementation (Cotter, 2021). Results of cost estimate are 

always estimated CAPEX and OPEX values of plant engineering project, but the use case of 

the resulted values can vary depending on the stage of project e.g. supporting an investment 

decision making, cost control or cost profiling. 

As the project matures the purpose and nature of the cost estimate methodologies change 

significantly as the amount of information of the project increases and the cost allocation 

starts to stack up. In cost estimation methodologies it is important to note that operational 

expenditures are usually estimated using the same method regardless of the project stage, 

whereas capital expenditures are estimated with various methods and tools depending on the 

current stage of the plant engineering process. 
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2.1.2  Purpose of cost estimation in plant engineering 

What are the reasons to conduct cost estimates in the field of plant engineering? This 

question has different correct answers depending on the current stage of the project as the 

purpose of cost estimate depends strongly on the project stage as previously mentioned. 

For early-stage cost estimates one of the key purposes is to determine the project budget. 

Early-stage cost estimates provide an indication of the scale of capital requirement for plant 

project implementation, which can be used to ensure sufficient financial resources. After the 

initial project budget is determined, a possible investment decision can be made if the project 

can be seen feasible to complete and there is an attractive rate of return. In real plant 

engineering projects, the investment decision timing can vary a lot depending on the 

financiers of the project and the project itself. (Cotter, 2021). 

Another important purpose of conducting a cost estimation, particularly in the early stages 

of plant engineering, is cost optimization. This is since the ability to influence project cost 

diminishes as the project advances. This phenomenon can be seen from the Figure 3 where 

the relation between cost allocation and project stages is illustrated. Due to this phenomenon, 

it is beneficial to perform several cost estimates throughout the project stages starting from 

the very early stages of the project to follow the cost development and to identify cost 

optimization opportunities while they can still be addressed. Cost optimization will be 

discussed in more detail in section 2.5  

 

Figure 3. The relation between the plant engineering stages and cost accumulation (Sinnot 

et al., 2020). 
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One purpose of cost estimates which is tightly linked into cost optimization is cost profile 

identification. Cost profile identification can be conducted in several ways e.g. based on 

process units, equipment type, discipline, material etc. When the cost profile for instance 

based on process units is known, the focus points for possible cost optimization and 

additional attention can be pointed out. 

 In the Figure 4 an example cost profile of a fictional carbon capture and storage (CCS) plant 

is displayed. In this example the cost profiling has been done based on process units which 

in this case are “Flue Gas Treatment Unit”, “Capture Unit”, “CO2 Compression and 

Liquefaction Unit” and “CO2 Transportation Unit”. When the cost profile between these 

example process units is known attention and cost optimization work can be shifted into the 

most attractive units. 

 

Figure 4. Fictional CCS cost profile example. 

 

To be able to identify the cost profile of a plant project, cost estimation software or detailed 

equipment supply cost data is required. For instance, Cleopatra Enterprise cost estimation 

software provides features that support cost profiling. 

Cost estimation is also a great way to compare the economic feasibility of alternative 

technological solutions. Comparison helps the investment decision-makers to choose the 

best technological solution with the highest yield on return of an investment, which is above 

the minimum attractive rate of return (MARR). Cost estimates can also deliver significant 
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information for the investors in which product to produce, or service to provide to gain the 

highest return on investment if multiple alternatives are available. (Cotter, 2021). 

Determining the selling price of produced goods is also done through cost estimation. In 

productive industries the selling price of selected products is strongly dependent on the 

market conditions and the production costs. Conducting cost estimates in the early stages of 

plant engineering makes cost optimization significantly easier to implement, thereby 

enhancing the ability to influence the production costs of the resulting products. This way of 

working can deliver significant competitive advantages over competitors. In this point of 

view also the economics of scale are strongly featured since it has a huge effect on the 

production cost of products. (Cotter, 2021). 

CCS-related cost estimates have an additional purpose of policy assessment in addition to 

the above-mentioned purposes. In the field of CCS technologies policy assessment and 

development is crucial to be able to achieve feasible CCS solutions in the future. Cost 

estimates provide insights into the cost structure and cost development of CCS plants, which 

can be utilized for policy development to support CCS technologies. (Rubin et al., 2013). 

Even though the accuracy of cost estimates is low, especially in the early stages of the 

project, they serve a great role in giving insights early on to the parties involved in the 

project. Professionally conducted early-stage cost estimate is the best information available 

and should be utilized for the benefit of the project.  

2.1.3  Accuracy of cost estimation 

Accuracy of cost estimates varies greatly between different estimation methods due to the 

differences in level of detail, purpose, and initial parameters between them. Accuracy is a 

relative term in cost estimation, and that’s why the cost engineer should strive to achieve the 

highest possible accuracy given the circumstances and the desired classification of the 

estimate. Regardless of the stage of the plant engineering process, the accuracy of cost 

estimation strongly depends on the quality and level of detail of the initial parameters 

required, the time spent on performing the estimate, and the expertise of the estimator. This 

is valid for both OPEX and CAPEX estimates. Given the increasing competition and 
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narrowing profit margins in plant engineering, improving cost estimation accuracy is 

essential for project viability. (Sinnot et al., 2020). 

2.1.3.1  CAPEX estimates 

Figure 5 illustrates the development of CAPEX estimation accuracy (confidence level) and 

the required contingency factor across the AACE CAPEX estimation classes. AACE 

CAPEX estimation classes are discussed in more detail in Table 3. Figure 5 displays both 

upper and lower accuracy limits.  

As can be observed from Figure 5 the level of accuracy increases and the level of 

contingency decreases significantly when moving from class 5 to a class 4 estimate. From 

class 4 to class 3 and beyond, the changes in accuracy and contingency levels are not as 

rapid. Based on this observation, it can be concluded that transitioning from a class 5 

estimate to a class 4 estimate as swiftly as possible could be advantageous for the subject 

project. Class 4 and 5 estimates differ a lot when it comes to initial parameters required, so 

at the very beginning of a plant project the class 4 estimate can be challenging to perform. 

At this case it could be the best option to perform a high-quality class 5 estimate and 

afterwards move as quickly as possible to class 4 estimate to acquire much more accurate 

estimation, with substantially less contingency. 

 

Figure 5. Accuracy and contingency of cost estimation during different plant engineering 

stages (AACE, 2020), (Williams, 2007). 
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To ensure that the accuracy of a CAPEX estimate corresponds to the classification of the 

estimate, the equipment supply cost must be properly defined and reliable data. The 

equipment supply cost is the core of CAPEX estimate, and all the other cost components of 

the estimate are usually strongly dependent on it. It is for no one’s benefit to state that the 

estimate is e.g. class 3 when the quality of the equipment supply cost data justifies only the 

class 4 estimate. 

 Even when reliable and high-quality equipment supply cost data is available the realized 

cost of equipment varies a lot due to inflation and geographical location. Concluded from 

this, the cost escalation factor and location factor should be calculated in the TIC. The cost 

escalation factor takes the inflation of material- and labor cost into account. Cost escalation 

is most relevant for companies utilizing historical cost data for estimating or when the 

estimate is done for plant project years ahead. The cost escalation factor is calculated using 

equation 1. (Sinnot et al., 2020). 

 Composite cost indices are published for various industries in the trade journals. Composite 

cost indices are an easy way to apply cost indices compared to individual cost indices for 

every separate labor and material component.  

The most used indices in United Kingdom are the ACE index published by ACostE in the 

journal of Cost Engineer, PREDICT Plant Cost Index published in the journal of Process 

Engineering, Process Engineering also publishes monthly cost indices for several countries 

including United States, United Kingdom, Japan, Australia, and many of the European union 

(EU) countries. 

For United States, the composite cost index of Chemical Engineering Plan Cost Index 

(CEPCI), usually referred as CE index is published monthly in the journal of Chemical 

Engineering. 

𝐶𝑜𝑠𝑡 𝑖𝑛 𝑦𝑒𝑎𝑟 𝐴 = 𝐶𝑜𝑠𝑡 𝑖𝑛 𝑦𝑒𝑎𝑟 𝐵 ∗
𝐶𝑜𝑠𝑡 𝑖𝑛𝑑𝑒𝑥 𝑖𝑛 𝑦𝑒𝑎𝑟 𝐴

𝐶𝑜𝑠𝑡 𝑖𝑛𝑑𝑒𝑥 𝑖𝑛 𝑦𝑒𝑎𝑟 𝐵
 (1) 

Location factors can be used to adjust the TIC cost based on the plant site's geographical 

location. In location factors it is crucial to keep the equipment procurement location separate 

from the plant site location. If the plant is built e.g. in Germany, but the equipment is 

procured from USA it needs to be considered when applying the location factors. In this 

example the cost estimate should consider the labour rates and productivity level of Germany 
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and Equipment cost of USA. This kind of more detailed approach to location variable in cost 

estimates requires usually some software such as Cleopatra Enterprise or a lot of detailed 

insights into productivity level, labour rates and equipment cost of different countries. 

Example location factors are shown in the Table 5. (Sinnot et al., 2020). 

2.1.3.2  OPEX estimates 

OPEX estimation accuracy is dependent on the accuracy of energy- and mass balances-, 

maintenance cost estimate-, labour expenses estimate-, utility price forecasting- and estimate 

of operating hours in a year. Maintenance costs are usually defined as a fixed percent share 

of equipment installed cost (EIC), usually 2% to 6% (Ali et al., 2019). 

Often the utility price forecasting is the most challenging part of OPEX estimates since 

forecasting in general is hard. To ease this part a sensitivity analysis of utility prices could 

be beneficial to prepare the parties involved in the project for different scenarios. Utility 

price sensitivity analysis also reveals the sensitivity of the plant feasibility in varying utility 

price levels. 

2.1.4  Pitfalls of cost estimation 

While conducting a cost estimate there are several things to focus on to avoid the most 

common and severe mistakes/pitfalls, which could lead to inaccurate or even worthless 

results. In cost estimates mistakes and bad practice can lead to severe and expensive delusion 

on the project cost. 

In the very beginning of the cost estimation process the inadequate disclose and definition 

of assumptions and calculation methods is severe pitfall. If the assumptions and calculation 

methods used in the cost estimate are not disclosed in a detailed and clear manner the 

comparison of the cost estimate between other estimates can be even impossible. As cost 

estimation lacks common practice and standardization the only way to keep the estimates 

comparable is to have clear reporting on the assumptions made and calculation methods 

used. (Rubin et al., 2013). 
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An inadequately defined scope is one of the most significant pitfalls in cost estimation. If 

the scope of the cost estimation project increases/decreases in size, the estimation results can 

have unacceptable inaccuracy levels. Project scope definition level should be sufficient to 

achieve desired accuracy of the cost estimate, according to the classification of the estimate 

(Figure 7). Desired accuracy of cost estimate varies between the plant engineering stages, 

and so does the project scope accuracy. In cost estimate scope it is necessary also to identify 

and include the indirect cost components of the plant project to be estimated. For instance, 

when estimating brownfield CCS project for a power plant project possible flue gas 

treatment unit(s) which are not in the scope of the CCS facility itself need to be included 

into the total scope of the estimate. (Chiu, 2018), (Rubin et al., 2013). 

Poorly defined initial parameters represent another significant pitfall in cost estimation. It is 

crucial to establish high-quality definitions for initial parameters, such as equipment supply 

costs, interest rate, utility costs, location factors, installation factors, cost year, operating 

hours and maturity of the technology (Nth-of-a-kind or First-of-a-kind) etc. Ensuring precise 

definitions for these parameters is essential for achieving the most accurate and reliable 

estimate possible. If initial parameters are inadequately defined, the impact on the total cost 

estimate can be substantial, depending on the extent of the poorly defined parameter(s). To 

avoid severe inaccuracy due to poorly defined initial parameters, the cost distribution 

between the estimated cost components should be approximated to identify the high-cost 

focus points to focus on and consume more time in the estimation process. (Rubin, 2012). 

Neglecting to consider the geographical location of a plant project is a severe pitfall and can 

lead to major oversight. The expenses to implement an industrial facility in Indonesia can 

differ significantly compared to implementing it into Norway, as an example. This locational 

variation in investment costs is considered through location factors. If location factors are 

not considered in cost estimate, results can be significantly incorrect, depending on the actual 

location of the plant site. While taking geographical location into account it is crucial to 

separate the equipment procurement location and the actual plant site. The procure location 

of equipment can vary between equipment and be totally different compared to the plant site 

location, which needs to be considered. (Rubin, 2012). 

A pitfall, especially while estimating OPEX, is the lack of utility price forecasting. Chemical 

process industry facilities can have a lifetime of decades, and the price of utilities consumed 

by the plant can vary significantly over time. Forecasting is naturally difficult, and 
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unexpected events that can affect utility prices will most likely happen during the operational 

time of the plant. After all, forecasting is necessary to try to avoid unexpected utility price 

volatilities influencing the realized OPEX of the plant. (Sinnot et al., 2020). 

An often-overlooked pitfall in cost estimation is the potential of cognitive bias and wishful 

thinking on the part of the cost engineers conducting the estimation. It is crucial to ensure 

that the estimators remain objective and free from personal biases or incentives to mislead 

the client with the estimate. This pitfall can be hard to avoid totally due to the high number 

of personal and company interests, and the best thing to do regarding this is to obtain the 

cost estimate from a third-party company which has no interests or incentives on the project. 

(Chiu, 2018). 

Lastly, a substantial, yet easy to fix pitfall is the poor usage of terminology and lack of 

transparency in cost estimation. It is crucial to have consistent and clear use of terms related 

to cost estimates to have a professional and reliable estimate and to avoid misunderstandings 

and errors. Cost estimates are extremely liable for this pitfall since the terminology is easy 

to mix up and the practical difference of different terms can be substantial, which can lead 

to enormous errors. To be able to succeed in this, transparency is highly recommended when 

conducting cost estimates.  

Rubin et al. (2013) states that transparency is required especially for financing and interest 

rates applied during and after the construction period including: inflation rates, cost 

escalation rates, plant construction duration, levelization period and financial parameters 

calculation methods. If transparency is sufficient related to the above-mentioned parameters, 

the comparability of the estimate is enabled. Without clear reporting of the definition of these  

2.2  CAPEX estimation in the early stages of plant engineering 

CAPEX, capital expenditures are the capital investment costs resulting from the plant 

engineering project implementation. CAPEX estimation is critical to evaluate the financial 

feasibility of a project (Williams et al., 2021a). In CAPEX the economics of scale is clearly 

visible, and larger plants usually have much lower relative CAPEX compared to small scale 

plants. Taxes and tariffs can also have a significant impact on the total CAPEX of a plant 

engineering project. Taxes and tariffs are dependent on the physical location of the plant 
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project and equipment sourcing location. Variation of taxes and tariffs affecting the total 

CAPEX of a plant project can be enormous between countries, which is good thing to be 

aware of in the very beginning of the project. It is also possible to get tax or tariff relief for 

example in situations where the planned project benefits significantly the country it is built 

in, this is of course decision made by the government of this specific country. 

 Total capital investment (TCI) can be divided into fixed and working capital (WC) 

expenditures, the latter being a variable capital cost component. This can be seen from Figure 

6 where the structure of TCI is illustrated. TCI is differing on the TIC in a way that TCI 

includes also the WC while TIC doesn’t. From Table 1, which displays and categorizes the 

fixed capital cost components can be seen that fixed capital investment (FCI) encompasses 

four main subcomponents: ISBL (Inside battery limits), OSBL (Outside battery limits), 

Engineering and Contingency costs. ISBL costs pertain to the plant itself, while OSBL costs 

cover offsite expenses, including the cost of necessary improvements and additions to site 

infrastructure. OSBL costs are affected strongly by the fact is the project so called 

“greenfield” or “brownfield” project. Brownfield projects tend to have lower OSBL 

expenditures in general and vice versa. Engineering costs encompass expenses associated 

with detailed design and other necessary engineering services for project implementation. 

Contingency cost, an additional factor, accommodates for items, conditions and/or 

requirements that experience has shown will likely result in additional project costs 

(Williams, 2007). Contingency of 10% of ISBL + OSBL should be the minimum 

contingency used in all projects; contingency could go up to 50% if the technology used is 

uncertain. This statement is important for the focus plant type (CC) of this thesis which 

includes also novel technologies that require higher contingency factors. Contingency 

includes costs stemming from scope definition during the plant engineering process 

(Williams, 2007). However, contingency doesn’t include major scope changes such as 

changes in unit operations and overall process flow, nor does it cover events like terrorism, 

natural disasters, major strikes, or any other extraordinary events (Williams, 2007). It’s 

important to note that the cost components listed in the Table 1 may not be applicable to 

every plant type; rather, they serve as a guideline for appropriate categorizing of fixed capital 

cost components. (Sinnot et al., 2020) 
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Figure 6. TCI structure (Aromada et al., 2021) 
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Table 1. FCI components (Sinnot et al., 2020). 

