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1. Introduction 
1.1. Background 

Climate change is one of the largest challenges for humankind in the twenty-first 
century. Caused by man-induced emissions of CO2, methane, and other heat 
trapping molecules, climate change is likely to increase the average temperature 
on earth with several degrees, leading to sea level rise and ocean acidification, 
shifts in climate zones, and extreme weather events [1]. This in turn may 
significantly impact our living environment, among others influencing global and/or 
local economies and societies and their access to natural resources [1]. Also natural 
systems are likely to be heavily impacted, which may lead to migration or loss of 
species, and a resulting decrease in local and/or global biodiversity [1].  

To limit climate change, 195 countries gathered in the United Nations Framework 
Convention on Climate Change, agreed on “Holding the increase in the global 
average temperature to well below 2 °C above pre-industrial levels and pursuing 
efforts to limit the temperature increase to 1.5 °C above pre-industrial levels”, 
during the 21st Conference of Parties in Paris [2: 36]. This limit to global average 
temperature increase implies a massive reduction of greenhouse gas emissions, 
from an annual 49 Giga tonnes of CO2 equivalent in 2010, to approximately 20 Giga 
tonnes per year in 2050, and reaching zero net greenhouse emissions in the second 
half of the 21st century. In this scenario, levels of atmospheric CO2 should remain 
below 450 parts per million [1]. 
 
The production of electricity and heat is the largest contributor to global GHG 
emissions [3], especially to the emission of CO2 (Figure 1.1). Currently, the majority 
of power generation capacity - 68% in 2013 - consists of thermal power plants that 
are fuelled by fossil energy carriers such as coal and natural gas [4]. One of the 
challenges in combatting climate change thus is to reduce the CO2 emissions from 
the power sector. The International Energy Agency (IEA) foresees that this will be 
partly done by the deployment of more renewable electricity generation such as 
solar, wind, or biomass, and partly by the deployment of other low carbon 
electricity generation, such as nuclear and fossil fuelled power plants in 
combination with carbon capture and storage [2], [4] (Figure 1.2). Carbon capture 
and storage (Box 1) means that the CO2 emitted by power plants is separated from 
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the power plant flue gases, transported, and stored in a permanent underground 
storage location, for instance a depleted natural gas field.  

 

Figure 1.1. Share of anthropogenic GHG emissions (GtCO2eq/yr) by economic sector. Data taken 
from the IPCC fifth assessment report working group III [3]. AFOLU stands for agriculture, forestry, 
and other land use. 

 

Figure 1.2. Decarbonisation pathway for global electricity production in the IEA 2016 ETP 2 degree 
scenario [4]. 
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Box 1. Carbon capture and storage. 

CO2 capture and storage encompasses the separation of CO2 from power and industrial 
flue gases, e.g. from (bio) power plants, cement and steel, and the petro and biochemical 
industry. The captured CO2 is subsequently transported and stored in a permanent 
storage location, for instance depleted oil and gas fields or deep saline aquifers [72]. 
There are three general ways to capture CO2 – postcombustion capture, precombustion 
capture, and oxycombustion capture – that all include a range of different technologies, 
commercial and emerging [73].  

Postcombustion capture is the most developed and studied alternative. The CO2 is 
captured from a flue gas stream after combustion of a carbonaceous fuel has taken place. 
Technologies included in the postcombustion capture portfolio are washing the flue gas 
with solvents, adsorption of the CO2 to solid adsorbents (particles), cryogenic separation 
of CO2, or separation with membranes [73]. The advantage of postcombustion capture is 
that it is an add-on technology, which can be retrofitted to existing industrial plants, and 
that it requires less complex integration with the CO2 source plant than other CO2 capture 
alternatives [72]. A disadvantage is that the CO2 is rather diluted, making it more energy-
intensive to separate it. 

Precombustion is the partial burning of a carbonaceous fuel to form syngas, a mixture of 
carbon monoxide, hydrogen, carbon dioxide, and water. The syngas is then shifted in a 
shift reactor, where the CO and water are converted into CO2 and hydrogen [72]. After 
separating the CO2 a pure hydrogen stream is available that can be used to produce power 
or chemicals, or as a transport fuel. The technology portfolio for precombustion CO2 
capture also includes the use of solvents, but is moving towards the use of membranes 
and solid adsorbents, often partially integrated with the shift reactor [74], [75]. 
Precombustion is advantageous from an energy perspective, because the shifted syngas 
has a high CO2 pressure. A disadvantage is that expensive equipment is required to 
produce the syngas, and a high level of process integration is necessary, making operation 
and control more complex than postcombustion technologies.  

Oxycombustion entails the combustion of a carbonaceous fuel in an oxygen rich, and 
nitrogen poor environment. This renders a flue gas consisting mainly of CO2 and water, 
which can easily be separated using condensation. This technology may be economically 
competitive with postcombustion technology [76], [77]. It however needs large, and 
energy intensive oxygen production plants, and also complex integration of power plant, 
flue gas recycle, and the CO2 purification and compression unit. It is expected that this 
increases the complexity of the system, making this technology less suitable for 
retrofitting, and more difficult to operate than postcombustion technologies.  
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increases the complexity of the system, making this technology less suitable for 
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1.2. Problem description 
The decarbonisation of the power sector is a formidable task, and requires the 
development of many (interacting) new technologies, as well as long term planning 
and investment. The decarbonisation of the existing power fleet has already started 
and will extend into the second half of this century [1], [2], [4]. Because the 
development timeline of new energy technologies spans one to three decades [5], 
and the life time of most power generators is in the order of 20 (solar and wind) to 
50 years (coal power plants) it is crucial that technology selection, development, 
and deployment keep increasing their pace. Besides, the development and 
deployment of new power systems will be a costly endeavour. The IEA estimates 
that cumulative investments of US$ 37 trillion will be required over the period 
2016-2050 to decarbonise the power sector [4].  

To achieve the goal of a carbon free power system at mid-century at acceptable 
costs, targeted technology RD&D is indispensable. It is vital to prioritise 
development of the most promising options over the less promising options, based 
on well-founded ex-ante analysis of their technical and economic performance, 
preferably already during the early stages of the development cycle [6] (see Box 2 
for definitions of technology development). A collateral benefit of sound ex ante 
technology assessment is that it can aid the development of new technologies by 
pinpointing improvement options, and thus increases technological learning. This 
has shown pivotal to the development and deployment of new energy technologies 
[7]. Early stage ex ante techno-economic analysis is thus a necessity for energy 
system policy and decision making. 

The above points are all the more true for CO2 capture and storage technologies 
because 1) there are many competing technology options to capture CO2 from 
power plants (see e.g. [8], [9]), that cover all technology readiness levels (TRL’s, Box 
2), and 2) CCS lacks an inherent monetary value: it does not produce a valuable 
good, but is rather a means to reduce a waste, which makes cost reductions an 
essential part of technology uptake [5].  

In this context, it is important to note that published performance estimates of CO2 
capture technologies vary significantly in literature. For example, although the 
reported energy for CO2 capture from coal power plants with the most standard 
postcombustion solvent monoethanolamine, shows a downward trend (Figure 1.3), 
the variance is appreciable. A selection of reported separation energies of CO2 from 

 

natural gas fired power plants using the same solvent, even shows a rising trend 
(Figure 1.4). Furthermore, published results for advanced amines also show 
significant variance, and seem to have increased over time (Figure 1.3). The 
performance results of other CO2 capture technologies show similar large 
variations (see e.g. [8]).  

Most of the technical performance estimates in Figure 1.3 and Figure 1.4 are 
generated by process models, and the observed variance is, for a large part, caused 
by uncertainty in these models and their underlying knowledge base. Model 
uncertainty has many causes, among which the use of different simulation 
software, the use of different thermodynamic or kinetic models, and sometimes 
insufficient model validation. Furthermore, some studies do not provide every 
detail on data input and model assumptions, which makes it difficult to understand 
the source of uncertainty and variance, and therefore their reliability.  

Besides technical uncertainty, also economic uncertainty is considerable. Despite 
hopes for cost reductions in the early 2000’s, average capital cost estimates of CCS 
technologies have increased up till the mid 2010’s [10]. For coal power with CCS, 
the levelised cost of electricity has increased too, while the average costs of CO2 
captured and avoided decreased [10]. Conversely, the LCOE for gas power with CCS 
has gone down, while the average cost of CO2 avoided has gone up [10]. Reasons 
for these changes in cost performance include (too) optimistic capital cost 
estimates in the earlier days of CCS research, cost increases due to continued 
technology development up till the first constructed plant, and the use of different 
economic assumptions [10]. In addition, the transparency of cost estimates is often 
poor, leading to question their reliability. 

So far, studies on CCS have addressed the techno-economic uncertainties by 
applying quantitative uncertainty analysis. Examples range from validation of input 
data and model predictions [41]–[43], to sensitivity analysis (e.g. [44], [45]), 
parametric analysis (e.g. [21], [46], [47]), and Monte Carlo analysis (e.g. [12]). 
Validation typically gives a figure of merit by showing how accurately a model 
predicts (independent) experimental data, while sensitivity and Monte Carlo 
analysis provide ranges of possible outcomes. These analyses however do not 
provide an unequivocal answer to how reliable a model is, and thus its outputs are. 
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Box 2. Description of technology readiness levels and technology development stages. 

 

The development of an energy technology goes through distinct stages, from concept, 
to laboratory or bench scale tests, to pilot scale testing, demonstration, and 
commercialisation. NASA developed a useful scale to define technology development, 
called technology readiness levels [78]. The TRL scale has been adapted for energy 
technologies, and is now widely used in R&D programmes, for instance by the US DOE, 
and in the EU Horizon 2020 programme. 

Technology 
Readiness 
Level 

U.S. Dept. of Energy TRL 
Definition [78] 

EU Horizon 2020 
definition [79] 

Corresponds to 
technology 
development 
definition by [5] 

9 Actual system operated 
over the full range of 
expected conditions 

Actual system 
proven in 
operational 
environment 

Commercial process 

8 Actual system completed 
and qualified through test 
and demonstration 

System complete 
and qualified 

Full scale 
demonstration plant 

7 Full-scale similar 
(prototypical) system 
demonstrated in relevant 
environment 

System prototype 
demonstration in 
operational 
environment 

 

6 Engineering/pilot-scale 
similar (prototypical) 
system validation in 
relevant environment 

Technology 
demonstrated in 
relevant 
environment 

Pilot plant 

5 Laboratory scale, similar 
system validation in 
relevant environment 

Technology 
validated in relevant 
environment 

Laboratory or bench 
scale 

4 Component and/or system 
validation in laboratory 
environment 

Technology 
validated in lab 

 

3 Analytical and 
experimental critical 
function and/or 
characteristic proof of 
concept 

Experimental proof 
of concept 

 

2 Technology concept and/or 
application formulated 

Technology concept 
formulated 

Conceptual design 

1 Basic principles observed 
and reported 

Basic principles 
observed 

 

 

 

Quantitative analyses for instance do not answer questions like “How strong is the 
knowledge of a process that supports the model?”, “how strong is the empirical 
basis of the input data that is fed to the model?”, or, “how experienced was the 
modeller, and how much time was available for the assessment?”. Quantitative 
uncertainty analysis thus only provides partial insight into a wide range of 
uncertainties, and leaves many uncertainties, specifically in the knowledge base, 
unexplored. This is a clear caveat that needs to be tackled to improve the 
understanding and informed use of techno-economic analysis results. 

Furthermore, full scale techno-economic ex ante studies for CO2 capture 
technology are usually undertaken from TRL 5 onwards (e.g. [48], [49]), when lab  

 

Figure 1.3. Specific reboiler duty of solvent capture technologies applied to coal flue gas as 
published in scientific literature. Modelling results over time. Open markers represent large pilot 
plant data, closed markers are model results. MEA results are all based on a 30%wt solvent (1 [11]; 
2 [12]; 3 [13]; 4 [14]; 5 [15]; 6 [16]; 7 [17]; 8 [18]; 9 [19]; 10 [20]; 11 [21]). Advanced amines are 
piperazine promoted AMP, MDEA, MEA, or K2CO3 (12 [22]; 13 [23]; 14 [17]; 15 [16]; 16 [24]; 17 [25]; 
18 [26]; 19 [27]; 20 [28]; 21 [29]; 22 [30]). Phase change solvents: 23 [15]; 24 [18]. 
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scale pilots are available. Techno-economic studies of technologies before TRL 5 
are unsurprisingly scarcer, but it would be very welcome to also have an impression 
of the techno-economic feasibility of technologies that are at TRL 3-4, to efficiently 
deploy R&D resources, and speed up technology commercialisation. Some 
attempts are made to quantify – especially the technical – feasibility of low TRL 
technologies, but often without considering the total system performance 
(including CO2 source and CO2 compression plant) and the technology development 
potential when scaled up from bench to commercial size (e.g. [50], [51]).  

The scaling up issue was already recognized in life cycle assessment literature 
where frameworks have been proposed to scale up the results from lab tests to full 
industrial size, in order to provide a meaningful assessment [52], [53]. Without 
accounting for potential technology improvements and/or changes over the 
development cycle, results could be unrepresentative of an industrial scale process. 
Summarizing, also in the techno-economic assessment of low TRL (3-4) 
technologies there seems to be ample, and necessary, room for improvement. 

 

Figure 1.4. Specific reboiler duty of MEA capture plants applied to NGCC flue gas as published in 
scientific literature. Modelling results over time. All data points consider normal NGCC 
configurations without exhaust gas recycle and using a 30%wt MEA solvent. Open markers 
represent large pilot plant data. Data from: 1 [31]; 2 [32]; 3 [33]; 4 [34]; 5 [20]; 6 [35]; 7 [16]; 8 [36]; 
9 [37]; 10 [21]; 11 [38]; 12 [39]; 13 [40]. 
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In addition to gaps in techno-economic uncertainty analysis, and techno-economic 
analysis of low TRL technologies, there is an exogenous trend affecting techno-
economic assessment of CCS technologies for the power sector. While in the past 
coal power plants – and to a lesser extent natural gas power plants – were used for 
baseload performance, operation is nowadays shifting towards flexible dispatch 
[54]–[56]. This is caused by such phenomena as increased decentralized power 
production, and increasing shares of intermittent renewable electricity [57]. Both 
trends are expected to continue in the future. So far, the scientific community has 
dealt with this shift in 3 ways. First, by studying the ability of power plants and 
capture plants to deal with power plant load changes through either dynamic 
simulation or (limited) pilot testing [56], [58]–[62]; second, by quantifying potential 
economic costs or benefits of flexible CCS plant dispatch options [55], [63]–[65]; 
and third, a limited amount of steady state simulation 

studies has been undertaken to investigate the off-design performance of CCS 
plants [37], [39], [54], [66]. However, a comprehensive method for techno-
economic comparison that incorporates flexible dispatch of power plants with CCS 
is still lacking. Instead, CCS technologies are still assessed and compared assuming 
full load plant dispatch. This discrepancy between reality and assessment may lead 
to suboptimal selection of CCS technologies, and to design choices that are 
inconsistent with operational practice.  

1.3. Research objective and questions 
In light of the above, the research goal of this thesis is twofold: first, to investigate 
key methodological issues concerning the reliability and uncertainty of ex-ante 
techno-economic analysis for emerging technologies, and second, to propose 
methodological improvements to current modelling practices. These improvements 
will be applied to, and tested in, case studies of existing and emerging CO2 capture 
technologies for the power sector, because proposed CCS technologies are multiple 
and very diverse. 

To fulfil the research goal, the following three research questions will be addressed: 

RQ1. What are the main challenges when using state-of-the-art techno-economic 
analysis methods to assess emerging CO2 capture technologies, and how can these 
challenges be addressed?  
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plants [37], [39], [54], [66]. However, a comprehensive method for techno-
economic comparison that incorporates flexible dispatch of power plants with CCS 
is still lacking. Instead, CCS technologies are still assessed and compared assuming 
full load plant dispatch. This discrepancy between reality and assessment may lead 
to suboptimal selection of CCS technologies, and to design choices that are 
inconsistent with operational practice.  

1.3. Research objective and questions 
In light of the above, the research goal of this thesis is twofold: first, to investigate 
key methodological issues concerning the reliability and uncertainty of ex-ante 
techno-economic analysis for emerging technologies, and second, to propose 
methodological improvements to current modelling practices. These improvements 
will be applied to, and tested in, case studies of existing and emerging CO2 capture 
technologies for the power sector, because proposed CCS technologies are multiple 
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RQ2. How is uncertainty analysis incorporated in techno-economic modelling of 
CO2 capture technologies, where are the most important gaps, and how can 
uncertainty analysis be improved? 

RQ3. How can flexible dispatch be incorporated in the techno-economic analysis 
and comparison of CO2 capture technologies, and how does this influence their 
performance? 

1.4. Scientific and societal relevance 
The scientific relevance of this thesis has multiple facets. The main contribution is 
improvement of methods and approaches for ex ante techno-economic 
assessment of energy technologies. This thesis focuses on CCS technologies, but 
the improvements can equally apply to assessment of technologies other than CCS, 
such as biofuels and biomaterials, energy storage technologies, solar, and wind 
applications. This thesis will provide deep insight into current techno-economic 
modelling practice, assess improvement potential, and propose improvements 
and/or new approaches to fill the existing gaps. Specifically, the thesis will 
introduce the use of qualitative uncertainty analysis methods to the field of techno-
economic analysis, and combine those with currently used methods for 
quantitative uncertainty analysis. This will help to enhance the quality of techno-
economic modelling and energy system analysis, and the attention that modellers 
give to uncertainty analysis, management, and communication. In turn, this will 
help modellers better understand and communicate their models and results, and 
foster an enhanced appreciation of uncertainty and transparency. The thesis will 
also propose approaches to produce meaningful assessments of low TRL (3-4) 
technologies, thereby unlocking opportunities to start systematic screening of 
technology potential at an earlier stage. The introduction of a comprehensive new 
method for techno-economic assessment of power plants and/or other industrial 
systems under real(istic) dispatch profiles will advance feasibility assessment of CCS 
technologies under more realistic conditions, potentially leading to more robust 
RD&D spending and technology selection. 

The aforementioned benefits to the scientific field can trickle down to society 
through policy and decision making. Improved and increasingly transparent techno-
economic data can improve R&D decision-making and funds distribution, thereby 
supporting optimal spending of public and private money, and aid to reach the goal 
of a low carbon electricity system by mid-century and at acceptable costs. This links 

 

directly to policy instruments and international cooperation platforms that are 
currently being designed or rolled out. An example is the carbon capture innovation 
challenge of the mission innovation challenge initiative, which seeks “to identify 
and prioritize breakthrough technologies, and recommend R&D pathways and 
collaboration mechanisms” [66: 13]. The carbon capture innovation challenge 
focuses on low TRL technologies, and will also be incorporated into the new EU 
strategic energy technologies (SET) plan [68]. CCS R&D was already strongly 
embedded into the European energy and technology roadmaps for 2050 [69], [70], 
and in the EU societal challenge of secure, clean, and efficient energy [71], further 
highlighting the societal relevance of the research that will be done in this thesis. 

1.5. Reading guide 
The research questions will be considered in the subsequent chapters of this book 
(Table 1.1).  

RQ1 will be topic of research in all the following chapters. Chapter 2 will lay the 
foundation by describing the modelling of a coal-fired power plant with CO2 capture 
using the most widely studied first generation technology, postcombustion capture 
with a MEA solvent. It will show how using state-of-the-art methods may lead to 
results that differ from pilot plant measurements, and that sometimes adaptation 
of existing models is required. Chapter 3 builds on chapter 2, describing the 
development of a process model for a second-generation postcombustion solvent 
(AMP with piperazine), and how this requires selecting the most reliable datasets 
for model fitting.   

Table 1.1. Overview of the topics covered in this thesis and their relation to the research questions 

Chapter Topic Research 
questions 

  I II III 
2 Improvements to uncertainty analysis of process 

models applied to existing power and CO2 capture 
technology 

     

3 Development and uncertainty analysis of process 
model for advance amine CO2 capture technology 

     

4 Understanding of variability and uncertainty in 
techno-economic assessments of power with CCS 

      

5 Challenges of techno-economic assessment of very 
early stage CO2 capture technologies 

     

6 CCS technology comparisons applying realistic plant 
dispatch profiles 
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Chapter 4 investigates the current practice of economic assessment and 
uncertainty analysis by comparing two different studies of the same power with 
CCS technology. The results of the two studies show similarities but also large 
differences, hence providing an ideal opportunity to gain in-depth understanding 
of how economic assessment is undertaken, and how different methods and/or 
choices can lead to very different results, despite following established guidelines. 
Chapter 5 explores the use and limitations of state-of-the-art process modelling 
methods for very early stage (TRL 3-4) CCS technologies, and proposes hybrid ways 
to project the future performance of technologies that have only been shown in 
the lab. It also deals with the challenges that modellers face when pursuing 
economic estimates of low TRL technologies, thereby increasing our understanding 
of how to tackle such tasks, and which limitations are inherent. Finally, chapter 6 
proposes a new method for the evaluation of carbon capture technologies 
assuming flexible dispatch and investigates how this affects process modelling and 
operation of power plants and CO2 capture technology. 

RQ2 is addressed in chapters 2 through 5. Chapter 2 will describe the quantitative 
uncertainty analysis methods that are currently used in the field of process 
modelling, and propose complementary qualitative uncertainty analysis, notably 
pedigree analysis. Chapter 3 continues along this line by applying the quantitative 
and qualitative methods to a newly developed process model of a second 
generation solvent. Small adjustments to the pedigree method will be introduced 
based on findings from chapter 2. Chapter 4 introduces and adjusts the qualitative 
uncertainty analysis approach for use in economic estimation, and extents it with 
diagnostic diagrams. These diagnostic diagrams combine the results of quantitative 
and qualitative uncertainty analysis into one single graph, and thus provide a single 
overview of the different uncertainties in a model. Because the focus of chapter 5 
is on exploring methods for techno-economic analysis of very early stage (TRL 3-4) 
CCS technologies, uncertainty analysis will be limited to an extended sensitivity 
analysis.  

RQ3, targeting flexible dispatch and operation of power plants with CCS, is 
introduced in chapter 4, by calculating the levelised cost performance of power 
with CCS in a low utilization scenario, and arguing that also the effect of part load 
operation on technical performance needs to be included in technology 
performance analysis. This is further worked out in chapter 6, which introduces a 
new and comprehensive method for the assessment of (power with) CO2 capture 

 

technologies assuming realistic dispatch profiles. The method produces 
performance indicators such as the CO2 emission intensity of power, the specific 
energy requirement of CO2 avoidance, and the levelised cost of electricity, 
analogous to the full load analysis method. It is then used to analyse and compare 
the part load performance of a natural gas power plant with MEA and with an 
advanced membrane configuration, providing insight in the differences in their 
technical, operational, and economic performance during off design operation. 
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2. Improving uncertainty evaluation of process models 
by using pedigree analysis. A case study on CO2 
capture with monoethanolamine.  

 

Abstract: this chapter aims to improve uncertainty evaluation of process models by 
combining a quantitative uncertainty evaluation method (data validation) with a qualitative 
uncertainty evaluation method (pedigree analysis). The approach is tested on a case study 
of monoethanolamine based postcombustion CO2 capture from a coal power plant. Data 
validation was used to quantitatively assess the uncertainty of the inputs and outputs of 
the MEA model. Pedigree analysis was used to qualitatively assess the uncertainty in the 
current knowledge base on MEA carbon capture systems, the uncertainty in the MEA 
process model, and the uncertainty of the MEA model results. The pedigree review was 
done by thirteen international experts in the field of postcombustion carbon capture with 
chemical solvents. 
The data validation showed that our MEA model is accurate in predicting specific reboiler 
duty, and CO2 stream purity (4% and 1% difference respectively between model and pilot 
plant results), but in first instance it was less accurate in predicting liquid over gas ratio, and 
cooling water requirement (54% and 23% difference respectively between model and pilot 
plant results). The pedigree analysis complemented these results by showing that there was 
fairly high uncertainty in the thermodynamic, and chemistry submodels, as reflected in the 
low pedigree scores on most indicators. Therefore, the model was improved to better 
resemble pilot plant results. 
The results indicate that using a pedigree approach improved uncertainty evaluation in 
three ways. First, by highlighting sources of uncertainty that quantitative uncertainty 
analysis does not take into account, such as uncertainty in the knowledge base regarding a 
specific phenomenon. Second, by providing a systematic approach to uncertainty 
evaluation, thereby increasing the awareness of modeller and model user. And finally, by 
presenting the outcomes in easy to understand numerical scores and colours, improving 
the communication of model uncertainty. In combination with quantitative validation 
efforts, the pedigree approach can provide a strong method to gain deep insight into the 
strengths and weaknesses of a process model, and to communicate this to policy and 
decision makers. 
 
Published as: M. Van der Spek, A. Ramirez, and A. Faaij, “Improving model uncertainty 
evaluation by using pedigree matrices. A case study on CO2 capture with 
Monoethanolamine.,” Comput. Chem. Eng., vol. 85, pp. 1–15, 2016.  
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2.1. Introduction 
2.1.1. Background 

Process modelling plays an important role in the research and development of 
(novel) technologies. A process model is defined here as a model containing a 
flowsheet of connected unit operations, with underlying physical property data, 
thermodynamic, and chemistry models, which transforms specified inputs into 
specified outputs (Figure 2.1). A major reason for constructing a process model is 
allowing the researcher to simulate the performance of a real chemical process, 
without having to build or perform experiments in an actual plant, which is a costly 
and time-consuming exercise. By using process models, significant understanding 
of a process can be gained in a relatively short time and at relatively low costs [1], 
[2]. 

Many process simulation models have been constructed to screen the technical 
performance of novel chemical technologies (e.g. [3]–[7]). The outcomes are often 
used by policy and decision makers as a basis for policy and R&D strategies. Other 
users include cost engineers, and life cycle engineers, that use the process model 
results as input for their cost, or LCA analysis. It is thus very common that the users 
of process model outputs are other than the modeller, and therefore they tend to 
have a limited understanding of how the process model came into being. 
Consequently, they use the model outputs, but are often unaware of the 
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uncertainty1 of this data. This in turn, may lead to biases in policy and decision 
making. A systematically harmonized assessment of model uncertainty, and/or 
model output uncertainty, can support users to understand the quality, and 
limitations of the model, and can lead to more informed use of the model and the 
results it provides. Model uncertainty is thus a relevant concept in construction and 
dissemination of process models. 

2.1.2. Definitions of model uncertainty 
In scientific modelling literature, many definitions of uncertainty can be found. 
Examples include “incomplete information about a particular subject” (Ascough et 
al: 387 [8]), “lack of confidence in knowledge related to a specific question” (Sigel 
et al: 504 [9]), and “any deviation from the unachievable ideal of completely 
deterministic knowledge of the relevant system” (Walker et al.: 5 [10]). Uncertainty 
may come in many forms, such as contextual uncertainty2, model structure 
uncertainty3, parameter uncertainty, and input data uncertainty [11]. It can be 
caused by such aspects as lack of knowledge, the methods used, natural variability, 
and measurement errors [10], [11]. Uncertainty is partly quantifiable, e.g. natural 
variability and measurement errors, but also resides in parts of models, and in parts 
of the modelling process, that cannot be quantified [12]. Examples of the latter are 
methodological4, or epistemic uncertainty5 [13]. 

Following the definition of Sigel et al. [9], we acknowledge that uncertainty resides 
in all types of knowledge that form the underlying basis of a process model, 
including both qualitative, and quantitative uncertainty. Another aspect of Sigel’s 
definition that we consider relevant to process modelling studies, is that it makes a 
connection between uncertainty, and the modelling question. This implies that the 

                                                             
1 Section 2.1.2 further elaborates on model uncertainty. 
2 “Contextual uncertainty stems from choices made about system boundaries and 
definitions used in an assessment” [11]. Examples are which unit operations to include in 
the flowsheet, or which impurities to incorporate in the model. 
3 “Model structure uncertainty relates to uncertainty about the causal structure of the 
model” [11]. An example is the ways unit operations are connected to one another in the 
flowsheet, but also the structure and interplay of the physical property models underlying 
the flowsheet.  
4 Methodological uncertainty relates to the methods used to obtain a specific result. It 
applies to input parameters as well as (sub)models) 
5 Epistemic uncertainty relates to the state of the knowledge base underlying a modelling 
study. Is the knowledge well-established or preliminary? Is it generally accepted by peers 
or is there debate about its reliability? 
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modeller’s strive is not for models with the least amount of uncertainty, but rather 
to match the right level of model uncertainty, with the uncertainty requirement of 
a specific type of question. For example, for an early stage technology screening, it 
may not be required to develop a very detailed process model. 

2.1.3. Currently used uncertainty evaluation methods in 
(process) modelling 

There are many methods, approaches and tools, to evaluate, manage, or analyse 
model uncertainty. A few examples used in process modelling will be discussed in 
this section, a more exhaustive list of approaches used in modelling in general, can 
be found in Appendix A, or for instance in Pohjola et al. [14].  

2.1.3.1. Quantitative uncertainty evaluation methods 
Typical quantitative methods include validation, sensitivity analysis, and error 
analysis. Validation of model outputs against an independently collected dataset is 
one of the most commonly used uncertainty evaluation methods [15]. In this case, 
the model is generally compared with experimental data to establish the goodness 
of fit of the model output. Validation thus aims to provide insight into how 
accurately the model describes reality, and how big the difference is between 
model and experiment.  

Sensitivity analysis aims to understand the sources of uncertainty in model 
calculations and to identify those parameters that contribute with the largest share 
of uncertainty in a given outcome of interest [16], [17]. Sensitivity analysis 
preferably includes running some extreme cases in input parameters, to test if the 
model responds as it would be expected to [18].  

Error analysis and probabilistic uncertainty analysis can provide extra insight into 
the numeric uncertainties of model outputs. They focus on quantitative 
representation of the uncertainty, or error, in model inputs, and translate that into 
compiled errors (or probabilities) of the outputs. Often Monte Carlo simulation and 
error propagation are used as tools for these types of uncertainty analysis [3], [16], 
[19], but also more novel mathematical tools are available, for instance polynomial 
chaos expansion [17], [20]. All these methods have in common that they put a 
quantitative figure of merit on model output in the form of a probability 
distribution function (PDF), or error bars [18].  

 

2.1.3.2. Limitations of quantitative uncertainty evaluation 
methods 

The strength of quantitative evaluation methods is that they provide a measure for 
model quality that is relatively easy to understand and can be perceived as 
objective, because it is calculated following stringent mathematical principles. 
However, these methods also show clear weaknesses and limitations. A first 
limitation for validation, is that it is only useful if you are able to retrieve a 
representative and independent dataset, preferably from a pilot or commercial 
plant, to compare with model outputs [18]. A second, similar limitation applies to 
Monte Carlo Simulation, where the premises that every parameter can be 
described by a PDF often has no reasonable basis, for instance because of a lack of 
empirical data [16]. The uncertainties represented in the output of a Monte Carlo 
simulation are no more than a compilation of uncertainties of model inputs. This 
means that if there is not sufficient, good quality data to fit the PDF of the inputs, 
this will lead to underrepresentation of reality, whilst creating a false sense of 
certainty. A third, major limitation of quantitative methods, is that they are only 
able to capture parameter uncertainty, for instance the input parameters depicted 
in Figure 2.1. They fail to provide insight however, into A) uncertainty in the model 
structure, and B) uncertainty in the knowledge base underlying both input 
parameters and the process model (epistemic and methodological uncertainty, 
section 2.1.2). This also strongly relates to the fact that not all sources of 
uncertainty can be quantified, as was explained in section 2.1.2. Thus quantitative 
uncertainty analyses “only provide a partial insight into what usually is a very 
complex mass of uncertainties” (Van der Sluijs et al.: 482 [13]), and thus do not 
provide insight into uncertainties that are unquantifiable, but that are very relevant 
for the user of the process model and its output.  

2.1.3.3. Pedigree analysis as a complementary approach to 
quantitative uncertainty methods 

An uncertainty evaluation method that is able to fill the gaps left by quantitative 
methods, is expert elicitation with the use of so-called pedigree analysis [11], [13], 
[14], [21]. To the best of our knowledge, this qualitative uncertainty evaluation 
method is not currently used in chemical process modelling. In environmental 
sciences however, it is more commonly applied and it is typically combined with 
quantitative methods like data validation and sensitivity analysis. Environmental 
modellers, like process modellers, are often confronted with highly complex, non-

15019 - vdSpek_BNW.indd   24 31-10-17   11:32



24 25
 

modeller’s strive is not for models with the least amount of uncertainty, but rather 
to match the right level of model uncertainty, with the uncertainty requirement of 
a specific type of question. For example, for an early stage technology screening, it 
may not be required to develop a very detailed process model. 

2.1.3. Currently used uncertainty evaluation methods in 
(process) modelling 

There are many methods, approaches and tools, to evaluate, manage, or analyse 
model uncertainty. A few examples used in process modelling will be discussed in 
this section, a more exhaustive list of approaches used in modelling in general, can 
be found in Appendix A, or for instance in Pohjola et al. [14].  

2.1.3.1. Quantitative uncertainty evaluation methods 
Typical quantitative methods include validation, sensitivity analysis, and error 
analysis. Validation of model outputs against an independently collected dataset is 
one of the most commonly used uncertainty evaluation methods [15]. In this case, 
the model is generally compared with experimental data to establish the goodness 
of fit of the model output. Validation thus aims to provide insight into how 
accurately the model describes reality, and how big the difference is between 
model and experiment.  

Sensitivity analysis aims to understand the sources of uncertainty in model 
calculations and to identify those parameters that contribute with the largest share 
of uncertainty in a given outcome of interest [16], [17]. Sensitivity analysis 
preferably includes running some extreme cases in input parameters, to test if the 
model responds as it would be expected to [18].  

Error analysis and probabilistic uncertainty analysis can provide extra insight into 
the numeric uncertainties of model outputs. They focus on quantitative 
representation of the uncertainty, or error, in model inputs, and translate that into 
compiled errors (or probabilities) of the outputs. Often Monte Carlo simulation and 
error propagation are used as tools for these types of uncertainty analysis [3], [16], 
[19], but also more novel mathematical tools are available, for instance polynomial 
chaos expansion [17], [20]. All these methods have in common that they put a 
quantitative figure of merit on model output in the form of a probability 
distribution function (PDF), or error bars [18].  

 

2.1.3.2. Limitations of quantitative uncertainty evaluation 
methods 

The strength of quantitative evaluation methods is that they provide a measure for 
model quality that is relatively easy to understand and can be perceived as 
objective, because it is calculated following stringent mathematical principles. 
However, these methods also show clear weaknesses and limitations. A first 
limitation for validation, is that it is only useful if you are able to retrieve a 
representative and independent dataset, preferably from a pilot or commercial 
plant, to compare with model outputs [18]. A second, similar limitation applies to 
Monte Carlo Simulation, where the premises that every parameter can be 
described by a PDF often has no reasonable basis, for instance because of a lack of 
empirical data [16]. The uncertainties represented in the output of a Monte Carlo 
simulation are no more than a compilation of uncertainties of model inputs. This 
means that if there is not sufficient, good quality data to fit the PDF of the inputs, 
this will lead to underrepresentation of reality, whilst creating a false sense of 
certainty. A third, major limitation of quantitative methods, is that they are only 
able to capture parameter uncertainty, for instance the input parameters depicted 
in Figure 2.1. They fail to provide insight however, into A) uncertainty in the model 
structure, and B) uncertainty in the knowledge base underlying both input 
parameters and the process model (epistemic and methodological uncertainty, 
section 2.1.2). This also strongly relates to the fact that not all sources of 
uncertainty can be quantified, as was explained in section 2.1.2. Thus quantitative 
uncertainty analyses “only provide a partial insight into what usually is a very 
complex mass of uncertainties” (Van der Sluijs et al.: 482 [13]), and thus do not 
provide insight into uncertainties that are unquantifiable, but that are very relevant 
for the user of the process model and its output.  

2.1.3.3. Pedigree analysis as a complementary approach to 
quantitative uncertainty methods 

An uncertainty evaluation method that is able to fill the gaps left by quantitative 
methods, is expert elicitation with the use of so-called pedigree analysis [11], [13], 
[14], [21]. To the best of our knowledge, this qualitative uncertainty evaluation 
method is not currently used in chemical process modelling. In environmental 
sciences however, it is more commonly applied and it is typically combined with 
quantitative methods like data validation and sensitivity analysis. Environmental 
modellers, like process modellers, are often confronted with highly complex, non-

15019 - vdSpek_BNW.indd   25 31-10-17   11:32



26 27
 

linear systems, as well as incomplete data or knowledge on specific natural 
phenomena. In that sense, environmental modelling is, to some extent, analogous 
to chemical process modelling, which gives reason to believe that uncertainty 
evaluation tools used in environmental modelling, may also prove useful in process 
modelling. 

The idea behind expert elicitation as a means of uncertainty evaluation is that the 
modeller explicitly provides insight to third parties into the inputs, submodels, 
assumptions, and details, which together form the process model. The modeller 
thus provides evidence to experts, so that the latter can independently judge the 
model’s quality [12]. To mitigate subjectivity and provide useful insights, pedigree 
matrices are used [13]. A pedigree matrix is a tool that systematically scores (sub) 
model and/or parameter strength with respect to a number of predefined quality 
indicators, called pedigree criteria. Pedigree matrices were first introduced by 
Funtowicz and Ravetz, as a measure of the quality of data used for modelling 
purposes [22]. The idea is to “code qualitative expert judgment for a set of problem-
specific pedigree criteria into a numerical scale, with criteria as columns of the 
table, the numerical codes as table lines, and linguistic descriptions for each value 
in each cell of the table” (Ciroth 2009: 1586). The strength of this method is that it 
provides a structure to critically appraise the knowledge base behind quantitative 
policy relevant scientific information, and that it fosters an enhanced appreciation 
of the issue of uncertainty in model outputs.  

Pedigree matrices have been used as a support tool for decision making in a 
number of cases to help making results more transparent. Some examples include: 

 A model study into NOx, SOx, and NH3 emissions in The Netherlands [13]; 
 Evaluation of uncertainties in the Integrated Model to Assess the Global 

Environment (IMAGE), of the Netherlands Environmental Assessment 
Agency [13]; 

 Cost data quality considerations for eco-efficiency measures [23]; 
 Evaluating the Data Quality in a Quantitative Microbial Risk Assessment 

Model for Salmonella in the Pork Production Chain [24]. 

 

 

 

2.1.4. Goal of this paper 
This paper aims to improve process model uncertainty evaluation by combining 
quantitative and qualitative methods for uncertainty evaluation in process 
simulation models. It will combine data validation (quantitative) with pedigree 
analysis (qualitative). In this way, we aim to improve insights into uncertainty of 
process models and results, thereby increasing the informed and more transparent 
use of process models for policy, and decision making. Providing a more complete 
view of the uncertainties and their significance can also provide useful information 
for R&D strategies. This approach will be tested in a process model developed to 
assess the technical performance of a CO2 capture process based on 
monoethanolamine solvent (MEA) from a coal power plant flue gas. This case study 
has been chosen because the technology has been developed up to the large pilot 
scale, and hence validation data is available. Secondly, it is a widely studied case in 
the field of CO2 capture, and hence the chemical engineering aspect is already well 
understood, which provides the room to focus on uncertainty management, as to 
exemplify our approach.  

2.2. Research method 
2.2.1. Case study 

Chemical absorption of CO2 with MEA is a mature technology in the fields of natural 
gas sweetening and CO2 capture for the food industry. It is however not 
commercially used for the purpose of CO2 capture and storage from power plant 
flue gasses, but it is currently considered the most mature technology for this 
purpose [25], [26]. A detailed description of the process is shown in section 2.3.1.1. 
Chemical absorption of CO2 contains many different sources of complexities and 
uncertainty. Complex chemical engineering aspects play a role, including 
electrolyte chemistry, highly non-ideal thermodynamics, mass transfer limitations 
and reaction kinetics (see e.g. [27]–[29]). This implies there is a vast knowledge 
base underlying models of these systems. 

2.2.2. Modelling procedure and uncertainty analysis 
The modelling procedure of the MEA carbon capture technology in this study 
contained four distinct stages: literature review; model specification; model runs; 
and interpretation of results. Uncertainty evaluation was pursued between all 
these stages (Figure 2.2): 
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 After the literature review. At this point, the quality of current (state of the 
art) scientific knowledge on MEA system modelling was reviewed. This 
review allows understanding which data is available as input for MEA 
models, and how (un)certain this data is. This information can be compared 
to the uncertainty of the process model, which is evaluated after the 
second stage. For this uncertainty evaluation, pedigree matrices were used 
(see section 2.2.4). 

 After model specification. At this point, the uncertainty of the specified 
model was reviewed to understand the quality of the model, and how it 
compares to the state of the art. Data validation and pedigree matrices 
were used.  

 After running the model. At this point, the quality of the model results was 
evaluated. Data validation and pedigree matrices were used. 

2.2.3. Data validation 
Data validation was applied twice in the modelling procedure: to the model inputs 
and to the model outputs (Figure 2.2). For our case study, the validated inputs 
include the flue gas feed stream to the carbon capture unit and the boundary 
conditions for simulating the carbon capture unit (e.g., pressure and temperature 
settings, and pressure drops over equipment). Preferably, the inputs and 
characteristics of process models would be validated against performance  

 

Figure 2.2. Graphic representation of the modelling procedure followed in this study. The blue 
boxes indicate the points where uncertainty evaluations were carried out and which evaluation 
tools were used.  

 

measurements of a full size, commercial plant, if the model is meant to simulate 
the performance of a full size plant. In the particular case of emerging technologies 
however, this is not possible, since by definition they have not reached commercial 
deployment yet. If this is the case, the model can be validated against pilot, or even 
bench scale results, in descending order of preference. In case a large pilot is 
available, the characteristics are likely to resemble that of a commercial 
technology. In the case of a small pilot, or bench scale plant however, this is often 
not the case, and only parts of the design and output characteristics can be used 
for validation purposes. 

The input data of our MEA model were validated against the Esbjerg (large pilot) 
and ITC (small pilot) plant results [30]–[32] where possible, and against other 
modelling studies were necessary. The output data were validated against 
published results of the Esbjerg pilot plant. This plant was chosen because the 
design of its main equipment is close to a commercial design. i.e., the columns have 
a height representative of a commercial plant, and packing that would also be used 
in commercial absorber/stripper configurations. Therefore, the Esbjerg plant is 
considered an acceptable proxy for a commercial PCC process. 

2.2.4. Pedigree analysis 
Pedigree analysis was applied three times in the modelling procedure: to the state 
of the art in literature, to the various model components, and to the model results 
(Figure 2.2).  

The pedigree analysis of the state of the art included the chemical components and 
their properties, MEA chemistry, thermodynamics, and potential process line-ups. 
The pedigree analysis of the model outputs included a selection of relevant 
performance indicators for the MEA system, further specified in section 2.3.2. The 
pedigree analysis of the model itself, includes the evaluation of both input 
parameters and submodels. Table 2.1 shows the model components that were 
considered relevant for pedigree review of the MEA system, because they are the 
main building blocks of a carbon capture system with chemical solvents. Note that 
the table distinguishes between input parameters and submodels, following Figure 
2.1, and the definition of a process model in section 2.1.1. Input parameters are the 
data that are fed into the model; submodels are aggregated groups of model 
equations and coefficients, for example, the equations and coefficients that 
together form the thermodynamic submodel.  
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Table 2.1. Model components that were reviewed using pedigree analysis. A distinction was made 
between input parameters, and submodels. 

Input Parameters  Feed streams 
 Boundary Conditions 
 Pure component properties 

Submodels  Flowsheet 
 Thermodynamics  
 Chemistry 
 Unit operations 

 

2.2.4.1. Selected Pedigree Matrices 
For the pedigree assessment of data uncertainty in this work (state of the art, 
model input, and model outputs), we used a pedigree matrix that was originally 
developed for the assessment of parameter strength of Integrated Assessment 
Models (Figure 2.3). We selected this matrix because it displays a strong scientific 
approach to the assessment of data uncertainty by assessing if proxies were used 
for data points; by assessing how strong the empirical basis of data is, and which 
method was used to collect the data; by including a measure of the theoretical 
understanding of data; and by assessing the level of validation of the data. Note 
that the row headings of Figure 2.3 list the five pedigree criteria used in our 
approach (proxy, empirical basis, theoretical understanding, methodological rigour 
and level of validation).The column headings list the strength of the criteria (in an 
ordinal scale from 0 to 4), and each box presents a linguistic description of a specific 
criterion and numeric score. Definitions of the pedigree criteria are given in 
Appendix B. 

Besides data, also submodels were evaluated with pedigree matrices (Table 2.1). 
However, as specific pedigree matrices for assessment of submodel uncertainty are 
unavailable, the matrix in Figure 2.3 was adapted. As a result, the pedigree criteria 
proxy and empirical basis were removed, because they strictly relate to 
parameters, and not to submodels or model equations. Instead, we added the 
criterion skills & time. This criterion reflects the type and amount of resources 
available to execute the modelling task. The last change is the linguistic descriptions 
of the criterion validation so that it represents validation of submodels instead of 
data. Figure 2.4 shows the resulting pedigree matrix for the assessment of 
submodel quality. 
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rule of thumb 
estimate 

Crude 
speculation 

Theoretical 
understanding 

Well 
established 
theory 

Accepted 
theory with 
partial nature 
(in view of the 
phenomenon it 
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with partial 
nature and 
limited consensus 
on reliability 

Preliminary 
theory 

Crude 
speculation 

Methodological 
Rigour 

Best available 
practice in 
well-
established 
discipline 

Reliable method 
common within 
established 
discipline; best 
available 
practice in 
immature 
discipline 

Acceptable 
method but 
limited consensus 
on reliability 

Preliminary 
methods, 
unknown 
reliability 

No 
discernible 
rigour 

Validation 
Process 

Compared 
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variables or have 
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No 
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performed 

Figure 2.3. Pedigree matrix for the assessment of data uncertainty. This Matrix was originally 
developed to assess parameter strength of Integrated Assessment Models [33]. Definitions of the 
pedigree criteria are given in Appendix B. 

2.2.4.2. Expert review procedure 
An important aspect of model quality review with pedigree matrices is that the 
review is undertaken by independent experts. The problem with having the 
modeller review the quality of his own work is that he may be biased, willingly, or 
unwillingly. In this study, a group of experts in carbon capture modelling 
participated in the quality review. The experts were selected based on their 
experience with i) development of carbon capture solvents, ii) technical assessment 
of CO2 capture from power plants, and/or iii) generic chemical process simulations. 
The 14 experts taking part in this evaluation, are either employed by academia or 
research institutes, including leading research institutes in carbon capture 
technologies such as the Norwegian University of Science and Technology (NTNU), 
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University of Texas at Austin, and CSIRO (Australia). After the pedigree review, one 
of the respondents indicated his expertise on the topic was too low to be assumed 
an expert. His contribution to the assessment was therefore not included in the 
analysis leading to a total amount of respondents of 13.To limit the amount of work 
for the reviewers, pedigree scores were pre-assigned by the modeller. The filled 
matrices were then sent by email to the reviewers and they were asked to review 
the scores assigned in the pedigree matrices. If they did not agree with the scores 
assigned by the modeller, they should change them into a score that represented 
their opinion. In the file containing the scoring matrices, there was room for the 
reviewers to explain their choice, or to provide any other comment with respect to 
the pedigree analysis. After reviewing, they returned the updated matrices by 
email. In addition to the pedigree matrices, background information was also 
provided. This information pack described the characteristics of the MEA model 
(see supplementary information).  

  Strength         
Criterion 4 3 2 1 0 
Skills and time High expertise 

from multiple 
practitioners in 
subject matter 
and no time 
constraints 

Good expertise 
from single 
practitioner but 
limited time 
available 

Limited 
expertise but 
enough time to 
build skill for 
the specific 
purpose 

Limited 
expertise 
and limited 
time 
available 

No expertise in 
the subject 
matter and big 
time 
constraints 

Theoretical 
Understanding 

Well 
established 
theory 

Accepted theory 
with partial 
nature (in view 
of the 
phenomenon it 
describes) 

Accepted 
theory with 
partial nature 
and limited 
consensus on 
reliability 

Preliminary 
theory 

Crude 
speculation 

Methodological 
Rigour 

Best available 
practice in 
well-
established 
discipline 

Reliable method 
common within 
established 
discipline; Best 
available practice 
in immature 
discipline 

Acceptable 
method but 
limited 
consensus on 
reliability 

Preliminary 
methods ; 
unknown 
reliability 

No discernible 
rigour 

Validation 
Process 

The 
(sub)model as 
a whole has 
been 
compared with 
independent 
measurements 

Parts of the 
(sub)model have 
been compared 
with 
independent 
measurements 

Measures are 
not 
independent, 
include proxy 
variables or 
have limited 
domain 

Weak and 
very indirect 
validation 

No validation 
performed 

Figure 2.4. Pedigree matrix for assessment of submodel uncertainty. Adapted from Van der Sluijs 
et al. [33] Definitions of the pedigree criteria are given in Appendix B. 

 

2.2.4.1. Processing of Pedigree results 
The scores in pedigree matrices follow an ordinal scale, hence ordinal scale 
statistics were used for determination of averages and spreads. The results of the 
13 respondents were averaged into an overall result, by taking the median score. 
To determine the spread, initially the Interquartile Range (IQR6) was used. 
However, as is shown in Appendix C, in this study the result of this statistic is zero 
in most cases7, and hence provides very little information about the spread. 
Therefore, instead of the IQR, the standard deviation is used in the results section 
of this work. The medians and standard deviations were presented in tables, where 
a median of 0 indicates very high average uncertainty, and a median of 4 indicates 
very low average uncertainty. As a visible representation of uncertainty, scores 
were complemented with coloured shading: red (score 0), orange (1), Yellow (2), 
light green (3), dark green (4). 

2.2.5. Analysis of the combined validation and pedigree results 
In the final step, the results from both data validation and pedigree matrices were 
analysed to assess the overall uncertainty of the model, and model results. For this 
assessment, all pedigree analyses and data validations were assumed equally 
important during interpretation of final uncertainty and quality.  

2.3. Results 
2.3.1. Quality evaluation of the state of scientific knowledge on 

MEA carbon capture modelling 
2.3.1.1. Process description 

A MEA system is a process for post combustion capture of CO2 from a flue gas. 
Typical line-ups consist of an absorber-stripper combination in which the solvent, a 
30 wt% solution of monoethanolamine in water, is circulated (Figure 2.5). In the 
absorber, the solvent binds CO2 at low temperature and pressure. This “rich” 
solvent is sent to the stripper where the CO2 is released at elevated temperature, 
typically 120°C. Carbon dioxide comes over the top of the column, while lean, 
regenerated solvent goes through the bottom of the stripper, back to the 
absorption column. The stripping heat is supplied by low-pressure steam in the 
                                                             
6 The Interquartile Range, or IQR, is a measure of statistical variability used for ordinal scale 
statistics. It is defined as the difference between the first and the third quartile or a dataset: 
IQR = Q3-Q1. 
7 An IQR score of zero occurs if the values for the first and third quartile are equal to each 
other. This is generally a sign of high agreement amongst, i.e. low variability in, the dataset. 
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stripper reboiler. For heat integration, typically a cross heat exchanger is placed 
between absorber and desorber. Both absorber and stripper are equipped with a 
water wash. In the absorber, it washes entrained MEA droplets from the flue gas. 
In the stripper the water wash rectifies the desorbed CO2 stream. The MEA process 
contains a direct contact cooler (DCC), to cool flue gas to the required temperature, 
and a flue gas blower to overcome pressure drop in the DCC and absorber. Most 
commercial line-ups include highly optimized energy integration measures, in order 
to lower the MEA system’s energy penalty. Examples of these measures are 
reported in e.g., Ahn et al. [34]. 

2.3.1.2. Components 
The chemical components are summarized in Table 2.2. A vast amount of 
information is available in literature for the main flue gas components, the main 
solvent components and some of the electrolytes. This also applies to most of the 
flue gas impurities. For the solvent degradation products, and for the MEA 
electrolytes, the amount of available data is scarcer, especially for some physical 
properties. 

2.3.1.3. Chemistry 
The main chemical reactions in the MEA-H2O-CO2 system are well-known, and are 
given in Equations Equation 2.1 through Equation 2.5 [35]: 

Equation 2.1  ��� + ����
� ↔ ���

�� + ����   

Equation 2.2  ���� + ��� ↔ ����
� + ����  

Equation 2.3  ���� ↔ ��� + ����   

Equation 2.4  ��� + ���� ↔ ��� + ����  

Equation 2.5  ��� + ������� ↔ ��� + ����
�  

Table 2.2. Chemical components typically found in coal plant flue gas, and in MEA systems [36]. 

Main flue gas components N2, CO2, H2O, O2, Ar 
Possible flue gas impurities SOx, NOx, HCl, HF, CO, NH3, particulates, Hg, trace 

metals 
Main solvent components H2O, C2H7NO 
Solvent electrolytes OH-, H3O+, CO3

2-, HCO3
-, C3H6NO3

-, C2H8NO+ 
Solvent degradation 
products 

Heat stable salts of MEA and S, N or O 

 

 

 

 

Figure 2.5. Process flow diagram of the MEA plant 
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Besides the main reactions, there are side reactions between MEA and impurities 
in the flue gas. Examples are oxidative degradation of MEA into heat stable salts, 
MEA degradation with acid components, and polymerization of the MEA 
electrolytes. These mechanisms and reaction rates are currently under 
investigation, but knowledge on this topic is currently incomplete and inconclusive 
[37]–[41]. Note that most data has been collected from lab experiments, and 
limited data from pilot plants is available. Moreover, most of these lab experiments 
use different experimental methods, leading to difficulties in comparing results, 
and therefore on deriving robust conclusions on MEA degradation. 

2.3.1.4. Thermodynamics 
As can be derived from components and chemistry, CO2-H2O-amine systems 
contain multiple components and electrolytes. This leads to complex 
thermodynamics and phase equilibria that are governed by multiple simultaneous 
reactions. There are three ways to model the vapour-liquid equilibria in this system. 
Soft, or non-rigorous, models consist of simple mathematical relations to predict 
phase equilibria. Examples are the modified Kremser equation and the “soft” 
thermodynamic model implemented in the software CO2SIM [1], [42]. On the other 
end of the spectrum there are rigorous thermodynamic models, based on activity 
coefficients, such as the electrolyte –NRTL or the UNIQUAC model [43], [44]. In 
between these extremes are simplified activity coefficient models [45]. All these 
types of models are available for the MEA-CO2-H2O system and are frequently 
refined to better predict phase equilibria, and in some cases, component 
speciation. 

2.3.1.5. Uncertainty evaluation of current state of knowledge 
As explained in the methods section, the pedigree matrix for assessment of data 
uncertainty (Figure 2.3) was used to assess the current state of knowledge on MEA 
systems (scores provided by each individual experts are included in the 
supplementary materials). Table 2.3 shows the matrix for the main system, i.e., the 
system described by the reactions in equations 2.1-2.5. The matrix includes the 
medians of the scores assigned by the 13 experts, as well as the standard deviation 
in the experts’ scores.  

The matrix shows that all median scores for the main system are greater than three, 
reflecting agreement among the experts that the quality of currently available 

 

knowledge of the main system is high. More specifically, it means that they think 
there is a large amount of empirical data available on MEA system components, 
chemistry, thermodynamics and line-ups (criterion empirical basis), and that this 
information is a good measure for the values that are needed for our process 
models (criterion proxy). Furthermore, the matrix shows that the theoretical 
understanding of the MEA system is high, that the measurement methods of data 
are reliable and that the data has been well validated. The scores of indicators 
theoretical understanding, and methodological rigour, for line-ups, and chemistry 
are the highest (4), indicating that these particular sets of data are best understood, 
and the best regarded measurement methods are used to generate this data. In 
their responses, many experts made the comment that a great deal of data on the 
MEA system is currently available from lab, and small pilot plants. In case there is a 
need to further increase the quality of data, i.e., get all scores up to a value of four, 
more data needs to be generated in large demo plants, and preferably in 
commercial plants. 

Looking at the standard deviations of the expert scores in Table 2.3, the individual 
scores showed little variability. The pedigree indicator proxy shows the lowest 
standard deviations, meaning that the experts agree on the value assigned to this 
indicator. The largest standard deviation is observed for the criterion validation. 
This is explained by the fact that some experts believe current data is well validated, 
assigning a higher value of three or four, while other experts stress that current 
validation is done with lab values with limited validity, assigning a lower score of 
two.  

Table 2.3 shows that the quality of data on MEA degradation and impurity reactions 
is clearly lower than that of the main reactions, with median scores between one 
and three. As pointed out in section 2.3.1.2, current knowledge is still incomplete 
and inconclusive. Not all reaction products and reaction mechanisms have been 
identified, and if they have been identified, it is mostly in lab conditions that do not 
match actual plant conditions (e.g. [36], [46]). The small standard deviations show 
that there is general agreement amongst experts: the state of current knowledge 
of degradation, and impurity reactions is that research and experiments have been 
performed, but that the amount of empirical studies, and hence the theoretical 
understanding is still average; the research methods are not best in class yet and 
differ amongst research institutes, and validation has mostly been done to small 
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lab experiments, limiting the applicability of these results for use in models of 
commercial scale plants. 

Table 2.3. Pedigree scores for the process line ups, thermodynamics and chemistry of components 
of the main system (pedigree results of impurity and degradation reactions shown in Table 2.4). 
Medians and standard deviation of scores assigned by the experts. Median scores range from 0 
(high uncertainty) to 4 (low uncertainty). Colours used as visual aid. 

 Pedigree Criteria of State of Art MEA Knowledge 
Pedigree 
Criterion 

Proxy Empirical 
basis 

Theoretical 
understanding 

Methodo-
logical rigor 

Level of 
validation 

Data 
Med. St. 

Dev. 
Med. St. 

Dev. 
Med. St. 

Dev. 
Med. St. 

Dev. 
Med. St. 

Dev. 
Process line-
ups 3 0,00 3 0,00 4 0,28 4 0,44 3 0,00 
Thermo-
dynamics 3 0,28 3 0,41 3 0,38 3 0,28 3 0,71 

Chemistry 3 0,28 3 0,38 4 0,44 4 0,38 3 0,64 
Component 
(properties) 3 0,28 3 0,41 3 0,38 3 0,28 3 0,49 
 

Table 2.4. Pedigree scores for the process, thermodynamics and chemistry of impurities and 
degradation products (pedigree results of the main system shown in Table 2.3). Medians and 
standard deviations of scores assigned by the experts. Median scores range from 0 (high 
uncertainty) to 4 (low uncertainty). Colours used as visual aid. 

 Pedigree Criteria of State of Art MEA degradation Knowledge 
Pedigree 
Criterion

Proxy Empirical 
basis 

Theoretical 
understanding 

Methodo-
logical rigor 

Level of 
Validation 

Data 
Med. St. 

Dev. 
Med. St. 

Dev. 
Med. St. 

Dev. 
Med. St. 

Dev. 
Med. St. 

Dev. 
Process line-
ups 3 0,28 3 0,28 3 0,00 3 0,00 3 0,00 
Thermo-
dynamics 2 0,00 2 0,00 2 0,28 2 0,44 1 0,38 

Chemistry 3 0,66 3 0,48 2 0,28 2 0,00 2 0,49 
Component 
(properties) 2 0,28 2 0,28 2 0,28 2 0,28 2 0,41 
 

 

As a general conclusion, the state of the art on MEA is that the main system has 
been elaborately studied: much and good quality data is available. This is an 
important conclusion for modelling purposes, because it means that there is 
sufficient high quality data available that can be used to construct detailed, first 
principle process models. The degradation and side reactions are less studied, and 
data on this topic is of average quality. As a consequence, it is not possible to 
include these reactions into rigorous process models yet. However, the information 
should be sufficient to make simple mass balances of the amine degradation 
process. 

2.3.2. Model description 
This section describes the choices that were made in process model selection. The 
steps followed can be summarised as: understanding the process; defining the 
modelling objective; specifying selection criteria; selecting model attributes; 
specifying model; and running the model (see [47]).  

The objective of this MEA simulation model was to assess the technical 
performance of a commercial size carbon capture plant. The following output 
parameters were selected as a measure of technical performance: 

o Specific Reboiler Duty (SRD; GJ/t CO2 captured) 
o Liquid/gas ratio (kgsolvent/kgflue gas) 
o Electric power requirement (kJ/t CO2) 
o Cooling water requirement (GJ/t CO2) 
o Plant water requirement (m3/t CO2) 
o CO2 in stripper overhead (%) 

Flue gas from an Advanced Super Critical (ASC) Pulverized Coal (PC) power plant 
was used as feed stream to the MEA unit (stream 1 in Figure 2.5). The feed stream 
flow, and composition (Table 2.5), are the outputs of an in-house ASC power plant 
model, based on the European Best Practice Guidelines for Assessment of CO2 
Capture Technologies [48]. The values of our in-house model are well in line with 
the original values from the European Best Practice Guidelines (Table 2.5). For the 
purpose of this modelling work, it was not necessary to include flue gas impurities 
and MEA degradation reactions. 
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was used as feed stream to the MEA unit (stream 1 in Figure 2.5). The feed stream 
flow, and composition (Table 2.5), are the outputs of an in-house ASC power plant 
model, based on the European Best Practice Guidelines for Assessment of CO2 
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Table 2.5. Flow and composition of the flue gas feed stream to the MEA unit. 

Unit Value (ASC PC in-house model) Validation (Cesar 2011) 
Flow (kg/s) 780 782 
Pressure (bar) 1,0 1 
Temperature (°C) 50 50 
Composition (%vol)   
N2 72,2 72,9 
CO2 13,6 13.7 
O2 3,4 3,7 
H2O 9,5 9,7 
Ar 0,8 0,005 

 

The MEA system was modelled in the software package Aspen Plus V8.4, according 
to the flowsheet in Figure 2.5. As stated in section 2.3.1.1, more advanced process 
configurations exist for MEA carbon capture technology. Especially commercial 
vendors have developed their proprietary line-ups, in order to increase their 
technology’s energy performance (e.g. [49]). Note that in this paper we model a 
generic MEA system, and consequently proprietary line-ups have not been taken 
into account in the model. The e-NRTL-RK model was selected for prediction of CO2 
solubility in the MEA solvent. E-NRTL coefficients were retrieved from the Aspen 
databanks [50]. Equilibrium reactions in equations 2.1-2.5 were used; the 
equilibrium coefficients were also retrieved from the Aspen databanks. To include 
diffusion limitations of the gases into the solvent, the Aspen Ratesep blocks were 
selected for modelling of DCC, absorber, stripper, and water washes. The boundary 
conditions in Table 2.6 were used to specify the building blocks of the process 
model. Also these were validated against external data points, if validation values 
could be retrieved. 