ISBL plant cost components 

Direct field costs 

Major process equipment (reactors, columns, vessels, heat exchangers, pumps compressors etc.) 

Bulk items (piping, instrumentation, valves, insulation, wiring, painting, solvents, catalysts, etc.) 

Civil works (roads, foundations, buildings, sewers, ditches, bunds, piling etc.) 

Cost of installation labor and supervision 

Indirect field costs 

Construction costs (Construction equipment/tool rental, temporary utilities etc.) 

Field expenses (overtime pay, adverse weather cost, field canteens, specialists’ costs etc.) 

Construction insurance 

Worker benefits (social security, workers compensation, etc.) 

Miscellaneous running costs (legal, special cargo, local taxes, patent fees, royalties, etc.) 

OSBL cost components 

Electric main substations, transformers, power lines, switchgear 

Power generation plants, turbines, standby generators 

Boilers, steam mains, condensate lines, boiler feed water treatment plant, supply pumps 

Cooling towers, circulation pumps, cooling water mains, cooling water treatment 

Water pipes, water demineralization, wastewater treatment plant, drainages, and sewers 

Air separation plants to provide nitrogen for inert gas, nitrogen lines 

Driers and blowers for instrument air, instrument air lines 

Pipe bridges, feed and product pipelines 

Tanker farms, loading facilities, conveyors, docks, warehouses, railroads, lift trucks 

Laboratories, analytical equipment, offices, canteens, changing rooms, central control rooms 

Workshops and maintenance facilities 

Emergency services, firefighting equipment, fire hydrants, medical facilities, etc. 

Site security, fencing, gatehouses, landscaping 

Engineering costs 

Detailed design engineering of process equipment, piping systems, control systems and offsites, 

plant layout, drafting, cost engineering, scale models and civil engineering 

Procurement of main plant items and bulks 

Construction supervision and services 

Administrative charges, including engineering supervision, project management, expediting, 

inspection, travel and living expenses and home office overheads 

Bonding 

Contractor’s profit 

Contingency charges 

Contingency costs are extra cost added into the project budget to allow for variation from the cost 

estimate 
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To solve the TCI, it is necessary to consider the variable WC in addition to the fixed capital 

expenditures. WC represents the additional funds required to initiate and sustain the plant 

operations until it starts to generate revenue to be able to fund itself. Typically, WC ranges 

from 5% to 30% of the ISBL + OSBL. For single-product processes with minimal or no 

finished product storage, WC tends to be lower compared to multiproduct processes with 

extensive finished product storages. Chemical plants in general have WC of 10 to 20% of 

TIC. For instance, petrochemical plants have typically WC of 15% of TIC. Table 2 illustrates 

typical components of WC and common methods for estimating them. Although WC is 

recovered at the end of the plant life, it increases the capital requirement during the start-up 

stage of the plant, which is pertinent for the cost estimate. (Sinnot et al., 2020). 

 

Table 2. Components of WC (Sinnot et al., 2020). 

WC component Additional information 

Value of raw material inventory Usually estimated as two weeks’ delivered cost 

of raw materials. 

Value of product- and by-product inventory Estimated as two weeks’ cost of production. 

Cash on hand Estimated as one week’s cost of production. 

Accounts receivable Products shipped but not yet paid for - estimated 

as one month’s cost of production. 

Credit for accounts payable Feedstocks, solvents, catalysts, packaging, etc. 

received but not yet paid for - estimated as one 

week’s cost of production. 

Spare parts inventory Estimated as 1% to 2% of ISBL + OSBL. 

 

2.2.1  Methods to estimate CAPEX 

The 6th edition of the Chemical Engineering Design book provided a comprehensive 

explanation of methods to estimate CAPEX (Sinnot et al., 2020). Estimation methods are 

strongly tied into the cost estimation classification system. AACE has categorized CAPEX 

estimation methodologies into five classes based on their accuracy, level of detail, required 

input parameters and purpose of the estimate. Figure 7 illustrates the classification system 
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for cost estimates, created by AACE International. There can be some confusion between 

different cost estimate classification systems regarding the numbering order of classes, in 

AACE class 1 estimate is the most detailed estimate (Rubin et al., 2013). (AACE, 2020). 

 

Figure 7. AACE International cost estimate classifications (AACE, 2020). 

 

Table 3 elaborates the classification system of cost estimates presented in Figure 7, providing 

a more detailed explanation of different method classes. Estimation type name, accuracy and 

additional information related to each method are displayed. It is worth noting that within 

these CAPEX estimation groups there exists a great variation of different individual methods 

sharing similar characteristics within a class, and the accuracy range of estimate classes 

varies quite significantly depending on the source used. In this thesis AACE is used as a 

source for the accuracy of different estimation classes, as it is recognized as a widely used, 

reliable, and professional party in the field of cost engineering. (Sinnot et al., 2020). 
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Table 3. CAPEX estimation methodology types (Sinnot et al., 2020), (Williams et al., 

2021a), (AACE, 2020). 

Estimate type Class 

(Figure 7) 

Accuracy 

(AACE, 2020) 

Additional information 

Order of magnitude Class 5 -30% to +50% Usually based on similar projects and 

their cost data. Essentially no design 

information required. Used for rapidly 

approximate a range of capital 

investment required. 

Preliminary Class 4 -20% to +30% Made to do coarse choices between 

design alternatives. Based on limited cost 

data and design detail. Used for 

feasibility studies, screening, process 

development etc. 

Definitive Class 3 -15% to +20% Used for Authorization of funds. A rough 

piping and instrumentation diagram 

(P&ID) required, and approximate sizes 

of the major equipment would also be 

needed. 

Detailed estimates Class 2 -10% to +15% Used for project cost control and 

estimates for fixed price contracts. Based 

on completed or near completed process 

design, firm quotes for equipment, and a 

detailed breakdown and estimation of the 

construction cost.  

Check estimates Class 1 -5% to +10% Based on complete plant design and 

concluded negotiations on procurement 

of specialized items and long lead-time 

items. 
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This thesis focuses on the Order of magnitude (Class 5), preliminary estimates (Class 4), and 

definitive estimates (Class 3), which are the most suitable methods to estimate CAPEX in 

the early stages of plant engineering. “Detailed estimates” and “Check estimates” are 

dropped out from this study, due to their impracticability/impossibility to be performed in 

the early stages of plant engineering. An exception is made on case study 2, where class 2 

estimates are discussed shortly. 

Class 5, order of magnitude methods are used to rapidly approximate a range of potential 

capital investment required (Williams et al., 2021a). Results of these estimates can be 

utilized for further considerations or development of the idea (Williams et al., 2021a). Class 

5 estimations don’t require essentially any design information, except the scale of the plant 

and some historical cost data from similar types of projects. (Sinnot et al., 2020). 

Class 4, preliminary methods are usually implemented by cost engineers when conceptual 

design is approved. Preliminary estimates can be used for screening, process development, 

comparison, strategic planning, competitive analysis, and preliminary budget approval 

purposes. Class 4 estimates are colloquially known as feasibility studies or preliminary 

estimates. Class 4 estimates are usually based on engineering knowledge of the main 

equipment, including their materials, and needed labour and limited cost data. (Williams et 

al., 2021a). 

Class 3, definitive methods are at the edge of the early stages of plant engineering process. 

As we include FEED stage in the early stages of plant engineering process, it is justified to 

include the class 3 estimates in the focus of this thesis. Definitive estimates are conducted to 

authorize funds, and to proceed to detailed engineering stage of the project. To implement a 

class 3 estimate a rough P&ID, and approximate sizes of main equipment are required, in 

addition to these layouts, civil and structural input data is required. 

Methods to be used to estimate CAPEX in early stages of plant engineering are strongly 

dependent on the resources available in the company performing the estimation. For 

Engineering, procurement, and construction (EPC) companies “Order of Magnitude”, 

“Preliminary” and “Definitive” class methods are much more applicable than for 

Engineering and/or consultancy companies, due to their in-house information on costs of 

different kind of plant projects and individual equipment (Sinnot et al., 2020). Engineering 

and consultancy companies still can perform a “Order of Magnitude”, “Preliminary” or 
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“Definitive” class methods by using computer software used for cost estimation such as 

Aspen capital cost estimator (ACCE) (Aspen Technology Inc.), Cleopatra Enterprise (Cost 

engineering consultancy), CostLink/CM (Building Systems Design, Inc.), Cost Track 

(OnTrack Engineering Ltd.), PRISM Project Estimator (ARES Corp.), Success Estimator 

(U.S. Cost) and many others. It is also possible to perform cost estimation without any of 

this software and in-house cost data, by using third party cost database. As already 

mentioned, the reliable and detailed cost data of the main equipment is the main concern in 

early-stage cost estimation. When the cost data of equipment is in the offering, different 

kinds of correlations can be used to perform a cost estimation. For other companies than 

EPC companies the reliability of these correlations can be significantly lower due to the lack 

of project cost information, which can be used for deriving the cost factors used in these 

correlations. (Sinnot et al., 2020). Cyient is not an EPC company, and Cleopatra Enterprise 

was acquired to enable accurate and reliable cost estimation especially in the early stages of 

plant engineering projects 

2.2.2  Methods to estimate CAPEX in the early stages of plant engineering process 

Here, the CAPEX estimation methods applicable for the early stages of plant engineering 

are discussed in a more practical manner. As previously defined, class 5, 4 and 3 estimates 

are suitable for the early stages of plant engineering due to their less stringent requirements. 

Class 2 and 1 estimate require information that is not usually available in the early stages of 

plant engineering process. 

2.2.3  Historic cost data cost estimation method 

The historic cost data method is classified as a class 5 cost estimation method, making it a 

rough estimate with a relatively wide confidence interval and a high level of contingency. 

This method uses historical cost data from previous similar kinds of projects and scales it to 

the scale of current project. The historical cost data method doesn’t require any other design 

information than the production rate of the plant. Production rate is needed to perform the 

scaling of plant cost according to equation 2. (Sinnot et al., 2020) 
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𝐶2 = 𝐶1 ∗ (
𝑆2

𝑆1
)

𝑛

  (2) 

where, 

C2 = ISBL capital cost of the plant with capacity S2, 

C1 = ISBL capital cost of the plant with capacity S1. 

(Sinnot et al., 2020) 

 

The exponent n is typically averaged across the whole chemical industry to about 0.6, but 

the n varies between industries and for a more accurate estimate industry-specific n should 

be used. Class 5 estimates such as historic cost data estimates can have significant impact on 

investment decision making and technology comparison, which underlines the significance 

and importance of class 5 estimates. (Sinnot et al., 2020). 

2.2.4  Step count method 

The Step count method is a class 5 method like the historic cost data method but can be used 

if historical cost data is not available for similar kind of projects. Step count methods are 

CAPEX estimation methods designed for chemical process industry and can’t be extended 

into other industries. In step count method process is divided into subprocesses and cost are 

estimated separately, using correlations in equations 3 and 4. (Sinnot et al., 2020). 

𝑄 ≥ 60 000:     𝐶 = 3200 ∗ 𝑁 ∗ (
𝑄

𝑠
)

0.675

  (3) 

𝑄 < 60 000:     𝐶 = 280000 ∗ 𝑁 ∗ (
𝑄

𝑠
)

0.3

  (4)  

where, 

C = ISBL capital cost in U.S. $, U.S. Gulf Coast, 2000 basis 

Q = plant capacity in metric t/year 

s = reactor conversion (= mass of desired product per mass fed to the reactor) 
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N = number of functional units 

(Sinnot et al., 2020) 

 

Functional unit means unit including equipment and ancillaries needed to perform a 

significant process step or function. These can be e.g., reactor unit, air separation unit or 

compressor unit (if expensive and significant enough). Usually pumps and heat exchangers 

are not considered to be functional units, except if the cost of these items is significant 

relative to the total CAPEX of the plant. (Sinnot et al., 2020). 

2.2.5  Lang factor method 

Lang factor method is widely used factorial CAPEX estimation method. Factorial methods 

can be initially considered to be “Preliminary” (class 4) type of an estimates. This claim is 

not certain, because the accuracy, and conducted from that, the type of the estimation method 

can vary by virtue of several things. Accuracy is dependent on the stage of design and the 

reliability of equipment supply cost data. If the stage of design is sufficient, and main 

equipment is dimensioned, and the cost data of the equipment can be considered to be 

reliable enough, method can be classified as “class 4“ estimate. (Sinnot et al., 2020) 

Lang factor method is a factorial method, that utilizes one common averaged installation 

factor for every equipment of the plant included in the estimate, so called “overall factor 

method” (Williams et al., 2021a). Usually, the Lang factors are defined by taking the stage 

of materials being processed in the process into account, i.e., solid, fluid or mix of both 

(Williams et al., 2021a). The Lang factor method is technically easy to use, when the supply 

cost data of equipment is in the offering, and the lang factor F is defined. In equation 5 the 

Lang factor method calculation is shown. (Sinnot et al., 2020). 

𝐶 = 𝐹 (∑ 𝐶𝑒)  (5) 

where, 

C = total plant ISBL capital cost (including engineering costs) 

∑Ce = total delivered cost of all the major equipment items 
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F = an installation factor, known as Lang factor 

(Sinnot et al., 2020) 

 

Lang factor method and its accuracy is strongly dependent on the reliable equipment supply 

cost data and carefully defined lang factor F. Originally in 1940s Lang proposed that 

following factors would be used based on the economics of 1940s. (Sinnot et al., 2020). 

 

F = 3.10 for solids processing plant 

F = 4.74 for fluids processing plant 

F = 3.63 for mixed fluids-solids processing plant 

 

Lang did not include offsite costs nor contingency costs in the installation factor, home office 

costs are instead also included into the factor. Relative costs of labour and materials have 

changed substantially from 1940s, and it is justified to say that three significant figures of 

Lang factors were never warranted. Nowadays while using Lang factor method Cost 

engineers use Lang factor of 3, 4 or 5 due to the knowledge that the factors are inaccurate 

and three significant figures isn’t necessary. Lang factor is higher for small scale plants and 

lower for large scale plants due to the phenomenon called economics of scale. (Sinnot et al., 

2020) 

2.2.6  Detailed factorial method 

Detailed factorial method is more accurate and sophisticated compared to the Lang factor 

method. In detailed factorial method the installation factors are defined by decompounding 

the Lang factor into different subfactors, which sum up the total installation factor. There 

are numerous different variations to use the detailed factorial method, which have 

differences in accuracy and reliability. 

The simplest detailed factorial method is done by decompounding the Lang factor into 

several subfactors and defining all of them separately to increase the accuracy of the 
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estimate. Typical factors to calculate the total fixed capital cost CFC are presented in the 

Table 4. (Sinnot et al., 2020).   

 

Table 4. Typical factors to calculate TIC factor in detailed factorial method (Sinnot et al., 

2020). 

Item Factor symbol 

Equipment erection fer 

Piping fp 

Instrumentation and control fi 

Electrical fel 

Civil fc 

Structures and buildings fs 

Lagging and painting   fl 

Offsites fos 

Design and engineering feng 

Contingency fcon 

 

The detailed factorial method can be evolved into a more accurate and reliable method, by 

defining the factors represented in the Table 4 individually for each component or process 

unit, also called “Enhanced Detailed Factorial (EDF) Method” (Ali et al., 2019). This type 

of approach is called “Module factors method” (Williams et al., 2021a). Material factor fm 

can also be used to increase the estimate even further. In equation 6 the definition of material 

factor is displayed. 

𝑓𝑚 =
𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑑 𝑖𝑡𝑒𝑚 𝑐𝑜𝑠𝑡 𝑖𝑛 𝑒𝑥𝑜𝑡𝑖𝑐 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙

𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑑 𝑖𝑡𝑒𝑚 𝑐𝑜𝑠𝑡 𝑖𝑛 𝑐𝑎𝑟𝑏𝑜𝑛 𝑠𝑡𝑒𝑒𝑙
 (6) 

Adding a location factor to your CAPEX estimation will increase the accuracy and reliability 

of the estimation as already discussed before. Location factors can be utilized for every 

CAPEX estimation method. Location factors can be found from literature or be defined from 

historical cost data if available. Location factors can also be utilized when using advanced 

cost estimation software such as ACCE, Cleopatra Enterprise etc. In the Table 5 location 

factors from Chemical Engineering Design 6th edition are presented. (Sinnot et al., 2020).  
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Location factors in Table 5 are old estimates and shouldn’t be considered as completely 

secure and accurate. Table 5 location factors are based on the situation in 2003 but can be 

updated by dividing the ratio U.S. dollar/local currency in 2003 and multiplying by the ratio 

U.S. dollar/local currency in the year of interest. As a proof of uncertainty in the location 

factors, the location factor of Netherlands given by Ali et al. can be compared to the location 

factor of Netherlands given by Sinnot et al. Location factor by Ali et al. is also from year 

2003, which makes this comparison more rational and accurate. The factor of Ali et al. for 

Netherlands is 1.1 when using significant amount imported engineered construction 

equipment and construction materials, and 1.03 when using locally produced engineered 

construction equipment and construction materials. When looking at the location factor of 

Netherlands given by Sinnot et al., which is 1.19 can be seen that it differs quite significantly 

on the value given by Ali et al. (Sinnot et al., 2020), (Ali et al., 2019) 
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Table 5. Location factors from Chemical Engineering Design 6th edition (Sinnot et al., 

2020). 