2.3.3. Uncertainty evaluation of simulation model 
Data validation: as part of the uncertainty evaluation, we validated the feed 
stream, flowsheet and boundary conditions. The Feed stream (Table 2.5), was 
validated against the European Best Practice Guidelines for Assessment of Carbon 
Capture Technologies [48], and showed good accordance with values retrieved 
from this study. The European Best Practice Guideline is an independent source, by 
the European Benchmarking Task Force (EBTF), which provides guidelines for 
baseline performance of power plants with and without carbon capture.  

 

Table 2.6. Boundary conditions for unit operations in the MEA simulation model. The letters in the 
Ref column represent the source of the value. Validation data are retrieved from Knudsen et al. 
[30], [31], [51], and Ahmadi [32]. 

Boundary condition This study Ref8 Validation 
CO2 capture rate (%) 90 (design 

spec) 
A Esbjerg: 90% 

Lean solvent loading 0,25 A Esbjerg: 0,166-0,275; 
ITC: 0,19-0,232 

Absorber inlet temperature (°C) 40 A ITC: 39-50 
Lean solvent inlet temperature 
(°C) 

30 A Esbjerg: 40; ITC: 37,6-
40,8 

Flue gas temperature (°C) 50 C Esbjerg: 47 
Stripper inlet temperature (°C) Model output - - 
Reboiler temperature (°C) Model output - Esbjerg: 120 
Condenser temperature (°C) 30 B - 
Cross-HX temperature approach 
(°C)  

6 C Esbjerg: 4-10 

Cooling water inlet temperature 
(°C) 

12 B - 

Cooling water outlet 
temperature (°C) 

19 B - 

Plant water inlet temperature 
(°C) 

15 C - 

HX pressure drop (bar) 0,4 C - 
DCC top pressure (bar) 0,99 - - 
DCC pressure drop (bar) 0,01 - - 
Absorber pressure (bar) 1,148 A - 
Absorber pressure drop (bar) 0,048 A - 
Stripper pressure (bar) 1,7 A Esbjerg: 1,85-1,94 
Stripper pressure drop (bar) 0,2 A - 
    
Packing height (m) & type    
DCC 7m Norton 

IMTP-50 
- - 

Absorber 15m Mellapak 
250Y 

- Esbjerg: 17m Mellapak 
2X; ITC: 6,5m Flexipack 
700Y 

Absorber water wash 10m Mellapak 
250Y 

 Esbjerg: 3 m Mellapak 
250Y; ITC: 2m 
Flexipack 700Y 

Stripper  7m Mellapak 
250Y 

- Esbjerg: 10 IMTP-50; 
ITC: 6,5m Flexipack 
700Y 

Stripper water wash 3,5m Mellapak 
250Y 

 Esbjerg: 3m IMTP-50; 
ITC: 8,3 m Flexipack 
700Y 

                                                             
8 Sources from which boundary conditions were retrieved. A: [54], B: [52], C: [48] 
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The boundary conditions were validated against values retrieved from the Esbjerg 
[30]–[32], [51],and ITC [32] pilot plants (Table 2.6). Note that not all values could 
be validated because of missing public data. The values that could be validated are 
generally in good accordance with the pilot plant values. Only the values for packing 
heights show some differences, especially with the ITC pilot. This is due to different 
performance requirements for the pilot plant and a commercial plant, which is 
simulated with our model. The flowsheet, or process line-up, was validated against 
flowsheets presented in Cesar [48], IEAGHG [52], and the Esbjerg pilot plant. 

The thermodynamics and chemistry that are retrieved from the Aspen databank 
were not validated against pilot plant results. Instead, they were validated by 
comparing the coefficients to coefficients found in other modelling studies [35], 
[43], [44]. Some of the coefficients match the coefficients in the Aspen Plus 
databank, but some do not. It is assumed that the physical properties retrieved 
from the Aspen databank are regressed based on experimental data, but it is not 
possible to retrieve the original source, so there is no certainty on validation. The 
pure component properties are not validated by the authors, but are assumed to 
be validated by Aspentech. The unit operation models were not validated by the 
authors, because they are assumed to be correctly implemented in the Aspen Plus 
software. 

Pedigree analysis: as explained in the methods section, the pedigree matrix for 
assessment of process model uncertainty (Figure 2.4) was used to assess the 
strength of the chosen submodels (line-up, thermodynamics, chemistry, and unit 
operations). Table 2.7 shows the resulting median scores and standard deviations 
of the expert review (scores of each individual respondent are included in the 
supplementary material). 

The table shows that the quality of the line-up used in this model is above average, 
scoring a three on all pedigree criteria. The weaknesses of the model, according to 
the reviewers, lie especially with type of validation, and with resource skills and 
time. As mentioned in the previous section, validation of thermodynamics and 
chemistry was only done by comparing VLE and chemical equilibrium coefficients 
from the Aspen Plus databanks, with coefficients found in scientific literature. 
During the pedigree review, some experts indicated that, as a minimum, they 
expect a comparison of absorber and stripper temperature profiles with 
experimental values. Other suggestions to validate VLE, were to construct a 

 

diagram comparing CO2 partial pressure with amine loading, as done for instance 
in the paper by Hessen et al. (2010). With respect to skills and time, the modeller 
was accustomed to process modelling, but was new to the field of modelling 
postcombustion CO2 capture with chemical solvents. Within the research institute, 
there is much experience in process modelling, but not in modelling of this 
particular technology. Hence the scores for this criterion are in the low range for 
thermodynamics, and chemistry (one), and in the medium range for line-ups, and 
unit operations (two – three). A last point is that thermodynamics, and chemistry, 
were assigned an average score of two on the methodological rigour criterion. This 
was done because it is not stated by Aspentech how these submodels were derived, 
and on which sources they are based, which adds to the uncertainty. The Aspentech 
databanks are somewhat of a black box in that sense. Perhaps the methodological 
rigour behind these submodels is high, but the fact that this is an unknown, and 
hence uncertain, makes it difficult to assign a higher score than two.  

The standard deviations of the scores are low, implying general agreement 
between the reviewers. The exceptions are the scores for validation. Some 
reviewers have the opinion that all submodels in the Aspen databanks are well 
validated, and hence assign a high score to this criterion (scores of three and four 
have been recorded). Most reviewers however believe these submodels need 
explicit validation and assign a low score, typically a one. 

Table 2.7. Pedigree matrix of submodels used in this MEA model. Medians and standard deviations 
of scores assigned by the expert reviewers. Median scores range from 0 (high uncertainty) to 4 (low 
uncertainty). Colours used as visual aid. 

 Submodel Pedigree Criteria (this study) 
Pedigree Criterion Skills & Time Theoretical 

understanding 
Methodological 

rigor 
Level of 

Validation 

Submodel 
Med. St. 

Dev. 
Med. St. 

Dev. 
Med. St. 

Dev. 
Med. St. 

Dev. 
Process line-up 3 0,28 3 0,28 3 0,44 3 0,28 
Thermodynamics 1 0,63 3 0,28 2 0,28 1 0,78 
Chemistry 1 0,63 3 0,41 2 0,28 1 0,77 
Unit Operations 2 0,00 3 0,00 3 0,44 1 1,04 
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validated, and hence assign a high score to this criterion (scores of three and four 
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Table 2.7. Pedigree matrix of submodels used in this MEA model. Medians and standard deviations 
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uncertainty). Colours used as visual aid. 

 Submodel Pedigree Criteria (this study) 
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Submodel 
Med. St. 

Dev. 
Med. St. 

Dev. 
Med. St. 

Dev. 
Med. St. 

Dev. 
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The quality of the input parameters is generally considered high (Table 2.8). The 
reviewers believed that theoretical understanding of the parameters is high and 
data was retrieved using reliable methods. The input parameters give a good 
representation of the quantity they represent and were based on directly measured 
empirical data. Most of the parameters were validated against independent 
measurements. This is illustrated by all scores being greater than three. Standard 
deviations are low, indicating there is overall agreement between reviewers on the 
quality of input parameters. 

Concluding, there is significant uncertainty in some components of our model. In 
fact, the pedigree matrices of our model (Table 2.7, Table 2.8) show lower scores 
than the pedigree matrix for the state of the art (Table 2.3).This is mainly because 
it is unknown how the thermodynamic and kinetic properties in the Aspen 
databanks were retrieved and if they were well validated. This raises the question 
whether or not we should continue with these thermodynamic and chemistry 
submodels. Given time restrictions, we decided to keep the standard models from 
the Aspen Plus databank, run the model, and assess the quality of the output 
parameters, with the option to later change the thermodynamic and/or kinetic 
coefficients, if the output requires this.  

2.3.4. Uncertainty evaluation of output parameters 
This section assesses the uncertainty of the MEA model results. First, the results 
and the data validation are shown, then the quality of the outputs is assessed using 
the pedigree matrix for data quality. 

Table 2.8. Pedigree matrix of input parameters used in this MEA model. Medians and standard 
deviations of scores assigned by the expert reviewers. Median scores range from 0 (high 
uncertainty) to 4 (low uncertainty). Colours used as visual aid. 

 Pedigree Criteria of Input Parameters (this study) 
Pedigree 
Criterion 

Proxy Empirical 
basis 

Theoretical 
understanding 

Methodo-
logical rigour 

Level of 
Validation 

Data 
Med. St. 

Dev. 
Med. St. 

Dev. 
Med. St. 

Dev. 
Med. St. 

Dev. 
Med. St. 

Dev. 

Feed streams 3 0,28 3 0,28 4 0,00 4 0,00 3 0,28 
Boundary 
conditions 3 0,00 3 0,28 3 0,28 3 0,00 3 0,28 
Pure component 
properties 3 0,28 3 0,28 3 0,49 3 0,38 3 0,64 

 

Table 2.9. Case study performance indicators and validation results 

Performance indicator Validation 1st 
model 

Model-
validation 
difference 

Revised 
model 

Model-
validation 
difference 

Specific Reboiler Duty 
(GJ/t CO2) 

Esbjerg:  
3,6-3,9 

3,9 ~4% 3,6 ~4% 

Liquid/gas ratio 
(kgsolvent/kgflue gas) 

Esbjerg:  
3-3,5 

5,0 ~54% 3,8 ~17% 

Electric power 
requirement (MJ/t CO2) 

- 128,6  122,3  

Cooling water 
requirement (GJ/t CO2) 

Esbjerg:  
3,2-3,9 

4,3 ~21% 4,1 ~15% 

Plant water requirement 
(m3/t CO2) 

- 0,56  0,53  

CO2 stream purity  
(%) 

Esbjerg: 96,9 95,9 ~1% 95,9 ~1% 

 
2.3.4.1. Data validation 

Table 2.9 shows the model outputs (1st model), and the reference values used for 
the validation. It also shows the results of the revised model (see section 2.3.4.4). 
When comparing the outputs of the MEA model (1st model) to the validation values, 
the specific reboiler duty and CO2 stream purity are in line with Esbjerg values. 
However, the liquid over gas ratio and cooling water requirement show significant 
differences of around 54%, and 21% respectively. Electric power requirement and 
plant water requirement could not be validated since pilot data is lacking.  

2.3.4.2. Pedigree results 
Following the procedure described in section 2.2, the output parameters were 
assigned pedigree scores (Table 2.10). The scores on the indicator “proxy” are high 
(all fours and one three), because all but one parameter are an exact measure of 
the desired quantity, rather than a proxy variable. Scores on “empirical basis” and 
“methodological rigour” were assigned a median score of 2. For “empirical basis” 
this is inherent to its definition: a modelled result is always assigned a two. If a 
higher score is desired, the score should be retrieved from controlled empirical 
experiments, i.e., values from operating carbon capture plants. The scores for 
“methodological rigour” are explained by the uncertainty in quality of the 
submodels, as mentioned in section 2.3.3. This score means that the followed 
modelling method is acceptable, but there is uncertainty about its reliability. The 
“theoretical understanding” of these parameters is above average, with all output 
parameters assigned a median score of three, stemming from high understanding 
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of the input values and submodels. “Level of Validation” is high for all but two 
parameters since it was possible to validate the results against the Esbjerg pilot 
plant. Only the parameters “electric power requirement” and “plant water 
requirement” score a one, because it was only possible to validate those in an 
indirect way.  

2.3.4.3. Integration of results on uncertainty analysis 
As described in section 2.2.5, the insights from validation and pedigree assessment 
of the output results can be combined to obtain a better overall picture of output 
uncertainty. The results indicate that the values of output parameters “liquid over 
gas ratio”, and “cooling water requirement” of our MEA model, diverge from values 
found in the Esbjerg pilot plant (54% and 21% respectively), see Table 2.9. This 
implies that the predictability of our MEA model is low, at least for these 
performance indicators. To complement this insight, the pedigree analysis 
identified the following weaknesses in the process model: in the thermodynamic 
and chemistry submodels (Table 2.7), and in some of the output indicators (Table 
2.10).  

Table 2.10. Pedigree matrix of the output parameters. Medians and standard deviations of scores 
assigned by the expert reviewers. Median scores range from 0 (high uncertainty) to 4 (low 
uncertainty). Colours used as visual aid. 

 Pedigree Criteria of model output 
Pedigree 
Criterion 

Proxy Empirical 
basis 

Theoretical 
understanding

Methodo-
logic rigour 

Level of 
Validation 

Data 
Med. St. 

Dev. 
Med. St. 

Dev. 
Med. St. 

Dev. 
Med. St. 

Dev. 
Med. St. 

Dev. 
Spec. Reboiler 
Duty (GJ/t CO2) 4 0,60 2 0,38 3 0,28 2 0,28 3 0,41 
Liquid/gas ratio 
(kg/kg) 4 0,63 2 0,38 3 0,28 2 0,28 3 0,29 
Electric power 
(kJ/t CO2) 4 0,60 2 0,49 3 0,28 2 0,00 0 0,60 
Cooling water 
(GJ/t CO2) 3 0,28 2 0,38 3 0,28 2 0,00 3 0,28 
Plant water 
(m3/t CO2) 4 0,60 2 0,38 3 0,28 2 0,00 0 0,75 
CO2 in stripper 
overhead (%) 4 0,63 2 0,38 3 0,41 2 0,28 3 0,53 
 

 

2.3.4.4. Revision of MEA model 
As discussed in section 2.1.2, an acceptable level of model uncertainty is related to 
the purpose of a specific modelling task. The present case study aimed to assess 
the technical performance of a commercial size, MEA based carbon capture plant. 
Given the uncertainties shown by the validation, and pedigree analysis (Table 2.7 
and Table 2.9), this model was considered unable to meet the desired aim. 
Therefore, it was decided to revise the model so that it would be better fit for 
purpose. The pedigree review pointed out clear weaknesses in the thermodynamic 
and/or chemistry submodels of the first version of the model. Therefore, 
improvements were made to these submodels until satisfactory output values were 
reached. As a first improvement, the coefficients for prediction of the chemical 
equilibrium constants were revised. Instead of the values from the Aspen Plus 
databanks, the values from Kim et al. have been used as they have been shown to 
provide accurate predictions of CO2 solubility in MEA [35].  

As a result of this first improvement, the revised version of the MEA model was able 
to better predict L/G ratio and cooling water requirement. The differences in these 
indicators between the model and pilot plant (which is used for validation 
purposes) improved from 54% to 17%, and from 21% to 15% respectively (Table 
2.9). Therefore, it was decided to accept this revised model, and not make any 
further improvements to e.g. the thermodynamic submodel.  

The pedigree of the revised model was not assessed with the external experts, but 
the improvement has probably increased the scores for methodological rigour and 
validation of the chemistry submodel, because the equilibrium coefficients 
presented in Kim et al., are taken from sources that provide solid research methods 
and were properly validated. 

2.4. Discussion of the pedigree approach for process 
model quality review 

This section evaluates the usefulness, and robustness of the pedigree approach, for 
quality assessment of carbon capture process models. This discussion is partly 
based on feedback received from the experts. This full feedback is presented in 
Appendix D. 
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2.4.1. Pedigree matrix design  
Meaningful use of pedigree matrices for process model evaluation requires clear 
pedigree criteria, and understandable linguistic descriptions. In this study a 
pedigree matrix for the assessment of data quality (Figure 2.3), and a pedigree 
matrix for the assessment of process model quality (Figure 2.4) were used. 
Appendix D describes that reviewers had difficulty interpreting some of the criteria, 
and some of the linguistic descriptions. This was especially the case for the criterion 
proxy. One way to look at this is that in this case study hardly any proxies were used, 
so it may be confusing to have to score the level of proxy on a scale from 0 to 4, 
when all values are an exact measurement of the quantity they represent. Proxies 
are hardly used in this case study because it deals with a well-known technology, 
for which it was possible to construct a detailed process model. Consider however 
a model that predicts the degradation of a MEA solvent. In this case, not all reaction 
products and reaction pathways are known, and proxies will need to be used to 
generate a basic understanding of the degradation process. So for a less understood 
research subject, the insight of where actual values are used, and where proxies 
are used, may become more meaningful. 

2.4.2. Which data items to score? 
Another topic of reflection is which data should be scored when either reviewing a 
process model, or its output. A process model can have several tens (sometimes 
hundreds) of input values and model equations. A very rigorous way to assess the 
quality of a model would be to scrutinize every single one of these parameters and 
equations. That would however add much complexity to the review process 
affecting its applicability, and it is questionable whether this would provide 
significantly more insights or not. In this study we opted to aggregate data items 
into aggregates of knowledge (Table 2.3), aggregates of submodels (Table 2.7), and 
aggregates of input parameters (Table 2.8). As an example, rather than reviewing 
every equation involved in calculating the energy balance, we rather reviewed the 
aggregated submodel thermodynamics. This does lead to less detail in the quality 
assessment, but makes the pedigree approach more feasible in terms of time, and 
hence expert resources.  

One could also opt to only review those parameters and equations that have most 
impact on model outputs. Van der Sluijs et al. [13], do this by first evaluating the 
sensitivity of the model to the input parameters. Only the most sensitive input 
parameters are then screened on their respective uncertainty. This would however 

 

require a different approach to pedigree than ours, since it would require screening 
of individual parameters and equations, rather than aggregated groups of 
parameters and equations as done in this study. In turn, this would have led to a 
very time consuming sensitivity analysis, given the large number of parameters and 
equations in a process model, as discussed before. An intermediate solution that 
could be tested in a next study is instead of doing a full sensitivity analysis to find 
the most important input parameters, one could ask the experts to select (groups 
of) parameters and model equations that they expect most important given a 
specific technology. In a second step, the experts could score the strength and 
uncertainty of the selected (groups of) parameters and model equations. 

2.4.3. Scoring procedure 
As explained in the methods section, for this study we pre-assigned scores to the 
items to be reviewed, and had the respondents review this score individually, in 
their own office. This was done to minimize the time effort for the reviewers. One 
could argue however that a better setting would be to have the experts in the same 
room, where they can ask questions about the procedure, pedigree matrices, and 
model information provided [53]. This could lead to a better understanding of the 
procedure, and improve the outcomes of the pedigree review. Besides that, pre-
assigning scores by the original modeller could lead to a scoring bias amongst the 
reviewers. Reviewers may tend to keep the original scores as much as possible, and 
only diverge from the original scores if in their opinion, they are really incorrect.  

Therefore, in a next study, it would be interesting to use a different procedure, 
where no scores are pre-assigned, and possibly the experts do the reviewing 
individually, but in the same venue, as to ask questions and clarifications when 
required. 

2.4.4. Expert selection, group size, and repeatability 
Additional issues with expert judgment are the amount of experts to include, and 
the type of expertise to invite for elicitation. In this study, 14 respondents 
participated in the pedigree review, but one of them indicated afterwards that he 
actually lacked the background knowledge to give a meaningful assessment, so his 
contribution was excluded from the results. As Knol et al. [21] point out, including 
the right type and amount of experts is key to the robustness of the expert 
elicitation. The combined skills and expertise of the participants should preferably 
cover all aspects of the reviewed model. They indicate that when the right experts 
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actually lacked the background knowledge to give a meaningful assessment, so his 
contribution was excluded from the results. As Knol et al. [21] point out, including 
the right type and amount of experts is key to the robustness of the expert 
elicitation. The combined skills and expertise of the participants should preferably 
cover all aspects of the reviewed model. They indicate that when the right experts 
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are included in the elicitation, a minimum of six of them is required, in order arrive 
at robust results. This implies that the results of the expert elicitation with pedigree 
analysis should be repeatable to a large extent, if the review were to be done by a 
similar group of experts. Furthermore, the experts are asked to judge the model 
based on evidence provided by the modeller. This decreases subjectivity, because 
all experts are asked to judge the same information. This aspect of the pedigree 
approach also fosters repeatability of the results. 

In this study, the expert scores were very similar to each other, which resulted in a 
low standard deviation of scores. This supports the notion that the results are 
robust repeatable. From a practical perspective, it may also mean that a smaller 
group of experts could have been consulted for the results to still be robust. This 
may increase the practical applicability of the pedigree approach, especially when 
it needs to be applied in the case a large pool of experts is not readily available. To 
establish if this premise holds, it is necessary to perform the pedigree review with 
different sizes of expert groups. This is subject to future studies.  

2.5. Conclusions 
In this work, we introduced a novel approach to uncertainty evaluation of process 
models, which combines pedigree analysis and data validation. The approach was 
tested in a case study of CO2 capture with Monoethanolamine from a coal power 
plant flue gas. Data validation was used to quantitatively assess the uncertainty of 
the inputs and outputs of the MEA model. Pedigree analysis was used to 
qualitatively assess the current knowledge base on MEA carbon capture systems, 
the strength of the MEA process model, and of the MEA model results. The pedigree 
review was done by 13 international experts in the field of postcombustion carbon 
capture with chemical solvents. 

The data validation showed that the model accurately predicts specific reboiler 
duty, and CO2 stream purity (4% and 1% difference respectively between model 
and pilot plant), but is less accurate in predicting liquid over gas ratio, and cooling 
water requirement (54% and 21% difference respectively between model and pilot 
plant). The pedigree analysis complemented this result by showing that there is 
fairly high uncertainty in the thermodynamic, and chemistry submodels used for 
this simulation model, as reflected in the low pedigree scores on most indicators 
(ones and twos on a scale from zero to four), which could be the cause of the 
differences found during validation. The low scores in the pedigree matrix led us to 

 

further investigate the weaknesses in the chemistry submodel, and to improve this 
by adding new values for calculation of chemical equilibrium constants. As a result, 
the prediction of L/G ratio and cooling water requirement improved significantly, 
leading to increased overall confidence in the model. 

The results show that including a pedigree approach improved uncertainty 
evaluation in three ways. First, by highlighting sources of uncertainty that 
quantitative uncertainty analysis does not take into account, such as the knowledge 
base of specific phenomenon. In this case study, it was fundamental in highlighting 
weaknesses in the thermodynamic and chemistry submodels. Second, by providing 
a systematic approach to uncertainty evaluation, thereby increasing the awareness 
of modeller and model user. And finally, by presenting the outcomes in easy to 
understand numerical scores and colours, improving the communication of model 
uncertainty. In combination with quantitative validation efforts, the pedigree 
analysis provides a strong method to gain deep insight into the strengths and 
weaknesses of a model, to identify important knowledge gaps, and to communicate 
this to decision makers. 

The pedigree approach was perceived as a useful method by the experts that 
participated in this study. There are however issues that should be further 
investigated. One being the potential impact of carrying out the review via email 
instead of face-to-face, and whether or not there is a bias by providing the experts 
pedigree matrices with pre-assigned scores. Future work will focus on improving 
the pedigree approach with respect to these concerns. We will also focus on 
applying the pedigree approach to more novel carbon capture technologies, to 
establish whether further modification of the approach is required. 
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2.6. Appendices 
A. Uncertainty Evaluation Methods 

Table A1. Quantitative Uncertainty Evaluation methods 

Method/tool Short description Reference 
Data Validation To determine how well input data correspond to 

real/measured values 
[16] 

Model Validation To determine how well model outputs correspond 
to real/measured data 

[16] 

Sensitivity Analysis To determine which inputs are most significant, 
and how robust outputs are to changes in inputs 

[16] 

Model Comparison To determine model uncertainty by comparing the 
structure, and equations of different models.  

[16] 

Multiple Model 
Simulation 

To evaluate model uncertainty or generate 
ensemble predictions via consideration of multiple 
plausible models 

[16] 

Error Propagation To quantify output uncertainty by propagating 
sources of uncertainty through the model 

[16] 

Monte Carlo 
Analysis 

To quantify output uncertainty by propagating 
probability density functions of uncertainty through 
the model 

[16] 

Bayesian Networks To combine prior distributions of uncertainty with 
general knowledge and site-specific data to yield 
an updated (posterior) set of distributions 

[55] 

Scenario Analysis To determine robustness of model outputs in 
different plausible input scenarios 

[16] 

Polynomial Chaos 
Expansion 

To simultaneously quantify output uncertainty by 
propagating probability density functions of 
uncertainty through the model, and evaluate 
sensitivities of model uncertainties to input 
parameters 

[17] 

 

Table A2. Qualitative Uncertainty Evaluation methods 

Method/tool Short description Source 
Actor Analysis  [16] 
Critical Review of 
Assumptions 

To systematically identify, prioritise, and analyse 
importance and strength of assumptions in models 

[16] 

Peer Review To review the model by people considered experts 
in the field, thus enhancing credibility and 
acceptance of model outputs 

[16] 

Extended Peer 
Review (by 
stakeholders) 

To complement peer review with review by 
stakeholders, thus enhancing credibility and 
acceptance of model outputs 

[16] 

Model Quality 
Checklist 

To assist in the quality control process for 
modelling; to provide diagnostic help as to where 

[16] 

 

Method/tool Short description Source 
problems with regard to quality and uncertainty may 
occur and why; to raise awareness of pitfalls in the 
modelling process 

Quality Assurance To conduct the process of assessment and 
modelling in such a way, as to assure the quality of 
the output 

[14] 

Stakeholder 
Involvement 

To involve users and stakeholders of the model, as 
to increase quality of outcomes, reduce uncertainty, 
and increase acceptance  

[16] 

Pedigree Analysis To systematically review the knowledge base of 
data used as model inputs 

[16] 

 

B. Definitions of Pedigree Criteria 
In this section presents the definitions given to the experts for each pedigree 
criterion (adapted from 
http://www.nusap.net/sections.php?op=viewarticle&artid=12). 

Proxy 

Sometimes it is not possible to represent directly the thing we are interested in by 
a parameter so a proxy measure is used. Proxy refers to how good or close a 
measure of the quantity that we model is to the actual quantity we represent. Think 
of first order approximations, over simplifications, idealizations, gaps in 
aggregation levels, differences in definitions, non-representativeness, and 
incompleteness issues. If the parameter were an exact measure of the quantity, it 
would score four on proxy. If the parameter in the model is not clearly related to 
the phenomenon it represents, the score would be zero. 

Empirical basis  

Empirical basis refers to the degree to which direct observations, measurements 
and statistics are used to estimate the parameter. When the parameter is based 
upon good quality observational data, the pedigree score will be high. Sometimes 
directly observed data are not available and the parameter is estimated based on 
partial measurements or calculated from other quantities. Parameters determined 
by such indirect methods have a weaker empirical basis and will generally score 
lower than those based on direct observations. 
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Theoretical understanding  

The parameter will have some basis in theoretical understanding of the 
phenomenon it represents. If our theoretical understanding of some mechanism is 
very high, we may well be able to make reliable estimates for the parameters that 
represent that mechanism, even if the empirical basis is weak. On the other hand a 
strong empirical basis may not be sufficient to estimate future values of parameters 
if our theoretical understanding of the mechanisms involved is absent. In that case 
extrapolation from past data is not warranted. This criterion aims to measure the 
extent and partiality of the theoretical understanding that was used to generate 
the numeral of that parameter. Parameters based on well-established theory will 
score high on this metric, while parameters whose theoretical basis has the status 
of speculation will score low. 

Methodological rigour 

Some method will be used to collect, check, and revise the data used for making 
parameter estimates. Methodological quality refers to the norms for 
methodological rigor in this process applied by peers in the relevant disciplines. 
Well-established and respected methods for measuring and processing the data 
would score high on this metric, while untested or unreliable methods would tend 
to score lower. 

Validation 

This metric refers to the degree to which one has been able to cross-check the data 
and assumptions used to produce the numeral of the parameter against 
independent sources. When these have been compared with appropriate sets of 
independent data to assess its reliability it will score high on this metric. In many 
cases, independent data for the same parameter over the same time period are not 
available and other data sets must be used for validation. This may require a 
compromise in the length or overlap of the data sets, or may require use of a 
related, but different, proxy variable for indirect validation, or perhaps use of data 
that has been aggregated on different scales. The more indirect or incomplete the 
validation, the lower it will score on this metric. 

 

 

 

Skills & Time availability 

This metric refers to the amount of resources that are available to construct a 
process model. It includes the skill, and the amount of resources involved in the 
modelling exercise, as well as the time that was available to construct the model, 
or to learn more about the simulated technology. The best results, with least 
uncertainty, is expected when a group of very skilled scientists is working on the 
model, and when they have ample time to educate themselves in the technology 
of interest. In the other extreme, one unexperienced modeller has to do the 
modelling work, without time to appropriately study the details of a technology. In 
between the extremes are cases where there are skilled resources available, but 
time is limited, or where the resource is somewhat less experienced, but is given 
time to fully familiarize him/herself with the knowledge base of the technology. 

C. Result tables of Pedigree Analyses 
This appendix presents the initial statistical results of the pedigree analyses. It 
shows the results for the four matrices discussed in this work, including ordinal 
statistics to describe the average, and spread in expert responses. The tables show 
three measures: the median of expert responses, which is a measure for the 
average score; the Interquartile range of responses, which measures the absolute 
distance between the first and third quartile; the minimum and maximum of 
responses, which show the lowest, and highest score assigned. The tables show 
that the Interquartile range is often zero, indicating that the spread between 
respondent scores is low. Because of this, it becomes difficult to identify differences 
between spreads of separate data points. Therefore, in the main text, the standard 
deviation was used, instead of IQR. This is mathematically incorrect, since it is a 
statistic that should only be used for nominal scales, but for this purpose, it created 
more insight into differences in spread between data points. 

D.  Reviewer feedback on pedigree approach 
The reviewers were asked to send their feedback on the pedigree approach, to 
understand how they experienced working with it.  

Generally, the feedback on the pedigree approach was positive, and reviewers 
acknowledge that pedigree matrices are a good concept to rank and evaluate the 
uncertainty of both specific and generic process models.  
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Some reviewers had difficulties with the understanding of pedigree criteria, and 
their descriptions. Examples of this were the criterion proxy, and the criterion 
theoretical understanding. Respondents indicated it was particularly hard to 
interpret these criteria for input streams and output streams.  

One respondent asked if the groups of submodels could be shown at lower levels 
of aggregation, particularly the group thermodynamics. He suggested to list all 
thermodynamic relations separately, and assign weights to establish the 
importance of each relation for a specific modelling task. Two other respondents 
asked to include the scoring of the mass transfer submodel, they felt this was 
missing in the current review. 

Another suggestion was to provide more information on the model and its 
submodels than was done in the current information pack. Especially more detailed 
validation of the submodels was requested, as well as more detail on pure 
component property relations. Some reviewers had difficulty with first scoring the 
model, and then separately scoring the model outputs. They indicated that the 
quality of the outputs is a function of the quality of submodels and inputs. They 
were confused when asked to score the quality of outputs, while already having 
scored the quality of the model. This comment suggests there is some redundancy 
between model scoring, and output scoring. 

Last, it was suggested to include additional output parameters, which apply 
particularly to postcombustion carbon capture solvents. Examples are reboiler 
temperature, absorption/desorption rates, and rich solvent loading, and 
temperature profiles over the columns. 

 

 

Table C1. Pedigree matrix of State of the Art in science on postcombustion CO2 capture with MEA solvent. Median, Interquartile Range (IQR), minimum 
and maximum of the scores assigned by the expert reviewers. Median, minimum, and maximum scores range from 0 (very high uncertainty) to 4 (very 
low uncertainty). 

 State of Art MEA knowledge pedigree indicators 

Pedigree Criterion 
Proxy Empirical Theoretical 

understanding 
Method Validation 

Data 

Med. IQR Min/
Max 

Med. IQR Min/
Max 

Med. IQR Min/
Max 

Med. IQR Min/
Max 

Med. IQR Min/
Max 

Process line-ups 3 0 3/3 3 0 3/3 4 0 3/4 4 0 3/4 3 0 3/3 
Thermodynamics 3 0 3/4 3 0 2/4 3 0 3/4 3 0 3/4 3 0 2/4 
Chemistry 3 0 3/4 3 0 3/4 4 0 3/4 4 0 3/4 3 0 2/4 
Component (properties) 3 0 3/4 3 0 2/4 3 0 3/4 3 0 3/4 3 0 2/4 
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Table C2. Pedigree matrix of submodels in this study. Median, Interquartile Range (IQR), minimum and maximum of the scores assigned by the expert 
reviewers. Median, minimum, and maximum scores range from 0 (very high uncertainty) to 4 (very low uncertainty). 

 This study submodel pedigree indicators 
Pedigree Criterion Skills & Time Theoretical understanding Methodological rigour Degree of validation 

Submodel 

Median IQR Min/ 
Max 

Median IQR Min/ 
Max 

Median IQR Min/ 
Max 

Median IQR Min/ 
Max 

Process line-up 3 0 2/3 3 0 3/3 3 0 3/3 3 0 3/3 
Thermodynamics 1 0 1/3 3 0 3/4 2 0 3/4 1 1 3/4 
Chemistry 1 0 1/3 3 0 3/4 2 0 3/4 1 0 3/4 
Unit Operations 2 0 2/2 3 0 3/4 3 0 3/4 1 1 3/4 

 

Table C3. Pedigree matrix of input parameters in this study. Median, Interquartile Range (IQR), minimum and maximum of the scores assigned by the 
expert reviewers. Median, minimum, and maximum scores range from 0 (very high uncertainty) to 4 (very low uncertainty). 

 

 This study input parameters pedigree indicators 

Pedigree Criterion 
Proxy Empirical basis Theoretical 

understanding 
Methodological 

rigour 
Degree of validation 

Data 
Med. IQR Min/

Max 
Med. IQR Min/

Max 
Med. IQR Min/

Max 
Med. IQR Min/

Max 
Med. IQR Min/

Max 
Feed streams 3 0 3/4 3 0 3/4 4 0 4/4 4 0 4/4 3 0 3/4 
Boundary conditions 3 0 3/3 3 0 3/4 3 0 2/3 3 0 3/3 3 0 2/3 
Pure component 
properties 3 0 3/4 3 0 3/4 3 0 2/4 3 0 3/4 3 0 1/4 

 

 

 

Table C4. Pedigree matrix of output parameters of this study. Median, Interquartile Range (IQR), minimum and maximum of the scores assigned by the 
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3. Model development and process simulation of 
postcombustion carbon capture technology with 
aqueous AMP/PZ solvent. 

 

Abstract: This chapter presents the development, application, and uncertainty analysis of a 
process simulation model for postcombustion CO2 capture with an AMP/PZ solvent blend 
based on state of the art knowledge on AMP/PZ solvent technology. The development 
includes the improvement of the physical property models of a software package designed 
for simulation of acid gas treatment and CO2 capture technologies. The improvement 
particularly consisted of regression of AMP-PZ binary interaction parameters. The model 
was applied to a case study of postcombustion CO2 capture from an Advanced Super Critical 
Pulverized Coal power plant. Uncertainly analysis was undertaken by validating the physical 
property models against laboratory measurements reported in literature; by comparing 
model results with pilot study results, and by evaluating the strength of the model with a 
novel method called pedigree analysis. The results show that AMP/PZ postcombustion 
technology performs better than MEA technology on most performance indicators, e.g., the 
Specific Reboiler Duty is reduced from 3,6 GJ/t CO2 to 2,9 GJ/t CO2 for MEA and AMP/PZ 
respectively, and the specific cooling water requirement is reduced from 4,1 to 3,4 GJ/t CO2. 
Only amine slip to the atmosphere increases with AMP/PZ technology: from 0,18 g/t CO2 to 
15,3 g/t CO2, although this value is still within emission limits from existing regulatory 
frameworks. The coal power plant net efficiency with AMP/PZ capture amounts to a value 
of 37,2%LHV, compared to 46,1%LHV for the case without CCS and 36,2%LHV in case of CCS 
with MEA. The uncertainty analysis shows that the model is well capable of predicting 
experimental and pilot result. The remaining uncertainty is mostly in the kinetic model, and 
in the flowsheet design. Validation could be further improved, by more elaborate 
comparison to independent measures of physical properties, and by comparison of the 
model outputs to results from large demonstration or commercial size capture plants. 
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3.1. Introduction 
Postcombustion CO2 capture (PCC) remains an important research focus in the field 
of Carbon Capture and Storage. In the last two decades many studies have been 
undertaken to investigate, develop and progress PCC technologies with the aim to 
improve their performance and lower the cost of commercial CO2 capture from 
power plants and other industrial sources [1]–[4]. For PCC, as well as for other novel 
energy technologies, techno-economic studies play an important role because they 
support researchers, companies, and policy makers, in comparing the performance 
and uncertainties of different technology options, and in making decisions on R&D 
or technology strategies.  

An emerging technology that is considered potentially suited for Postcombustion 
CO2 capture, is absorption of CO2 in piperazine (PZ) activated 2-amino-2-methyl-1-
propanol (AMP). This solvent blend is believed to have superior characteristics to 
the incumbent technology (MEA), with respect to regeneration energy, 
degradation, and corrosion [5]–[7], leading to lower costs of CO2 capture. To date 
however, only one research group has elaborately assessed the techno-economic 
performance of AMP/PZ [8], [9]. They provided a detailed cost estimate of CO2 
capture from power plants for MEA and AMP/PZ, following the European Best 
Practice Guidelines for Assessment of CO2 Capture Technologies [10]. However, 
their cost estimates are based on a preliminary process simulation model, that 
excludes reaction kinetics and mass transfer limitations, as well as thermodynamic 
interactions between AMP and PZ [11], [12]. This may have led to lower accuracy 
of the technical performance estimates, which could have an additional impact on 
the economic evaluation of this technology. To address this point and gain a better 
understanding of the potential of this technology, in this study the technical 
performance of AMP/PZ is studied, using a more advanced simulation model that 
is based on the current state of knowledge.  

As argued in previous work, it is increasingly important for policy and decision 
makers to have insights not only into the results of a model but also into the 
uncertainties of the process models on which they base their decisions [13]. Insight 
into uncertainties is even more important if the results of process simulation 
models are used as input for economic studies, because the uncertainties are 
transferred through multiple models, making it difficult to assess the reliability of 
the output of the model at the end of the cascade, e.g., the economic model. 

 

Therefore, in this work, extra attention is given to uncertainty management of the 
process model. 

Following this argumentation, this study aims to assess the technical performance 
of AMP/PZ based postcombustion capture from a coal fired power plant. This work 
includes development of a detailed AMP/PZ carbon capture simulation model, 
assessment of the technical performance of a commercial AMP/PZ PCC plant, and 
comparison of the AMP/PZ technology with the reference MEA technology. It also 
includes a thorough assessment of the uncertainties in the process model. A follow 
up paper will deal with uncertainties in cost assessment of post combustion 
capture, and will use the results of this current study as inputs for the economic 
model. 

3.2. State of the Art 
In the last decade, several peer reviewed papers have described different aspects 
of AMP/PZ blends for carbon capture and/or acid gas treating purposes. A selection 
of studies is reviewed in this section to understand if currently available knowledge 
is suitable for developing (rigorous) process models. 

3.2.1. Thermodynamics and CO2 solubility 
Vapour liquid equilibria of the AMP-PZ-H2O-CO2 system have been addressed in 
several studies. Most of these studies have experimentally studied the CO2 partial 
pressure as a function of temperature and solvent loading [14]–[19]. The studies 
cover a large range of blend ratios, temperatures and CO2 loadings (Table 3.1). Tong 
et al. (2013), measured total system pressure, instead of CO2 partial pressure. Two 
other studies measured the partial pressure of amines in the AMP-PZ-H2O-CO2 
system [18], [21]. In all these studies, own experimental data is used to propose 
thermodynamic models for prediction of vapour/liquid equilibria. In addition, Puxty 
and Maeder [22] proposed a thermodynamic model based on datasets from two 
different papers. These thermodynamic models range from simple polynomial 
relations to rigorous activity coefficient model. 
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Table 3.1. Overview of studies measuring VLE data for the system AMP-PZ-H2O-CO2. 

Reference Measure AMP/PZ blend ratio Temperature 
range (K) 

Loading range 
(mol/mol) 

Number of 
datapoints 

Bruder et al., 2011 CO2 pressure 3M AMP, 1,5M PZ 313-393 0,04-0,83 44 
Dash et al., 2011a CO2 pressure 38 wt% AMP, 2 wt% PZ 

35 wt% AMP, 5 wt% PZ 
32 wt% AMP, 8 wt% PZ 

313 0,252-0,899 24 

Dash et al., 2011b CO2 pressure 28 wt% AMP, 2 wt% PZ 
25 wt% AMP, 5 wt% PZ 
22 wt% AMP, 8 wt% PZ 

298-328 0,202-1,072 158 

Dash et al., 2012 CO2 pressure 38 wt% AMP, 2 wt% PZ 
35 wt% AMP, 5 wt% PZ 
32 wt% AMP, 8 wt% PZ 

303-323 0,259-1,029 95 

Li et al., 2013a CO2 pressure 4m AMP, 2m PZ 
2,3m AMP, 5m PZ 

293-433 0,268-0,486 78 

Yang et al., 2010 CO2 pressure Different blend ratios 313-353 0,292-0,876 144 
Tong et al., 2013 Total system 

pressure 
25 wt% AMP, 5 wt% PZ 
20 wt% AMP, 10 wt% PZ 

313-393 0-0,952 99 

Hartono et al., 2013 AMP & PZ 
pressure 

Different blend ratios 333-373 0 86 

Li et al., 2013b CO2, H2O, 
AMP & PZ 
pressure 

2,3m AMP, 5m PZ 313-338 0-3 11 

 

 

Figure 3.1. Comparison of experimental CO2 solubility data from Yang et al. (2010), and Brúder et 
al. (2011). 

Although many experimental datasets have been generated, the results are not 
always comparable. As an example, Figure 3.1 shows two different datasets of CO2 
partial pressure versus CO2 loading. The blend ratio in both sets is 3M AMP and 
1,5M PZ, both experiments were conducted at 313K. Still, it is clearly visible that 
the experiments do not render the same results: the slope of both datasets is quite 
different. This variability is an aspect that needs to be taken into account for model 
fitting (see also section 3.4.1.2). 

Besides VLE, other thermodynamic properties have also been studied. Brudér et al. 
[23], used their experimental results to calculate the heat of CO2 absorption for 
different solvent loadings. They found values of 66-86 kJ/mol CO2 depending on 
solvent loading. Chen et al. [24], studied the liquid heat capacities of different AMP-
PZ-H2O blends, and generated a great number of experimental values. 
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3.2.2. Chemistry, kinetics, and mass transfer 
The following equilibrium reactions are deemed most relevant in the AMP-PZ-
H2O-CO2 system [15], [20], [22]: 

Equation 3.1:   ��� + ����
� ↔ ���

�� + ����    

Equation 3.2:   ���� + ��� ↔ ����
� + ����   

Equation 3.3:   ���� ↔ ��� + ����   

Equation 3.4:  ��� + ���� ↔ �� +  ����  

Equation 3.5:   ��� + ����
�� ↔ ���� + ����   

Equation 3.6:   ��� + ������ ↔ �� + ����
�  

Equation 3.7:   ��� + ��(���)�
�� ↔ ������ + ����

�  

Equation 3.8:   ��� + �������� ↔ ������ + ����  

Equation 3.9:   ��� + ����� ↔ ���� + ���    

Values of equilibrium constants for these reactions are typically described by 
Equation 3.10. 

Equation 3.10:   ��(��) = � + �
�

+ � ��(�) + ��    

In which Ki is the equilibrium constant for reaction i, T is the temperature, and A, B, 
C, and D, are constants. The constants are usually fitted on measured K values 
within specific temperature ranges. Many authors have investigated reactions 1 to 
9 (e.g. [16], [25]–[27]), and have proposed constants for Equation 3.10.  

Arrhenius descriptions of kinetics have also been proposed, and different sources 
have become available in recent years. Kinetics for the reactions of carbon dioxide 
with piperazine are investigated by several authors, and all studies present 
constants for the Arrhenius equation [28]–[31]. However, most researchers only 
studied the PZ-carbamate formation, and not bicarbamate formation and 
formation of the protonated PZ-carbamate ion. For these reactions there is still a 
knowledge gap. As with the thermodynamics, the reported kinetic rates are not 
always comparable, which needs to be taken into account during process model 
development. The values reported in Bishnoi & Rochelle, Derks et al., and Samanta 

 

& Bandyopadhyay are in good agreement with each other, but Sun et al., report 
reaction rates that are a factor two to three lower [28].  

The protonation of AMP (Equation 3.9) is almost instantaneous. Several studies 
report reaction rates and Arrhenius constants but, because of the high reactivity, 
the pure kinetically controlled rate is hard to measure and hence the results are 
more scattered than in the case of PZ. Of these publications, the ones by Alper [32], 
Bosch et al. [33], and Saha et al. [34], show high agreement with each other. 
Constants for the dissolution of CO2 in water have been published by Pinsent et al. 
[35]. 

Mass transfer descriptions of gas liquid contactors are available through well-
known models by Bravo et al., and Onda et al. [36], [37], and through more recently 
developed models like the ones by Billet & Schultes [38], and Brunazzi & Paglianti 
[39]. 

3.2.3. Pilot plant results 
To date, three pilot plant studies with an AMP/PZ blend have been published. The 
first describes AMP/PZ test runs in the Esbjerg pilot plant [40], [41]. This study 
shows a minimum Specific Reboiler Duty (SRD) for AMP/PZ of around 3 GJ/t CO2 
when absorbing CO2 from a coal flue gas stream (12 vol% CO2) [40]. An AMP/PZ 
blend was also extensively tested in the Kaiserslautern pilot plant [42]. In this pilot 
rig, researchers tested the solvent under different flue gas conditions, and flue gas 
or solvent flow rates. They found SRD’s between 3,2 and 5,0 GJ/t CO2 for a flue gas 
containing 10 vol% CO2. These values are higher than the values in the Esbjerg plant, 
because the Kaiserslautern rig has smaller columns, leading to insufficient reaction 
time to reach full chemical equilibrium. Artanto et al. [43] published results from 
the Loy Yang pilot plant, for a brown coal flue gas (11-13 vol% CO2) . The resulting 
SRD’s were higher than in the other pilots plants, between 4,9 and 6,4 GJ/t CO2. 
According to the authors, the high values were explained by a combination of low 
PZ content (25 wt% AMP, 5 wt%PZ), too low absorption columns, and the use of 
random packing instead of structured packing. In an optimized process design, the 
SRD was expected to be in the same order as the Esbjerg pilot plant.  
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� + ����   

Equation 3.3:   ���� ↔ ��� + ����   
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�

+ � ��(�) + ��    
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3.2.4. Process modelling studies 
So far, four AMP/PZ process-modelling studies have been published, differing in 
level of modelling detail from simple, to very detailed. Notz et al. [44] published an 
initial estimate of the performance of an AMP/PZ carbon capture process, using a 
shortcut model for thermodynamics and chemistry. Their model only requires the 
CO2 solubility data in the absorber and desorber, the heat of absorption, and the 
solvent heat capacity, making it easy to use while still providing good first estimates 
of solvent regeneration energy. It however lacks the capability to model other mass 
and energy aspects of the solvent system. Kvamsdal et al. [5] used the CO2SIM 
software to model the performance of a 3M AMP/1,5M PZ solvent, and to 
understand the effect of process improvements on reboiler duty. Their model 
included a soft (polynomial) submodel to predict the thermodynamics, but a 
rigorous submodel for prediction of mass transfer and reaction kinetics. Dash et al. 
[45] conducted a rigorous simulation in Aspen Plus, using an e-NRTL 
thermodynamic model that was regressed based on their own experimental data, 
and performed a parametric study of model variables. Sanchez et al. [8] performed 
a thermodynamic assessment of the AMP/PZ process, and compared the results to 
the standard MEA process. They used the standard e-NRTL models for AMP and PZ 
that are present in the Aspentech databanks, but as discussed in the introduction, 
these models exclude some fundamental physical aspects of AMP/PZ blends, which 
leads to decreased accuracy of the predictions, as for instance shown by Herrmann 
[46]. 

The results from the four studies are scattered, and do not seem to rely on the type 
of modelling strategy chosen (simple versus rigorous). The rigorous e-NRTL model 
of Sanchez et al. for instance, predicts the lowest Specific Reboiler Duty of 2,7 GJ/t 
CO2 when the process is applied to a ASC SC coal flue gas, whereas the rigorous e-
NRTL model of Dash provides the highest values, in the range of 3,7 – 4,4 GJ/t CO2. 
The simple, and intermediate models of Notz and Kvamsdal report an SRD in 
between: 3 – 3,5 GJ/t CO2 for comparable cases. This variability in output underlines 
the need for a model that is well founded in the latest knowledge, and validated 
against appropriate experimental data as much as possible. Finally, there has not 
been a serious effort to optimize the flowsheet line-up for this specific solvent 
blend, so there may be room for improvement of energetic performance of the 
AMP/PZ process. 

 

 

3.3. Method 
3.3.1. Process modelling 
3.3.1.1. Advanced Super Critical Pulverized Coal power plant 

For modelling the power plant, the design basis of an Advanced Super Critical 
Pulverized Coal (ASC PC) power plant from the European Benchmarking Taskforce 
(EBTF) was used [10], similar to the work done by Sanchez-Fernandez et al. (2014), 
but with the exception of two items. First, instead of Douglas Premium coal, a blend 
of 25% El Cerrejon, 25% Klein kopje, 25% Pittsburgh #8, and 25% Kuzbass was used, 
to better match typical NW-European coal use (appendix A). Second, the live steam 
settings are slightly adapted to match the Dutch Maasvlakte Power Plant 3 (Table 
3.2).  

The power plant contains a two-pass boiler, an HP, IP, and LP steam turbine, and 
eight feed water preheaters. The plant is equipped with a Selective Catalytic 
Reduction (SCR) unit for NOx control, an Electrostatic Solids Precipitator (ESP) for 
fly ash removal, and a wet Flue Gas Desulphurization (FGD) unit for Sulphur 
polishing (Figure 3.2). The power plant boiler, steam cycle, and gas cleaning section 
were modelled using an existing in-house Aspen Plus (V8.4.) coal power plant 
model. 

3.3.1.2. Post Combustion CO2 Capture plant 
Procedé Process Simulation (PPS) software [47], [48] was used to model the 
AMP/PZ PCC plant. This is a software package especially designed for modelling acid 
gas treating processes and CO2 capture processes. The package contains the 
electrolyte-Margules model for prediction of activity, and the Peng-Robinson 
Equation of State for prediction of fugacity. It includes reaction kinetics and mass 
transfer limitations for rigorous assessment of column performance. 

Improvement of physical property models 
At the start of this work, the PPS databanks contained physical properties for the 
AMP-H2O-CO2 system, or for the PZ-H2O-CO2 system, but not for a combination of 
both. Therefore, the model was further improved in four steps. First, six existing 
submodels that describe physical properties were screened with experimental data 
of the quaternary AMP-PZ-H2O-CO2 system as reported in scientific literature. This 
was done to evaluate if additional data fitting was needed to describe the AMP-PZ-
H2O-CO2 system sufficiently well. 
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Table 3.2. Design basis of the ASC pulverized coal power plant without CCS. 

Parameter Unit Value 
Overall settings   
   Thermal input LHV MWth 1682 
   Output LHV (gross, w/o carbon capture) MWel 833    
Ambient Conditions 

  

   Ambient temperature °C 15 
   Ambient pressure bar 1,01325 
   Ambient humidity % 60    
Water Steam Cycle Settings 

  

   Boiler design - two pass boiler 
   Live steam 

  

     pressure bar 275 
     temperature  °C 600 
   Hot reheat steam 

  

     pressure bar 58 
      temperature  °C 620 
   Boiler feed water 

  

    temperature °C 315 
   Condenser pressure  bar 0,048    
Efficiencies Power Plant 

  

   Boiler efficiency % 95 
   Mechanical efficiency % 99,6 
   Generator efficiency % 98,5 
   Isentropic eff. HP turbine % 92 
   Isentropic eff. IP turbine % 94 
   Isentropic eff. LP turbine (incl. leaving losses) % 88 
   Isentropic eff. cooling water pump % 80 
   Isentropic eff. condensate pump % 80 
   Isentropic eff. feed water pump % 86    
Emissions Settings1 

  

   SO2 (at 6% O2, dry basis) mg/m³ 85 
   NOx (at 6% O2, dry basis) mg/m³ 120 
   Particles (at 6% O2, dry basis) mg/m³ 8 

1These are the emission guidelines as stated by the European Commission for large 
combustion plants [10] 

The screened submodels include the ones for CO2 solubility, amine volatility, 
specific heat capacity, density, viscosity, and surface tension of the liquid solvent 
blend. The submodels describing the kinetic reactions in the AMP-PZ-H2O-CO2 
system, and the mass transfer limitations in the columns, were not further 
improved in this work since they were assumed independent of blend composition. 
Therefore, these submodels were kept as in the original models of the ternary 
systems. They are further described in section 3.3.1.3. 

 

Second, submodels that were found inconsistent with the literature data were 
improved. I.e., the physical relations were fitted using additional experimental data 
for AMP/PZ blends as found in literature. For this purpose, the approach of Hilliard 
(2008) was followed, namely, interaction parameters of the ternary AMP-H2O-CO2, 
and PZ-H2O-CO2 systems were fixed, after which only the additional interaction 
parameters for the quaternary AMP-PZ-H2O-CO2 system were regressed. In this 
way, the description of the quaternary system could be improved in a time-efficient 
manner, without having to regress all interaction parameters simultaneously. In 
case different datasets for a physical property existed, it was attempted to fit a 
relation on all the available datasets. If this was not possible, e.g., because the 
datasets showed too little agreement, a selection of datasets was used. 

Third, the process model was validated against pilot plant results. For this purpose, 
results from the University of Kaiserslautern (UKL) pilot plant were used [42]. In the 
UKL pilot, a 28 %wt AMP, and 17%wt PZ blend was tested during 17 different test 
runs. The runs differ in flue gas CO2 pressure, solvent flow rate, and gas flow rate. 
Out of these seventeen, two runs were selected for validation purposes (runs G11 

 

Figure 3.2. Block scheme of the integrated power plant, capture unit, and compression unit. 
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and G13). These runs were selected because the CO2 pressure is relatively high (101 
mbar), and is hence closer to a coal plant flue gas than in other runs. The two runs 
differ in solvent flow, expressed as L/G ratio, which gave the opportunity to test the 
process model at different operational points. The test conditions of the pilot plant 
runs are presented in Appendix B.  

The UKL pilot plant differs from a commercial plant in the sense that the columns 
are too low to reach chemical equilibrium of the solvent, and that the design is not 
optimized for commercial application of the AMP/PZ solvent. Another difference is 
that the small size of the equipment may lead to higher relative heat losses than in 
a commercial plant. This means that the outputs, or performance indicators, of the 
UKL plant (such as specific reboiler duty and specific cooling water use) will not be 
representative for a commercial size plant. However, a small pilot like UKL does 
provide the possibility to check if the model is capable to correctly predict values 
and trends found in an experimental setup. The focus of the validation in this case 
is hence on the intermediate results (such as solvent loadings and temperature 
profiles) instead of the output results.  

As a fourth step in improvement of the CO2 capture model, an optimization study 
of the full size capture plant was done. The plant was optimized for energy 
requirement, whilst maintaining realistic equipment sizes. The optimization study 
was undertaken according to the following approach: first, generic boundary 
conditions for the commercial size plant were assumed (Table 3.3). These 
conditions were based on typical settings for a MEA PCC plant [10]. Second, a 
sensitivity analysis was undertaken for the following design parameters: L/G ratio, 
absorber height and packing type, stripper height and packing type, cross-HX 
temperature approach, stripper pressure, and AMP/PZ blend ratio. These 
parameters where changed one at the time, while all other parameters were kept 
constant. Thirdly, the optimal values that were found for each parameter were 
combined into a new set of design parameters. Lastly, these parameters were 
further adjusted, to render the last incremental optimization of energy use in the 
PCC plant. A flow scheme of the capture plant is given in Figure 3.4. 

 

 

 

 

Table 3.3. Initial boundary conditions for the optimization study of the commercial size AMP/PZ PCC 
plant. 

Boundary conditions Unit Value 
Flue gas flow kg/s 748,522 
Solvent %-wt AMP: 20; PZ: 10 
Absorber pressure bar 1,07 
Absorber height m 20 
Absorber width (-) Flooding = 0,8 
Absorber packing type  Mellapak 250y 
Absorber calculation Kg: Bravo et al., 1985. 

Kl: Bravo et al., 1995 
Stripper pressure Bar 2 
Stripper height m 10 
Stripper width (-) Flooding = 0,8 
Stripper packing type  Mellapak 250y 
Stripper calculation Kg: Bravo et al., 1985. 

Kl: Bravo et al., 1995 
HX T approach C, cold side 5 
Capture rate % 90 
Captured CO2 kg/s 142,6 
L/G ratio  Variable 

 

3.3.1.3. Submodels for the kinetics, mass, and heat transfer rates. 
To model the kinetics of the AMP/PZ blend, Equation 3.11 through Equation 3.14 
are implemented in PPS. 

Equation 3.11:   ��� + ��� → ������ + ����    

Equation 3.12:   ��� + ������� → ��(����)� + ��������  

Equation 3.13:   ��� + ����� → �������� + ��(��)�   

Equation 3.14:   ��� + ��� + ��� → ����� + ����
�   

The kinetic rates of these equations are described by the Arrhenius equation: 

Equation 3.15:  ��(�) =  �� + ���/(��) 

Values for the pre-exponential factors, and activation energies, were already 
implemented in PPS before this work. The coefficients for Equation 3.11 are fitted 
on data from Bisnoi & Rochelle [29]. Based on the work by Derks et al. [30] the 
coefficients of Equation 3.12 were set equal to those of Equation 3.11. The 
coefficients of Equation 3.13 were set such that the reaction rate is 100 times 
slower than that of Equation 3.11, also following Derks et al. [30]. The coefficients 
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constant. Thirdly, the optimal values that were found for each parameter were 
combined into a new set of design parameters. Lastly, these parameters were 
further adjusted, to render the last incremental optimization of energy use in the 
PCC plant. A flow scheme of the capture plant is given in Figure 3.4. 

 

 

 

 

Table 3.3. Initial boundary conditions for the optimization study of the commercial size AMP/PZ PCC 
plant. 

Boundary conditions Unit Value 
Flue gas flow kg/s 748,522 
Solvent %-wt AMP: 20; PZ: 10 
Absorber pressure bar 1,07 
Absorber height m 20 
Absorber width (-) Flooding = 0,8 
Absorber packing type  Mellapak 250y 
Absorber calculation Kg: Bravo et al., 1985. 

Kl: Bravo et al., 1995 
Stripper pressure Bar 2 
Stripper height m 10 
Stripper width (-) Flooding = 0,8 
Stripper packing type  Mellapak 250y 
Stripper calculation Kg: Bravo et al., 1985. 

Kl: Bravo et al., 1995 
HX T approach C, cold side 5 
Capture rate % 90 
Captured CO2 kg/s 142,6 
L/G ratio  Variable 

 

3.3.1.3. Submodels for the kinetics, mass, and heat transfer rates. 
To model the kinetics of the AMP/PZ blend, Equation 3.11 through Equation 3.14 
are implemented in PPS. 

Equation 3.11:   ��� + ��� → ������ + ����    

Equation 3.12:   ��� + ������� → ��(����)� + ��������  

Equation 3.13:   ��� + ����� → �������� + ��(��)�   

Equation 3.14:   ��� + ��� + ��� → ����� + ����
�   

The kinetic rates of these equations are described by the Arrhenius equation: 

Equation 3.15:  ��(�) =  �� + ���/(��) 

Values for the pre-exponential factors, and activation energies, were already 
implemented in PPS before this work. The coefficients for Equation 3.11 are fitted 
on data from Bisnoi & Rochelle [29]. Based on the work by Derks et al. [30] the 
coefficients of Equation 3.12 were set equal to those of Equation 3.11. The 
coefficients of Equation 3.13 were set such that the reaction rate is 100 times 
slower than that of Equation 3.11, also following Derks et al. [30]. The coefficients 
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for the AMP protonation reaction (Equation 3.14) are based on the work by Bosch 
et al. [33]. Standard mass and heat transfer models were used in this simulation. 
The chosen models are given in Table 3.4. 

3.3.1.4. CO2 compression plant 
CO2 from the capture unit was polished and compressed to 110 bar in the 
compression section. This section contains five compression steps, and one final 
pumping step. Between every compression stage, the CO2 is cooled, and water is 
removed in knock out vessels. Between the fourth, and fifth compression stage, 
there is a molecular sieve to polish the water level in the CO2 stream to a level of 
200 ppmv. The compression unit was modelled in Aspen Plus V8.4. 

3.3.1.5. Integration between power plant, capture unit, and 
compression unit 

The power plant, capture unit and compression models were integrated to assess 
the performance of the combined system. Steam (4,6 bar) from the IP/LP crossover 
was extracted from the steam cycle, desuperheated to 138°C, and used as heating 
medium for the capture unit reboiler. The condensate was sent back to the feed 

Table 3.4. Mass and heat transfer models used in this work. 

Parameter Model used Absorber Absorber 
water 
wash 

Stripper Stripper 
water 
wash 

Chemical 
enhancement 
factor 

Approximate 
(analytical with 
zwitterion) 

X X X X 

Interfacial surface 
area 

Brunazzi & Paglianti, 
1996 

X X  X 

 Bravo, Rocha, Fair, 
1985 

  X  

Vapour phase 
mass transfer 
coefficient 

Bravo, Rocha, Fair, 
1985 

X X X X 

Liquid phase mass 
transfer coefficient 

Bravo, Rocha, Fair, 
1992 

X X X X 

Vapour phase heat 
transfer coefficient 

Chilton Colburn 
analogy 

X X X X 

Liquid phase heat 
transfer coefficient 

Large compared to hg 
(vapour phase 
resistance) 

X X X X 

 

 

water preheating train in the power plant. Part of the rejected heat from the CO2 
compression section was also used to preheat the boiler feed water. 