Country Region Location factor 

United Kingdom  1.02 

France  1.13 

Germany  1.11 

Italy  1.14 

Netherlands  1.19 

Russia  1.53 

India  1.02 

Middle East  1.07 

China Imported 1.12 

 Indigenous 0.61 

Japan  1.26 

SE Asia  1.12 

Australia  1.21 

United States Gulf Coast 1.00 

 East Coast 1.04 

 West Coast 1.07 

 Midwest 1.02 

Canada Ontario 1.00 

 Fort McMurray 1.60 

Mexico  1.03 

Brazil  1.14 

 

To justify enhanced detailed factorial method, using equipment vice and/or process unit vice 

installation factors, material factors and location factors the initial purchased equipment cost 

data needs to be reliable and the design of the plant has taken into a point where all the cost 

items are defined and included. (Sinnot et al., 2020). 
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2.3  OPEX estimation in the early stages of plant engineering 

OPEX estimation methods remain the same throughout plant engineering stages contrary to 

CAPEX estimation, but the accuracy varies related to the available operation cost 

information. OPEX can be divided into two categories, fixed- and variable OPEX. These 

two categories are explained in detail in the Table 6. (Sinnot et al., 2020). 

Table 6. Operational expenditure components (Sinnot et al., 2020). 

Variable Operational expenditures Additional information 

Raw materials consumed by the process  

Utilities Steam, electricity, cooling water, raw water, 

instrument air, fuel burned in the heaters etc. 

Consumables Solvents, acids, bases, inert materials, corrosion 

inhibitors, additives, catalysts, absorbents etc. 

Effluent disposal  

Packaging and shipping Drums, bags, tankers, freight charges, etc. 

Fixed operational expenditures Additional information 

Operating labor  

Supervision Typically estimated as 25% of operating labor. 

Direct salary overhead Fringe benefits, payroll taxes, health insurance, 

etc. Usually, 40% to 60% of operating labor + 

supervision. 

Maintenance Includes material and labor, typically estimated 

as 3% to 5% of ISBL. 

Property taxes and insurance Typically estimated as 1% to 2% of ISBL. 

Rent of land and/or buildings Typically estimated as 1% to 2% of ISBL + 

OSBL. 

General plant overhead Charges to cover corporate overhead functions, 

such as human resources (HR), research and 

development (R&D), legal, etc. 

Allocated environmental charges Typically estimated as 1% of ISBL + OSBL. 

Running license fees and royalty payments Those not capitalized at the start of the project. 

Capital charges Include interest payments due on any debt or 

loans used to finance the project. 

Sales and marketing costs Varies a lot between different industries. In 

some cases, included in general plant overhead. 



43 
 

2.3.1  Methods to estimate OPEX 

Fixed OPEX is estimated by defining all the fixed OPEX cost components and their yearly 

costs. Fixed OPEX components can vary between different plant types. In estimating fixed 

OPEX the most important thing is to define the costs of fixed cost components as accurately 

as possible. 

Variable operating costs can be calculated in the simplest way using equation 7. To calculate 

yearly variable operating costs, the operating hours, utility consumption rates and utility 

prices need to be known. (Ali et al., 2019). 

𝑌𝑒𝑎𝑟𝑙𝑦 𝑈𝑡𝑖𝑙𝑖𝑡𝑦 𝐶𝑜𝑠𝑡 (
€

𝑦𝑟
) =

𝐴𝑛𝑛𝑢𝑎𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (
𝑢𝑛𝑖𝑡

ℎ𝑟
) ∗

𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝐻𝑜𝑢𝑟𝑠

𝑦𝑟
∗ 𝑈𝑡𝑖𝑙𝑖𝑡𝑦 𝑃𝑟𝑖𝑐𝑒 (

€

𝑢𝑛𝑖𝑡
)  (7)

 

 

To have access to the utility consumption rates, energy- and mass balances need to be 

completed. The challenging part in variable OPEX estimation is the pricing of utilities. 

Pricing can be done using several different sources, these suggested sources were listed in 

Chemical Engineering Design 6th edition. Sources to gather utility prices according to 

Chemical Engineering Design 6th edition are internal company forecasts, trade journals, 

consultants, online brokers and suppliers and reference books. After the utility prices have 

been gathered from selected sources, a future price forecast should be implemented to 

achieve a more accurate variable OPEX estimate. (Sinnot et al., 2020). 

2.4  Key Cost Metrics 

When CAPEX and OPEX are estimated, key cost metrics can be defined. Cost metrics 

depend on the plant type but are always in format of “Monetary Value / Product Unit”, such 

as €/MWh or €/tonCO2. Here we focus on the key cost metrics presented on the CCS cost 

estimate studies including: levelized cost of electricity (LCOE), first-year cost of electricity 

(COE), cost of CO2 avoided and cost of CO2 captured. (Rubin et al., 2013). 
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2.4.1  Levelized cost of electricity 

LCOE [€MWh] represents the average cost of generating electricity over the economic 

lifetime of a power plant. LCOE is used on describing the feasibility of power plants 

producing heat or electricity or both. LCOE considers all costs associated with construction 

and operation of a power plant with an expected rate of return on invested capital, normalized 

over the total net electricity generated. LCOE represents the minimum €/MWh price that 

must be charged to cover all expenses and the desired rate of return. Rubin et al. (2015) used 

the following calculation formula for LCOE shown in the equation 8 (Rubin et al., 2015). 

(Rubin et al., 2013). 

𝐿𝐶𝑂𝐸 =
(𝑇𝐶𝐶)(𝐹𝐶𝐹) + (𝐹𝑂𝑀)

(𝐶𝐹)(8766)(𝑃)
+ 𝑉𝑂𝑀 + (𝐸)(𝐹𝐶)  (8) 

Where, 

TCC = total capital cost [€], FCF = fixed charge factor [fraction/year], FOM = fixed O&M 

costs [€/year], VOM = variable non-fuel O&M costs [€/MWh], E = net power plant heat rate 

[MJ/MWh], FC = unit fuel cost [€/MJ], CF = plant capacity factor [fraction], 8766 = average 

hours in a year, P = net plant capacity [MW]. (Rubin et al., 2015). 

 

Specific procedures, assumptions and definitions utilized by different parties regarding 

LCOE can and do vary, but the backbone of LCOE relying on present value or discounted 

cash flow remains throughout different parties to be able to handle expenditures occurring 

in different time periods. Differences between different parties regarding LCOE arise on 

escalation rates, using nominal or real values, assumption of financing mechanics and 

parameter values. These differences can be impossible or challenging to identify as a casual 

reader, and they prevent the comparison of LCOE of different studies. Due to this it is crucial 

to be transparent on the definition and assumptions of LCOE to be able to convert it to be 

comparable with the LCOE values of other studies. (Rubin et al., 2013). 
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2.4.2  First-year cost of electricity 

First-year cost of electricity [€/MWh] represents LCOE, but with general inflation and real 

cost escalation rates of zero. The calculation methodology is the same with LCOE and first-

year cost of electricity. First-year cost of electricity is also referred to as cost of electricity 

(COE). Numerical result of COE is identical with the result of LCOE using the constant-

dollar assumption in which the inflation and real cost escalation is set to zero. (Rubin et al., 

2013). 

Although the name of this cost metric is “first-year cost of electricity” it is important to 

notice that it could not represent the actual first year cost of electricity since the assumptions 

made on constant parameters over the plant economic lifetime can be different in year one 

of operation. These can include for example capacity factor, which e.g. in power plants is 

usually significantly lower in first couple years of operation compared to years after those. 

Due to this it can be possible that the COE estimated can underestimate significantly the 

actual COE of the first couple years of operation. If the actual reliable first-year cost of 

electricity is wanted the “constant” parameters over economic lifetime such as capacity 

factor need to be redefined. (Rubin et al., 2013). 

2.4.3  Cost of CO2 avoided 

Cost of CO2 [€/tonCO2] avoided is the most common cost metric used in CCS cost estimates. 

Cost of CO2 avoided as a metric is strongly motivated by greenhouse gas mitigation. Cost 

of CO2 avoided is estimated by comparing the cost of plant with CCS to a reference plant 

without CCS to calculate the cost to avoid a specific amount of CO2 emissions (tons) while 

still producing a unit of useful product such as electricity (MWh). The reference plant is 

usually assumed to be same type and approximately same size/capacity related to the plant 

with CCS. Cost of CO2 avoided should indicate which one is economically viable; pay the 

CO2 emission expenses or to invest into CCS technology. Rubin et al. (2015) used the 

following calculation formula for the cost of CO2 avoided shown in the equation 9 (Rubin 

et al., 2015). (Rubin et al., 2013). 
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𝐶𝑜𝑠𝑡 𝑜𝑓 𝐶𝑂2 𝑎𝑣𝑜𝑖𝑑𝑒𝑑 (
€

𝑡𝐶𝑂2
) =

(𝐿𝐶𝑂𝐸)𝐶𝐶𝑆 − (𝐿𝐶𝑂𝐸)𝑟𝑒𝑓

(
𝑡𝐶𝑂2

𝑀𝑊ℎ
)

𝑟𝑒𝑓
− (

𝑡𝐶𝑂2

𝑀𝑊ℎ
)

𝐶𝐶𝑆

  (9)
 

Where, 

LCOE = levelized cost of electricity [€/MWh], tCO2/MWh = CO2 emission rate to the 

atmosphere (based on the net capacity of a power plant), subscript CCS = plant with CCS, 

subscript ref = plant without CCS. (Rubin et al., 2015).  

 

Important thing to note regarding the cost of CO2 avoided is the transparency on reference 

plant and assumptions related to it. It is crucial to inform readers on the specification and 

detailed assumptions done considering the reference plant since they affect the results 

significantly. As an example, assumption made on reference plant is that it would be a new 

plant which would be built in the absence of climate change policies. This can affect a lot to 

the resulted cost of CO2 avoided but is many times failed to report clearly. (Rubin et al., 

2013). 

Another important thing to focus on is that the entire CCS chain (capture, transport and 

storage) is considered in the cost of CO2 avoided calculations. If not, term cost of CO2 

avoided should not be used as it is misleading. This kind of situations can require the cost of 

CO2 captured which is discussed next. (Rubin et al., 2013). 

2.4.4  Cost of CO2 captured 

Cost of CO2 captured [€/tonCO2] has the same unit with cost of CO2 avoided but they have 

totally different meaning. Cost of CO2 captured contains only the cost of the capturing of 

CO2 as a chemical product. Compared to the cost of CO2 avoided it excludes the cost of 

transportation and storage of CO2. Cost of CO2 avoided was motivated by climate change 

mitigation, but cost of CO2 captured is motivated by commercial considerations. Rubin et 

al. (2015) used the following calculation formula for the cost of CO2 captured shown in the 

equation 10 (Rubin et al., 2015). (Rubin et al., 2013). 
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𝐶𝑜𝑠𝑡 𝑜𝑓 𝐶𝑂2 𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 (
€

𝑡𝐶𝑂2
) =

(𝐿𝐶𝑂𝐸)𝐶𝐶 − (𝐿𝐶𝑂𝐸)𝑟𝑒𝑓

(
𝑡𝐶𝑂2

𝑀𝑊ℎ
)

𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑

   (10)
 

Where, 

(tCO2/MWh)captured = total mass of CO2 captured per net MWh, LCOE = levelized cost of 

electricity, subscript CC = plant with carbon capture, subscript ref = plant without carbon 

capture. (Rubin et al., 2015). 

 

It is important to notice that CO2 is always captured more than avoided per net MWh of 

electricity generated. Concluded from this, the cost of CO2 captured is always significantly 

lower than the cost of CO2 avoided. There is a lot of confusion between the cost of CO2 

avoided and cost of CO2 captured, and in many studies there have been reported the cost of 

CO2 captured as cost of CO2 avoided, and vice versa. (Rubin et al., 2013). 

2.4.5  Focus points on cost metrics 

For the cost metrics discussed above the comparability between different studies is the most 

important single thing. Derived from that the transparency while reporting them is crucial to 

make sure that common misunderstandings and confusion are avoided, and comparability of 

these metrics has remained. (Rubin et al., 2013). 

It is also critical to know which cost metrics are applicable for your cost estimate given the 

assumptions and specifications. Cost of CO2 avoided, and cost of CO2 captured are metrics 

that are usually misused or mixed with each other. (Rubin et al., 2013). 

2.5  Insights into cost optimization strategies in cost estimation 

From Figure 3, the relationship between plant engineering stages and project cost 

accumulation is evident. This forms the baseline for understanding cost optimization during 

cost estimation. Throughout the plant engineering stages, multiple cost estimates are 

performed, each one initially more accurate than the previous. Cost optimization can be 
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achieved in all these estimations, though the possibility to influence the final cost decreases 

as the project progresses.  

To achieve cost optimization in cost estimation, the process engineers and cost engineers 

need to co-operate. Cost engineer’s main concern is the cost of the project, while the main 

concerns of process engineers are the process optimization, reliability, space usage, and 

safety of the process. The co-operation of these two individual disciplines can be utilized to 

achieve the most cost-effective solution possible. Co-operation requires direct and 

unobstructed communication between these two disciplines. (Bakker, 2015). 

Currently there are multiple software solutions that can be utilized to link process 

engineering with cost engineering in an effective way. This way of working can be used to 

design the most cost-effective solution possible and exclude the unviable technological 

solutions in the very early stages of the project. In addition, the process engineers become 

more aware of the cost implications of different kinds of technological solutions, which 

elaborates the co-operation with cost engineers even further. Reversely the cost engineers 

will get better on understanding the thoughts and needs of process engineers, which is 

beneficial for the cost optimization of the project. (Bakker, 2015). 

In Figure 8 the cost optimization through a software link is illustrated in a visual way. In 

Figure 8 the software link is between Cleopatra Enterprise cost estimation software and 

UniSim Design process modelling software, which are designed to be linked together. This 

two software are just one example of many, but most relevant for the target company of this 

thesis. Technological link between these two disciplines enables co-operation and 

information sharing, which can lead to cost optimization. 
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Figure 8. Illustration of cost optimization through process and cost engineer co-operation. 

 

In addition to software link, so called “object-oriented” estimating could be beneficial for 

cost optimization in cost estimation. Object-oriented estimating divides the process into cost 

objects, which can be for instance compressor unit or any other significant individual cost 

unit. Cost object includes also all the associated costs of the main equipment, such as 

foundation, piping, instrumentation, and electrical work. Associated costs can be defined 

using historical project cost data. Associated cost of an equipment includes “characteristic 

values”, examples of these can be seen from Table 7. (Bakker, 2015). 
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Table 7. Example characteristic values included in associated cost (Bakker, 2015). 

Example characteristic values 

An average of x m pipe per equipment 

An average size of x mm pipe 

An average of x control valves per equipment 

An average of x field instruments per equipment 

 

Object-orientated approach in cost estimation gives more insights into the cost structure of 

different process units. The cost estimation performed is also more accurate, easier to handle 

and can reveal unit specific cost optimization possibilities. (Bakker, 2015). 

To develop cost estimation, and cost optimization occurring in the estimation process, the 

cost engineer should be involved in the project to the very end of it. Every project is a 

learning possibility for the cost engineers, and they should be able to be as long as possible 

involved in the project to be able to see the cost development and the realized cost of the 

project. In some cases, this is not possible. However, if it is, it should be utilized by cost 

engineers for learning. The realized cost of the plant project and the data involved in that can 

be used to identify the concentration points of cost, which could require special attention in 

future projects and possible mistakes or cost component exclusions in the cost estimate 

conducted. (Bakker, 2015). 
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3  Case study analysis 

In this section two cost estimation case studies provided by Cyient are going to be analyzed 

and discussed. Case study analysis is one of the key objectives set by Cyient for this thesis. 

The case studies presented here are cost estimates implemented for CC plants at the early 

stages of a plant engineering project. Detailed technical information related to these plant 

projects won’t be elaborated further, as it is not relevant for the scope of this thesis. Note 

that there will be not many references in the case study section since a lot of the data is 

gathered from the company databases. 

In case study 1 the focus is to go through the cost estimation methodologies used, the validity 

of these estimates based on the literature review of this thesis, and possible improvement 

suggestions. Suggested improvements are the type of improvements that can be implemented 

with current tools used in the original cost estimate (without any cost estimation software). 