After integration, the system was compared to a system using reference MEA 
carbon capture technology taken from Van der Spek et al. [13]. 

3.3.2. Uncertainty evaluation 
In this work, the uncertainty management throughout the development process of 
the AMP/PZ model is explicitly described. The approach builds on earlier work on a 
MEA carbon capture system, described in Van der Spek et al. [13]. The uncertainty 
evaluation approach was applied to the model itself, as well as to the model outputs 
(Figure 3.3). The approach includes both a quantitative uncertainty evaluation 
component, i.e. validation, and a qualitative uncertainty evaluation component, i.e. 
pedigree analysis. 

Validation was used to quantitatively assess the strength of model inputs, outputs, 
and intermediate results by comparing them to (experimental) values from 
literature. Pedigree analysis was used to gain insight into, and communicate, the 
uncertainty in the knowledge base underlying the model.  

 

 

Figure 3.3. Modelling, and uncertainty management procedure. Orange boxes represent steps in 
the modelling process, blue boxes represent uncertainty management activities. 
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Figure 3.4. Process Flow Diagram of the AMP/PZ carbon capture unit. The numbers correspond to the flows in the mass balance of the commercial capture 
plant (Appendix D). 
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Educated 
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indirect 

approximation, 
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estimate 
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established 

theory 
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theory with 
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period 
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independent, 
include proxy 

variables or have 
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Weak and very 
indirect 

validation 

No 
validation 
performed 

Figure 3.5. Pedigree matrix for the assessment of data uncertainty [13], [50]. 

Pedigree analysis is typically undertaken by a group of independent experts and 
involves the use of so-called pedigree matrices. “A pedigree matrix is a tool that 
systematically scores submodel and/or parameter strength with respect to a 
number of predefined quality indicators, called pedigree criteria” (Van der Spek et 
al., 2016: 3 [13]). For the review of submodels viz-a-viz parameters, different 
pedigree matrices are used (Figure 3.5, Figure 3.6).  

The pedigree analysis was carried out by six independent experts, using the 
pedigree matrices to review the model. This was done during a workshop and 
during face-to-face interviews. The participants were all senior researchers in the 
areas of postcombustion carbon capture, and/or acid gas treating, and/or other 
forms of separation technology. For a more detailed description of the scoring 
procedure, see appendix C.  
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Figure 3.5. Pedigree matrix for the assessment of data uncertainty [13], [50]. 

Pedigree analysis is typically undertaken by a group of independent experts and 
involves the use of so-called pedigree matrices. “A pedigree matrix is a tool that 
systematically scores submodel and/or parameter strength with respect to a 
number of predefined quality indicators, called pedigree criteria” (Van der Spek et 
al., 2016: 3 [13]). For the review of submodels viz-a-viz parameters, different 
pedigree matrices are used (Figure 3.5, Figure 3.6).  

The pedigree analysis was carried out by six independent experts, using the 
pedigree matrices to review the model. This was done during a workshop and 
during face-to-face interviews. The participants were all senior researchers in the 
areas of postcombustion carbon capture, and/or acid gas treating, and/or other 
forms of separation technology. For a more detailed description of the scoring 
procedure, see appendix C.  
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Figure 3.6. Pedigree matrix for assessment of submodel uncertainty [13]. 

3.4. Results and discussion 
3.4.1. Model improvement 
3.4.1.1. Step 1: submodel screening 

Following the method discussed in section 3.3.1.2, it was found that experimental 
data of amine volatility and solvent blend density were well described by combining 
the existing models of the two ternary systems. Amine volatility shows an 
acceptable Absolute Average Deviation (AAD) of 17%, when validated against 
quaternary system data by Hartono et al. [21] and Li et al. [18] (Table 3.5).  

Table 3.5 also shows a low AAD of density (0,20%), when compared to quaternary 
system data of Dash et al., and Samanta & Bandyopadhay [15], [51], [52]. The 
submodel for surface tension was not able to accurately describe experimental 
results (mean AAD = 42%, Table 3.5), but could not be improved due to restrictions 

 

in the software. Currently, a pure component based average surface tension is used 
for the electrolyte blends. Mixing effects and electrolyte adjustment have not been 
implemented as to date [48]. Therefore, the model for surface tension was kept as 
it was. Parity plots of these three properties are given in Appendix D2.  

The properties CO2 solubility, heat capacity, and viscosity were found to need 
improvement, of which the results are presented in the next section. Additionally, 
during the screening it was found that there are large differences between the 
datasets describing CO2 solubility (showed in section 3.2.1). Based on the screening, 
only the data from Brúder et al. [23], Li et al. [53], and one set from Dash et al. [17], 
were used to improve this submodel. 

3.4.1.2. Step 2: improvement of physical property models 
Excess heat capacity 
Regression of the excess heat capacity of the AMP/PZ blend to data by Chen et al. 
[24] led to a low AAD of 2,5% (Table 3.5). A parity plot of the fit of this model to the 
experimental data is given in Appendix D1. 

CO2 solubility 
Regressing the additional Margules coefficients for the AMP-PZ-H2O-CO2 system 
improved the prediction of CO2 solubility in the solvent blend. The mean AAD 
decreased from 52,9% without fitting the binary AMP/PZ interactions, to 29,4%, 
when the binary interactions were fitted. It was not possible to further decrease 
the AAD by adjusting the model coefficients, while keeping the experimental values 
of all three datasets in the regression. Other sources report lower AAD’s after 
regressing thermodynamic models for prediction of CO2 solubility, however, they 
use less different experimental sources of data, leading to more consistency within 
the used regression input, and hence lower AAD’s (see e.g. [20], [22]).  

Figure 3.7 through Figure 3.9 give more insight into the model predictions versus 
the experimental values. Figure 3.7 and Figure 3.8 show that the PPS model 
represents the data from Li et al. [53] and Brúder et al. [23] very well. However, 
there are some differences between the model predictions and data from Dash et 
al. [17] (Figure 3.9). This is confirmed by reviewing the AAD’s of the separate 
sources (Table 3.5). This implies that the experimental results from Brúder et al., 
and Li et al., are in ine with each other, but that they differ from the values retrieved 
from Dash et al. Based on the information, it was however not possible to find a 
reason for this difference.  
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Figure 3.7. Plot of PCO2 (Pa), versus solvent loading (mol/mol). Model predictions (lines) versus 
experimental results from Brúder et al., 2011 (markers). Solvent concentration is 3M AMP, 1,5M PZ. 
The grey dashed lines represent the expected operating window of the solvent. 

 

 

Figure 3.8. Plot of PCO2 (Pa), versus solvent loading (mol/mol). Model predictions (lines) versus 
experimental results from Li et al., 2014 (markers). Solvent concentration is 4 molal AMP, 2 molal 
PZ. The grey dashed lines represent the expected operating window of the solvent. 

1,E-02

1,E-01

1,E+00

1,E+01

1,E+02

1,E+03

1,E+04

1,E+05

1,E+06

1,E+07

1,E+08

0 0,2 0,4 0,6 0,8 1 1,2 1,4

P 
CO

2 
(P

a)

Solvent loading (mol CO2/mol amine)

313 K 333 K 373 K 393 K

Bruder 313 K Bruder 333 K Bruder 373 K Bruder 393 K

1,E-02

1,E-01

1,E+00

1,E+01

1,E+02

1,E+03

1,E+04

1,E+05

1,E+06

1,E+07

1,E+08

0 0,2 0,4 0,6 0,8 1 1,2 1,4

P 
CO

2 
(P

a)

Solvent loading (mol CO2/mol amine)

313 K 333 K 373 K 393 K Li 313 K Li 333 K Li 373 K Li 393 K

 

 

Figure 3.9. Plot of PCO2 (Pa), versus solvent loading (mol/mol). Model predictions (lines) versus 
experimental results from Dash et al., 2011 (markers). Solvent concentration is 28% AMP, 2 % PZ. 
The grey dashed lines represent the expected operating window of the solvent. 

 

Liquid viscosity model 
The improved liquid viscosity model showed accurate prediction of unloaded 
solvent data, but somewhat worse prediction of loaded solvent data (Appendix D1). 
It was not possible to further refine this submodel within the scope of this work, 
due to limitations in time and availability of experimental data on loaded AMP/PZ 
blends. Nevertheless, the mean AAD of viscosity prediction by PPS, and the 
experimental values, showed an acceptable value of 15% (Table 3.5). 

3.4.1.3. Step 3: validation against pilot plant results.  
Table 3.6 shows validation results of the process model when compared to 
experimental data from the University of Kaiserslautern (UKL) pilot plant [42]. The 
table presents output parameters of the pilot plant, and the PPS model, given the 
test conditions in appendix B. It shows that there is little difference between model 
prediction and experiment of the variables capture rate and solvent temperature. 
This is a first indication that the thermodynamics and kinetics are correctly 
represented by the process model. 
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Figure 3.9. Plot of PCO2 (Pa), versus solvent loading (mol/mol). Model predictions (lines) versus 
experimental results from Dash et al., 2011 (markers). Solvent concentration is 28% AMP, 2 % PZ. 
The grey dashed lines represent the expected operating window of the solvent. 
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Table 3.5. Comparison of final physical property models in PPS, and experimental data from 
literature. Error displayed as Absolute Average Deviation (AAD). The top half shows the final AAD’s 
of the improved (quaternary) models. The bottom half shows the AAD’s of the combined original 
(ternary) models, when compared with experimental quaternary system results. 

Property Source AAD of final model 
(%) 

 
Properties for which AMP/PZ interactions were regressed 
CO2 solubility Brúder et al, 2011 16,9 
 Dash et al., 2011 35,9 
 Li et al., 2014 17,4 
 Overall AAD 29,4 
Liquid Heat Capacity Chen et al., 2010 2,5 
Liquid Viscosity Dash et al., 2011b 8,1 
 Fu et al., 2014 18,7 
 Murshid et al., 2011 10,5 
 Samanta & Bandyopadhyay, 2006 8,6 
 Samanta & Bandyopadhyay, 2009 4,2 
 Overall AAD 15,2 
 
Properties for which AMP/PZ interactions were not regressed 
Amine Volatility Hartono et al., 2013 15,7 
 Li et al., 2013 26,7 
 Overall AAD 17,2 
Liquid Density Dash et al., 2011b 0,22 
 Samanta & Bandyopadhyay, 2006 0,16 
 Samanta & Bandyopadhyay, 2009 0,30 
 Overall AAD 0,20 
Liquid Surface Tension Fu et al., 2013 40,5 
 Murshid et al., 2011 53,9 
 Overall AAD 42,2 

 

In the cyclic loading of run G13, the value is 12% lower in the PPS model than in the 
pilot rig. After recalculating the mass balance of this pilot run, it was found that the 
amine concentration in the solvent was 39%wt, rather than the intended 42%wt 
(28%wt AMP plus 17%wt PZ). In PPS, the total amine concentration was set to 
42%wt, explaining the difference in cyclic loading between pilot and model. 
Another difference is observed in the model prediction of condenser duty. The 
potential implication of this is discussed in section 3.4.2.2. 

 

 

Table 3.6. Initial validation results of the PPS model, versus pilot plant outputs of the University of 
Kaiserslautern (UKL). 

 
 Run G11 Run G13 

Performance indicator Unit  UKL PPS Diff.a UKL PPS Diff.a 

Capture rate % 90,5 88,4 -2% 89,3 88,2 -1% 
Lean solvent T °C 122,5 123,2 1% 121,0 121,1 0% 
Rich solvent T °C  50,4 51,8 3% 52,9 53,9 2% 
Cyclic loading Mol/mol 0,39 0,38 -2% 0,28 0,24 -12% 
Condenser duty W 2981 3754 26% 3934 4776 21% 

aThe relative difference between model and pilot plant results was calculated as ��� ∙
(���� − ����)/���� , in which Vpps is the output value of the PPS model, and VUKL is the 
experimentally measured value in the pilot plant. 

Figure 3.10 to Figure 3.13 show validation of the temperature and loading profiles 
over the absorber and the stripper column. The PPS model describes the 
temperature and loading profile in the absorber correctly, both in run G11 and in 
run G13. This supports the conclusion that the model is accurate in describing the 
thermodynamics and kinetics of the AMP-PZ-H2O-CO2 system.  

The model also correctly predicts the loading profile over the stripper. However, in 
both runs there is a difference between the stripper temperature profiles of the 
model, and those of the pilot, which is an indication that steam pressure in the 
stripper model is higher than in the pilot stripper. 

3.4.1.4. Step 4: optimization of full size carbon capture plant 
Optimization analyses 
Figure 3.14 shows the analysis of Specific Reboiler Duty (SRD), and amine slip from 
the absorber to the water wash, as a function of liquid over gas ratio. The figure 
shows that, from an energy point of view, there is a clear optimum L/G ratio at 2,1, 
but from an emission control perspective this optimum lies at much higher ratios. 
With solvent flows lower than 2,1, the SRD increases rapidly, due to absence of 
unloaded amine molecules. When solvent flow is higher than 2,2, the SRD increases 
gradually, due to the higher energy requirement for solvent heating and water 
vaporisation in the stripper column. The amine slip from the absorber shows a 
downward trend to higher liquid solvent flows. This is because the solvent partly 
acts as a wash for the vaporised amine molecules.  
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 Figure 3.10. Validation of absorber temperature and loading profiles. PPS model versus UKL run 
G11 [42]. 

 

 

 Figure 3.11. Validation of absorber temperature and loading profile. PPS model versus UKL run G13 
[42]. 
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 Figure 3.12 . Validation of stripper temperature and loading profile. PPS versus UKL run G11 [42]. 

 

 

    

Figure 3.13. Validation of stripper temperature and loading profile. PPS versus UKL run G13 [42]. 
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Figure 3.14. Analysis of Specific Reboiler Duty (SRD) and amine slip to water wash as function of the 
liquid over gas ratio.  

 

Figure 3.15. Analysis of SRD as a function of absorber height (left axis), and stripper height (right 
axis). 
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and Specific Reboiler Duty. Higher columns mean more contact time between flue 
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gas and solvent, hence increasing the transfer of CO2 into and out of the solvent. 
This leads to higher solvent loadings, lower solvent requirement, and lower SRD’s. 
The figure shows that for the absorber a minimum height of 20 meters is required. 
For the stripper the minimum height is approximately 10 meters. The higher 
sensitivity of the SRD to absorber height than to column height can be explained by 
the reaction kinetics. In the absorber, temperatures are lower and CO2 solubility is 
kinetically controlled. In the stripper, at elevated temperatures, the reaction rate is 
diffusion controlled and reactions happen instantaneously, making SRD less 
sensitive to stripper height.  

The results indicate that also the packing selection for the absorber column has a 
significant impact on Specific Reboiler Duty (Figure 3.16). The figure shows that BX 
500 and Flexipac 1y render the lowest SRD (2,85 GJ/t CO2) , because of their high 
surface area per volume packing. Flexipac 1y however, combines this with a higher 
pressure drop and hence higher blower power requirement. The drawback of BX 
500 packing is that it has only been used in columns smaller than 6m diameter [54], 
which is approximately one-third to half of the diameter of expected commercial 
CO2 capture plants. Mellapak 350x has been commercially used in large columns, 
and combines lower SRD (2,93 GJ/t CO2) , with a pressure drop only 10 mbar higher 
than standard Mellapak 250y.  

Investigating the optimum AMP/PZ blend ratio (Figure 3.17), the system seems to 
favour a blend ratio higher than 20%wt AMP and 10%wt PZ. At lower amine 
concentrations, the SRD increases rapidly. Note however, that during these 
sensitivity analyses, all other variables in the capture system (L/G ratio, capture 
rate, stripper height) were kept constant. This means that at lower amine 
concentrations, the model needed to increase cyclic capacity to a value of 0,69 
given the fixed capture rate of 90% and the fixed L/G ratio of 2,1. For comparison, 
in the 20/10 blend a cyclic loading of 0,60 was observed. So, at lower 
concentrations lean solvent loading had to approach zero, requiring a much higher 
stripping energy and leading to a high SRD. Also note that, with increasing blend 
ratios, there is increasing slip of amines to the water wash, requiring higher duty 
washing.  

Finally, the stripper pressure was analysed. Figure 3.18 and Figure 3.19 show that 
increasing stripper pressure leads to increased stripper temperature to maintain 
the 90% CO2 capture rate. This also leads to a decreased SRD. Therefore, an optimal 
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gas and solvent, hence increasing the transfer of CO2 into and out of the solvent. 
This leads to higher solvent loadings, lower solvent requirement, and lower SRD’s. 
The figure shows that for the absorber a minimum height of 20 meters is required. 
For the stripper the minimum height is approximately 10 meters. The higher 
sensitivity of the SRD to absorber height than to column height can be explained by 
the reaction kinetics. In the absorber, temperatures are lower and CO2 solubility is 
kinetically controlled. In the stripper, at elevated temperatures, the reaction rate is 
diffusion controlled and reactions happen instantaneously, making SRD less 
sensitive to stripper height.  

The results indicate that also the packing selection for the absorber column has a 
significant impact on Specific Reboiler Duty (Figure 3.16). The figure shows that BX 
500 and Flexipac 1y render the lowest SRD (2,85 GJ/t CO2) , because of their high 
surface area per volume packing. Flexipac 1y however, combines this with a higher 
pressure drop and hence higher blower power requirement. The drawback of BX 
500 packing is that it has only been used in columns smaller than 6m diameter [54], 
which is approximately one-third to half of the diameter of expected commercial 
CO2 capture plants. Mellapak 350x has been commercially used in large columns, 
and combines lower SRD (2,93 GJ/t CO2) , with a pressure drop only 10 mbar higher 
than standard Mellapak 250y.  

Investigating the optimum AMP/PZ blend ratio (Figure 3.17), the system seems to 
favour a blend ratio higher than 20%wt AMP and 10%wt PZ. At lower amine 
concentrations, the SRD increases rapidly. Note however, that during these 
sensitivity analyses, all other variables in the capture system (L/G ratio, capture 
rate, stripper height) were kept constant. This means that at lower amine 
concentrations, the model needed to increase cyclic capacity to a value of 0,69 
given the fixed capture rate of 90% and the fixed L/G ratio of 2,1. For comparison, 
in the 20/10 blend a cyclic loading of 0,60 was observed. So, at lower 
concentrations lean solvent loading had to approach zero, requiring a much higher 
stripping energy and leading to a high SRD. Also note that, with increasing blend 
ratios, there is increasing slip of amines to the water wash, requiring higher duty 
washing.  

Finally, the stripper pressure was analysed. Figure 3.18 and Figure 3.19 show that 
increasing stripper pressure leads to increased stripper temperature to maintain 
the 90% CO2 capture rate. This also leads to a decreased SRD. Therefore, an optimal 
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stripper pressure design would be as high as possible. The limiting factor in this case 
is thermal solvent degradation. Li et al. [18] calculated that for a 2m PZ, 4m AMP 
blend, significant thermal degradation started at temperatures over 127°C.  

 
Figure 3.16. Analysis of SRD and pressure drop versus type of packing used in the absorber column. 

 
Figure 3.17. Analysis of SRD and total amine slip to the absorber water wash versus AMP/PZ blend 
ratio. 
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Figure 3.18. Analysis of SRD and stripper bottom temperature versus stripper pressure. L/G = 2.1. 
The dashed grey line represents the maximum temperature allowed to mitigate thermal solvent 
degradation [18]. 

 

Figure 3.19. Sensitivity analysis of SRD, and stripper bottom temperature, versus stripper pressure. 
L/G = 2.6. The dashed grey line represents the maximum temperature allowed to mitigate solvent 
thermal degradation [18]. 
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Figure 3.16. Analysis of SRD and pressure drop versus type of packing used in the absorber column. 

 
Figure 3.17. Analysis of SRD and total amine slip to the absorber water wash versus AMP/PZ blend 
ratio. 
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Figure 3.18. Analysis of SRD and stripper bottom temperature versus stripper pressure. L/G = 2.1. 
The dashed grey line represents the maximum temperature allowed to mitigate thermal solvent 
degradation [18]. 

 

Figure 3.19. Sensitivity analysis of SRD, and stripper bottom temperature, versus stripper pressure. 
L/G = 2.6. The dashed grey line represents the maximum temperature allowed to mitigate solvent 
thermal degradation [18]. 
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Therefore, we considered this to be the maximum allowable stripper bottom 
temperature, represented in figures Figure 3.18 and Figure 3.19 by the grey dashed 
line. Additionally, the figures show that higher L/G ratios allow for higher stripper 
pressures before reaching the maximum allowable stripper bottom temperature. 
This is favourable for CO2 compression because compressing the rich solvent to the 
stripper requires far less energy than compressing the CO2 product stream. 
Therefore, it may be interesting to regenerate the solvent at a slightly higher 
pressure. 

Selection of optimal design parameters. 
Based on the analyses in the previous section, optimal design parameters for the 
commercial AMP/PZ were selected. The design parameters are given in Table 3.7. 
For validation purposes, where possible, also design parameters are presented of 
the Esbjerg and UKL pilot plants. 

3.4.2. Simulation of commercial size power plant with CO2 
capture  

3.4.2.1. Advanced Super Critical Pulverized Coal Power plant 
The power plant was simulated following the description in section 3.3.1.1. Table 
3.8 shows the resulting output parameters of the power plant model. The plant 
without CCS produces a gross power output of 833 MWel and a net power output 
of 776 MWel, culminating in a net efficiency of 46,14%LHV. The resulting flue gas 
stream values are reported in  Table 3.9. 

3.4.2.2. CO2 capture plant 
Table 3.10 presents the performance indicators of the AMP/PZ carbon capture unit, 
when applied to the power plant described in section 3.4.2.1. The table also shows 
a comparison to a MEA capture plant that was modelled in Aspen Plus in an earlier 
study [55], as well as experimental values reported on the Esbjerg pilot plant [40], 
[41] as a further means of validation.  

The results indicate that the carbon capture plant based on the AMP/PZ solvent 
shows improved performance than the incumbent MEA technology, across all but 
one indicator. The AMP/PZ technology requires a lower specific reboiler duty (SRD) 
and inherently a lower demand for cooling water. The AMP/PZ solvent also has a 
larger cyclic capacity than MEA, leading to a lower liquid over gas ratio, and hence 
a lower electric power requirement.  

 

Table 3.7. Final design parameters for the AMP/PZ capture plant. 

Boundary condition/Design value This study Validation 
Solvent blend AMP/PZ (%wt) 20/10 Esbjerg: 19/9; UKL: 28/17 
CO2 capture rate (%) 90 Esbjerg: 90% 
L/G ratio (kgsolvent/kggas) 2.6 Esbjerg: 1,8-2,9 
DCC outlet temperature (°C) 40 UKL: ~47 
Lean solvent inlet temperature (°C) 40 Esbjerg: 40; UKL: 40 
Condenser temperature (°C) 40 UKL: 15-18 
Cross-HX temperature approach 
(°C)  

7 Esbjerg: 4-10; UKL: 6 

Gas liquid pinch point 10 (-) 
Liquid/liquid pinch point 10 (-) 
Condensing/liquid pinch point 3 (-) 
DCC pressure (bar) 0,99 (-) 
Absorber pressure (bar) 1,05 Esbjerg: 0,98; UKL: 1,04 
Stripper pressure (bar) 2,4 Esbjerg: 1,9; UKL: 2,0 
Condenser pressure drop (bar) 0,15 (-) 
Other HX’s pressure drop (bar) 0,4 (-) 
Pump efficiencies (-) 0,8 (-) 
Flooding factors all columns 0,8 (-) 
 
Packing heights (m) & types 

  

DCC 7m Norton 
IMTP-50 

(-) 

Absorber 20m Mellapak 
350X 

Esbjerg: 17m Mellapak 2X 

Absorber water wash 5m Mellapak 
250Y 

Esbjerg: 3 m Mellapak 250Y 

Stripper  10m Mellapak 
350X 

Esbjerg: 10m IMTP-50 

Stripper water wash 4m Mellapak 
250Y 

Esbjerg: 3m IMTP-50 

A drawback of the AMP/PZ system with respect to MEA, is that more severe water 
washing is required, because particularly AMP is a more volatile substance than 
MEA. Therefore, the design temperature of the water wash is set lower for the 
AMP/PZ case than for the MEA case, as suggested by Mertens et al. [56], [57], 30°C, 
and 40°C, respectively. Using this lower water wash temperature ensures that the 
amine emissions stay within the permission limits of European CO2 capture 
demonstration plants, such as the ROAD and TCM projects [58], [59], which can be 
seen at the moment as a proxy for the emission limits of commercial 
postcombustion capture plants. If required, additional measures can be taken to 
mitigate AMP slip, for instance increasing the packing height of the water wash 
section, or installing a double water wash bed. 

15019 - vdSpek_BNW.indd   94 31-10-17   11:33



94 95
 

Therefore, we considered this to be the maximum allowable stripper bottom 
temperature, represented in figures Figure 3.18 and Figure 3.19 by the grey dashed 
line. Additionally, the figures show that higher L/G ratios allow for higher stripper 
pressures before reaching the maximum allowable stripper bottom temperature. 
This is favourable for CO2 compression because compressing the rich solvent to the 
stripper requires far less energy than compressing the CO2 product stream. 
Therefore, it may be interesting to regenerate the solvent at a slightly higher 
pressure. 

Selection of optimal design parameters. 
Based on the analyses in the previous section, optimal design parameters for the 
commercial AMP/PZ were selected. The design parameters are given in Table 3.7. 
For validation purposes, where possible, also design parameters are presented of 
the Esbjerg and UKL pilot plants. 

3.4.2. Simulation of commercial size power plant with CO2 
capture  

3.4.2.1. Advanced Super Critical Pulverized Coal Power plant 
The power plant was simulated following the description in section 3.3.1.1. Table 
3.8 shows the resulting output parameters of the power plant model. The plant 
without CCS produces a gross power output of 833 MWel and a net power output 
of 776 MWel, culminating in a net efficiency of 46,14%LHV. The resulting flue gas 
stream values are reported in  Table 3.9. 

3.4.2.2. CO2 capture plant 
Table 3.10 presents the performance indicators of the AMP/PZ carbon capture unit, 
when applied to the power plant described in section 3.4.2.1. The table also shows 
a comparison to a MEA capture plant that was modelled in Aspen Plus in an earlier 
study [55], as well as experimental values reported on the Esbjerg pilot plant [40], 
[41] as a further means of validation.  

The results indicate that the carbon capture plant based on the AMP/PZ solvent 
shows improved performance than the incumbent MEA technology, across all but 
one indicator. The AMP/PZ technology requires a lower specific reboiler duty (SRD) 
and inherently a lower demand for cooling water. The AMP/PZ solvent also has a 
larger cyclic capacity than MEA, leading to a lower liquid over gas ratio, and hence 
a lower electric power requirement.  

 

Table 3.7. Final design parameters for the AMP/PZ capture plant. 

Boundary condition/Design value This study Validation 
Solvent blend AMP/PZ (%wt) 20/10 Esbjerg: 19/9; UKL: 28/17 
CO2 capture rate (%) 90 Esbjerg: 90% 
L/G ratio (kgsolvent/kggas) 2.6 Esbjerg: 1,8-2,9 
DCC outlet temperature (°C) 40 UKL: ~47 
Lean solvent inlet temperature (°C) 40 Esbjerg: 40; UKL: 40 
Condenser temperature (°C) 40 UKL: 15-18 
Cross-HX temperature approach 
(°C)  

7 Esbjerg: 4-10; UKL: 6 

Gas liquid pinch point 10 (-) 
Liquid/liquid pinch point 10 (-) 
Condensing/liquid pinch point 3 (-) 
DCC pressure (bar) 0,99 (-) 
Absorber pressure (bar) 1,05 Esbjerg: 0,98; UKL: 1,04 
Stripper pressure (bar) 2,4 Esbjerg: 1,9; UKL: 2,0 
Condenser pressure drop (bar) 0,15 (-) 
Other HX’s pressure drop (bar) 0,4 (-) 
Pump efficiencies (-) 0,8 (-) 
Flooding factors all columns 0,8 (-) 
 
Packing heights (m) & types 

  

DCC 7m Norton 
IMTP-50 

(-) 

Absorber 20m Mellapak 
350X 

Esbjerg: 17m Mellapak 2X 

Absorber water wash 5m Mellapak 
250Y 

Esbjerg: 3 m Mellapak 250Y 

Stripper  10m Mellapak 
350X 

Esbjerg: 10m IMTP-50 

Stripper water wash 4m Mellapak 
250Y 

Esbjerg: 3m IMTP-50 

A drawback of the AMP/PZ system with respect to MEA, is that more severe water 
washing is required, because particularly AMP is a more volatile substance than 
MEA. Therefore, the design temperature of the water wash is set lower for the 
AMP/PZ case than for the MEA case, as suggested by Mertens et al. [56], [57], 30°C, 
and 40°C, respectively. Using this lower water wash temperature ensures that the 
amine emissions stay within the permission limits of European CO2 capture 
demonstration plants, such as the ROAD and TCM projects [58], [59], which can be 
seen at the moment as a proxy for the emission limits of commercial 
postcombustion capture plants. If required, additional measures can be taken to 
mitigate AMP slip, for instance increasing the packing height of the water wash 
section, or installing a double water wash bed. 

15019 - vdSpek_BNW.indd   95 31-10-17   11:33



96 97
 

Table 3.8. Output parameters of the ASC PC power plant model without carbon capture. 

Parameter Unit Value 
Thermal input LHV MWth 1682 
Gross power output(w/o carbon capture) MWel 833 
Cooling water use t/s 26,7 
Parasitic load   
   Coal handling MW 3,1 
   Feedwater pumps MW 26,7 
   Cooling water pump MW 5,0 
   Forced draft fan MW 5,6 
   Induced draft fan MW 8,1 
   SCR MW 0 
   ESP MW 0,21 
   Ash handling MW 1,2 
   FGD MW 7,2 
   
Net power output MWel 776 
Net efficiency LHV % 46,14 
Yearly power output GWh/yr 5434 
Yearly CO2 emissions kt/yr 3988 
CO2 intensity Kg/MWh 734 

  

 Table 3.9. Flue gas stream characteristics excluding impurities and trace elements. Output of the 
ASC PC model without carbon capture. 

Parameter Unit Value 
Flowrate kg/s 780 
Pressure Bar 1,0 
Temperature °C 50 
Composition   
   N2 %vol 72,2 
   CO2 %vol 13,6 
   O2 %vol 3,4 
   H2O %vol 9,5 
   Ar %vol 0,8 

 

With respect to the values in Table 3.10, the validation of the PPS model against 
pilot results (section 3.4.1.3) showed that more steam is produced in the model 
stripper than in the UKL stripper. For the modelling of the commercial size capture 
plant this could imply that the model predicts an SRD that is too high, although 
section 3.4.1.3 showed the difference is in the order of only a few percent points. 
It may also imply that the size of the condenser equipment is bigger in our model 
than in reality, leading to somewhat higher costs for these items. However, since 

 

these types of equipment are small compared to others (e.g. columns or cross-HX), 
the expected impact on total Capex is expected to be low. 

As mentioned in section 3.2.4, three other research groups have modelled the 
technical performance of an AMP/PZ capture plant using a rigorous process model 
[5], [8], [45]. Table 3.11 shows a comparison between this work, the three studies 
mentioned above, and the values found in the Esbjerg pilot plant. Only the 
quantities SRD, and L/G ratio are presented, other quantities could not be retrieved 
from these studies. The table shows a fairly large range in the presented SRD 
results, but indicates a likely value between 2,7 and 3,3 GJ/t CO2. Only the work of 
Dash et al., reports significantly higher values (> 3,7 GJ/t CO2 given 90% capture), 
which is not in line with the Esbjerg measurements. Also, the L/G ratio found by 
Dash et al., is lower than the range reported on Esbjerg. From their paper however, 
it was not possible to retrieve the cause of the differences with the Esbjerg plant.  