It is obvious that with additional tools the accuracy and reliability of the estimate could be 

increased significantly, but it is not in the scope of this case study. 

Case study 2 differs significantly compared to case study 1, in case study 2 the focus is to 

analyze a CCS project called Klemetsrud from a cost engineering point of view. Case study 

2 analysis is made purely based on public information. The project has had a lot of cost 

management difficulties, which makes it an interesting target to be analyzed in this thesis. 

3.1  Case study 1 

Case study 1 is a CC plant feasibility study stage cost estimation performed by Cyient. The 

case study 1 cost estimation is performed without any cost estimation software, using only 

previous similar projects cost estimation data, in-house knowledge on cost estimation, 

limited third party knowledge and some manufacturer cost data for main equipment. Cost 

estimation study class is defined to be in the middle of class 5 and 4, according to the AACE 

recommended practices (AACE, 2020). 
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3.1.1  Case study 1 CAPEX estimation methodologies 

In Case Study 1, the CAPEX estimation process combines both top-down and bottom-up 

methodologies, leveraging Cyient's in-house expertise in early-stage cost estimation. The 

final CAPEX estimate is derived from the consolidation of the results from these two 

individual methods. In the following sections, in-depth analysis is provided for the top-down 

and bottom-up CAPEX estimation techniques used. Additionally, process of consolidating 

the CAPEX estimates is examined. 

3.1.2  Top-Down method 

In this case study, the top-down method refers to a CAPEX estimation technique that 

leverages historical project cost data from previous, similar projects. This method 

incorporates data from seven different reference studies and one article on the cost estimation 

of CC plants to derive an average plant total CAPEX. The reference cost estimates span 

various stages, including concept, pre-feasibility, feasibility, pre-FEED, FEED, and post-

FEED estimates. Note that the top-down method reference studies’ CAPEX type is TIC. 

Most of these reference studies were conducted by Cyient, with one additional cost 

estimation report from a third party. 

Table 8 presents the scope of the top-down CAPEX estimation method for case study 1. As 

observed from the table, the scope of this estimation focuses primarily on the plant itself, 

excluding many cost units that, while not directly related to the plant, can significantly 

impact the total capital requirement (TCR) of the project. 
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Table 8. Case study 1 top-down cost estimation method scope. 

Included in the estimate 

Capture plant only (no CO2 conditioning, compression and liquefaction) ready for operation 

including all necessary project management, engineering, material supply, construction, 

completion and commissioning, performance testing and handover. 

Buildings for heavy rotating machinery. 

Tie-in to flue gas system, duct damper arrangement and flue gas duct/piperack from existing plant 

to CC plant. 

Documentation 

Not included in the estimate 

Civil works (Site preparations, foundations and other concrete works, underground piping system) 

Electrical power supply to the plant. 

Training of customer personnel. 

Heat pumps or other additional equipment for heat integration with the cement plant. 

Intermediate CO2 storage or transport terminals. 

CO2 conditioning, compression, liquefaction). 

 

Figure 9 displays the CAPEX top-down estimation process used by Cyient in case study 1. 

This process is employed to adapt the reference study CAPEX for application in case study 

1. However, as shown in Figure 10, which outlines the top-down method steps used in 

different reference studies, this process is not fully implemented in some cases. In most 

reference studies, the conversion process is fully utilized, and where it is not, it is at least 

partially applied. For instance, in reference study 2, the scale is approximately the same as 

the case study 1 plant, so scaling is not required. 

 

 

Figure 9. Case study 1 top-down CAPEX estimation process. 
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Figure 10. Case study 1 top-down CAPEX estimation process step applied in different 

reference studies. 

 

The financial adjustment of CAPEX in these reference studies refers to the inflation 

correction applied. This correction updates the historical cost data to present-day values by 

accounting for inflation over time. In some reference studies, financial adjustments also 

include currency conversion. 

The cost scaling step adjusts the CAPEX of the reference study to match the scale of case 

study 1 using a scaling factor. This scaling is based on the flue gas flow, or the annual amount 

of CO2 captured. The cost is scaled using equation 2, where the factor n is 0.65 for most 

reference studies. However, in reference study 8 the scaling is not required since the CAPEX 

is estimated through an equation in a correct scale. The value of n is consistent with the 

information provided by the literature sources cited in this thesis. 

After the reference study CAPEX is financially adjusted and scaled by capacity, further 

adjustments are made to achieve a more accurate estimate. Figure 11 illustrates these 

additional adjustments for each reference study. These adjustments depend on the scope of 

the reference cost estimate and the technological solution of the reference plant. Adjustments 

also involve removing cost units that do not apply to the case study 1 cost estimation scope. 

No adjustments are needed for reference study 8, as it is already aligned with case study 1, 

being based on a CAPEX estimation equation. 
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Figure 11. Other adjustments made for CAPEX of different reference studies. 

 

Once the reference studies' CAPEX has been financially adjusted, scaled to be applicable for 

case study 1, and further refined through additional adjustments, the final CAPEX estimate 

can be calculated. This final CAPEX is determined as a weighted average of the adjusted 

CAPEX from all the reference studies. The weighting is based on the maturity of the 

reference projects. Figure 12 shows the estimated engineering completion percentages at 

different design stages as estimated by Cyient. These completion percentages are used to 

calculate the confidence levels of the reference studies' estimates, as illustrated in Figure 13. 

The "confidence of the estimate" values are obtained by dividing each engineering 

completion percentage by the total sum of these percentages. Note that in Figure 13, these 

engineering completion values, although not displayed as percentages, are indeed percentage 

values. 
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Figure 12. Estimated engineering completion at different design stages. 

 

 

Figure 13. Reference study estimate confidence calculation. 

 

Once the confidence of the estimate values is defined, the weighted average of CAPEX can 

be calculated based on them. In this calculation, the weighting of CAPEX is solely 

determined by the maturity of the reference projects. The resulting weighted average can 

then be utilized later in the consolidation of CAPEX. 
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3.1.2.1  Possible improvements and focus points 

In the top-down estimate, the estimation process itself is done in a cohesive and professional 

manner, considering the tools and methods available. The reference cost estimation data is 

evolved in a detailed manner including all relevant adjustments to achieve as accurate 

estimate as possible based on these references. The challenge in this kind of estimation 

process is the cumulative error margin, which can be stacked up if there are a lot of unreliable 

adjustments on the reference CAPEX values. 

The most obvious improvement opportunity lies in the final weighted average CAPEX based 

on the adjusted reference study costs. Currently the weight of each reference study is decided 

by the maturity level of the study, such as conceptual, pre-feasibility, feasibility etc. This is 

initially a decent way to weigh the studies for the weighted average calculation, but it could 

have some more depth, in other words, some other attributes to be based on. Weights of each 

reference study in weighted average have a significant impact on the final cost estimate, due 

to that the current weighting method seems to be little too simplified. 

One attribute to include in the weights of the reference studies could be the realization of the 

cost estimate. The result of the reference study cost estimate compared to the realized cost 

of that reference study (if known) could have an impact on the weight of the reference study. 

The closer the reference cost estimate result and realized cost of the reference study, the 

higher the weight factor, and opposite. This is impossible to accomplish if the realized cost 

data of the reference projects is not known, as is in the case study 1.  

Another additional attribute that could be included in the weight of the reference study could 

be based on the methodological reliability of the estimate. This would require detailed 

observation of the reference cost estimation processes as is done here for this estimate. The 

reliability of an estimate is strongly dependent on the validity of the technical 

implementation, which includes the reliability of the initial values used, validity of methods 

utilized, time spent on the estimate and the level of profession of the estimator (Sinnot et al., 

2020). The decided “grade” of the methodological reliability of the estimate should be 

relative to the other reference studies used in the top-down method. This kind of weighting 

requires deep knowledge on cost estimation methodologies, significant amount of labour, 

and can easily tend to be subjective, which should be avoided. 
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3.1.3  Bottom-up method 

As previously discussed, the CAPEX estimation in case study 1 combines both top-down 

and bottom-up approaches. The bottom-up estimate is partial, focusing on estimating the 

installed equipment cost of key equipment such as absorbers, desorbers, and compression 

units. Bottom-up estimate does not result in the total CAPEX of the plant, but the CAPEX 

of main equipment, which needs to be evolved to the total plant CAPEX in the consolidation 

stage. The list of main equipment covered by this bottom-up cost estimation can be found in  

Figure 14. The list can be considered as the scope of the bottom-up analysis. This estimation 

relies on reference cost data from previous similar projects and, in some cases, from 

equipment manufacturers. The reference CAPEX type can vary depending on the reference. 

 

Figure 14. Main equipment covered in the bottom-up estimation. 

 

When calculating the CAPEX of main equipment from reference CAPEX values, 

adjustments are made to align them with the specifications of case study 1. The adjustment 

process varies depending on the type of reference cost, such as “total installed cost” or 

“procurement cost”. Figure 15 presents the base process for adjusting the reference CAPEX 

of main equipment for case study 1. However, not all estimation steps are fully implemented 

for every main equipment as can be seen from the Figure 16 illustrating the CAPEX 

adjustment steps used for each main equipment. This is due to different type of reference 

costs, which leads to different required cost adjustment steps. 

For instance, if the reference cost data is already in the form of TIC, the Lang factor is not 

applied. Additionally, a weighted average is only calculated when multiple reference cost 

data points are available. 
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Note that there are some additional estimation steps, such as considering the weight of the 

equipment in absorber and desorber calculations, which are not explicitly shown in the 

Figure 16. 

 

Figure 15. Case study 1 bottom-up equipment TIC estimation process. 

 

 

Figure 16. Case study 1 main equipment TIC estimation steps applied for different main 

equipment. 

 

The financial adjustment of CAPEX in bottom-up method refers to the inflation correction 

applied. This correction updates the historical cost data to present-day values by accounting 

for inflation over time. 

Cost scaling in the bottom-up method mirrors that of the top-down approach. Scaling is 

determined by capacity or other relevant process performance parameter of an equipment, 

for instance electric duty. Equation 2 is used for scaling, consistent with the top-down 

method. The factor n remains at 0.65, aligning with the literature sources cited in this thesis. 

The Lang factor is utilized to convert the equipment procurement CAPEX into total installed 

CAPEX of equipment. In the case study 1, the Lang factor is accounted into the cost of 

equipment according to the equation 5. 

To obtain the final CAPEX estimate for equipment, a weighted average must be computed 

when multiple reference costs are available. This applies to every main equipment except 

the solution storage tank, where only one reference cost is used. The definition of weight 
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factors for each reference cost significantly influences the resulting CAPEX, highlighting 

the importance of a professional and careful weight factor definition. 

Once the total installed CAPEX of all main equipment is determined, they can be aggregated 

to derive the total installed CAPEX of all main equipment combined. This data can then be 

utilized for further consolidated CAPEX estimation. 

3.1.3.1  Possible improvements and focus points 

The bottom-up estimate overall is well performed, and somewhat detailed. Yet compared to 

the top-down estimate, it has more things to be improved. Contrary to top-down estimate, 

there is also possible improvements on the estimation process itself. 

In the bottom-up estimate the first thing to improve would be the cost terminology. Currently 

the reader has no idea in some main equipment estimates what is the type of the reference 

cost. It is highly important to present the cost type of the reference cost clearly, so that the 

following estimation process can be justified. As an example, there is some cases where the 

reference cost is referred only as “reference unit cost” and then Lang factor is applied later. 

If Lang factor is applied the cost type should be “procurement/supply cost” of the equipment, 

at least this would justify the use of Lang factor. Terminology is one of the pitfalls of cost 

estimation discussed earlier in section 2.1.4  

The Lang factor applied is also found to be low compared to the information provided by 

the literature sources cited in this thesis. Lang factor should be in a range of 3 to 5 depending 

on the scale of the plant (Sinnot et al., 2020). In case study 1 the Lang factor applied is 2 and 

in one case 1, which is significantly lower than the reference given by Sinnot, 2020. This 

misuse of Lang factors can lead to substantial cost overruns in the future of the project. 

There are multiple equipment which have multiple reference costs used in the estimation 

process. When utilizing multiple reference costs, the final cost estimate in case study 1 is a 

weighted average of all the reference costs utilized for that equipment. The weights used in 

these weighted averages are in some cases poorly justified. The weights are significant 

regarding the final installed CAPEX of equipment, thus they should be justified more clearly 

and defined carefully with profession. 
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3.1.4  CAPEX consolidating 

Once the top-down and bottom-up methods are applied, the consolidation of the CAPEX is 

performed. The consolidation of CAPEX is performed by consolidating the plant total 

installed CAPEX resulted from top-down and bottom-up methods. As previously discussed, 

top-down estimate results the total installed CAPEX of the entire plant, where the bottom-

up estimate results only the total installed CAPEX of the main equipment. 

Since the bottom-up method doesn’t result in the total installed CAPEX of the entire plant, 

that needs to be calculated separately. To calculate the total installed CAPEX of the entire 

plant, all the other CAPEX components need to be defined in addition to the total installed 

CAPEX of main equipment. This has been done through cost impact factors, which tells the 

impact of one CAPEX component to the total installed CAPEX of the entire plant. 

The case study 1 total installed CAPEX is divided into five subcomponents, which are 

displayed in the Figure 17. The actual CAPEX values of each subcomponent are solved 

throughout the cost impact factors shown in the Figure 17. Actual impact factors are 

classified information and are unfortunately hidden due to that. This way of working 

emphasizes the importance of cost impact factors and underscores the necessity for 

professional and meticulous estimation of them. 

 

Figure 17. Total installed CAPEX subcomponents. 
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When all the CAPEX components are defined, the contingency factor is applied to the total 

installed CAPEX of the plant. Contingency factor used in case study 1 estimation is 20%. 

Once the contingency factor of 20% is applied to the total installed CAPEX of the plant, the 

low and high estimates are computed. Low estimate is 80% of the total installed CAPEX 

with contingency. High estimate is 150% of the total installed CAPEX with contingency.  

When the bottom-up estimate is finalized as discussed above, the top-down estimate can be 

taken into the consolidation process. Top-down method results the total installed CAPEX of 

the plant as mentioned before, the contingency is also already applied to the result. In the 

consolidation stage, the low and high estimates of top-down method are computed as done 

with bottom-up method earlier. 

Once both bottom-up and top-down method has total installed CAPEX of the plant 

calculated, low and high estimates computed, the consolidation of these results can be 

performed. Consolidation of these results is as simple as the average of the top-down and 

bottom-up results. 

Figure 18 presents an example of the top-down and bottom-up CAPEX consolidation 

process applied in case study 1. As can be observed from the Figure 18 when the “total 

installed CAPEX (contingency applied)”, “low estimate” and “high estimate” are calculated, 

they can be consolidated separately. The colour coding in the Figure 18 refers to this 

consolidation in a way that matching colours are the initial values and result of the specific 

consolidation. All the values in the Figure 18 are fictional since the actual values are 

confidential. 

 

Figure 18. An example on the consolidation of the CAPEX estimates (All values are 

fictional, and don't relate to case study 1). 
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Figure 19 illustrates in a visual way the process of top-down and bottom-up CAPEX 

consolidation in case study 1. Figure 19 points out the connection point between top-down 

and bottom-up results, and the order of each consolidation step. At the very end of the 

consolidation process is the “Consolidated Low estimate”, “Consolidated High estimate” 

and “Consolidated total installed CAPEX”, which are the actual results of the consolidation 

process. 

 

Figure 19. CAPEX consolidation process 

 

3.1.4.1  Possible improvements and focus points 

The case study 1 top-down and bottom-up CAPEX consolidation has some possible 

improvements to increase the accuracy and reliability of the estimate, and some points to 

focus on due to their significance in the result. 

In the consolidation of CAPEX, the bottom-up estimate result of total installed CAPEX of 

main equipment is scaled through the cost impact factors to result into plant total CAPEX as 

discussed in “CAPEX consolidating” section. The first focus point is the cost impact factor 

definition. The cost impact factors have huge significance to the plant total installed CAPEX. 

Now the cost impact factor definition is done by in-house data, which can be a great way to 

define these factors, but it is crucial to acknowledge the bearing of these factors while 

defining them. 

The contingency factor applied to the bottom-up and top-down estimate results seems to be 

quite optimistic. According to Williams, 2007 and Williams et al., 2021a, contingency factor 

for class 5-4 estimates should range from 20 to 50%. Contingency factor of 20% used in case 

study 1 is at the very bottom of this range, which can be justified if the accuracy and quality 
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of the estimate is high enough, and if the technological solutions occurring in the plant 

project are mature. 

In the consolidation of CAPEX, the location factor would be rational to apply into the 

resulted total installed CAPEX of top-down and bottom-up estimates. Currently no location 

factor is applied to the CAPEX values, which is alarming. Location factors can be excluded 

if the location of the current project and the reference projects is the same or similar and 

would return the same location factors. 