3.4.2.1. CO2 compression unit 
The CO2 compression unit was modelled according to the method in section 3.3.1.4. 
CO2 is compressed to 110 bar, and water content is polished to a maximum of 200 
ppmv.  

Table 3.10. Performance indicators of AMP/PZ capture plant (this work), and MEA capture plant 
presented in previous work [55]. 

 Performance indicator Unit AMP/PZ Validation: 
Esbjerg 

MEA Validation: 
Esbjerg 

Specific Reboiler Duty GJ/t CO2 2,9 ~3,0 3,6 3,6-3,9 
Liquid/gas ratio  kgsolvent/kggas 2,6 1,8-2,9 3,8 3-3,5 
Electric power 
requirement  

MJ/t CO2 117,9 - 122,3 - 

Cooling water 
requirement  

GJ/t CO2 3,4 - 4,1 3,2-3,91 

Plant water requirement  m3/t CO2 0,33 - 0,38 - 
Amine slip to atmosphere g/t CO2 15,3 - 0,18 - 

1 It is unknown to the authors if this value includes cooling duty for the direct contact cooler. 

Table 3.11. Comparison of modelling studies on PCC with an AMP/PZ blend, given 90% CO2 capture. 

Performance 
indicator 

Unit This 
work 

Kvamsdal 
et al. 

Sanchez 
et al. 

Dash 
et al. 

Validation: 
Esbjerg 

Specific Reboiler 
Duty 

GJ/t CO2 2,9 3,1-3,3 2,7 3,7-
3,9 

~3,0 

Liquid/gas ratio  kgsol/kggas 2,6 - - 1,5 1,8-2,9 
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The required compression energy for the AMP/PZ case is 40,26MW; for the MEA 
case this is slightly higher, due to lower pressure in the MEA stripper: 46,53MW.The 
additional power requirement for cooling water pumping to the compression 
section equals 0,42MW, in both the AMP/PZ as in the MEA case.  

3.4.2.2. Performance Indicators of the integrated system 
The performance indicators of the integrated system are presented in Table 3.12. 
Given the significant reduction in SRD of AMP/PZ versus MEA (3,6, and 2,9 GJ/t CO2 
respectively) a large difference between the two capture technologies on the gross 
power output penalty was expected. However, as Table 3.12 shows, the gross 
output is only 12 MW higher in case of AMP/PZ, with respect to MEA capture. The 
reason is the higher pressure in the stripper column of the AMP/PZ system, leading 
to a higher temperature, and hence requiring higher pressure reboiler steam. This 
results in a shift to higher pressure values of the IP/LP crossover, leading to less 
improvement in gross power penalty (~10%), than in SRD (~20%). 

The table further shows the reduction of net power output of the power plant, 
when carbon capture is applied. The net efficiency penalty of the AMP/PZ system, 
is 1 %-point lower than when MEA capture is applied. This is an effect of both the 
slightly increased performance in heat demand of the AMP/PZ system, as well as 
increased performance in CO2 compression. The better energetic performance of 
the AMP/PZ system is also captured by a lower value of the Specific Energy 
Consumption per tonne of CO2 Captured (SPECCA). 

Table 3.12. Performance indicators of Advanced Super Critical Pulverized Coal power plant without 
carbon capture, with MEA carbon capture, and with AMP/PZ carbon capture. 

Performance indicator ASCPC w/o CCS ASCPC MEA ASCPC 
AMP/PZ 

Gross Power Output (MWe) 833 727 739 
Parasitic Load (MWe) 57 118 112 
Net Power Output (Mwe) 776 609 626 
Gross Efficiency LHV (%) 49,5 43,2 43,9 
Net Efficiency LHV (%) 46,1 36,2 37,2 
CO2 Intensity (kg/MWh) 734 94 91 
Spec. Reboiler Duty (GJ/t 
CO2) 

- 3,6 2,9 

SPECCA (GJ/t CO2) - 3,4 2,9 
Specific Cooling Water Use 
(kg/MWe) 

34,0 55,4 54,0 

 

3.4.3. Uncertainty evaluation of process model 
3.4.3.1. Pedigree results 

Table 3.13 and Figure 3.20 show the pedigree scores AMP/PZ submodels. The 
strength scores are mostly in the category medium to high, indicating medium to 
fairly low uncertainty in the submodels. The scores for “Chemistry and kinetics” are 
lower than for the other submodels, reflecting the fact that it is still very hard to 
measure actual chemical reaction rates in the pseudo first order regime, and hence 
the derived Arrhenius constants still content uncertainty (see e.g. [30]). The 
submodel “flowsheet” was assigned a lower score on methodological rigour, 
reflecting the use of a standard flowsheet, rather than a flowsheet with optimized 
energy performance for an AMP/PZ solvent. 

Generally, lower scores were assigned to the validation process, whilst the IQR’s for 
validation are all much higher than for the other pedigree criteria. This reflects little 
consensus on the quality of the validation process. This was caused first, because 
not every individual submodel was validated with an independent dataset, but 
rather the overall process model was validated. Some experts were of the opinion 
that this way also the individual submodels were validated, while others felt 
differently. Second, there were differences in the pre-existing knowledge among 
the experts (on specific property submodels), meaning that some did not know if 
and how the used submodels were validated for the purpose of amine solvent 
blends (e.g. the heat and mass transfer models). 

Table 3.14 shows the experts agreed there is fairly low to low uncertainty in the 
parameter group “other physical properties”, which includes such data as pure 
component properties, density, and viscosity. The scores for the parameter group 
“design parameters” show a different picture. Table 3.14 shows high IQR’s for this 
group, notably on proxy and methodological rigour. The background of this is that 
during the expert review, this group was named “boundary conditions”, although 
many of the values were not boundary conditions, but design parameters. 
Therefore, some experts assigned low scores, because the lack of clarity in the 
group name, rather than on uncertainties in the actual parameter values. This issue 
can be solved in a next pedigree analysis by splitting this group in two, one with 
actual boundary conditions, and one with design parameters.  
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Table 3.13. Pedigree scores for submodels of the AMP/PZ process model. The table shows median 
scores and Inter Quartile Ranges of the scores assigned by the six expert reviewers. Colours used 
for visual aid (red: score 0, high uncertainty; orange: score 1, fairly high uncertainty; yellow: score 
2, medium uncertainty; light green: score 3, fairly low uncertainty; dark green: score 4, low 
uncertainty).  

 Submodel pedigree indicators AMP/PZ model this study 
Submodel Mass & heat 

transfer 
Thermo-
dynamics 

Chemistry & 
kinetics 

Flowsheet 

Pedigree 
criterion Med. IQR Med. IQR Med. IQR Med. IQR 
Theoretical 
understanding 3 1 3 0 3 1 3 1 
Methodological 
rigour 2,5 1 3 0 2 1 2 0,5 
Validation 
process 1,5 3 2,25 2 1,5 2 1 2,25 
Modelling 
resources 2,5 2 2,5 1 2 1,5 2,5 1 

  

 

Table 3.14. Pedigree scores for input parameters of the AMP/PZ process model. The table shows 
median scores and Inter Quartile Ranges of the scores assigned by the six expert reviewers. Colours 
used for visual aid (red: score 0, high uncertainty; orange: score 1, fairly high uncertainty; yellow: 
score 2, medium uncertainty; light green: score 3, fairly low uncertainty; dark green: score 4, low 
uncertainty).  

 Parameter pedigree indicators AMP/PZ model this study 
Parameter Other physical properties Design parameters 

Pedigree criterion Median IQR Median IQR 
Proxy 3,75 1 2,5 3 
Empirical Basis 3,5 1 2 0,75 
Theoretical 
understanding 3 1 2,5 1,5 
Methodological 
Rigour 3 1 2,75 2 
Level of Validation 2,5 1,5 2 1 

 

 

 

3.4.3.2. Pedigree of overall process model versus its submodels 
A final insight from the pedigree analysis concerns the uncertainty in the overall 
process model, versus the uncertainty of its parts. Figure 3.21 shows that when the 
scores of the separate submodels are integrated into one median score for every 
pedigree criterion, this score can be lower than the scores assigned for the overall 
process model. This means the overall model is valued higher than its parts, in this 
case on the criteria “validation” and “methodological rigour”. This can be explained 
by the higher quality of validation performed on the overall model than on the 
submodels. Also, the methodological modelling rigour for development of the 
overall process model was considered to be slightly higher than the rigour for 
development of the submodels. Hence, to generate a thorough understanding of 
model uncertainty, it is indeed required to review both the submodels, as well as 
the overall model.  

 

Figure 3.20. Radar diagram showing the strength of the separate data items (submodels and input 
parameters) of the process simulation model. Blue line: aggregated median of scores assigned by 
the experts. Red line: aggregated scores assigned by the process modeller.  
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3.5. Conclusions 
In this work, a process model was developed in Procedé Process Software (PPS) that 
was specifically designed to model CO2 capture with a blend of AMP and PZ. The 
model is a rigorous process simulation model, using the gamma-phi formulation to 
describe VLE, and the two-film model to describe reaction kinetics and diffusion 
limitations in columns. The used physical property (sub)models were based on 
existing AMP-H2O-CO2 and PZ-H2O-CO2 ternary systems. Where needed, additional 
binary interaction parameters were fitted to describe AMP-PZ binary interactions, 
leading to a model that represents the blend of the two solvents in a physically 
consistent manner.  

The overall process model has been validated against experimental results from 
the University of Kaiserslautern pilot plant and was found to accurately predict 
the pilot results.  

 

Figure 3.21. Radar diagram showing the model scores on different pedigree criteria. Blue line: 
aggregated median of the scores assigned by the experts to the separate data items. Red line: 
Median scores assigned by the experts to the overall model. Green line: overall model score 
assigned by the process modeller.  
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Optimal design values for a commercial size plant were derived from a sensitivity 
study, leading amongst others to the selection of a relatively high stripper 
pressure of 2,4 bar and the use of a packing with a high specific surface area 
(Mellapak 350X). 

When modelling a full size capture plant, integrated with an ASCPC power plant, 
the results show that AMP/PZ performs better then MEA on almost every technical 
performance indicator. First, the results show a higher solvent loading, leading to 
reduction in solvent flow, and a reduction in regeneration energy. The specific 
reboiler duty for an AMP/PZ solvent is 2,9 GJ/t CO2, compared to 3,6 GJ/t CO2 in 
case of a MEA solvent. Second, the AMP/PZ solvent allows for a reduction in water 
consumption, both cooling water and process water. Finally, the net efficiency of 
the ACS PC power plant increases with 1%-point when AMP/PZ is used rather than 
MEA. A disadvantage of the AMP/PZ system is the high volatility of AMP, increasing 
the risk of atmospheric amine emissions. However, with the right water wash 
design, these emissions can be limited to levels that fall within governmental 
regulations. 

Based on the validation exercises and pedigree analysis a good understanding of all 
sources of uncertainty in the process model was generated. The screening of 
physical properties (Table 3.5) showed good agreement between model relations 
and experimental data, although not all properties were compared to genuinely 
independent data sets. An independent validation was done for the overall model, 
and showed close agreement between model and pilot plant results (section 
3.4.1.3. Also the main output indicators, SRD and L/G ratio, are in agreement with 
results from a large pilot plant (Table 3.10). The pedigree analysis showed that 
there is room for improvement on the validation exercises, notably by validating 
more submodels against really independent datasets. The theoretical 
understanding of the AMP/PZ capture system, and its sub processes is however 
high. A remaining source of uncertainty in the model and its outputs is in the design 
of the flowsheet. More experiments could be done with different flowsheet 
configurations, to arrive at performance indicators that are representative for 
commercial plants. Overall however, the model developed in this work shows high 
reliability in predicting commercial size AMP/PZ capture plant performance, with 
some upside for further reduction of uncertainties.  
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the risk of atmospheric amine emissions. However, with the right water wash 
design, these emissions can be limited to levels that fall within governmental 
regulations. 
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and experimental data, although not all properties were compared to genuinely 
independent data sets. An independent validation was done for the overall model, 
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3.4.1.3. Also the main output indicators, SRD and L/G ratio, are in agreement with 
results from a large pilot plant (Table 3.10). The pedigree analysis showed that 
there is room for improvement on the validation exercises, notably by validating 
more submodels against really independent datasets. The theoretical 
understanding of the AMP/PZ capture system, and its sub processes is however 
high. A remaining source of uncertainty in the model and its outputs is in the design 
of the flowsheet. More experiments could be done with different flowsheet 
configurations, to arrive at performance indicators that are representative for 
commercial plants. Overall however, the model developed in this work shows high 
reliability in predicting commercial size AMP/PZ capture plant performance, with 
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3.6. Appendices 
A. Analysis of the coal blend 

Table A1. Characteristics of coal blend (25% El Cerrejon, 25% Klein kopje, 25% Pittsburgh #8, 25% 
Kuzbass). 

Parameter Unit Value 
Heating value   
   LHV MJ/kg 27,44 
   HHV MJ/kg 28,57 
Proximate Analysis 

  

   Moisture Wt % 6,93 
   Ash Wt % 9,64 
   Fixed carbon Wt % 56,09 
   Volatile matter Wt % 27,35 
Ultimate Analysis 

  

   Moisture Wt % 6,93 
   Ash Wt % 9,64 
   Carbon Wt % 70,32 
   Hydrogen Wt % 4,38 
   Nitrogen Wt % 1,51 
   Chlorine Wt % 0,02 
   Sulfur Wt % 1,13 
   Oxygen Wt % 6,07 

 

B. Test conditions of UKL pilot plant runs 
Table B1. Test conditions of runs G11, and G13, in the University of Kaiserslautern (UKL) pilot plant. 

Parameter Unit Run  
 G11 G13 

Flue gas composition  
  

   N2 g/g 0,684 0,684 
   O2 g/g 0,105 0,105 
   H2O g/g 0,063 0,063 
   CO2 g/g 0,148 0,148 
Flue gas flow kg/h 79,8 79,7 
Flue gas pressure mbar 1037,45 1037,87 
Flue gas temperature °C 46,88 46,81 
Lean solvent flow kg/h 125 200 
Lean solvent temperature °C 40,84 39,99 
Fresh solvent AMP fraction g/g 0,28 0,28 
Fresh solvent PZ fraction g/g 0,17 0,17 
Absorber height m 4,25 4,25 

 

Parameter Unit Run 
Absorber width m 0,125 0,125 
Absorber WW height m 0,45 0,45 
Absorber WW width m 0,125 0,125 
Stripper height  m 2,55 2,55 
Stripper width m 0,125 0,125 
Stripper WW height m 0,45 0,45 
Stripper WW width m 0,125 0,125 
All packing types (-) Mellapak BX 500 Mellapak BX 500 
HX T approach °C cold side 6 6 
Reboiler duty W 9858,5 11170,8 
L/G ratio (-) 1,52 2,41 

 

C. Pedigree analysis procedure 
The pedigree workshop followed a specific procedure: first, there was a short 
presentation about the pedigree analysis method. Secondly, we de-biased the 
participants, by explaining to them the types of biases commonly found during 
expert elicitation sessions (see e.g. Risbey et al. 2001). Third, we presented the 
characteristics of the AMP/PZ model, to make sure that all experts had a basic 
understanding of the model they were to evaluate (they had already received an 
information pack containing detailed model information before the workshop). 
Fourth, the simulation model components presented in Figure 3.5. Pedigree matrix 
for the assessment of data uncertainty [13], [50]. were reviewed using pedigree 
analysis9. For the analysis of the input parameters, the pedigree matrix in Figure 3.6 
was used, for the analysis of the submodels, the pedigree matrix in Figure 3.6 was 
used. The model components were reviewed one by one, in three steps: 

1. Discuss the component in the group. Let the experts provide arguments for 
a high score, and for a low score. 

2. Assign an individual score to the pedigree criteria for the component. 

                                                             
9 These particular model components (submodels and input parameters) were screened, 
because they have most impact on the model outputs. It is therefore key to understand the 
uncertainty of these separate components, to determine the uncertainty of the overall 
model and its outputs. The selection of components is based on our experience, as well as 
suggestions from carbon capture modelling colleagues. 
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Table C1. Model components that were reviewed using pedigree analysis. A distinction was made 
between input parameters, and submodels. 

Submodels  Flowsheet 
 Thermodynamics  
 Chemistry & kinetics 
 Mass & heat transfer 

Input Parameters  Boundary Conditions 
 Other physical properties 

 

3. Calculate the median score of the three individual scores, and feed this 
score back to the group. 

Last, at the end of the workshop, the participants were asked to provide a score for 
the overall model (the sum of all separate components), to understand if they 
valued the overall model differently from its separate parts.  

The interviews followed a similar outline as the workshop. The only difference was 
that during the review part, the components were not discussed in a group, but 
were rather discussed with the modeller on a one to one basis. After the scores had 
been collected, the median and interquartile range were calculated to determine 
the average and spread of the expert scores (see also Van der Spek et al. 2016). The 
median was compared to the initial scores provided by the modeller, to examine 
the difference between the two. 

D. Parity plots of physical properties 
This appendix presents the parity plots of a selection of physical properties used in 
the PPS model. Appendix D1 gives the resulting parity plots of submodels that were 
improved by regression of the quaternary AMP-PZ-H2O-CO2 system. Appendix D2 
gives the plots of the submodels that were implemented by combining the ternary 
AMP-H2O-CO2, and PZ-H2O-CO2 systems. 

 

D1: parity plots of physical property models that were improved by regression of 
the quaternary AMP-PZ-H2O-CO2 system 

 

Figure D1. Parity plot of CO2 pressure. Model predictions versus experimental values [17], [23], [53]. 

 

 

 

 

 

 

 

 

 

 

 

Figure D2. Parity plot of liquid heat capacity. Model predictions versus experimental values [24]. 
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Figure D3. Parity plot of viscosity. Model predictions vs. exp. values from [17], [51], [52], [61], [62]. 

D2: Parity plots of physical property models that were implemented by 
combining the ternary AMP-H2O-CO2, and PZ-H2O-CO2 models 

 

 

 

 

 

 

 

 

 

 

 

Figure D4. Parity plot of amine volatility. Model predictions versus experimental values [18], [63]. 
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Figure D5. Parity plot of liquid density. Model predictions vs experimental values [15], [51], [52]. 

 

 

 

 

 

 

 

 

 

 

 

Figure D6. Parity plot of liquid surface tension. Model predictions vs. experimental values [61], [62]. 
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Figure D3. Parity plot of viscosity. Model predictions vs. exp. values from [17], [51], [52], [61], [62]. 

D2: Parity plots of physical property models that were implemented by 
combining the ternary AMP-H2O-CO2, and PZ-H2O-CO2 models 

 

 

 

 

 

 

 

 

 

 

 

Figure D4. Parity plot of amine volatility. Model predictions versus experimental values [18], [63]. 
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Figure D5. Parity plot of liquid density. Model predictions vs experimental values [15], [51], [52]. 

 

 

 

 

 

 

 

 

 

 

 

Figure D6. Parity plot of liquid surface tension. Model predictions vs. experimental values [61], [62]. 
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E. AMP/PZ capture plant mass balance 
Table E1. AMP/PZ mass balance. 

Stream number  1 2 3 4 5 6 7 
Stream name FLUE GAS PRES FG VENT GAS HOT RICH COLD 

LEAN 
CO2 

STREAM 
PLANT 
WATER 

Temperature C          50,00 40,90 30,40 107,30 40,00 40,00 15,00 
Pressure    bar           1,00 1,15 1,00 2,60 1,10 2,25 1,00 
Mass Flow   kg/hr         2,81E+06 2,69E+06 2,19E+06 6,28E+06 6,12E+06 5,20E+05 1,70E+05 
Mass Flow   kg/hr                
  H2O                      162.900,00 51.408,90 61.587,00 3.857.265,80 4.203.844,72 6.850,55 1,70E+05 
  AMP - - 7,75 1.195.918,92 1.201.087,93 0,02 - 
  PZ - - 0,08 600.021,52 600.543,97 0,00 - 
  N2                       1.939.230,00 1.939.330,00 1.970.000,0 - - - - 
  CO2                      569.739,60 569.919,06 55.227,00 627.537,28 114.547,77 512.983,93 - 
  AR                       31.456,80 30.418,73 - - - - - 
  O2                       102.960,00 103.600,54 102.930,00 - - - - 
  NaOH - - - - - - - 
  SO2 176,40 61,14 36,69 - - - - 
  SO3 - - - - - - - 
  NO 248,40 248,40 248,40 - - - - 
  NO2 - - - - - - - 
  HCL 4,32 4,32 0,22 - - - - 
  NH3 3,60 3,60 7,31 - - - - 
  ASH 93,60 93,60 46,80 - - - - 
  Reclaimer solids - - - - - - - 

 

 

 

 

Stream number  8 9 10 11a 11b 12 13 
Stream name AMP/PZ 

MU 
COOLING 

WATER 
RECLAIMER 

WASTE 
DCC NAOH RECLAIMER 

NAOH 
DCC 

EFFLUENT 
WW PURGE 

Temperature C             30,00 12,00 90,00 15,00 15,00 42,20 60,00 
Pressure    bar           1,10 1,00 1,00 3,50 3,50 1,00 1,00 
Mass Flow   kg/hr         151,48 5,51E+07 1,88E+02 3,60E+02 1,42E+02 2,63E+05 4,70E+03 
Mass Flow   kg/hr                
  H2O                      - 55.091.700,00 65,92 287,82 113,90 262.717,68 4.622,14 
  AMP 74,48 - - - - - 66,73 
  PZ 76,99 - 70,17 - - - 6,75 
  N2                       - - - - - 4,33 - 
  CO2                      - - - - - 39,54 - 
  AR                       - - - - - 16,52 - 
  O2                       - - - - - 0,37 - 
  NaOH - - - 71,96 28,47 - - 
  SO2 - - - - - - - 
  SO3 - - - - - - - 
  NO - - - - - - - 
  NO2 - - - - - - - 
  HCL - - - - - - - 
  NH3 - - - - - - - 
  ASH - - - - - - - 
  Reclaimer solids - - 51,74 - - - - 
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4.1. Introduction 
CO2 Capture and Storage (CCS) is considered an effective and necessary option to 
mitigate anthropogenic CO2 emissions from power generation and industrial 
sources [1], [2]. CCS significantly reduces the CO2 emissions of a power plant but 
comes at the expense of lower power plant efficiency and thus higher electricity 
prices [3]. To minimize these drawbacks, in the past two decades there has been an 
ongoing search for new and more efficient CO2 capture technologies (e.g. [4], [5]). 
Amongst the most frequently studied carbon capture technologies are 
postcombustion CO2 capture (PCC) solvents, of which Monoethanolamine is a 
common benchmark [6]–[10].  

Techno-economic studies are a means to assess and compare the feasibility of 
these new carbon capture technologies. These studies are used by a large audience 
including governmental organizations, industry, and NGO’s [11]. Given the 
importance of these uses, techno-economic studies should have a sufficient level 
of reliability and comparability. 

To facilitate the production of reliable and comparable (CCS) cost estimates, many 
textbooks on cost engineering are available (e.g. [12], [13]), as well as specific 
studies/guidelines on the topic of CCS technology costing [11], [14], [15]. Given the 
large body of knowledge on techno-economic studies, and the efforts that have 
been made to streamline the way we assess the costs of CCS technologies [11], [16], 
it is expected that results of studies on the same technologies would be 
comparable. However, as we will show in this paper, even when following 
prescribed costing methods, results can vary significantly, raising questions on their 
reliability. This observation implies that there is still residual, and possibly inherent, 
uncertainty in early stage costing studies of CCS technologies, which makes their 
interpretation and use all the more challenging.  

Acknowledging the presence of large uncertainties in early stage cost estimates, 
this work aims to present an approach to deal with these uncertainties. Not by 
reducing them, but by providing an enhanced understanding of the uncertainty and 
quality of the cost study. This should help users to better interpret the results of 
techno-economic studies, and to form an opinion on their reliability and 
comparability. 

To this end, this paper will (1) quantify and assess differences and causes of 
uncertainty and variability using two case studies; and (2) show how a combination 

 

of sensitivity analysis (quantitative uncertainty analysis) and pedigree analysis 
(qualitative uncertainty analysis) can improve our understanding of the inherent 
uncertainties of a cost estimate. 

4.2. Methods 
To identify and assess the (causes of) uncertainties in early stage cost estimates of 
carbon capture technologies, we used the following approach: first, we selected 
two different studies that investigate the techno-economic performance of 
postcombustion carbon capture (PCC) with the same advanced amine (an 
AMP/piperazine blend). The selected studies were retrieved from the European 
Benchmarking Taskforce (EBTF) [17], [18] and from the EDDiCCUT consortium [19], 
[20]. They are based on exactly the same flue gas flow rate and composition. From 
here onwards, the EBTF PCC study is called study 1 and the EDDiCCUT study is called 
study 2. Detailed comparisons were done of the differences in technical 
performance, equipment list, equipment costing, and capital costing. Second, the 
technical and cost models of the study 1 and study 2 capture and compression 
models were combined with a harmonized model of the technical and cost 
performance of a reference coal power plant, and with harmonized costs for CO2 
Transport and Storage (T&S). In this way, the full CCS value chain is included in the 
techno-economic assessment, but only the capture and compression models are 
different. This allows assessing the impacts of the CO2 capture and compression 
performance on the economics of the total chain. Third, the economic performance 
(LCOE and CCA) of study 1 and study 2 was assessed when combined with the 
harmonized reference power plant, using harmonized financial performance 
parameters (Figure 4.1). Fourth, the results were compared with other techno-
economic studies on PCC with (advanced) amines that were retrieved from open 
literature. Last, the uncertainty of study 1 and study 2 was assessed using a 
combination of sensitivity and pedigree analysis. Note that in each of the above 
steps, the drivers of the (techno-) economic uncertainty/variability were made 
explicit to increase their understanding.  

As a point of reference, also the techno-economic results of a previous study on 
coal power with MEA carbon capture are presented throughout the study. The 
technical performance of this MEA plant was reported in Van der Spek et al. [21]. 
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models were combined with a harmonized model of the technical and cost 
performance of a reference coal power plant, and with harmonized costs for CO2 
Transport and Storage (T&S). In this way, the full CCS value chain is included in the 
techno-economic assessment, but only the capture and compression models are 
different. This allows assessing the impacts of the CO2 capture and compression 
performance on the economics of the total chain. Third, the economic performance 
(LCOE and CCA) of study 1 and study 2 was assessed when combined with the 
harmonized reference power plant, using harmonized financial performance 
parameters (Figure 4.1). Fourth, the results were compared with other techno-
economic studies on PCC with (advanced) amines that were retrieved from open 
literature. Last, the uncertainty of study 1 and study 2 was assessed using a 
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explicit to increase their understanding.  

As a point of reference, also the techno-economic results of a previous study on 
coal power with MEA carbon capture are presented throughout the study. The 
technical performance of this MEA plant was reported in Van der Spek et al. [21]. 

15019 - vdSpek_BNW.indd   119 31-10-17   11:33



120 121
 

 

Figure 4.1. Graphic representation of economic analysis of study 1 and study 2. The graphic shows 
that study 1 and 2 use their own technical and cost model for the PCC units, while using a common 
harmonised process and cost model for the power plant, harmonised costs for transport and 
storage, and harmonised financial parameters. 

4.2.1. Technical design 
4.2.1.1. Power plant 

The harmonised power plant is an 830 MW (gross) advanced super critical 
pulverised coal (ASC PC) plant (Figure 4.2). The power plant design is based on the 
European Benchmarking Task Force (EBTF) [6]. The plant design includes selective 
catalytic reduction (SCR) for NOx control, an electrostatic solids precipitator (ESP) 
for fly ash removal, and a wet flue gas desulphurization (FGD) unit for sulphur 
polishing. For further information on power plant design specifications, see Van der 
Spek et al. [19].  

 

4.2.1.2. CO2 capture and compression plant 
The AMP/PZ CO2 capture plant uses a standard absorber-stripper configuration, 
including a direct contact cooler for flue gas cooling and polishing, and water 
washes on both absorber and stripper for gas polishing (Figure 4.2). The stripper 
reboiler uses steam from the steam cycle’s IP/LP crossover. The compression 
section includes a five-stage intercooled compressor and a liquid CO2 pump, 
increasing the pressure to a final value of 110 bar, which is the pressure at which 
the CO2 is delivered for transport. Part of the heat that is rejected in the 
compression train is used to heat up the low pressure feed water in the power plant 
steam cycle. 

4.2.1.3. CO2 transport and storage 
For CO2 transport and storage, we assumed offshore storage in a depleted oil or gas 
field without reuse of legacy wells at a storage location approximately 180 km from 
the capture site. The choice for offshore storage was made because there is 
currently much public opposition in NW-Europe towards onshore storage.  

4.2.2. Technical performance assessment 
4.2.2.1. Power plant model 

The power plant was modelled in Aspen Plus V8.4. The model includes a detailed 
representation of coal combustion, the ASC steam cycle, the SCR, and the ESP. The 
FGD was modelled as a black box, and was assigned a parasitic power use of 5340 
kJel/kg SO2 removed following the EBTF [6]. 

4.2.2.2. CO2 capture plant models 
The CO2 capture and compression plant of study 1 was modelled with Aspen Plus. 
The model calculated the CO2 absorption in the solvent based on chemical 
equilibrium [18]. For CCS solvent models this is often done; kinetically controlled 
models lead to similar results if absorption and desorption towers are chosen tall 
enough. Aspen plus features e-NRTL activity coefficient models to predict liquid 
thermodynamics for the AMP-H2O-CO2 and the PZ-H2O-CO2 system. Technical 
performance indicators of the ASC power plant with study 1’s capture model were 
reported in Sanchez Fernandez et al. [18]. 
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Figure 4.2. Process flow scheme of the integrated power plant, capture unit, and compression unit (the latter highlighted in grey). 
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Study 2’s CO2 capture and compression plant was modelled using Procedé Process 
Software (PPS) [19]. PPS features the rigorous assessment of CO2 capture solvents 
using kinetically controlled column calculations and the Margules activity 
coefficient model to predict liquid thermodynamics of the AMP-PZ-H2O-CO2 
system. Technical performance indicators of the ASC power plant with this AMP/PZ 
capture model were reported in Van der Spek et al. [19].  

4.2.3. Economic analysis 
4.2.3.1. Economic performance indicators 

This work focused first on comparison of the capital cost estimates of study 1 and 
study 2. Secondly, the capital costs, as well as operational and fuel costs, were used 
to calculate the levelised cost of electricity (LCOE) and cost of CO2 avoided (CCA) 
following equations Equation 4.1 and Equation 4.2 [11]. 

Equation 4.1    
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Where Ii is the investment cost in year i, O&Mi are the operations and maintenance 
costs in year i (including fuel costs), r is the discount rate (%), and Ei is the electricity 
production (MWh) in year i. The LCOE was calculated on a constant (real) 2013 Euro 
basis. 

Equation 4.2    
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Where LCOEcc is the Levelised Cost of Electricity in the plant with CCS, LCOEref is the 
Levelised Cost of Electricity in the plant without CCS, Cref is the CO2 intensity (t 
CO2/MWh) in the plant without CCS, and Ccc is the CO2 intensity (t CO2/MWh) in the 
plant with CCS. 

4.2.3.2. Financial parameters 
Table 4.1 shows the financial parameters used in this work. They were selected in 
consultation with industrial partners from the energy and utility sector and were  
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Table 4.1. General economic assumptions used in study 1 and study 2. 

Financial parameters Unit Value 
Project base year  2013 
Project life time yr 40 
Construction duration yr 4 
Levelised plant utilisation high hr/a 7446 (85% CF) 
Levelised plant utilisation low hr/a 3942 (45% CF) 
Discount rate % 7,5 

 

validated against representative CCS costing studies [15], [22], [23]. The discount 
rate is in constant (real) Euro. The project economics were calculated for a sea-
based location in North-Western Europe. The site is assumed new, and has to be 
developed but is located in an existing industrial cluster; hence, energy and utility 
infrastructures to the gate exist and are not taken into account. 

Note that besides a high (levelised) utilisation scenario also a low (levelised) 
utilisation scenario was estimated10. Although coal power plants are capable of 
running around 85-90% of the year, they are utilised much less because of 
fluctuating demand patterns. In The Netherlands, Austria, Germany, and Italy, the 
2014 plant utilisation of hard coal power plants was 60, 29, 47, and 46 percent 
respectively (based on [24], [25]). In the coming decades it is likely that intermittent 
renewable energy will increase whilst back-up fossil capacity is still required, 
suggesting sustained low utilisation of fossil power plants [26]–[28]. Therefore, 
when calculating the costs of fossil power plants with CCS, it is necessary to also 
include low utilisation scenarios, providing a balanced picture of CCS power costs. 

4.2.3.3. Capital cost estimates 
Different methods were used to calculate the (harmonised) capital costs of the 
power plant and the capital costs of the capture and compression plants. All cost 
estimates represent Nth-of-a-kind plants.11  

                                                             
10 The low utilisation scenario assumes that the power plant is “on”, running at 100% design 
capacity, or “off”, standing idle. Electrical efficiency losses due to flexible operation are 
excluded in this work. 
11 Process contingencies were excluded in this work; currently, consensus is lacking whether 
or not to include them to calculate the costs of an Nth-of-a-kind plant. NETL includes small 
process contingencies in their studies (~13% of EPC), but IEAGHG studies explicitly do not. 
Further publications exploring this issue are under preparation. 

 

Power plant capital costs 
Several organisations have provided detailed cost estimates of coal power plants 
(e.g. [14], [15]), hence the power plant capital costs could be estimated using the 
exponent method. We adopted this approach for reasons of simplicity and time-
efficiency. As basis for the power plant capex calculations the cost estimates by the 
US National Energy Technology Laboratory were used (NETL 2010: case 11), 
because the NETL studies provide highly detailed cost estimates that allow for 
scaling the costs of separate power plant components (coal handling, boiler, 
turbines, etcetera) individually. The NETL study provides cost estimates for a Super 
Critical power plant, rather than an Advanced Super Critical power plant. This may 
lead to slightly optimistic estimates for the ASC plant capital estimate, because 
steam cycle and turbine costs in an ASC plant may be somewhat higher than in an 
SC plant due to more severe operating conditions. It was assumed that this 
difference in power plant capital cost would fall well within the +/- 30% accuracy 
range, which was verified by comparison of this study’s power plant capex result 
with results from a study on advanced super critical coal plants [6]. 

The total capital requirement (TCR) of the NETL power plant is given in 2007 US$. 
The TCR of the power plant in 2013 Euro was calculated following steps 1 through 
5. 

1. Calculate the power plant equipment cost in US$2007 using Equation 4.3. An 
average scaling exponent of 0,65 was used as reported in cost estimating 
literature [12]. This value is in line with guidelines by DOE/NETL [29]. 

Equation 4.3  � = ���� �
�

����
�
�

 

Where C and Cref are the capital costs of the equipment/plant in the new 
study respectively the reference study, Q is the equipment capacity in the 
new study, Qref is the equipment capacity in the reference study, and n is 
the scaling exponent. 

2. Calculate the total plant cost (TPC) in US$2007 based on the factors/cost 
elements provided in NETL 2010 case 11. 

3. Convert the TPC from US$2007 to €2007 using the 2007 US$/€ exchange rate 
of 1,3705 [30] and by using the 2007 location factor of 1,19 to represent 
the difference in cost between building a plant in The Netherlands versus 
building a plant in the US Midwest [31].  
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4. Calculate the total capital requirement (TCR) in €2007 by adding the owner’s 
cost and interest during construction (IDC) of the NETL study to the TPC. 
Owner’s costs and IDC were first converted from US$2007 to €2007 using the 
2007 US$/€ exchange rate of 1,3705 [30]. 

5. Convert the TCR from €2007 to €2013 with the EU Eurozone harmonised index 
of consumer prices (HICP) between 2007 and 2013 of 12,4% [32]. 

CO2 capture and compression capital costs 
Study 1. The capital costs of study 1 were prepared using a detailed factor estimate. 
This factoring method was based on the method by Abu-Zahra et al. [33] 
(supplementary materials). The basis for the factor method used in study 1 are the 
purchased equipment costs in the steel type in which the equipment is installed. It 
estimates the Total Plant Cost based on the estimate of the purchased equipment 
costs. The method includes full EPC costs, project contingencies, and some owner’s 
costs, but excludes other owner’s costs like land purchase and permitting. In this 
work it was complemented with an additional factor to account for the omitted 
owner’s costs and interest during construction (IDC). Table 4.2 and the 
supplementary materials show the cost items that were included in the original 
EBTF costing study, before adding a factor to include all owner’s costs and IDC. Note 
that modifications to the power plant were excluded from this cost estimate. 

Steps 1 through 5 below provide the calculation sequence of the TCR used for study 
1’s CO2 capture and compression unit: 

1. Derive equipment list from the process model (supplementary materials). 
The equipment sizes of pumps and heat exchangers were derived from the 
EBTF Aspen Plus model. The size of the columns was calculated manually 
using the column design model presented in Abu-Zahra et al. [34] and 
informed by experimental trials in the Esbjerg power plant with an 
absorption column height of 17 metre [35]. 

2. Calculate the sum of the purchased equipment costs (EC) in €2008. To this 
end the costs of pumps and small equipment were calculated using the 
price booklet of the Dutch Association of Cost Engineers [36]. The column 
costs were calculated using empirical relations from literature [37], [38]. 
The purchase costs of all heat exchangers and of the compressor were 
estimated based on (confidential) vendor quotes using the exponent 
method. 

 

3. Calculate the TPC using detailed cost factors (Supplementary materials) and 
Equation 4.4: 

Equation 4.4 ��� = (∑ [���]) × [�� + �� + ⋯ + ��
�
��� ] 

Where ECi are the equipment costs of item i and Fa, Fb, and Fz are factors 
for different cost items (erection, piping, engineering, etcetera). 

4. Convert the TPC from €2008 to €2013 using the HICP, to make the EBTF cost 
estimate comparable to the EDDiCCUT cost estimate. 

5. Multiply the TPC with a factor (1,2) to arrive at a TCR estimate following 
Kang et al. [27]. This factor represents the omitted owner’s costs and IDC 
from the original estimate. It was derived from IEAGHG [15] for Rotterdam, 
The Netherlands.  

Study 2. Study 2 used a different capital cost estimating method for the CO2 capture 
and compression plant than study 1. Instead of using a detailed factor method, it 
used the detailed individual factor method, [39], [40]. 

Where the normal detailed factoring method uses general escalation factors that 
are equal for all equipment, the detailed individual method uses different factors 
for each equipment individually. Thereby, the detailed individual factoring method 
may provide a more reliable total plant cost estimate. It uses the equipment costs 
in carbon steel as a basis and calculates the total plant cost of each piece of 
equipment following Equation 4.5:  

Equation 4.5   ��� =  ∑ [��� × ��]�
���  

Where ECi are the equipment costs of equipment i and Fi is the individual escalation 
factor for equipment i.  

The values of the individual factors are based on (confidential) empirical relations, 
using inputs such as equipment type, size and steel type, and site characterisation 
(Supplementary materials).  
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Where ECi are the equipment costs of equipment i and Fi is the individual escalation 
factor for equipment i.  

The values of the individual factors are based on (confidential) empirical relations, 
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15019 - vdSpek_BNW.indd   127 31-10-17   11:33



128 129
 

Table 4.2. Composition of cost elements following the recommended nomenclature by Rubin et al. 
(2013). The table shows the cost elements that were included in the original capital cost estimates 
of study 1 and study 2, before addition of full owner’s costs and IDC. 

Capital cost element to be 
quantified 

Sum of all preceding items 
is called: 

Study 1 Study 2 

Process equipment      
Supporting facilities      
Labour (direct and indirect)      
 Bare Erected Cost (BEC)   
Engineering services      
 Engineering, Procurement & 

Construction (EPC) Cost 
  

Contingencies:    
  Process    
  Project      
 Total Plant Cost (TPC)   
Owner’s costs:    
  Feasibility studies    
  Surveys    
  Land    
  Insurance    
  Permitting    
  Finance transaction costs    
  Pre-paid royalties    
  Initial catalyst and chemicals     
  Inventory capital     
  Pre-production (start-up)     
  Other site specific items 
unique to the project 

   

 Total Overnight Cost (TOC)   
Interest during construction 
(IDC) 

   

Cost escalations during 
construction 

   

 Total Capital Requirement 
(TCR) 

  

 

These empirical equations are derived from a couple hundred of built industrial 
projects and/or material take-off cost estimates in the period from 1985-2000, 
which are summarized in an in-house database. The factors were checked several 
times against newly available (but confidential) costs of built plants, and against 
vendor cost estimates in the CCP project [39], and were found to predict the costs 
of these projects well within the +/- 30% accuracy range. The method provides a 
TPC estimate, including full EPC costs and 20% project contingencies, but excluding 

 

all owner’s costs and IDC (Supplementary materials). Like study 1, it was 
complemented with an additional factor to account for the omitted owner’s costs 
and interest during construction. For reference, Table 4.2 shows which cost 
elements of the harmonized nomenclature by Rubin et al. [11], were included in 
study 2, before addition of a factor to owner’s costs and IDC.  

Steps 1 through 6 provide the calculation sequence of the TCR for study 2’s CO2 
capture and compression unit: 

1. Derive equipment list from the process model (Supplementary materials). 
2. Calculate individual equipment costs (EC) with the Aspen capital cost 

estimator (Q1 2010 database). 
3. Convert EC to €2013 using the Eurostat Consumer Price Index. 
4. Calculate the detailed factor for every individual piece of equipment. 
5. Calculate Total Plant Cost using Equation 4.5. 
6. Multiply the TPC with a factor (1,3) to arrive at an TCR estimate following 

Kang et al. [27]. This factor represents owner’s costs and IDC for Rotterdam, 
The Netherlands [15]. Note that a higher factor was used than for study 1 
because study 1’s TPC estimate already included some owner’s costs.   

4.2.3.4. Fuel and O&M cost estimates 
Power plant 
The operational expenses (labour, maintenance, chemicals) of the power plant are 
based on the NETL study [14] and are presented in Table 4.3. In case the operational 
costs are presented as unit costs (€/tonne), the yearly material flow was derived 
from the power plant model where possible (section 4.2.2.1) or from existing 
technical studies [14], [15] where necessary, and multiplied with the unit costs to 
estimate the yearly operational costs. The unit cost of coal was taken from the 
Dutch Bureau of Statistics [41] instead of from NETL, representing the locational 
situation in NW-Europe. Solvent replenishment costs and other chemicals costs 
were based on the mass balance of the respective study 1 and study 2 process 
models and solvent degradation studies [51]–[56] and multiplied with a unit cost 
(Table 4.3). 
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Table 4.3. Operations cost assumptions used in study 1 and study 2. 

Cost item Unit Study 1 Study 2 
Power plant    
 Coal €2013/tonne 80a 

 
Fixed operating costs k€2013/a 40.429b 

  MU & WT chemicals k€2013/a 1.251b 

 
SCR catalyst k€2013/a 560b 

 
H2SO4

 €2013/tonne 640c 

 
Ammonia €2013/tonne 630c 

 
Limestone €2013/tonne 20,09c 

 
Ash disposal €2013/tonne 15,08c 

  Gypsum sales/disposal €2013/tonne 0 
Capture & compression plant    
 Maintenance % TPC/a 2,5d 4f 

 
AMP k€2013/tonne 8d 7,56g 

 PZ k€2013/tonne 6d 7,56g 

 
MEA k€2013/tonne n.a.d 2,1h 

 
Active Carbon k€2013/tonne 2,7e 2,7i 

 
Reclaimer waste disposal k€2013/tonne 0 0,375j 

 
Process water €2013/m3 6d 1k 

 
Operators & supervision k€2013/a 1.126d 421,5l 

 
Plant technologist k€2013/a 0 100m 

Transport & Storage    
 Transport (180 km offshore) €/tonne 6o 

 Storage (offshore DOGF) €/tonne 10p 

a 2010-2014 average price of steam coal imported to the Netherlands from non-EU countries [41]. 
Validated against IEA coal information 2013 [42] (coal import prices to western Europe). b Costs are 
presented in the NETL study as US$2007/a for a 582 MW gross power plant. To convert to required 
values they were adjusted to the size of the power plant in this study, converted to €2007 using the 
2007 exchange rate of 1,3705 and converted to €2013 using the HCPI index (+12,4%). c Costs are 
presented in the NETL study as US$2007/ton (short ton). First they were adjusted to US$2007/metric 
tonne, using the ratio of 0,907. Then they were converted to €2007 using the 2007 exchange rate of 
1,3705 and converted to €2013 using the HCPI index (+12,4%). d [17]. e Not applicable to this study, the 
EBTF did calculate a case for MEA, but this was not used in this work. f [39]. g MHI: AMP/PZ solvent 
cost are 3,6 times MEA solvent costs [43]. h [14]. i [44].j Bellona [45]. k [46]. l Wage information 
retrieved from the Norwegian Confederation of Trade Unions [47]. 1 additional operator assumed in 
6 shift rotation. m Wage information retrieved from the Confederation of Norwegian Enterprises [48]. 
One additional plant technologist assumed. n [49].o [50]. 

 

Transport & Storage 
To calculate the costs of CO2 transport and storage, unit costs were used from the 
ZEP reports [49], [50]. The ZEP studies show that the costs for T&S can vary 
considerably, stemming from transport distance and storage location (onshore, 
offshore), type of storage site (saline aquifer, depleted oil and gas field), and 
possibility to reuse existing wells. The ZEP unit costs for CO2 transport range from 
1,5 €/tonne for a 180 km onshore pipeline to 16,3 €/tonne for a 1500 km offshore 
pipeline in case of 2,5 Mtpa transported. The costs for CO2 storage range from 3 
€/tonne for an onshore depleted oil and gas field (DOGF) where existing wells can 
be reused, to 14 €/tonne for an offshore saline aquifer that requires drilling of new 
wells. 

Given that the T&S design in this study includes 180 km transport to an offshore 
DOGF, we assumed a total T&S cost of 16 €/tonne CO2 (Table 4.3). 

4.2.3.5. MEA reference case costing 
The MEA reference case was costed in exactly the same way as study 2’s AMP/PZ 
case. Both capex and opex were estimated as described in sections 4.2.3.3 (study 
2) to 4.2.3.4 and using the financial parameters presented in section 4.2.3.2. 

4.2.4. Uncertainty analysis 
We argued in the introduction that it is important to provide good insight into the 
uncertainties of early stage techno-economic studies, with the aim to supply 
decision makers with the needed context to make informed decisions. To enable 
this, this work introduces the use of two complementary approaches for 
uncertainty analysis (sensitivity analysis and pedigree analysis) and applied them to 
both case studies. 

4.2.4.1. Sensitivity Analysis 
The first part of the uncertainty analysis includes testing the sensitivity of the LCOE 
to changes in PCC techno-economic parameters. Parameters in the sensitivity 
analysis included the main technical performance indicator (efficiency penalty: 
power plant net efficiency reduction due to CCS), as well as economic parameters 
that are particularly relevant for PCC cost estimates (PCC purchased equipment 
costs, applied costing factors, owner’s costs and IDC costs, transport and storage 
costs, and solvent costs). Note that the power plant costs, fuel costs, and financial 
parameters were excluded from the sensitivity analysis, to maintain focus on the 
uncertainties in costing of the carbon capture technology. All inputs were varied 
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with +/- 50%, while keeping all other parameters equal. This is a crude method for 
sensitivity analysis, but allows explaining the combination with pedigree analysis in 
an understandable way. More sophisticated methods could include the 
simultaneous change of input parameters or Monte Carlo simulation [57]. 

4.2.4.2. Pedigree analysis 
Pedigree analysis is a structured approach to qualitatively assess the strength of 
data or models [21]. It amongst others assesses the strength of the knowledge base 
underlying a parameter (how good is the knowledge on which the parameter value 
is based?). This is complementary to sensitivity analysis, which assesses the value 
range of a parameter, but not its quality or strength. Independent assessment of 
the strength of a model is an important feature of pedigree analysis. Therefore, to 
assess the studies, four researchers were selected that have a track record as well 
as advanced degrees in techno-economic assessment of carbon capture 
technologies. The experts were independent, i.e. they were not involved in the cost 
estimation process of the study they reviewed. Two of the four experts also co-
authored this paper.  

To facilitate the assessment, details on the techno-economic models were shared 
with the experts in an information pack. The pedigree analysis was done in a 
workshop session to enable the reviewers to discuss their scores and to ask 
clarifying questions to the modellers. The reviewers were asked to reach consensus 
on every score before providing the final value. The pedigree analysis was done 
using the pedigree matrix in Table 4.4. 

4.2.4.1. Diagnostic Diagram 
The results of the sensitivity and pedigree analyses were combined in a so-called 
diagnostic diagram. “The diagnostic diagram is based on the notion that neither 
spread alone nor strength alone is a sufficient measure” to show the uncertainty of 
a model (Van der Sluijs et al., 2005: 483 [59]). It helps identify the parameters that 
are least robust, i.e., the parameters to which the model output is most sensitive 
but also have the lowest strength. In this way, it can provide detailed insight into 
the quality of cost model results. 

 

 

 

Table 4.4. Pedigree matrix for the assessment of economic parameters and model strength. 
Adapted from Weidema [58] and Van der Sluijs et al. [59]. 

  Criterion  

Strength 
Proxy Reliability of 

source 
Completeness Validation process 

0 

Not correlated and 
not clearly related 

non-qualified 
estimate or 

unknown origin 

Incomplete data from a 
small number of samples 
for an unrepresentative 

period 

No validation 
performed 

1 

Weak correlation 
but commonalities 

in measure 

Non-reviewed data 
derived from open 

literature 

Almost complete data but 
from a small number of 

samples and 
unrepresentative periods  

Weak and very 
indirect validation 

2 

Correlated but 
does not measure 

the same thing 

Reviewed data 
derived from 

independent open 
literature 

Almost complete data but 
from a small number of 

samples or for 
unrepresentative periods 
or incomplete data from 

adequate number of 
samples and periods 

Validation 
measurements are 
not independent, 

include proxy 
variables or have 
limited domain 

3 

Good fit to 
measure  

Qualified estimate 
by industrial expert 

supported by 
industry data 

Complete data from a 
large number of samples 
but for unrepresentative 

periods or from 
representative periods 

but for a small number of 
samples  

Compared with 
independent data of 
similar systems that 
have not been built 

4 

A direct measure 
of the desired 

quantity 

Measured/official 
industrial, vendor, 

and/or supplier 
data 

Complete data from a 
large number of samples 

over a representative 
period 

Compared with 
independent data 

from similar systems 
that have been built 

 

4.3. Case study results 
4.3.1. Technical performance indicators 

Table 3.12 presents the technical performance of the coal power plant with 
AMP/PZ capture and compares this to the coal power plant without capture and 
with MEA capture. The table exemplifies variability in early stage technical 
performance models: study 1 predicts a slightly lower energy penalty of the 
AMP/PZ system than study 2. The different models predict specific reboiler duties 
(SRD’s) of 2,7 and 2,9 GJ/t CO2 respectively, leading to net power plant efficiencies 
of 37,8 and 37,2 %LHV. Note that both SRD values are close to the value of 3,0 GJ/t 
CO2 that was measured in the large scale Esbjerg pilot plant [35], [52]. 
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Table 4.5. Performance indicators of Advanced Super Critical Pulverized Coal power plant without 
carbon capture, with AMP/PZ carbon capture, and with MEA carbon capture.  

Performance indicator ASCPC w/o 
CCS 

ASCPC 
MEA 

ASCPC AMP/PZ 

 
  Study 1 Study 2 

Gross Power Output 
(MWe) 

833 727 755 738 

Parasitic Load (MWe) 57 118 120 112 
Net Power Output 
(MWe) 

776 609 635 626 

Gross Efficiency LHV 
(%) 

49,5 43,2 44,8 43,9 

Net Efficiency LHV 
(%) 

46,1 36,2 37,8 37,2 

CO2 Intensity 
(kg/MWh) 

734 94 91 91 

Spec. Reboiler Duty 
(GJ/t CO2) 

- 3,6 2,7 2,9 

SPECCAa (GJ/t CO2) - 3,4 2,6 2,9 
Specific Cooling 
Water Use (kg/MWe) 

34,0 55,4 55,5 54,0 

aSpecific Primary Energy Consumption per tonne of CO2 Avoided. 

4.3.2. Capital cost estimates 
4.3.2.1. Equipment lists and sizing 

Comparison of the equipment lists (supplementary data) shows that the included 
process equipment items are similar for both study 1 and 2. Study 2 includes some 
more equipment (filters, storage vessels and their pumps) than study 1, but this 
accounts for less than 1% of total purchased equipment costs. Also the selected 
steel types are comparable. Both studies use stainless steel (SS304 or SS316) for 
most process equipment.  

Comparison of the equipment sizes (supplementary materials) shows a mixed 
picture however. The sizes of pumps and compressors in the two studies are very 
comparable, which is logical because typical sizing quantities (power use and fluid 
flow rate) can be extracted directly from the simulation models, and should not 
differ too much in case of comparable simulation results. This can be different for 
column and heat exchanger sizes, because for sizing these equipment additional 
design assumptions need to be made.  

 

To exemplify this, Figure 4.3 shows the variability in design of four heat exchangers 
in the AMP/PZ capture process. The calculated HX surface areas, which largely 
determine the HX costs, differ much between study 1 and study 2 and do not seem 
to be correlated to HX duty. This can be explained by assumptions on the 
temperature approach, heat transfer coefficient, and HX type. For instance, the 
difference in reboiler surface area could be explained by the selection of HX type. 
In study 1, a plate and frame heat exchanger is assumed, while in study 2 shell and 
tube heat exchangers were assumed. Plate and frame exchangers typically have 
twice the heat transfer coefficient as shell and tube exchangers. As second 
example, the difference in condenser surface area can be explained by different 
assumptions on temperature approach and HX U-value. It is out of the scope of this 
work to go into further detail, but this example highlights the significance of 
equipment design assumptions and the sizes of resulting equipment. 

4.3.2.2. Equipment Cost estimates 
Analysis of the equipment cost estimates in Figure 4.4 highlights a third source of 
uncertainty/variability: the estimation of purchased equipment cost resulting from 
the equipment list. 

 
Figure 4.3. Comparison of design of four heat exchangers. The figure shows the HX duty (diamonds, 
right axis) and the calculated HX area (bars, left axis). 
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Gross Efficiency LHV 
(%) 

49,5 43,2 44,8 43,9 

Net Efficiency LHV 
(%) 

46,1 36,2 37,8 37,2 

CO2 Intensity 
(kg/MWh) 

734 94 91 91 

Spec. Reboiler Duty 
(GJ/t CO2) 

- 3,6 2,7 2,9 

SPECCAa (GJ/t CO2) - 3,4 2,6 2,9 
Specific Cooling 
Water Use (kg/MWe) 

34,0 55,4 55,5 54,0 

aSpecific Primary Energy Consumption per tonne of CO2 Avoided. 

4.3.2. Capital cost estimates 
4.3.2.1. Equipment lists and sizing 

Comparison of the equipment lists (supplementary data) shows that the included 
process equipment items are similar for both study 1 and 2. Study 2 includes some 
more equipment (filters, storage vessels and their pumps) than study 1, but this 
accounts for less than 1% of total purchased equipment costs. Also the selected 
steel types are comparable. Both studies use stainless steel (SS304 or SS316) for 
most process equipment.  

Comparison of the equipment sizes (supplementary materials) shows a mixed 
picture however. The sizes of pumps and compressors in the two studies are very 
comparable, which is logical because typical sizing quantities (power use and fluid 
flow rate) can be extracted directly from the simulation models, and should not 
differ too much in case of comparable simulation results. This can be different for 
column and heat exchanger sizes, because for sizing these equipment additional 
design assumptions need to be made.  

 

To exemplify this, Figure 4.3 shows the variability in design of four heat exchangers 
in the AMP/PZ capture process. The calculated HX surface areas, which largely 
determine the HX costs, differ much between study 1 and study 2 and do not seem 
to be correlated to HX duty. This can be explained by assumptions on the 
temperature approach, heat transfer coefficient, and HX type. For instance, the 
difference in reboiler surface area could be explained by the selection of HX type. 
In study 1, a plate and frame heat exchanger is assumed, while in study 2 shell and 
tube heat exchangers were assumed. Plate and frame exchangers typically have 
twice the heat transfer coefficient as shell and tube exchangers. As second 
example, the difference in condenser surface area can be explained by different 
assumptions on temperature approach and HX U-value. It is out of the scope of this 
work to go into further detail, but this example highlights the significance of 
equipment design assumptions and the sizes of resulting equipment. 

4.3.2.2. Equipment Cost estimates 
Analysis of the equipment cost estimates in Figure 4.4 highlights a third source of 
uncertainty/variability: the estimation of purchased equipment cost resulting from 
the equipment list. 

 
Figure 4.3. Comparison of design of four heat exchangers. The figure shows the HX duty (diamonds, 
right axis) and the calculated HX area (bars, left axis). 
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Figure 4.4. Comparison of purchased Equipment Costs (EC) in €2013, study 1 and study 2. 

The figure shows big differences in equipment cost estimates, especially for the 
columns and heat exchangers. These cost differences cannot (solely) be attributed 
to different equipment sizes, because for instance the absorber and stripper 
column sizes are almost identical in both studies (see supplementary materials). 
Nevertheless, in study 2, these costs are more than twice as high as in study 1. This 
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difference in equipment costs is caused by using different estimation methods. In 
study 1, the column and packing costs were estimated using relations from 30 year 
old literature sources (see section 4.2.3.3) which, even when updated with 
appropriate cost indices, may inhabit a significant bias towards older types of 
technology. In study 2, they were calculated using the Aspen capital cost estimation 
software. Similarly, the cost estimate of the cross heat exchanger is higher in study 
2, while the required surface area in that study is lower, which is counterintuitive 
(both studies assume a plate & frame cross heat exchanger). This is also explained 
by the different equipment cost estimating methods used.  

Summing the costs of individual equipment leads to a total equipment cost of 70 
M€ in study 1 and of 116 M€ in study 2, a significant 66% difference (Table 4.6).  

4.3.2.3. Total Plant Cost and Total Capital Requirement 
Besides the equipment cost estimates, Table 4.6 also presents the factoring of 
equipment cost to EPC cost, TPC, and TCR. The table shows that the difference in 
purchased equipment costs translates into a similar difference in total capital 
requirement. However, due to alternative factoring methods used, the 
intermediate cost figures vary a little less. This confirms that the factoring method 
may also be a significant source of variation, but it may also smoothen variation in 
equipment cost estimates. 

Table 4.6. Comparison of intermediate and final cost estimates and equivalent escalation factors of 
the CCS equipment. 

 Study 1 Study 2 
Equipment Cost (M€2013) 70 116 
% Difference study 1 – study 2  66% 
   
EPC cost (M€2013) 160 234 
% Difference study 1 – study 2  46% 
Factor EC-EPC 2,3 2,0 
   
TPC (M€2013) 184 281 
% Difference study 1 – study 2  53% 
Factor EC-TPC 2,6 2,4 
   
TCR (M€2013) 221 365 
% Difference study 1 – study 2  65% 
Factor EC-TCR 3,2 3,2 
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4.3.3. Economic Performance Indicators 
4.3.3.1. High utilisation indicators 

Although section 4.3.2.2 showed that the capture and compression TCR of study 1 
and study 2 differs by 65%, this propagates only mildly into the values of LCOE and 
CCA. For instance, Table 4.7 shows that the high utilisation LCOE of the coal power 
plant with AMP/PZ PCC is only 3 percent higher in study 2 than in study 1. For 
reference, also the performance indicators of the power plant without capture, and 
with MEA capture are presented. 

4.3.3.1. Low utilisation indicators 
Table 4.8 shows that the low utilisation LCOE and CCA are much higher than their 
high utilisation equivalents. For example, the LCOE for the AMP/PZ configuration is 
between 133 and 140 €2013/MWh at 45% capacity factor, vs 92-96 €2013/MWh at 
85% CF. Although the influence of plant loading on power plant economics has been 
long known (see e.g. [60]), economic figures for partial utilization are not often 
explicitly presented in existing literature. This example shows that presenting the 
low utilisation economics may be a useful addition to current reporting practice, 
especially because the capacity of a fossil power plant is rarely fully utilized, as 
argued in section 4.2.3.2. 

4.3.3.2. LCOE breakdown 
Figure 4.5 shows the LCOE breakdown at high and low utilisation. The figure shows 
that the power plant capital cost (excluding capture and compression), and 
particularly the fuel costs, contribute most to the LCOE. Part of the fuel costs are 
related to the energy required by the carbon capture plant, which is determined by 
the outputs of the AMP/PZ simulation model. So, uncertainties in the simulation 
model are also translated to uncertainties in the fuel costs. Secondly, note the – 
expected – result that the contribution of capital costs to LCOE increases in the low 
utilisation scenarios from approximately 30 percent to just under 50 percent. 
Inherently, the contribution of fuel costs and other operational expenses 
decreases. This shows the increasing relevance of capital cost estimates for low 
utilisation and flexible operation economics compared to high utilisation 
economics.  

 

 

Table 4.7. Economic performance indicators of the high utilisation scenario. Capex, Opex, LCOE and CCA of the Advanced Super Critical coal power plant 
with AMP/PZ capture (study 1 and study 2), with MEA capture, and without capture. Al cost are calculated as constant (real) and presented in €2013. 

 W/o capture MEA AMP/PZ 
Case 

 
 Study 1 Study 2 

 
Plant area 

TCR (M€) OPEX 
(M€/yr) 

TCR 
(M€) 

OPEX 
(M€/yr) 

TCR 
(M€) 

OPEX 
(M€/yr) 

TCR 
(M€) 

OPEX 
(M€/yr) 

Power Plant 1.468 187 1.468 187 1.468 187 1.468 187 
CO2 Capture   354 29 132 38 296 27 
CO2 Compr.   82 6 89 n.s.a 75 5 
CO2 transport    23  23  23 
CO2 storage    38  38  38 
Total 1.468 187 1.904 283 1.689 286 1.839 279 
% Increase w.r.t. 
w/o capture case 

   
30% 

 
52% 

 
15% 

 
53% 

 
25% 

 
49% 

         
LCOE (€2013/MWh)  55,2  100,4  92,3  95,3 
CCA (€2013/t CO2)      70,5  57,6  62,4 

aNot specified separately. Included in the opex of the capture plant. 
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30% 

 
52% 
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53% 
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CCA (€2013/t CO2)      70,5  57,6  62,4 

aNot specified separately. Included in the opex of the capture plant. 