3.1.5  Case study 1 OPEX estimation methods 

The OPEX estimation in case study 1 is done for two different cases, for plant with heat 

integration and for plant without heat integration. The calculation process for both cases is 

the same, but the power consumption of the plant without the heat integration is higher, 

which results in higher power cost.  

The cost components of the OPEX estimations are shown in the Table 9, components are 

divided into fixed and variable OPEX components according to Ali et al., 2019. All the Table 

9 cost components are not considered in the OPEX estimate since utilities, license fees, 

various cost and sub-supplier support are neglected. The reason for neglecting these cost 

components is unknown. 

 

Table 9. Case study 1 OPEX cost items in both estimation cases. 

OPEX cost item 

Fixed OPEX components 

Spare parts 

Manning cost 

Variable OPEX components 

Power cost 

Chemicals refill (Yearly) 

Utilities (Instr. Air, N2,) 

Licence fees 

Various cost (Software etc.) 

Sub-supplier support 
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In fixed OPEX, the spare parts cost is calculated using a percentage out of final plant total 

CAPEX calculated in the consolidation of CAPEX section. This kind of approach is widely 

used in cost estimates, but the percentage needs to be defined carefully to acquire reliable 

results. Note that usually “spare parts” is not used as a term here, usual term is “maintenance 

cost”, where the spare parts are included. 

The manning cost is calculated using the local salary data and the required amount of staff. 

There is also added 50% addition to the base salary for different kind of additional costs 

associated to the manning. 

In variable OPEX, the power cost is calculated using the operational hours of the plant, 

power consumption and the local SPOT price of electricity. Yearly chemicals refill cost is 

estimated to be 50% of the first fill cost. The first fill cost is acquired from the customer and 

can be seen somewhat reliable. 

As a result, the total yearly OPEX of the plant has been acquired. The calculation process is 

the same for both cases as earlier mentioned so the estimation process of the other case won’t 

be elaborated further. 

3.1.6  Possible improvement and focus points 

The OPEX estimation framework used is logical and all the significant cost components are 

included. For the implementation of this framework there are some suggested improvements 

to generate a more reliable and accurate OPEX estimate. 

To go from the beginning, the first improvement is to not neglect so many OPEX cost 

components, even though the significance of a single neglected component is very limited 

the combined significance of these components start to stack up. The utilities and license 

fees cost components were not supposed to be neglected in case study 1, at least the 

documents provided indicate to this. For utilities there was also a cost value, which was 

never applied into the total OPEX estimate. The license fees component was to be defined 

later, but in the end it was neglected. 

In fixed OPEX the “spare part” component could be replaced with “maintenance cost” as 

mentioned earlier. Maintenance cost is widely used term and there is a lot of data regarding 

the percentage of maintenance cost out of the CAPEX of the plant. In case study 1 the 
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percentage of spare parts is quite low compared to the usually used 4% of CAPEX 

maintenance cost (Ali et al., 2019), (Ósk Garðarsdóttir et al., 2018). It is also little unclear 

is the maintenance labour cost included in the spare parts or not. If it is not included in the 

spare parts cost component it can be missing from the estimate. 

In variable OPEX the power cost, which is the most significant OPEX cost component in 

case study 1 requires special attention. The forecasting of electricity price is very important 

to achieve reliable and as accurate as possible OPEX estimate. In case study 1 the electricity 

price has set to be a local SPOT price of electricity. This is a good starting point, but to 

achieve more accurate power cost some forecasting of local electricity SPOT prices could 

be performed. In notes of OPEX estimation of case study 1 there is also mentioned that the 

SPOT price does not necessarily reflect the price paid by industry, which can have significant 

impact on the total OPEX. (Sinnot et al., 2020). 

Finally, the terminology and sorting of variable OPEX components needs to be reviewed. 

Power cost is now separate from the utility cost which should be the category for power cost, 

yet this could be justified by the huge portion of power cost in total OPEX. The cost 

component “chemicals” could be replaced with “consumables”, which is more general way 

to express the materials consumed by the process, that require replacement in some point. 

The cost of heat is included in the power cost in the case of “plant without heat integration”, 

the cost of heat is not applied at all in the case of “plant with heat integration”. Even if the 

heat is gotten from the original plant, where the CC is integrated, the cost of heat should be 

considered. In situation where the heat is pure waste heat, which has no other purpose there 

could not be set any cost for heat. 

3.2  Case study 2 

Case study 2 deals with CCS project planned to be integrated to the Klemetsrud waste-to-

energy plant (WtE). CC plant is supposed to absorb 315 000 tonnes of CO2 per year from 

the flue gas of the WtE plant, with a capture rate of 90% (MPE, 2016). According to the 

Concept Study Report issued for public use in 2018 the CO2 absorption amount of 315 000 

tonnes/year was expected to grow all the way to 587 400 tonnes/year in 2025 in the future 

due to the changes in the WtE plant capacity (JO, 2018). Initially total project cost was 

predicted to be 910 Mil. €, and funded by the Norwegian state (330 Mil. €), City of Oslo 
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(210 Mil. €) and Hafslund Oslo Celsio (390 Mil. €). The total project cost of 910 Mil. € 

includes 550 Mil. € CAPEX and 350 Mil. € OPEX for 10 years of operation. (HOC, 2021), 

(NBT Kommunikasjon, 2022). There is extra 10 Mil. € in the budget for unknown reason. 

The CCS project of Klemetsrud WtE plant is part of larger Norwegian government project 

called the “Longship”. In September 2020 detailed project Longship is stated to be Norway’s 

largest industrial climate project (IEA, 2022). The aim of Longship is to build a full supply 

chain of CO2, including CC, transport, and storage. In addition to Klemetsrud WtE plant 

CCS project Longship includes CC plant project of Norcem’s cement factory in Brevik in 

Porsgrunn municipality and Northern lights which is a joint venture company owned by 

Equinor, Shell, and Toral developing the CO2 transportation and storage system (IEA, 2022). 

The project is partially funded by the government of Norway. The CCS project of 

Klemetsrud WtE plant has been the most unsuccessful part of the Longship project due to 

the rising costs of the project. (GASSNOVA, 2024). 

3.2.1  Cost development of Klemetsrud CCS project 

The CCS project of Klemetsrud WtE plant was initiated in 2015, when pre-feasibility studies 

etc. have been started (HOC, 2021). In April of 2023 Hafslund Oslo Celsio placed the project 

on cost-reduction hold for 12-months due to exceed of the maximum budget of 9.1 billion 

NOK (910 Mil. €) (ACCSESS, 2022) (NOK to EUR conversion rate in this thesis is 0.1 

unless otherwise stated). Celsio’s own estimates indicate that the cost overrun would be three 

billion NOK (258 Mil. € (NOK to EUR 0.086 in April 2023)) (GASSNOVA, 2024). The 

current cost estimate would then be around 1,168 billion NOK. Percentual raise in relate to 

the cost estimate value given in the investment decision is 28.35%, which is a significant 

increase. Hafslund Oslo Celsio had signed a funding agreement with the government of 

Norway, which states that “If the maximum budget of government funding agreement is 

exceeded the government is not obligated to contribute further financing into the project, 

but the parties are jointly obligated to seek out a mutually agreeable solution on behalf the 

project”. According to the most recent news regarding the Klemetsrud CC plant, Aker 

Solutions and SBL Capturi awarded contract for CCS solution (Aker Solutions, 2025). 

(GASSNOVA, 2023). 
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The main question from this case is “Why the cost overrun is so huge at this stage of the 

project?”. As can be observed from the Table 3 the cost overrun of 33% would be justified 

if the cost estimate indicating to the cost of 9.1 billion NOK was class 5 estimate, which it 

indeed wasn’t. From the 2019 prepared public FEED study report DG3 (redacted version) 

can be seen the cost estimate in 2019 has already been stated to be class 2 estimate (AL, 

2019). Class 2 estimate accuracy ranges from -10% to +15% according to AACE (AACE, 

2020), but in the public FEED report is stated the accuracy of the class 2 estimate 

implemented to be ±20%. This deviation from the AACE 2020 data is due that in FEED 

report the reference for the estimate accuracy has been AACE-RP 18R-97 from 2005 instead 

of the newest version AACE-RP 56R-08 from 2020 (wasn’t published yet in 2019) (AL, 

2019). In any case the cost overrun of 28.35% is substantially above the allowed accuracy 

range of class 2 estimate, which indicates some unexpected cost increasing factors/events or 

poorly implemented cost estimate.  

Figure 20 illustrates the cost overrun happened related to the original budget at final 

investment decision and to the allowed cost overrun based on the accuracy of class 2 estimate 

according the AACE 2005 guidelines. As can be seen from the Figure 20 the cost overrun is 

at unacceptable levels, as the budget has been authorized based on class 2 estimate. As the 

class 2 estimate is conducted in 2019 (Al, 2019), and the final investment decision is made 

in 2022, we can assume that at least the class 2 estimate has been used in the budget 

authorization. This is based on public information, and public information only, and there is 

no other cost estimate related data provided in public use in the time range of 2020-2022 and 

since that this is the best estimate of the cost estimate used in investment decision. 
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Figure 20. Illustration of original budget at final investment decision, allowed budget after 

cost overrun of 20% in class 2 estimate 2005, and the total cost after the cost overrun of 

28,35%. 

3.2.2  Reasons for the Klemetsrud WtE plant CCS project hold 

After cost overrun this substantial at this stage of the project, where final investment decision 

has been made and construction work initiated, a lot of questions arise. In this section we are 

going to go through possible theories and the cost impact of those theories for this cost 

overrun based on public information. The possibility of error or inadequate cost estimate 

will also be examined based on the generated results.  

In announcements and news related to the 12-month cost-reduction phase of the Klemetsrud 

CCS project, same reasons to the cost overrun are stated, including increased material- and 

energy costs due to inflation, geopolitical instability, and unfavorable changes in the 

Norwegian crown (NOK) exchange rate (Reuters, 2023), (Fathom World, 2023), 

(HITECVISION, 2023). To understand the possible cost impact of these factors on the total 

cost of the project, they need to be observed in more detail. 
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3.2.3  Unfavorable currency exchange rate changes of NOK 

Unfavorable change of Norwegian crown exchange rate can be seen from the currency 

exchange rate charts. NOK exchange rate is examined in relation to other currencies used in 

the project (USD, EUR) based on information given by the public FEED study report DG3 

redacted version (AL, 2019). 

Figure 21 displays the exchange rate of NOK to EUR for past 5 years, the most relevant 

section of this chart on behalf of the CCS project hold is the timeline of end of June 2022 to 

5th of April 2023 which is the timeline between final investment decision and the decision 

to put the project on hold. Albeit the above-mentioned timeline is the most relevant for this 

study, it is crucial to acknowledge that when the investment decision has been made, some 

actions for cost allocation has possibly and likely already been made. It is usual in industrial 

projects that the investment decision comes little behind related to the actual project 

progress. For this reason, the timeline of currency exchange rate and inflation cost 

implication research will be extended from the halfway of 2021 to the hold date of 5th of 

April 2023. This assumption increases the reliability and accuracy of the inflation and 

currency exchange rate cost implication evaluation. (Google Finance, 2024). 

 

Figure 21. Norwegian Krone to Euro exchange rate chart for 5 years (Google Finance, 2024). 
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As can be seen from the Figure 21, at the halfway of 2021 the exchange rate of NOK to EUR 

was at 0.0973, and when project was announced to be put on cost reduction hold of 12-

months the same exchange rate was at 0.087. The absolute change of the NOK to EUR 

exchange rate in that timeframe was -10,6%. It is a considerable change in the exchange rate 

of a currency and could have had a significant effect on the total cost of the project, 

depending on the share of costs in a currency of EUR. In practice the decrease of 10,6% in 

the exchange rate of NOK to EUR, means that the purchasing power of NOK is 10,6% lower 

when buying goods/services listed in €. (Google Finance, 2024). 

The purchasing power of NOK related to USD used in the project needs to be evaluated to 

achieve a more complete picture of the currency exchange rate change cost implications. 

Figure 22 represents the exchange rate of NOK to USD, the same timeline as used in the 

NOK to EUR chart is used here. 

 

Figure 22. Norwegian Krone to United States Dollar (Google Finance, 2024b). 

 

At the halfway of 2021, the exchange rate of NOK to USD was at 0.116, and when project 

was announced to be put on cost-reduction hold of 12-months, the same exchange rate was 

at 0.095. The absolute change of the NOK to EUR exchange rate in that timeframe was             

-18,1%. The change of NOK to USD exchange rate is even more significant compared to 

NOK to EUR exchange rate.  

It is obvious at this stage that the currency exchange rates could have had a substantial cost 

implication, which needs to be evaluated further. At the end we can’t know the exact impact 
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of these currency exchange rate changes on the project cost because we don’t have public 

information about the CAPEX and OPEX distribution between NOK, EUR and USD. These 

relations have been blurred out from the FEED DG redacted version. 

3.2.4  Inflation 

Another reason for the cost overrun, mentioned by several sources earlier is the inflation, 

which has affected to the material- and energy prices. The absolute cost increase due to 

inflation in this project is hard to define, because the actual inflation add-in into the prices 

happens according to the inflation rate of the country where the product/service is produced. 

As the project cost is allocated between several countries and inflation areas, a specific 

inflation rate influencing into the total project cost is hard to identify. The lack of CAPEX 

and OPEX currency distribution information hinders the inflation cost implication 

evaluation even more.  To achieve as reliable and accurate inflation cost impact value as 

possible, the inflation of Norway, EU and USA needs to be observed as they are the locations 

of currencies used in the project.  

In calculation section the CAPEX and OPEX distribution is adjusted in a sensitivity analysis 

to increase the accuracy and reliability of the calculations. This method is done to both 

currency exchange rate cost impact and inflation cost impact calculation. 

Figure 23 displays the domestic inflation of Norway for past five years, the same timeline 

as with the currency exchange rates is applied. As can be observed from the figure, inflation 

of Norway has been on increasing trend throughout the selected timeline. Norway’s inflation 

of 5 years has also peaked during this timeline (7,5%). 
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Figure 23. Norway inflation rate (TRADING ECONOMICS, 2024). 

 

Figure 24 displays the core inflation rate of the EU for the past five years. Figure illustrates 

similar kind of situation as the Figure 23 presenting the domestic inflation of Norway. Core 

inflation of EU has been in a rising trend throughout the selected timeline and peaked near 

to the hold date of the project (6,6%). 

 

 

Figure 24. European Union core inflation rate (TRADING ECONOMICS, 2024b). 
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Figure 25 displays the inflation rate of United States for the past five years. From the 

inflation chart of United States can be seen how inflation has been on the peak level of 5-

year chart during the selected timeline. The form of chart differs from the charts of inflation 

of Norway and EU in the selected timeline, due to the earlier downhill of inflation in USA.  

 

Figure 25. United States inflation rate (TRADING ECONOMICS, 2024c). 

 

3.2.5  Evaluation of cost impact of currency exchange rates and inflation 

In this section the evaluation of the actual cost impact of change of currency exchange rates 

and inflation discussed before are addressed. As earlier mentioned, the actual cost impact of 

currency exchange rates and inflation is hard to define due to a lack of information on 

CAPEX and OPEX distribution between used currencies and the origin of components and 

services utilized in the project. 

3.2.6  Cost impact of changes of currency exchange rates 

The project CAPEX and OPEX are distributed between three currencies discussed before, 

NOK, EUR and USD. The share of individual currency out of the total CAPEX and OPEX 

is unknown since this information is blurred from the public FEED study report DG3 

redacted version. This hinders accurate and reliable evaluation of cost impact of changes in 
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the currency exchange rates. To maximize the accuracy and reliability of the evaluation, the 

initial currency distribution within CAPEX and OPEX is assumed to be NOK=33%, 

EUR=33% and USD=33%, and later on a sensitivity analysis is conducted where the share 

of individual currency has been changed. In Figure 26 the method used to implement the 

sensitivity analysis is displayed, percentages displayed in the figure stands for the share of 

CAPEX and OPEX of that specific currency. In total 3 sensitivity analysis has been made, 

and each currency is emphasized individually in every sensitivity analysis. 

 

Figure 26. Currency exchange rate change cost impact sensitivity analysis method 

illustration. 

 

Initial parameters used to evaluate the cost impact of currency exchange ratios of currencies 

used in the Klemetsrud CCS project are shown in Figure 27. From the Figure 27 can be 

observed that to evaluate the cost impact of currency exchange ratio changes, the initial 

project cost including the CAPEX and 10-year OPEX and the currency exchange ratio 

change values of utilized currencies are required.   

 

Figure 27. Initial parameters of currency exchange ratio change cost impact evaluation. 

 

Currency exchange ratio change cost impact calculation, sensitivity analysis and results are 

shown in the Figure 28. From the Figure 28 can be observed that when the portion of USD 

is largest from the total project cost, the cost impact of currency exchange ratio is the most 

substantial. This is due to more significant unfavorable change in the currency exchange 

ratio of NOK to USD than the NOK to EUR, as can be seen from the Figure 27. 

Currencies Initial quess Sensitivity analysis 1 Sensitivity analysis 2 Sensitivity analysis 3

NOK 33% 70% 15% 15%

EUR 33% 15% 70% 15%

USD 33% 15% 15% 70%
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Project total cost after the currency exchange ratio cost impact doesn’t reach even at the 

worst scenario the project cost estimate at project hold, which can be seen from the Figure 

27. To make any conclusions the cost impact of inflation must be estimated, which is 

illustrated in the next section. 

 

Figure 28. Currency exchange ratio change cost impact calculation, sensitivity analysis and 

results. 

3.2.7  Cost impact of inflation 

To estimate the actual cost impact of inflation into the project total cost, we must make 

certain assumptions since we don’t have all the required parameters for detailed estimation, 

which are stated before. The first assumption to be done is that the inflation will be added 

according to the currency share of total project cost. As an example, if in this thesis the cost 

impact of inflation will be calculated in a way that if 70 % of project cost is in USD, 15 % 

in NOK and 15 % in EUR, the inflation will be divided with given shares using the local 

inflation of USA, EU and Norway. The inflation data used in the estimation and the timeline 

is shown in the Figure 23, Figure 24 and Figure 25. 

Timeline shown in the Figure 23, Figure 24 and Figure 25 is 91 weeks, which is 1.75 year, 

this information is utilized when estimating the total inflation occurred in the given timeline. 

Actual cost impact of inflation in the 1.75-year timeline is calculated with the average 

inflation of the timeline of 1.75. 

Figure 29 displays the initial parameters required to evaluate the inflation cost impact on to 

the total project cost. Average inflation calculations are shown in Appendix 1, and the 

timeline is the same timeline discussed before and shown in the Figure 23, Figure 24 and 

Figure 25. 



77 
 

 

Figure 29. Initial parameters for the inflation cost impact calculation. 

 

In the Figure 30 the calculation process, sensitivity analysis and results of inflation cost 

impact calculation are presented. Inflation impact calculation is done by utilizing a 

compound interest method. From the Figure 30 can be observed similar results as in the 

currency exchange ratio change cost impact calculations, when the portion of USD from the 

total cost is larger, the cost is higher. This is due to the higher calculated average inflation 

of USA, compared to EU and Norway. 

 

Figure 30. Inflation cost impact calculation, sensitivity analysis and results. 

 

3.2.8  Currency exchange ratio changes and inflation cost impact evaluation results 

and conclusions 

Figure 31 illustrates the results given by the calculations discussed before. Original cost 

estimate at the investment decision, cost impact of currency exchange ratio change and 

inflation, currency exchange ratio change and inflation corrected total project cost are 

presented in the Figure 31. 

 

Figure 31. Final results of cost impact of currency exchange ratio changes and inflation. 

 

First thing to notice from the results is that none of the results reaches to the total project 

cost of 1.168 billion €, which was the latest cost estimate resulted from inflation and 

unfavorable currency exchange ratio changes. The sensitivity analysis 3 result of 1,144 

Timeline in years from halfway of 2021 to 5th of April 2023 1.75

Average inflation of Norway in given timeline 5.4%

Average inflation of EU in given timeline 4.4%

Average inflation of USA in given timeline 7.0%

Initial cost distribution Sensitivity analysis 1 Sensitivity analysis 2 Sensitivity analysis 3

Currencies Share out of total cost               [M  . €] Share out of total cost               [M  . €] Share out of total cost               [M  . €] Share out of total cost               [M  . €]

NOK 33% 328.8 70% 697.6 15% 146.9 15% 149.5

EUR 33% 323.3 15% 146.9 70% 685.7 15% 146.9

USD 33% 337.2 15% 146.9 15% 153.3 70% 715.3

Inflated total project cost 989.3 991.4 985.9 1011.7

Added cost 79.3 81.4 75.9 101.7
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billion € is the closest one to the latest estimate of 1.168 billion €, differing only 24 Mil. €. 

The furthest away from the latest estimate of 1,168 billion € is the sensitivity analysis 1 result 

of 1,038 billion € differing quite significant 129.2 Mil. €. 

From the results can be stated that the inflation and unfavorable currency exchange rate 

changes could have been the only reason to the cost overrun. Even when the worst-case 

scenario does not quite reach to the latest estimate of 1,168 billion € it is close enough 

considering all the assumptions and simplifications and the inaccuracies from them. As we 

don’t know the exact cost distribution between currencies, we can’t state that there could 

have been some inadequacies in the cost estimate used in the investment decision. There is 

a possibility that the share of USD could have been even higher than 70 % used in the 

sensitivity analysis 3, when the total inflation and currency exchange ratio corrected cost 

would have been higher. 
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4  UniSim Design process model cost estimation utilizing Cleopatra 

Enterprise cost estimating software 

Here, the basics of UniSim Design process model cost estimation utilizing Cleopatra 

Enterprise is gone through. Software involved, requirements of the UniSim process model 

and the cost estimation in Cleopatra Enterprise are discussed. This section serves as a 

foundation for the DEMO cost estimation project presented in the section 5  Note that the 

term “operation unit” is UniSim Design’s way to call an equipment and/or component and 

is used also in this thesis. 

4.1  UniSim Design 

UniSim Design is a closed source process simulation software owned and provided by 

Honeywell. As Honeywell states on their own websites, UniSim Design is a comprehensive 

and cost-effective process simulation and modelling software (Honeywell, 2024). UniSim 

Design is a direct competitor of Aspen HYSYS and they are quite comparable software, but 

they differ totally on the cost estimation feature, which is the focus point in this thesis. The 

UniSim Design version used in this study is R500. 

4.2  Cleopatra Enterprise cost estimation software 

Cleopatra Enterprise cost estimation software provides a comprehensive and broad range of 

different kind of cost estimation solutions and services. Cleopatra Enterprise provides an 

integrated solution for project and turnaround cost management (Cleopatra Enterprise, 

2024). The solutions provided by Cleopatra Enterprise are presented in the Table 10. 

Solutions are divided into two categories, Capital Project Management (CAPEX) and 

Turnaround, Shutdown and Maintenance Management (OPEX). 
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Table 10. Solutions provided by Cleopatra Enterprise cost estimating software (Cleopatra 

Enterprise, 2024b). 

Capital Project Management (CAPEX) Turnaround, Shutdown and Maintenance 

Management (OPEX) 

Cost Estimating Scoping 

CESK Data Work Pack Planning 

Tendering & Contracting Materials Management 

Cost Control & Earned Value Management QA/QC (Quality Assurance / Quality Control) 

Change Management & Project Tracking Safeguarding 

Project Dashboarding Weld Management 

Data Analytics Workflow & Approval Processes 

Project Risk Management Cost Estimating 

BIM Scheduling 

Scheduling Tendering & Contracting 

Integrations Execution Management and Dashboarding 

 Cost Control & Earned Value Management 

 Lessons Learned 

 Integrations 

4.3  Requirements of UniSim Design process model to conduct TIC estimation 

utilizing Cleopatra Enterprise 

In this section the requirements to conduct a cost estimate out of UniSim Design process 

model utilizing Cleopatra Enterprise cost estimating software are gone through. All items 

presented here are mandatory (unless otherwise stated) to be able to conduct practically the 

cost estimate for the process modelled in the UniSim Design. Note: Cleopatra Enterprise 

license is required in addition to UniSim Design license to be able to implement a cost 

estimation. 
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4.3.1  UniSim Design process model and cost data definition 

The UniSim Design process model must be completed and converged to be able to compute 

a reliable and as accurate as possible cost estimate using Cleopatra Enterprise. Cleopatra 

Enterprise requires certain operation unit parameters called “cost data” from the process 

model that needs to be defined. These parameters are found in UniSim Design from the 

“Cost/Sizing & Cost” tab of a single operation unit. The parameters themselves and amount 

of them are unique to each operation unit. 

The level of definition of the process model affects a lot on how many of the cost data 

parameters can be defined by UniSim Design itself. UniSim Design automatically fills the 

cost data of a operation unit based on the process parameters after pressing “Start Sizing” in 

operation unit properties. If the plant project is at a very early stage and the definition level 

of the process is low, some of the cost parameters needs to be input manually to the cost data 

excel exported later or left to be estimated by Cleopatra Enterprise. As an example, if column 

wall thickness is not defined in cost data, Cleopatra Enterprise estimates the value based on 

its extensive database. It is good to note that all the parameters in the “Cost/Sizing & Cost” 

can be found and edited from the cost model in Cleopatra when the cost data has been 

imported. 

Note that all the cost data parameters of operation units are not mandatory to be able to 

conduct a TIC estimate in Cleopatra Enterprise, but the accuracy and reliability of the 

estimate increases as the level of definition of cost data increases and vice versa.  

4.3.2  Export cost data function 

When the UniSim Design process model is completed and all the wanted cost data 

parameters defined, the cost data can be exported. In practice “Export cost data” function 

exports an excel file including the cost parameters defined in the “Cost/Sizing & Cost” tab 

of each operation unit. In the cost data excel file the process model operation units are 

categorized into different operation unit classes according to the Figure 32. 



82 
 

 

Figure 32. Operation unit classes in the UniSim Design cost data excel file. 

 

The example format of listing of operation units and their cost data within the operation unit 

class is illustrated with an example in Figure 33. All the parameters shown in the Figure 33 

should be and are meant to be defined in the “Cost/Sizing & Cost” tab. Note that the table in 

Figure 33 is just an format example, and the format can be different depending on the 

operation unit class observed. 

 

Figure 33. Cost data excel operation class format example. 

 

4.4  Cost estimation in Cleopatra Enterprise 

When the cost data excel has been exported and all the wanted cost parameters defined, the 

excel file can be imported to Cleopatra Enterprise for the cost estimation. Cleopatra 

Enterprise will compute a cost estimate on the cost data excel file imported, based on the 

cost engineering standard knowledgebase (CESK) and template used. Knowledgebase is an 

extensive database of Cleopatra Enterprise including equipment cost data in different detail 

“levels”, database is updated in every half a year.  

In the Figure 34 is shown the UniSim Design cost data excel file import user interface (UI), 

which can be located from Cleopatra Enterprise Module Navigator/Interfacing/Honeywell 

UniSim Design/Import Equipment from UniSim Design. 

Vessels Heat Exchangers Tanks Heaters Mixers

Columns Pumps Compressors Coolers

Referencial ID Quantity Name TagNumber Cost parameter 1 Cost parameter 2 Cost parameter 3 Cost parameter 4 Cost parameter 5 Cost parameter 6 Cost parameter 7

xxxxxxxxx xx xxxxxxxx xxxxxxxx xxxxxxxx xxxxxxxx xxxxxxxx xxxxxxxx xxxxxxxx xxxxxxxx xxxxxxxx

xxxxxxxxx xx xxxxxxxx xxxxxxxx xxxxxxxx xxxxxxxx xxxxxxxx xxxxxxxx xxxxxxxx xxxxxxxx xxxxxxxx

xxxxxxxxx xx xxxxxxxx xxxxxxxx xxxxxxxx xxxxxxxx xxxxxxxx xxxxxxxx xxxxxxxx xxxxxxxx xxxxxxxx
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Figure 34. UniSim Design cost data excel import UI in Cleopatra Enterprise (Cleopatra 

Enterprise, 2025). 

 

In Figure 34 there are 6 important sections to be explained, these are pointed out using red 

arrows. In the section 1 is the cost data excel file exported from UniSim Design to be 

estimated, in section 2 is the knowledgebase used, which is the database that enables the cost 

estimation based on the imported cost data. In section 3 is the selected currency of the 

estimate. Section 4 is the selected template of the estimate to be created, this is very 

important to be selected correctly.  

Template selected in the Figure 34 enables the use of “Hand factors” to estimate the TIC of 

the process equipment. As the template also has a “LF” it indicates that the template has 

location factors enabled, which enables the ability to take the geographical location of the 

plant into account. In the section 5 is the validation, which should always be done before the 

actual import since it gives information about possible issues in the excel file import. And 

after the validation is section 6 where the actual import can be done. After the import has 

been done, an estimate type of file is created in the selected target folder and further 

adjustments can be done. 
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5  Cost analysis example project 

In this section the actual TIC estimation DEMO project requested by Cyient is gone through. 

In this DEMO project a simple, yet realistic MEA CC process is modelled, simulated and 

finally cost estimated. Process design and parameters have got some influence from an open 

access article about MEA-based CO2 capture written by Wang et al. (2023) (Wang et al., 

2023). 

The example won’t focus on the process modelling of the plant in UniSim Design despite its 

importance, but on the data link between UniSim Design and Cleopatra Enterprise and the 

use of Cleopatra Enterprise cost estimator to estimate the TIC of the modelled plant. This 

example estimation is made for a fictional yet realistic MEA CC UniSim Design process 

model made by the author of this thesis. Main reason to use a fictional model is to be able to 

publish all the results since they are fictional but realistic. 

The wanted result from this section on behalf of the target company is to have an example 

of TIC estimation of a UniSim Design process model utilizing Cleopatra Enterprise cost 

estimation software. This example estimation should be able to demonstrate the capabilities 

of Cleopatra Enterprise TIC estimation, state out the requirements of the UniSim Design 

process model to be able to conduct the cost estimation and reveal the steps to be done in 

Cleopatra Enterprise to have a TIC estimate of the modelled plant. Cyient has specified the 

cost estimation section more and has requested in total three cost estimates out of the same 

UniSim Design process model. These three estimates are for three different locations for 

plant building and equipment sourcing. 

The reason for implementing this kind of guide is the urge of Cyient to be able to implement 

seamlessly and fast a cost estimate out of the UniSim Design process simulation model. In 

addition to this there is an urge to learn to use Cleopatra Enterprise in the best possible way 

for early-stage cost estimation which this DEMO project is aimed to fulfill. Currently the 

knowledge level of this procedure in the company is at level zero since the Cleopatra 

Enterprise cost estimation software is a new investment, and that underlines the urge and 

importance of this example project. Initially the knowledge level of cost estimation of 

UniSim Design process model utilizing Cleopatra Enterprise is at level 0 as well for the 

author of this thesis. To be able to do this task professionally and reliably, author did go 
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through an extensive 50-hour e-learning material of Cleopatra Enterprise and took part into 

Q&A sessions, learning session and pilot phase of Cleopatra Enterprise which all summed 

up consumed approximately 85 hours. Also, the knowledge gathered throughout the writing 

process of this thesis has prepared the author of this thesis to work on this example cost 

estimation project. 

Disclaimer! This example project is totally conceptual and is not comparable to any other 

CC project. Project is only aimed to illustrate the capabilities of the co-operation of 

Cleopatra Enterprise and UniSim Design. Although the parameters used in the example are 

realistic, they can be misleading and totally different compared to actual CC projects, this 

accounts for both the process model and the cost estimates conducted 

5.1  UniSim Design MEA CC DEMO process model 

In this section, the UniSim Design process model of MEA CC plant created for this thesis is 

gone through. Only the capture unit and simple flue gas treatment of the MEA CC process 

was modelled, as it was considered to be complex enough for the cost estimation part and 

simple enough to save time in process modelling and simulation work.  

The process description of the process is gone through, but the modelling and dimensioning 

work themselves are not elaborated much further since they are not in the scope of this thesis.  

In the Figure 35 the MEA CC DEMO process model is shown. Model is a simple model of 

MEA CC unit process, including all the main components of typical MEA CC unit. The most 

important process values are also shown in the process model, which include “Capture 

Efficiency”, “Rich Loading” and “Lean Loading”. 

As already mentioned, some “extra” flue gas pretreatment components are added before the 

capture unit. These include “Flue Gas Compressor” and “Flue Gas Scrubber”. These 

components are valid for this process, but they are not part of the actual capture process unit 

directly, but they are added to make the cost estimation more versatile and complex which 

increases the scientific value of the estimate. 
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Figure 35. MEA CC process demo model (UniSim Design R500, 2025). 

5.2  Process description of MEA CC DEMO model 

In this section the process of a MEA CC model in Figure 35 is explained in a simple and 

understandable way without going into too many details. Stream details are presented in 

separate section. 

Process starts by inserting the flue gas from a flue gas source into the process via “Flue Gas” 

stream. In this case, considering the flue gas parameters and condition, the flue gas source 

could be for example a power plant (Figure 36). From there the flue gas enters the “Flue Gas 

Compressor” to neglect the pressure losses caused by the following “Flue Gas Scrubber” 

before entering the “Absorber”. From the flue gas compressor, flue gas enters the “Flue Gas 

Scrubber” where the flue gas is cooled down, dust is removed, and the excess water is 

extracted via “Liquid Out” stream. The scrubber is a 15-stage packed column. Flue gas 

scrubber could be easily modified to remove SOx emissions, but this is not done for the sake 

of keeping the process model simple enough. Finally, after the scrubber flue gas enters the 

bottom of the absorber via “Flue Gas to ABS” stream. 

In the absorber, 2 streams, “Amine” and “Flue Gas to ABS” contacts in a 20-stage packed 

column where exothermic reaction to absorb the CO2 from the flue gas to the amine solvent 

stream occurs. 



87 
 

From the absorber CO2 free “Clean Flue Gas” stream and “RichOut” stream are extracted. 

RichOut stream includes all the captured CO2 which then goes through a “Rich Pump” to 

the tube side of the shell-and-tube heat exchanger “HE1” to be heated before entering the 

“Desorber”. The 12-stage desorber is also a packed column. In the desorber the CO2 is 

extracted from the “Rich to DES” stream and finally extracted from the system via the 

“Product Stream” stream for further handling, which is out of the scope of this model. 

“LeanOut” stream is extracted from the desorber to be recycled in the process again, 

LeanOut stream includes water, MEA and CO2 which is not yet captured. 

LeanOut stream then further goes through a “Lean Pump” to the shell side of the shell-and-

tube heat exchanger “HE1”. In “HE1” the heat from lean solvent is utilized to heat up the 

rich solvent entering the desorber as mentioned before. After the “HE1” lean solvent stream 

is cooled down even more with “Cooler2”, from where it is led to the “Mixer”. In mixer, the 

“MakeUp Amine” and “MakeUp Water” streams are mixed to “Lean to ABS” stream to 

neglect the MEA and water losses in the process. And finally, from mixer the lean solvent 

enters to the absorber via “Amine” stream and the process starts from the beginning.  

5.3  Stream details of MEA CC DEMO model 

In the Figure 36 the stream data of the most relevant streams in the process are shown. Some 

of the stream parameters got some influence from the article by Wang et al. as previously 

already mentioned. The article used a lot of different stream values, since in that they made 

sensitivity analysis by varying the stream parameters, this made the copying of stream values 

little more difficult. Due to that we decided to define most of the stream values by ourselves. 

The most significant stream values regarding the capture process are the “Flue Gas” stream 

and “Amine” stream mass flows, composition and conditions. For this DEMO process model 

MEA concentration of 25 w-% was set. In addition to these the lean loading and rich loading 

are significant regarding the validity of the model, these can be seen form the Figure 35. The 

“Clean Flue Gas” and “Product Stream” parameters are dependent on the capture efficiency 

of the plant, which in this case is 96.86 %. 
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Figure 36. Stream data of the most relevant streams in the Figure 33 process model (UniSim 

Design R500, 2025). 

 

5.4  Cost data of the MEA CC DEMO model 

After the process modelling has been finished the cost data of the operation units needs to 

be extracted to be able to conduct the cost analysis with Cleopatra Enterprise as we already 

know at this stage. This requires the dimensioning of the operation units since the cost data 

is based mostly on the dimensions of different components or other dimension-based 

parameters. The cost data of operation units differs significantly between operation units as 
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previously mentioned, and the dimensioning of different operation units is done separately 

in UniSim Design.  

HE1 is an exception and the dimensioning of it is done using an extension of UniSim Design 

called “UniSim Design STE R500”. “STE” stands for “Shell-and-Tube Heat Exchanger”. 

The dimensioning of the HE1 is done by extracting and importing process data of HE1 into 

UniSim Design STE R500, and extracting design results from there and importing them back 

into UniSim Design. The results include all the relevant dimensions required to be able to 

estimate the TIC of HE1 using Cleopatra Enterprise. In the case of the HE1 it was decided 

to use the duty of the exchanger as the basis of the costing. The duty was acquired along 

with all other results from the UniSim Design STE R500. For the HE1 the TEMA type used 

was AFL. 

All other operation units are dimensioned using exclusively UniSim Design. Despite of this, 

the dimensioning process is significantly different when dimensioning the column operation 

units (Flue Gas Scrubber, Absorber and Desorber), dimensioning of these operation units is 

done utilizing “Tray Sizing” utility found from UniSim Design. Dimensioning of pumps and 

compressor is quite straightforward and can be done basically with one button when the 

process data is defined. 

The most significant cost data parameters of all the operation units estimated are shown in 

the Figure 37. The cost data in Figure 37 does not include even close to all the cost data 

accounted but are the most significant ones and give some scale of the operation units for 

the reader. 

 

Figure 37. Most significant cost data of the operation units in the UniSim Design process 

model (UniSim Design R500, 2025). 
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Cooler 1 and Mixer are considered as dummy operation units and are not included in the 

cost estimate. They could have been included but it would have increased the complexity of 

the model too much. 

5.5  Cost estimates conducted 

When the cost data of all operation units is generated and extracted into a cost data excel file 

actual cost estimates can be started. As previously discussed in this DEMO cost estimation 

project, a total of three cost estimates are done using Cleopatra Enterprise. There are three 

estimation cases for different equipment sourcing and building locations, which are Western 

Europe, Australia and USA. These locations are great choices for a DEMO cost estimation 

project like this since they are significantly different cost vise and increase the scientific 

value of the DEMO. 

5.5.1  Western Europe 

First, the baseline estimate for Western Europe Site location is conducted.  The estimation 

process itself is relatively straight forward when using Cleopatra Enterprise, but the work 

lies in the details which have a huge impact to the estimate validity and accuracy. To be able 

to define the cost estimate details in Cleopatra Enterprise the estimator must have strong 

knowledge on cost estimation in general and have required skills to be able to use Cleopatra 

professionally. 

5.5.1.1  Assumptions and specifications 

First, the assumptions and specifications for this estimate are gone through in detail. For 

clarification, as previously stated this cost estimate is a TIC estimate and we are using a Lang 

Factor method in Cleopatra to estimate the TIC of the DEMO MEA CC plant. In this estimate 

the OPEX is cut off and the focus is on the CAPEX as it is the strength of Cleopatra to 

estimate CAPEX. This section won’t be repeated in full for the two other estimation cases 

for Australia and USA, only sections which are unique will be stated separately. 
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When the cost data excel is imported using the UI shown in Figure 34 the template and 

knowledgebase used are selected. For this DEMO project we use the “Process Equipment & 

Discipline Factor European (Metric)” knowledgebase and the “2024 Lang Factor (European) 

template – with LF” template. Template options available for this DEMO project are shown 

in the Figure 38. These templates are created and maintained by Cleopatra. 

 

 

Figure 38. Cleopatra template options for UniSim cost data import. 

 

Template selected has the allowances, indirect cost, contingency and escalation components 

included, which eases the estimation process significantly.  Despite of this, it is always very 

important to at least review the template values for each cost component which is done also 

for this DEMO project. For this project only the escalation cost component in the template 

is changed since it is designed to be changed individually for each estimate. 

In Figure 39 the direct cost components of the DEMO cost estimate are shown. Direct cost 

components include the operation units from the UniSim process model, excluding Cooler 

1 and Mixer. In addition to the operation units from UniSim process model also the packing 

material supply of the columns in the process are included. This is done since the packing is 

very significant cost component and accounts for a relatively large portion of the plant total 

direct cost. The installation cost components have also been included as this is a TIC 

estimate. 



92 
 

 

Figure 39. Direct cost components of the cost estimate project. 

 

Example breakdown of installation cost component can be seen from Figure 40 where the 

carbon steel (CS) components installation cost breakdown is shown. In Cleopatra the Lang 

factor method divides the cost components based on material of construction that’s why the 

installation cost components are based on materials. If the Hand factor method would be 

used, the installation cost would be categorized based on equipment type. Lang factor is used 

here since it is seen as a more standardized and widely used method.  

As the Figure 40 illustrates, Cleopatra has very detailed installation cost components 

including all the material and labour cost components needed to complete the installation. 

Installation costs include everything from site development to testing. 
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Figure 40. Example installation cost component breakdown for CS components (Cleopatra 

Enterprise, 2025). 
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In Figure 41 the allowances components of the selected template are shown. Allowances 

cover cost items that are not fully defined or specified in the time of estimating. They provide 

some flexibility for the project cost. 

 

Figure 41. Template allowances components (Cleopatra Enterprise, 2025). 

 

In Figure 42 the indirect cost components of the selected template are shown. Indirect cost 

components include different type of subsidiary cost components such as insurances, freight 

costs, owner project management etc. In the selected template the indirect costs components 

are very comprehensive and detailed. 

 

Figure 42. Template indirect cost components (Cleopatra Enterprise, 2025). 
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In Figure 43 the escalation components are shown, these are defined separately as previously 

mentioned. Escalation components consider the impact of time to the cost of the project, for 

example because the project won’t be realized right away in the time of estimating meaning 

that the project cost will arise as time goes by before the project realization. Escalation rate 

for this cost estimate is constant 2.5% per year for all escalation components. Selected 

escalation of 2.5% a year is similar to the inflation rate of Europe in 2025. 

 

Figure 43. Escalation cost components (Cleopatra Enterprise, 2025). 

 

In the Figure 44 contingency components of the selected template are shown. Contingency 

is explained in more detail in the section 2.2 and won’t be elaborated further here. 

 

Figure 44. Template contingency cost components (Cleopatra Enterprise, 2025). 

 

In the Figure 45 the location related adjustments in Cleopatra are shown. As can be observed 

from the figure in Cleopatra there are three main concepts for location adjustments, which 

are “Supply Region of equipment”, “Labour Rates” and “Factor Tables”. Due to this some 

assumptions must be made before conducting the estimate. 

At first, in the Western Europe estimate we assume that all the equipment is supplied from 

Western Europe so Western Europe is used as “Supply Region” for all equipment in the 

process. In the Western Europe estimate Western Europe “Labour Rates” are also used. 
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Labour rates adjust the hourly cost of labour [€/hour]. For factor table a “Overall Country 

LF incl. MF and global/local sourcing and labour productivity” is used. In the Figure 46 is 

shown the parameters in the selected factor table. The values for each parameter in the figure 

are the values used for Western Europe estimate. The factor table used is a combination of 

multiple factor tables and the parameters chosen are one of many since all parameters have 

a drop-down menu including numerous different values for the selected parameter. This can 

be seen from the Figure 47 where the drop-down menu of “Height” parameter for the 

selected factor table is shown as an example. 

Selected factor table has many opportunities to adjust the project cost based on project size, 

congestion, work hours etc., but in this project only the “Locations” parameter is changed to 

be able to apply the productivity of the selected location. In Western Europe estimate 

Western Europe “Locations” parameter was chosen. This is changed according to the 

location of estimates.  

 

Figure 45. Cleopatra location adjustments available. 

 

What Location 

Adjustments 

Cleopatra has 

Available? 

Supply Region 

of Equipment 
Factor Tables Labour Rates 
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Figure 46. Cleopatra Overall Country LF incl. MF and global/local sourcing and labour 

productivity factor table parameters (Cleopatra Enterprise, 2025). 

 

 

Figure 47. Drop-down menu of "Height" parameter of Figure 39 factor table (Cleopatra 

Enterprise, 2025). 

 

5.5.1.2  Estimating Process 

Figure 48 illustrates the UniSim process model cost estimation process in Cleopatra. The 

estimating process is almost identical for all the different estimates conducted; due to that 

this won’t be reviewed again in further estimates unless there are some significant individual 

differences between the estimation processes. 
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Figure 48. Cleopatra Enterprise cost estimation process. 

 

The estimation process is not too complicated in technical point of view, but the pitfalls lie 

in the “Cost Adjustments” section. Cost adjustment definition requires skilled estimator and 

well-defined estimate project specifications and assumptions. 

For the equipment costing couple of adjustments were required in Cleopatra. The Lean Pump 

head was below the minimum required value of 9.3 m and was due to that set manually to it 

in Cleopatra. The cost impact of this adjustment is very limited and was not adjusted via 

custom factor since enough of information to do so was not available. Another adjustment 

was the costing method of the HE1 heat exchanger, which was set manually to be based on 

the duty. This was done to achieve a more practical estimation process for the heat 

exchanger. Adjustment has no significant impact on the cost of the heat exchanger, but did 

raise some concern on the differences in heat exchanger dimensioning between Cleopatra 

Enterprise and UniSim Design. 

5.5.1.3  Results 

In this section cost estimation results for Western Europe cost estimate are reviewed. Results 

are presented here utilizing the report wizard and other resulting features of Cleopatra. 

Results shown here are selected from numerous options to be the most useful for the reader 

to understand the cost structure of the project. 

In Figure 49 is shown the project cost as bar chart, this can be seen as the baseline result 

supporting other results shown in Figure 50 and  Figure 51. The bar chart also presents the 

labour hours cumulated to build the plant, which in the case of Western Europe were at            

142 134 hours. In the bar chart the bar “Cost” represents the total cost of the plant including 
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direct costs, allowances, indirect costs, escalation and contingency which accounts in total 

68.76 Mil. €. Markups are set to zero since they are irrelevant for this project. Bars “Non 

labour cost” and “Labour cost” accounts together the value of “Cost” bar excluding 

contingency. 

 

Figure 49. Western Europe bar chart of project cost and labour hours (Cleopatra Enterprise, 

2025). 

 

In the Figure 50 can be seen the supply costs of the operation units and packing material 

estimated as well as the grand total cost breakdown. From the Figure 50 can be observed 

that the packing of the columns (Flue Gas Scrubber, Absorber and Desorber) are relatively 

expensive cost components. For example, for the absorber the packing costs (2.77 Mil. €), 

which is over three times the cost of the column (877 000 €) itself. The packing type chosen 

for the columns is stainless steel Ballast Rings packing. 

From the grand total breakdown in Figure 50 can be seen that the direct costs account the 

most significant part of the total plant cost, second most significant part is the indirect cost 

components. The same breakdown can be seen from the Figure 49 bar chart bar “Cost”. 
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Figure 50. Western Europe supply cost of the operation units and grand total breakdown 

(Cleopatra Enterprise, 2025). 

 

In the Figure 51 the direct cost breakdown related to disciplines is shown. In the figure can 

be seen the material cost, installation cost and total cost of different disciplines involved in 

the plant project. Also, the percentage share of different disciplines is shown related to the 

total direct costs of the plant. 

From Figure 51 we see that the “Equipment” discipline is the biggest part (32.84%) of the 

total direct costs and “Site Development” is the smallest part (0.38%) in the case of Western 

Europe. 
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Figure 51. Western Europe cost estimate direct cost allocation between disciplines 

(Cleopatra Enterprise, 2025). 
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5.5.2  Western Australia 

In this section a cost estimate is done in case of plant being built in and sourced in Western 

Australia. Almost everything else regarding this estimate is kept the same compared to the 

baseline estimate of Western Europe for better comparability. 

5.5.2.1  Assumptions and specifications 

The assumptions and specifications are almost the same for the Western Australia cost 

estimate compared to the Western Europe one. Only changes are related to the location 

adjustments, such as equipment supply region is set to Western Australia, “Locations” factor 

in the factor table (Figure 46) is set to Western Australia and the labour rates used are for 

Western Australia. 

5.5.2.2  Results 

In this section cost estimation results for Western Australia cost estimate are reviewed. 

Results are presented in the same way than in the Western Europe cost estimate. 

In Figure 52 is shown the project cost as bar chart, this can be seen as the baseline result 

supporting other results shown in Figure 53 and Figure 54. The bar chart also presents the 

labour hours cumulated to build the plant, which in the case of Western Australia were at 

157 214 hours. In the bar chart the bar “Cost” represents the total cost of the plant including 

direct costs, allowances, indirect costs, escalation and contingency which accounts in total 

74.20 Mil. €. Markups are set to zero since they are irrelevant for this project. Bars “Non 

labour cost” and “Labour cost” accounts together the value of “Cost” bar excluding 

contingency. 
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Figure 52. Australia bar chart of project cost and labour hours (Cleopatra Enterprise, 2025). 

 

In the Figure 53 can be seen the supply costs of the operation units and packing material 

estimated as well as the grand total cost breakdown. From the Figure 53 can be observed 

that the packing of the columns (Flue Gas Scrubber, Absorber and Desorber) are relatively 

expensive cost components as they did in the case of Western Europe. For example, for the 

absorber the packing costs (3.88 Mil. €), over three times the cost of the column (1.04 Mil. 

€) itself. The cost of packing is significantly higher compared to the data of the Western 

Europe cost estimate. This is since supply region is set to Australia where the cost of 

equipment is relatively higher than in Europe. 

From the grand total breakdown in Figure 53 can be seen that the direct costs account the 

most significant part of the total plant cost as was also evident in the case of Western Europe. 

Second most significant part is the indirect cost components which was also evident in the 

case of Western Europe. The same breakdown can be seen from the Figure 52 bar chart bar 

“Cost”. 
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Figure 53. Australia supply cost of the operation units and grand total breakdown (Cleopatra 

Enterprise, 2025). 

 

In the Figure 54 the direct cost breakdown related to disciplines is shown. In the Figure 54 

can be seen the material cost, installation cost and total cost of different disciplines involved 

in the plant project. Also, the percentage share of different disciplines is shown related to 

the total direct costs of the plant. 

From Figure 54 we see that the “Equipment” discipline is the biggest part (38.07%) of the 

total direct costs and “Site Development” is the smallest part (0.39%). This is similar data 

compared to the Western Europe cost estimate. One evident difference compared to Western 

Europe cost estimate is that the portion of “Piping” is significantly lower, and the portion of 

“Equipment” is significantly higher. The portion of direct material costs overall is relatively 

higher in the case of Australia compared to the Western Europe, on the contrary the direct 

labour cost portion is lower in the case of Australia compared to the Western Europe. 
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Figure 54. Australia cost estimate direct cost allocation between disciplines (Cleopatra 

Enterprise, 2025). 
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5.5.3  USA 

In this section a cost estimate is done in case of plant being built in and sourced in USA. 

Almost everything else regarding this estimate is kept the same compared to the baseline 

estimate of Western Europe for better comparability. 

5.5.3.1  Assumptions and specifications 

The assumptions and specifications are almost the same for the USA cost estimate compared 

to the Western Europe one. Only changes are related to the location adjustments, such as 

equipment supply region is set to USA, “Locations” factor in the factor table (Figure 46) is 

set to USA and the labour rates used are for USA. 

5.5.3.2  Results 

In this section cost estimation results for USA cost estimate are reviewed. Results are 

presented in the same way than done in the Western Europe and Western Australia cost 

estimates. 

In Figure 55 is shown the project cost as bar chart, this can be seen as the baseline result 

supporting other results shown in Figure 56 and Figure 57. The bar chart also presents the 

labour hours cumulated to build the plant, which in the case of USA were at 166 498 hours. 

In the bar chart the bar “Cost” represents the total cost of the plant including direct costs, 

allowances, indirect costs, escalation and contingency which accounts in total 70.56 Mil. €. 

Markups are set to zero since they are irrelevant for this project. Bars “Non labour cost” and 

“Labour cost” accounts together the value of “Cost” bar excluding contingency. 
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Figure 55. USA bar chart of project cost and labour hours (Cleopatra Enterprise, 2025). 

 

In the Figure 56 can be seen the supply costs of the operation units and packing material 

estimated as well as the grand total cost breakdown. From the Figure 56 can be observedthe 

same than in other estimation cases that the packing of the columns (Flue Gas Scrubber, 

Absorber and Desorber) are relatively expensive cost components. For example, for absorber 

the packing costs (2.82 Mil. €) around three times the cost of the column (922 977 €) itself. 

The cost of packing is quite similar compared to the Western Europe cost estimate and 

significantly lower compared to the Western Australia cost estimate. The supply costs of 

equipment in general are much closer to each other in the Western Europe and USA cost 

estimates, and Western Australia cost estimate has significantly higher supply costs. 

From the grand total breakdown in Figure 56 can be seen that the direct costs account the 

most significant part of the total plant cost as was also evident in the case of Western Europe 

and Western Australia. The second most significant part is the indirect cost components 

which was also evident in both previous estimates. The same breakdown can be seen from 

the Figure 55 bar chart bar “Cost”. 
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Figure 56. USA supply cost of the operation units and grand total breakdown (Cleopatra 

Enterprise, 2025). 

 

In the Figure 57 the direct cost breakdown related to disciplines is shown. In the figure can 

be seen the material cost, installation cost and total cost of different disciplines involved in 

the plant project. Also, the percentage share of different disciplines is shown related to the 

total direct costs of the plant. 

From Figure 54 we see that the “Equipment” discipline is the biggest part (33.54%) of the 

total direct costs and “Site Development” is the smallest part (0.35%). This is similar data 

compared to both previous cost estimates. Data that can be seen from the Figure 57 is very 

similar to the data of Western Europe cost estimate. The allocation between direct labour 

cost and direct material cost is also very similar, and so is the distribution of direct costs 

between different disciplines. 
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Figure 57. USA cost estimate direct cost allocation between disciplines (Cleopatra 

Enterprise, 2025). 
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5.5.4  Comparison of cost estimate results 

In this section the results of Western Europe, Western Australia and USA cost estimates for 

the DEMO MEA CC plant are compared and discussed in more detail. The comparability of 

these estimates is at a very high level since no changes were made to the subject of estimation 

nor the scope, assumptions or specification of the estimate. Obviously, the location-related 

adjustments have been made to be able to conduct this kind of location comparison. 

The most evident difference between different plant locations for building and sourcing of 

equipment is the grand total cost and total labour hours. In the Figure 58 is the comparison 

between the three estimates in relation to the grand total cost and total labour hours where 

this difference can be seen. From the Figure 58 can be observed that building and sourcing 

the plant in Western Australia is the most expensive option regarding the grand total cost, 

and contrary building and sourcing it in Western Europe is the cheapest option out of these 

three locations. Percentage price difference between the cheapest (western Europe) and the 

most expensive (Western Australia) location is 7.9%, which at this stage of the project is 

very limited and can move to one way or another as the project would proceed. 

Regarding the total labour hours USA stands out with the highest value of 166 498 hours, 

compared to Western Europe hours (142 134 hours) USA labour hours are 17.15% higher. 

Despite of this the direct labour cost of USA and Western Europe are much closer to each 

other than the hours with only 8.92% difference, this can be seen from the Figure 59 where 

the direct material and labour costs are presented for each location scenario. Reason for this 

can be higher labour rates in Western Europe or lower productivity in USA or both. In total 

labour hours Western Australia stands in the middle, but still has the lowest direct labour 

cost (Figure 59), this can be due to the lower labour rates or higher productivity or both. 
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Figure 58. Grand total cost and labour hours comparison. 

 

From Figure 59 the direct cost allocation is evident, in which the case of Western Australia 

stands out. In the case of Western Australia, the direct labour cost account for 28.97% out 

of the total direct cost, where the direct material cost account for the remaining 71.03%. This 

is significantly dissenting compared to the direct cost allocation of the other two cases. In 

the case of Western Europe, the direct labour cost account for 34.74% out of the total direct 

cost, where the direct material cost account for the remaining 65.26%. In the case of USA, 

the direct labour cost account for 36.87% out of the total direct cost, where the direct material 

cost account for the remaining 63.13%. As can be observed the share of direct labour cost 

out of the total direct cost is significantly higher in the cases of Western Europe and USA 

compared to Western Australia.   

It is good to note that for the nature of this example project where one of the goals was to 

assess the capabilities of Cleopatra Enterprise it was decided that the equipment sourcing is 

done from the same location where the plant is built in. This can be very unrealistic and 

distort the results. For instance, if a CC plant would be built in Western Australia, it is very 

likely that the equipment would at least partially be sourced from some other country when 

the cost structure of the case of Western Australia would be different. 
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Figure 59. Direct cost allocation comparison. 

 

Finally, from the results could be assessed how reliable, realistic and accurate the results 

generated by Cleopatra Enterprise are. To be able to assess the reliability, realism and 

accuracy of these results we would need some reference points, which could be some similar 

type of projects and the realized cost of them, inhouse knowledge on the realized cost of 

plant engineering projects in the assessed locations (Western Europe, Western Australia and 

USA). At this stage we have nothing to offer to validate the accuracy of these location 

estimates of Cleopatra Enterprise. As previously stated in this thesis, Cleopatra Enterprise 

itself has an extensive knowledgebase which all these estimates are based on, this database 

includes information from a long time regarding numerous plant engineering projects. This 

supports the assumption that these results can be trusted. 
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6  Conclusions 

In this section the conclusions of this thesis are formed. Most importantly the objectives set 

by Cyient and the fulfillment of them is reviewed. Objectives set by Cyient served as a 

baseline for this thesis and the content of this thesis supports and enables achieving them. 

These objectives set by Cyient were to perform detailed literature review on best practices 

and methodologies in CAPEX and OPEX estimation in early stages of plant engineering 

projects, analyze cost estimation case studies to identify patterns and key variables affecting 

CAPEX and OPEX, gather insights into cost optimization strategies and to conduct a DEMO 

cost estimation project utilizing Cleopatra Enterprise and UniSim Design process model. 

Thesis managed to achieve all the objectives set by Cyient and at least tried to follow all the 

LUT Master’s Thesis rules and guidelines. Starting from the beginning, the literature review 

succeeded on delivering a detailed review on best practices and methodologies in CAPEX 

and OPEX evaluation in the early stages of plant engineering projects as was set by Cyient. 

Literature utilized only high-quality peer reviewed sources and managed to conduct 

relatively deep and detailed overlook on plant project cost estimation. The focus on literature 

review was on cost estimation of CC plants since it was agreed with Cyient at the very 

beginning of the writing process. As mentioned in the introduction, this has no effect on the 

validity of the thesis since plant engineering cost estimation is very flexible and is not 

dependent on plant type. 

Second objective of analyzing the case studies to identify patterns and key variables affecting 

CAPEX and OPEX was also achieved. The point of view for this objective in different case 

studies was totally different. For case study 1 the focus was on analyzing the cost estimation 

process used by Cyient before when the case study 2 was to evaluate the possible causes of 

cost overrun of Klemetsrud CC plant project. The objective phrase formatting is little clumsy 

since it was defined before the writing was started. For case study 1 we were able to identify 

and suggest improvements to the cost estimation process used before by Cyient. These 

improvement suggestions were made based mainly on the literature review and the 

knowledge acquired from there. For case study 2 the task was to evaluate was the cost 

overrun caused by currency exchange rate changes and inflation as was stated for the 
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Klemetsrud CC plant project. Evaluation succeeded and it was stated that the cost overrun 

could have been caused only by the currency exchange rate changes and inflation. 

Third objective of gathering insights into cost optimization strategies was also achieved. 

Thesis discusses cost optimization strategies and the focus is on the co-operation of process 

and cost engineers. This co-operation of these two individual disciplines was seen to be 

profitable for possible cost optimization. In this section also specific type of “object 

orientated” estimation was introduced since it enabled the co-operation of these two 

disciplines even better. 

The last objective of conducting a DEMO cost estimation project utilizing Cleopatra 

Enterprise and UniSim Design process model was also achieved. The DEMO cost estimation 

project was totally conducted by the author all the way from the process modelling and 

simulation of the MEA CC DEMO plant to the cost estimate results reporting. DEMO project 

was a success since it achieved its objectives to demonstrate the capabilities of Cleopatra 

Enterprise TIC estimation, state out the requirements of the UniSim Design process model 

to be able to conduct the cost estimation and to reveal the steps to be taken in Cleopatra 

Enterprise to have a TIC estimate of the modelled plant. All three estimates requested by 

Cyient were finalized and the results were analyzed and compared keeping in mind the 

viewpoint of assessing the capabilities of Cleopatra Enterprise. As was stated previously, 

this DEMO cost estimation project is only conceptual and is not comparable to any other CC 

project. This objective was the most laborious as could be expected since it is the main task 

of the thesis. In addition to the direct labour hours used for this section, a significant amount 

of learning the use of Cleopatra Enterprise was done by the author. This included 

approximately 50 hours of e-learning materials, Q&A sessions, learning sessions and pilot 

phase including pilot projects all together accounted for 85 hours. 

Regarding the research questions of this thesis, they were all answered along the way to 

achieve the objectives. These questions can be found from the introduction section, and they 

have a lot overlap with the objectives of this thesis, but questions include more details to the 

objectives of this thesis. 

Findings gathered from achieving all the objectives of this thesis have delivered great value 

for the target company Cyient and in general for different parties interested in cost estimation 

of plant engineering projects. For Cyient the whole thesis, emphasizing the case studies and 
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the DEMO cost estimation project is valuable, informative and helpful to conduct business 

regarding the cost estimation of plant engineering projects especially in the early stages of 

the projects. Even though the literature review can be seen as the lowest value section for 

Cyient, it is a great info package for early-stage plant engineering project cost estimation. 

Also, for other parties besides Cyient which are interested in plant engineering project cost 

estimation, the thesis can be very helpful and informative despite the fact that the case studies 

are very specific for Cyient and the DEMO cost estimation project is quite a niche topic. The 

case studies, even though they are specific for Cyient can be helpful for any party interested 

in top-down and/or bottom-up cost estimation done without any software. Also, the DEMO 

cost estimation project can be very useful and informative for parties seeking information 

regarding cost estimation utilizing Cleopatra Enterprise and/or preparing UniSim process 

model for cost estimation utilizing Cleopatra Enterprise. Obviously, the DEMO cost 

estimation project was designed to serve Cyient in the best possible way, but as stated can 

still be very useful for other parties. 

Based on the findings discussed above the impact of this thesis, especially for Cyient is 

significant. This thesis helps Cyient to conduct business in field of plant engineering cost 

estimation in better and more professional manner. For Cyient the impact of the DEMO cost 

estimation project is the most significant one since it demonstrated how to conduct a 

professional cost estimate for early-stage plant engineering project utilizing a UniSim 

Design process model, Cleopatra Enterprise and the datalink between these two software. 

The impact for other parties is hard to define since this thesis deals with quite a niche topic 

of Cleopatra Enterprise cost estimation in large portion of the thesis. It is obvious that the 

impact of the literature and the case studies can be significant for other parties than Cyient 

which are interested in early-stage plant engineering cost estimation. DEMO cost estimation 

project can be very impactful for other parties if they seek information specifically regarding 

Cleopatra Enterprise cost estimation utilizing UniSim Design process model. 

In future the accuracy and reliability of different location scenario cost estimates conducted 

utilizing Cleopatra Enterprise could be analyzed further. In this DEMO cost estimation 

project, there was no possibility to validate the location scenario cost estimate results using 

for instance reference location scenario cost estimates or any other previous cost data of 

similar type of plants. Now the accuracy and reliability of different location scenario cost 

estimate results hang only on the reliability of CESK database which all the results are based 
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on. Although this would have been interesting, it is not necessary by any means for the 

objectives of the DEMO cost estimation project, which were listed previously. 

Lastly, comments on the resulted thesis written by the Cyient’s thesis supervisors Johan 

Fagerlund (Delivery cluster head (Japan)) and Thomas Johansson (Director of process- and 

technical safety engineering) is presented: “The master’s thesis “Cost estimation in the early 

stages of plant engineering projects” provides Cyient with a structured approach to cost 

estimation in early-phase plant engineering. It establishes the right vocabulary and a clear 

framework (guidebook) for engineers, enabling consistent (and professional) 

communication both internally and with customers. 

The thesis includes hands-on cost-estimating case studies, demonstrating, for example, how 

to use the Cleopatra tool in combination with the UniSim simulation tool. These practical 

examples can accelerate the onboarding of cost-estimating engineers and support Cyient's 

involvement in early-phase plant engineering projects, where costing is often a key 

parameter and deliverable.” 
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Appendix 

 

Appendix 1. Average inflation calculations for Norway, EU and USA. 
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EU core Time Datapoint Inflation

2021 Jul 1 1.0%

2021 Aug 2 1.8%

2021 Sep 3 2.1%

2021 Oct 4 2.4%

2021 Nov 5 2.9%

2021 Dec 6 3.0%

2022 Jan 7 2.8%

2022 Feb 8 3.3%

2022 Mar 9 3.6%

2022 Apr 10 4.1%

2022 May 11 4.5%

2022 Jun 12 4.6%

2022 Jul 13 4.9%

2022 Aug 14 5.2%

2022 Sep 15 5.7%

2022 Oct 16 6.0%

2022 Nov 17 6.0%

2022 Dec 18 6.2%

2023 Jan 19 6.3%

2023 Feb 20 6.6%

2023 Mar 21 6.6%

2023 Apr 22 6.5%

Average inflation 4.4%
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USA Time Datapoint Inflation

2021 Jul 1 5.4%

2021 Aug 2 5.3%

2021 Sep 3 5.4%

2021 Oct 4 6.2%

2021 Nov 5 6.8%

2021 Dec 6 7.0%

2022 Jan 7 7.5%

2022 Feb 8 7.9%

2022 Mar 9 8.5%

2022 Apr 10 8.3%

2022 May 11 8.6%

2022 Jun 12 9.1%

2022 Jul 13 8.5%

2022 Aug 14 8.3%

2022 Sep 15 8.2%

2022 Oct 16 7.7%

2022 Nov 17 7.1%

2022 Dec 18 6.5%

2023 Jan 19 6.4%

2023 Feb 20 6.0%

2023 Mar 21 5.0%

2023 Apr 22 4.9%

Average inflation 7.0%