 

 

 

 

15019 - vdSpek_BNW.indd   139 31-10-17   11:33



140 141

 

 

 

Table 4.8. Economic performance indicators of the low utilisation scenario. Capex, Opex, LCOE and CCA of the Advanced Super Critical coal power plant 
with AMP/PZ capture (study 1 and study 2), with MEA capture, and without capture. All cost are calculated as constant (real) and presented in €2013. 

 W/o capture MEA AMP/PZ 
Case 

 
 Study 1 Study 2 

 
Plant area 

TCR (M€) OPEX 
(M€/yr) 

TCR 
(M€) 

OPEX 
(M€/yr) 

TCR 
(M€) 

OPEX 
(M€/yr) 

TCR (M€) OPEX 
(M€/yr) 

Power Plant 1.468 125 1.468 125 1.468 125 1.468 125 
CO2 Capture   354 21 132 27 296 19 
CO2 Compression   82 4 89 n.s.a 75 4 
CO2 transport    12  12  12 
CO2 storage    20  20  20 
Total 1.468 125 1.904 182 1.689 184 1.839 179 
% Increase w.r.t. 
w/o capture case 

   
30% 

 
46% 

 
15% 

 
47% 

 
25% 

 
44% 

         
LCOE (€2013/MWh)  84,2  147,7  133,8  139,9 
CCA (€2013/t CO2)      99,2  77,2  86,6 

aNot specified separately. Included in the opex of the capture plant.

 

 

Figure 4.5. Breakdown of study 1 and study 2 LCOE for the high and low utilisation scenario, 
presented as constant (real) €2013. Values included in supplementary materials. 

4.3.4. Comparison with other cost studies  
The previous section showed large differences in the capital costs of the AMP/PZ 
system between the EDDiCCUT and EBTF studies. To put these values into 
perspective, Figure 4.6 compares the incremental specific capital costs of capture 
and compression calculated in this work with five studies performed by energy 
and/or CCS NGO’s and with one study by a technology vendor. Note that the 
incremental specific capital costs presented by the NGO’s are also commonly based 
on cost estimates by technology vendors (see e.g. [15], [61]). Also, note that the 
reported PCC technologies in the other studies are not AMP/PZ. However, they all 
use (advanced) amines and present very similar (if not the same) process flow 
diagrams as study 1 and study 2, thus justifying comparison. 

Figure 4.6 confirms that there is much variability between the capital cost 
estimates, but it also shows that the figures presented in this work are clearly lower 
than the figures from the energy research institutes. The difference between the 
advanced amine study with the lowest (this work, study 1) and the highest 
(IEAGHG) specific capital cost is as large as 110%. Further investigation finds that 
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the TCR differences between study 1 and 2 and the NGO/vendor studies is 
explained specifically by a difference in purchased equipment cost estimates, whilst 
the factors used are fairly similar.  

As background, all these feasibility studies state a +/- 30% accuracy, which is in 
contradiction with the findings of Figure 4.6. This may imply that the +/-30% 
accuracy claim is sometimes used unjustly. On this matter, the AACE states the 
accuracy range of feasibility studies (class 4 estimates) to be -15% to -30% on the 
low end, to +20% to +50% on the high end [62], which adds another 20%-point to 
the accuracy range on the high end. Based on our findings, for early stage CCS 
costing studies, it may be advisable to communicate the -30% to +50% accuracy 
range proposed by the AACE, rather than the commonly used +/-30% accuracy 
range.  

This wider accuracy range however does not explain the total difference in capital 
costs between our capital cost estimates and the NGO/Vendor studies (NETL, 
IEAGHG, ZEP, Alstom, GCCSI, EPRI) (Figure 4.6). In our experience, other 
justifications include the following. 

In general, the abovementioned NGO/vendor cost estimates are prepared by 
engineering contractors with the help of technology vendors12. It is likely that 
engineering firms and vendors are more versed in designing and engineering of 
chemical plants than academic researchers are. This could mean that they have a 
better understanding of the scope of a process (e.g. including auxiliary systems), 
and are more experienced (thus more realistic) when it comes to design and sparing 
philosophies. In addition, they may have access to better and/or more recent cost 
databases. 

On the other hand, vendors often present the equipment cost estimate of the 
carbon capture and compression plant as a lump sum (as in [14], [15], [22]). This 
lacking transparency makes it difficult to uncover which costs are included in 
vendor quotes. It could be that these costs include more R&D, overhead costs, 
and/or profit margins than for instance the Aspen capital cost estimator does. It 

                                                             
12 IEAGHG cost estimates are prepared by Foster Wheeler, and include a vendor (Cansolv) 
estimate for the purchased equipment cost of the carbon capture technology. DOE NETL 
cost estimates are prepared by WorleyParsons and also include vendor (Fluor and recently 
Cansolv) quotes for the purchased equipment costs of the capture and compression 
technology.  

 

could also be that the capture plant is not really costed as an Nth of a kind plant, but 
rather as an early mover plant [63].  

In addition, Table 4.9 compares the EDDiCCUT and EBTF economic performance 
indicators with those of the work by Alstom and IEAGHG on postcombustion 
capture with advanced amines [15], [64]. The table shows that the LCOE and CCA 
ranges are quite wide, but that values presented in this work lie within this range, 
contrary to the capital cost values. 

4.3.1. Uncertainty analysis 
We have shown by comparison that capital cost estimates (and to a lesser extent 
LCOE and CCA) of postcombustion CO2 capture with (advanced) amines can vary 
significantly. However, in many early stage cost estimates comparison may prove 
difficult, e.g. because the estimate is the first for a specific technology. 

 

Figure 4.6. Incremental specific capital costs (TCR, €2013/kW) of capture and compression units of 
coal power plants. Dark blue columns represent values from this work, light blue bars represent 
values retrieved from other cost studies (NGO'and technology vendors, values retrieved from Rubin 
et al. 2015). 
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12 IEAGHG cost estimates are prepared by Foster Wheeler, and include a vendor (Cansolv) 
estimate for the purchased equipment cost of the carbon capture technology. DOE NETL 
cost estimates are prepared by WorleyParsons and also include vendor (Fluor and recently 
Cansolv) quotes for the purchased equipment costs of the capture and compression 
technology.  

 

could also be that the capture plant is not really costed as an Nth of a kind plant, but 
rather as an early mover plant [63].  

In addition, Table 4.9 compares the EDDiCCUT and EBTF economic performance 
indicators with those of the work by Alstom and IEAGHG on postcombustion 
capture with advanced amines [15], [64]. The table shows that the LCOE and CCA 
ranges are quite wide, but that values presented in this work lie within this range, 
contrary to the capital cost values. 
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We have shown by comparison that capital cost estimates (and to a lesser extent 
LCOE and CCA) of postcombustion CO2 capture with (advanced) amines can vary 
significantly. However, in many early stage cost estimates comparison may prove 
difficult, e.g. because the estimate is the first for a specific technology. 

 

Figure 4.6. Incremental specific capital costs (TCR, €2013/kW) of capture and compression units of 
coal power plants. Dark blue columns represent values from this work, light blue bars represent 
values retrieved from other cost studies (NGO'and technology vendors, values retrieved from Rubin 
et al. 2015). 
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Table 4.9. Techno-economic performance parameters from this work and from two other advanced 
amine-based postcombustion capture studies [3], [15]. Values presented as constant (real) €2013. 

 
This work-

Study 1 
This work-

Study 2 
Alstom 
2011 

IEAGHG 
2014 

Power plant type ASC PC ASC PC ASC PC SC PC 

Solvent technology AMP/PZ AMP/PZ 
Adv. 

Amine 
Adv. 

Amine 
Net efficiency reference 
power plant (% LHV) 46,1 46,1 46,2 44,1 
Net efficiency with CCS (% 
LHV) 37,8 37,2 37,9 35,2 
     
Reference plant LCOE 
(€2013/kWh) €   55,20 €   55,20 €   46,31 €   52,00 
LCOE with CCS (€2013/kWh) €   91,57 €   93,67 €   75,60 €   94,70 
LCOE increase (€2013/kWh) €   36,37 €   38,47 €   29,29 €   42,70 
     
Cost of CO2 avoided (€2013/t 
CO2) €  56,53 €   59,82 €   42,92 €   65,40 

 
This stresses the importance of applying an all-inclusive uncertainty analysis to 
early stage cost estimates. In this section it is shown how the combination of 
sensitivity analysis and pedigree analysis is able provide an uncertainty analysis that 
includes quantitative as well as qualitative uncertainties. 

4.3.1.1. Sensitivity analysis 
Figure 4.7 shows the sensitivities of LCOE to input parameters for study 1 and 2. 
Note that the equipment costs for study 1 are split into columns and other 
equipment. This was relevant for the pedigree analysis and diagnostic diagram 
(next sections), because the costing methods used were very different. 

 A first observation is that the shape of both figures is similar, and that also the 
order of highest impact parameters is the similar for both studies, i.e, both are most 
sensitive to changes in efficiency penalty, and least sensitive to changes in owner’s 
costs and IDC. The high sensitivity to efficiency penalty compared to capital cost 
items has been reported earlier in cost optimization studies [65], [66]. This implies 
that in terms of LCOE (and hence CCA) it may pay off to add efficiency improvement 
measures to a PCC plant design at the expense of higher capital costs. Also, note 

 

that LCOE is very sensitive to changes in T&S costs. Although this finding is not new, 
it confirms the relevance of clearly defining storage type and transport distance and 
cost this appropriately. Because of the split of equipment costs in study 1, the 
equipment cost items move slightly down the order for this case. Would they have 
been aggregated, the order of sensitivities would be the same as for study 2.  

Last, note that this sensitivity analysis was done for the high utilisation scenario. In 
case of a low utilisation scenario, sensitivity to changes in capital costs will increase, 
while sensitivity to changes in variable operational costs will remain in the same 
order. 

4.3.1.2. Pedigree analysis 
Table 4.10 presents the pedigree results of the input parameters to study 1. The 
table shows a mixed picture, without any parameter assigned very high scores. 
Efficiency penalty scores best as it is a directly calculated quantity rather than a 
proxy, and because the parameter is complete (it is based on all relevant flows and 
data). The equipment costs of the columns score worst, because they were based 
on 30-year-old empirical relations for FGD columns, which have a different design 
than modern day absorber/desorber columns. In addition, the relations were 
derived from an industry journal, but not from a peer reviewed source, or an official 
industrial database.  

Also T&S costs scored relatively low. T&S costs mostly scored values of 2 because 
the reviewers felt the used figure was a generic figure rather than an exact cost 
study for a specific location. Also, the cost figure was based on one source only 
(ZEP) and although this source includes inputs from industrial partners, it is 
explicitly not an industrial quote. Also, due to a lack of real project data on CO2 
transport and storage, the validation of the T&S costs was deemed weak, hence the 
score of 1. 

All other parameters were assigned intermediate scores (some scores of 2 and 
some of 3). Note that in general the scores for validation process were low for study 
1: for most parameters there was hardly any explicit validation done, or the 
validation was done using sources that were not independent. 
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Figure 4.7. Sensitivity of Levelised Cost of Electricity (LCOE) to a +/-50% variation of CCS input 
parameters. The efficiency penalty is the decrease in net power plant efficiency due to capture and 
compression. Study 1 (top) and study 2 (bottom) 
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Table 4.10. Study 1: pedigree scores of the input data of the economic model. Colours used for visual 
aid.  

 Input parameter quality indicators AMP/PZ model study 1 

 
Proxy Reliability of 

Source 
Completeness Validation 

process 
Efficiency penalty 4 2 3 2 
T&S costs 2 2 2 1 
EC-TPC factors 
(PCC) 3 2 2 2 
Equipment costs 
(other PCC) 3 3 2 1 
Solvent price 3 3 1 1 
Equipment costs 
(columns PCC) 2 1 1 1 
Owner’s costs and 
IDC 2 2 3 2 

 

Table 4.11. Study 2: pedigree scores of the input data of the economic model. Colours used for visual 
aid.  

 

Input parameter quality indicators AMP/PZ model 
study 2 

 
Proxy Reliability of 

Source 
Completenes

s 
Validation 

process 
Efficiency penalty 3 2 2 3 
T&S costs 2 2 2 1 
Equipment cost (PCC) 3 3 3 3 
EC-TPC factors (PCC) 3 4 3 2 
Solvent price 2 1 1 2 
Owner’s costs and 
IDC 2 2 3 2 

 

Table 4.11 shows the pedigree results of the input parameters to study 2. The 
pedigree scores of the equipment costs and escalation factors are high: the 
reviewers felt that the equipment costs were derived from a reliable and complete 
source (Aspen capital cost estimator) and were validated against other cost studies. 
The factors also received high scores because they are derived from 
official/measured industrial and vendor data and because they rely on a large 
sample of measured cost quotes. 
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The factor scores could be further improved if the database would be updated with 
more recent costing data and if the database would be validated with cost data 
from more and different manufacturing companies.  

Solvent price and T&S costs show the lowest pedigree scores; for solvent price, the 
reported costs for the MHI KS1 solvent were used. The reviewers reasoned that 
although KS1 is believed to be a blend of AMP and PZ, this is not certain, hence it 
remains a proxy. In addition, the costs were derived from a 2004 MHI company 
presentation that may not be that reliable, or may not represent the actual current 
costs. Therefore, low scores for reliability of source and completeness were 
assigned. 

Owner’s costs and IDC was considered relatively certain, because based on the 
IEAGHG report, but still a proxy because a generic factor was derived from this 
report rather than estimating each owner’s costs individually. Also, although 
IEAGHG is a highly regarded source, the experts were unable to verify in how far 
the IEAGHG owner’s costs and IDC estimates were based on actual industrial data, 
hence the score of 2 for reliability of source. 

Last, efficiency penalty was judged relatively certain, represented by scores of 2 
and 3 and based on the pedigree scores for the AMP/PZ performance model 
presented in Van der Spek et al [19].  

4.3.1.3. Diagnostic diagram 
Figure 4.8 and Figure 4.9 combine the results of the sensitivity analysis and pedigree 
analysis in so-called diagnostic diagrams, see e.g. Van der Sluijs et al. [59]. On the 
x-axis, these diagrams show the median pedigree scores of the parameters, 
including the minimum and maximum values; on the y-axis, they show the average 
sensitivity of the LCOE to the same parameters, displayed as a percentage change 
to its base value. The diagnostic diagrams thus provide a single overview of the 
sensitivity of the economic indicator to the parameters, as well as the strength of 
the parameters. Note that the upper left quadrant13 of the diagnostic diagram is 

                                                             
13 Note that in this study it was chosen to place the borders of the red quadrant at 50% of 
max average sensitivity and at a pedigree score of 2 (also 50% of maximum). This is 
common practice in diagnostic diagrams [59], but exceptions can be made. For instance, if 
a certain indicator overrun is assumed unacceptable, than the placement of the 
quadrant’s lower border can be adjusted accordingly, to show which parameters may 
cause such overrun. 

 

marked with a dotted red line. This quadrant represents the zone in which 
parameters are least robust (red zone or red quadrant), because the output 
indicator is very sensitive to input parameters lying in this quadrant, and the 
strength of these indicators is low. In this way, the diagnostic diagram has the ability 
to provide a clear and single overview of the robustness of economic indicators and 
clearly pinpoint potential weaknesses. 

 

Figure 4.8. Study 1: diagnostic diagram of the models for the LCOE. The red dashed quadrant 
includes parameters to which LCOE is most sensitive and that are highly uncertain, indicating 
weakness in the economic model. 
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This in turn allows for easy interpretation and communication of the robustness of 
techno-economic results. 

The diagnostic diagrams for study 1 and 2 show a similar picture, but there are also 
some apparent differences. First, for both studies, only one parameter is located 
inside the red quadrant: T&S costs. Although not at the core of this study on PCC 
costing, it does provide a clear weakness in these LCOE estimates. 

 

Figure 4.9. Study 2: diagnostic diagram of the models for the CCA. The red dashed quadrant includes 
parameters to which CCA is most sensitive and that are highly uncertain, indicating weakness in the 
economic model. 
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Second, efficiency penalty is located nicely outside the red quadrant, which is 
favourable since this parameter contributes most to LCOE. Continuing, the low 
strength of the parameters equipment costs (columns PCC) (study 1) and solvent 
price (study 2) present only little risk for the respective LCOE estimates, because 
sensitivity to these parameters is low; they are located well below the red zone in 
the diagnostic diagram. 

Looking at the differences between study 1 and 2, the diagnostic diagrams indicate 
that study 1 is slightly less robust than study 2, with more parameters extending 
into the low pedigree scores. For the reliability of LCOE, this need not be a problem, 
given the low sensitivity of LCOE to these parameters. Last, note that in the 
presented uncertainty analyses of the high utilisation LCOE, the PCC capital costing 
parameters contribute relatively little to the LCOE, which was also shown in section 
4.3.3. However, this does not mean that the capital costs are an unimportant part 
of CCS power plant costing, because capital cost is a relevant performance indicator 
itself. If a diagnostic diagram were made for TCR, the sensitivity to the capital cost 
parameters would have been much higher, showing that the TCR estimate of e.g. 
study 1 would be on the weak side. 

4.4. Conclusions 
This paper presented an analysis of uncertainties and variability of early stage 
techno-economic studies of CCS technologies. This was done by: (1) a detailed 
comparison of two techno-economic studies on AMP/PZ postcombustion capture 
from the same coal fired power plant; (2) comparison of these results with the 
results of other NGO/vendor published techno-economic studies; and (3) by 
uncertainty analysis using a combination of sensitivity analysis and pedigree 
analysis.  

The results of this study showed a 65% difference in total capital requirement when 
comparing the two different AMP/PZ PCC studies, while both following established 
capital costing procedures. This confirms that uncertainty in early stage capital cost 
estimates can be substantial and is likely inherent to this type of estimate. The 
capex uncertainties propagate only mildly into uncertainties in LCOE and CCA. This 
effect is stronger in case of low utilisation scenarios. 

The analyses in this work further confirmed that the uncertainty and variability in 
capital cost estimates are present in every stage of the assessment: from process 
modelling to equipment sizing and costing and contingency selection. In this 
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4.3.3. However, this does not mean that the capital costs are an unimportant part 
of CCS power plant costing, because capital cost is a relevant performance indicator 
itself. If a diagnostic diagram were made for TCR, the sensitivity to the capital cost 
parameters would have been much higher, showing that the TCR estimate of e.g. 
study 1 would be on the weak side. 

4.4. Conclusions 
This paper presented an analysis of uncertainties and variability of early stage 
techno-economic studies of CCS technologies. This was done by: (1) a detailed 
comparison of two techno-economic studies on AMP/PZ postcombustion capture 
from the same coal fired power plant; (2) comparison of these results with the 
results of other NGO/vendor published techno-economic studies; and (3) by 
uncertainty analysis using a combination of sensitivity analysis and pedigree 
analysis.  

The results of this study showed a 65% difference in total capital requirement when 
comparing the two different AMP/PZ PCC studies, while both following established 
capital costing procedures. This confirms that uncertainty in early stage capital cost 
estimates can be substantial and is likely inherent to this type of estimate. The 
capex uncertainties propagate only mildly into uncertainties in LCOE and CCA. This 
effect is stronger in case of low utilisation scenarios. 

The analyses in this work further confirmed that the uncertainty and variability in 
capital cost estimates are present in every stage of the assessment: from process 
modelling to equipment sizing and costing and contingency selection. In this 
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particular case, variability in the capital costs was especially caused by differences 
in equipment sizing assumptions and equipment cost estimating methods, and to a 
lesser extent by differences in the results of the technical model, the equipment 
included in the capture plant, and the factoring methods used. Uncertainties in the 
process model also propagate to fuel costs and O&M costs. 

It was also found hard to compare the values of our PCC equipment cost with 
NGO/vendor equipment cost estimates; the first may be less inclusive due to less 
experience with real process design, while the latter are often supplied as a lump 
sum, leaving out details that are relevant for comparison. Although the latter is 
understandable from an intellectual property perspective, it may prevent the 
scientific community to learn from industrial cost estimates. 

We also showed that a combination of sensitivity analysis and pedigree analysis is 
a good means to provide insight into the impact of input parameters on techno-
economic performance indicators, and to understand the strength and/or quality 
of those input parameters, clearly indicating the strengths and weaknesses of the 
techno-economic study as a whole. The benefit of using pedigree analysis 
complementary to quantitative uncertainty analysis is its ability to provide a figure 
of merit to a parameter, a feature that sensitivity analysis alone cannot do. 
Combination of the two in a diagnostic diagram allows easy to interpret 
communication of the robustness of a techno-economic performance indicator. 
The diagnostic diagrams showed that the LCOE estimates of study 1 and study 2 
were robust, despite weaknesses in equipment costs (columns PCC) (study 1) and 
solvent price (study 2), because the latter only have small influence on LCOE.  

Based on the findings in this work we conclude that the simulation model is the 
most important part of estimating the costs (LCOE) of a novel PCC capture process, 
through its effect on the power plant efficiency and hence the fuel costs. Transport 
and storage costs are also of significant importance and are recommended to be 
estimated in much more detail than is done in current practice. For the purpose of 
early stage cost assessment, currently used capture and compression plant costing 
methods are reliable enough because they have little influence on the LCOE given 
their -30% +50% uncertainty margins.  
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5. Challenges and uncertainties of ex ante techno-
economic analysis of low TRL CO2 capture 
technology: Lessons from a case study of an NGCC 
with Exhaust Gas Recycle and Electric Swing 
Adsorption 

 

Abstract: this work addresses the methodological challenges of undertaking techno-
economic assessments of very early stage (technology readiness level 3-4) CO2 capture 
technologies. It draws lessons from a case study on CO2 capture from a natural gas 
combined cycle with exhaust gas recycle and electric swing adsorption technology. The 
paper shows that also for very early stage technologies it is possible to conduct techno-
economic studies that give a sound first indication of feasibility, providing certain conditions 
are met. These conditions include the availability of initial estimates for the energy use of 
the capture technology, either from bench scale measurements, or from rigorous process 
models, and the possibility to draw up a generic (high level) equipment list. The paper shows 
that for meaningful comparison with incumbent technologies, the performance of very 
early stage technologies needs to be projected to a future, commercial state. To this end, 
the state of the art methods have to be adapted to control for the development and 
improvements that these technologies will undergo during the R&D cycle. We call this a 
hybrid approach. The paper also shows that CO2 capture technologies always need to be 
assessed in sympathy with the CO2 source (e.g. power plant) and compression plant, 
because otherwise unreliable conclusions could be drawn on their feasibility. For the case 
study, it is concluded that electric swing adsorption is unlikely to become economically 
competitive with current technologies, even in a highly optimised future state, where 50% 
of the regeneration duty is provided by LP steam and 50% by electricity: the net efficiency 
of an NGCC with EGR and optimised ESA (49,3 %LHV; min-max 45,8 – 50,4 %LHV) is lower than 
that of an NGCC with EGR and standard MEA (50,4 %LHV). Also, investment and operational 
costs are higher than MEA, which together with ESA’s lower efficiency leads to an 
unfavourable levelised cost of electricity: 103 €/MWh (min-max 93,89 – 117,31 €/MWh) for 
NGCC with ESA, versus 91 €/MWh for NGCC with MEA. 

Published as: M. Van der Spek, A. Ramirez, and A. Faaij, “Challenges and uncertainty of ex 
ante techno-economic analysis of low TRL CO2 capture technology: Lessons from the case 
study of NGCC with Exhaust Gas Recycle and Electric Swing Adsorption,” Appl. Energy, 
article in press, 2017, . 

15019 - vdSpek_BNW.indd   158 31-10-17   11:33



158 159
 

  

 

5. Challenges and uncertainties of ex ante techno-
economic analysis of low TRL CO2 capture 
technology: Lessons from a case study of an NGCC 
with Exhaust Gas Recycle and Electric Swing 
Adsorption 

 

Abstract: this work addresses the methodological challenges of undertaking techno-
economic assessments of very early stage (technology readiness level 3-4) CO2 capture 
technologies. It draws lessons from a case study on CO2 capture from a natural gas 
combined cycle with exhaust gas recycle and electric swing adsorption technology. The 
paper shows that also for very early stage technologies it is possible to conduct techno-
economic studies that give a sound first indication of feasibility, providing certain conditions 
are met. These conditions include the availability of initial estimates for the energy use of 
the capture technology, either from bench scale measurements, or from rigorous process 
models, and the possibility to draw up a generic (high level) equipment list. The paper shows 
that for meaningful comparison with incumbent technologies, the performance of very 
early stage technologies needs to be projected to a future, commercial state. To this end, 
the state of the art methods have to be adapted to control for the development and 
improvements that these technologies will undergo during the R&D cycle. We call this a 
hybrid approach. The paper also shows that CO2 capture technologies always need to be 
assessed in sympathy with the CO2 source (e.g. power plant) and compression plant, 
because otherwise unreliable conclusions could be drawn on their feasibility. For the case 
study, it is concluded that electric swing adsorption is unlikely to become economically 
competitive with current technologies, even in a highly optimised future state, where 50% 
of the regeneration duty is provided by LP steam and 50% by electricity: the net efficiency 
of an NGCC with EGR and optimised ESA (49,3 %LHV; min-max 45,8 – 50,4 %LHV) is lower than 
that of an NGCC with EGR and standard MEA (50,4 %LHV). Also, investment and operational 
costs are higher than MEA, which together with ESA’s lower efficiency leads to an 
unfavourable levelised cost of electricity: 103 €/MWh (min-max 93,89 – 117,31 €/MWh) for 
NGCC with ESA, versus 91 €/MWh for NGCC with MEA. 

Published as: M. Van der Spek, A. Ramirez, and A. Faaij, “Challenges and uncertainty of ex 
ante techno-economic analysis of low TRL CO2 capture technology: Lessons from the case 
study of NGCC with Exhaust Gas Recycle and Electric Swing Adsorption,” Appl. Energy, 
article in press, 2017, . 

15019 - vdSpek_BNW.indd   159 31-10-17   11:33



160 161
 

5.1. Introduction 
Carbon capture and storage (CCS) is a necessary technology towards deep 
decarbonisation of the energy and industrial sectors, thereby mitigating severe 
global warming [1]. To progress technical implementation of CCS, the past decade 
and a half have seen the discovery and development of a wide portfolio of carbon 
capture technologies [2]–[5], many of which are still in early stage of development, 
i.e. technology readiness level (TRL [6]) =< 4.  

For CCS to succeed as a CO2 mitigation strategy, it is necessary to especially advance 
the technologies that are most promising in terms of technical, economic and 
environmental performance. To reach a commercially ready portfolio of the most 
promising CCS technologies on time, and in an efficient way, targeted technology 
selection and investment are required [7]. This selection requires performance 
assessment of the different technology alternatives, by analysing the performance 
of the carbon capture technology in an integrated system (CO2 source, carbon 
capture installation, transport, and storage) already during the early stages of 
development. These analyses will also point out key improvement options, thereby 
supporting RD&D. 

The current best practice for techno-economic analysis of (near) commercial 
energy technologies involves well established methods. Typically, the technical 
performance is evaluated using process models [8]–[10], and the economic 
performance is estimated based on detailed equipment lists and mass and energy 
balances that are derived from the process model [11]–[14]. As we will show in this 
paper however, there are challenges to use these best practices for technologies 
down the TRL ladder, and shortcuts or simplified approaches may be needed to 
produce the desired performance metrics. Inherently, uncertainties in the analyses 
will be substantial and need specific attention, especially because they can point 
out hotspots for technology improvement. 

In this context, the aim of this paper is three-fold. First, to identify the key 
challenges when using state of the art methods for developing techno-economic 
assessments of very early stage CCS technologies (TRL 3-4). Second, to identify and 
develop shortcuts and/or other methods that can be used to deal with these 
challenges, and third, to extract lessons for performing meaningful techno-
economic assessments for very early stage technologies. In this way the paper 
advances the state-of-the-art of very early stage ex-ante technology assessment. 

 

Its novelty is especially in presenting hybrid approaches to techno-economic 
performance assessment, approaches that have not been published before. 

To this end, this work will consider the performance assessment of an emerging 
carbon capture technology that is at low TRL (3-4). In this paper, we will use electric 
swing adsorption (ESA) as case study. ESA is proposed as a postcombustion CO2 
capture technology analogous to temperature swing adsorption [15]–[18]. The 
differentiating aspect of ESA is that the heat required for the temperature swing is 
provided by electricity using the Joule effect, instead of by low pressure steam, 
which is used in TSA. The ESA process in this work is analysed in the context of CO2 
capture from a natural gas fired power plant, as suggested by the developers of the 
technology [16]. 

Although this work focuses on power plants with CO2 capture technologies, its 
lessons are equally applicable to other emerging energy technologies, especially 
the ones down the TRL ladder. Examples include solar fuels, biofuels and 
bioproducts, and concentrating solar power. 

5.2. General approach 
This work systematically investigated the steps that were undertaken in the very 
early stage techno-economic assessment of NGCC with ESA. First, a generic 
literature scan was performed to select an emerging technology that could function 
as case study (ESA, see introduction). Second, an in depth literature study was 
conducted to investigate the technology characteristics and establish the case 
study scope (section 5.3.1-5.3.2). The literature study specifically investigated the 
availability of data for modelling purposes, and the development potential of the 
technology. The case study scoping also included selection of a reference 
technology for comparison of the techno-economic performance: also for low TRL 
technologies a benchmark is relevant to put their techno-economic performance 
into perspective. Third, available methods for techno-economic assessment of CO2 
capture technologies were reviewed, and suitable methods were introduced for 
this case study, notably hybrid approaches (section 5.4). Fourth, the performance 
of the low TRL technology and the benchmark technology were modelled and the 
results, including sensitivities, were analysed (section 5.5). Last, the identified 
challenges and lessons for this kind of (low TRL) technology analysis were 
summarized in the conclusions (section 5.6). 
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5.3. Technology description and scope 
5.3.1. Technology description 

The aim of the literature review was to identify the technology characteristics and 
to set the scope for the case study. This amongst others meant investigating the 
availability and strength of data for modelling purposes, which was required for 
model selection (section 5.4). In this respect, and given the low TRL, there were two 
options: the available knowledge base was sufficient to undertake a classic techno-
economic analysis that included integration of the technology with the power plant 
(e.g. like [11], [13], [19], [20]). This would require as a minimum A) the possibility 
to make an estimate of mass and energy balances and B) a rough understanding of 
equipment and size. Or, a classic techno-economic assessment was not possible 
due to data limitations, and a preliminary assessment method was required, for 
instance as described in [21], [22]. Questions that needed to be answered included 
“are estimates available of CO2 separation efficiency and purity or can these be 
produced?”, “Are estimates of separation energy requirement available or can 
these be produced?”, and “is a process design available or can this be produced?” 

5.3.1.1. Electric swing adsorption 
The investigated CO2 capture technology (ESA) is a specific type of temperature 
swing adsorption (TSA) technology. It consists of trains of parallel columns with 
solid sorbents that are alternatively cooled and heated to respectively adsorb and 
desorb the CO2 (Figure 5.1). In a standard TSA process, the heat is provided by steam 
that is extracted from the power plant steam cycle [23]. However, this poses 
engineering issues for large scale application due to slow heat transfer of steam to 
adsorbent, resulting in long cycle times and large sorbent requirements [15], [16], 
[24], [25]. ESA is meant to address this challenge, using electricity to heat the 
sorbents through the Joule effect [15]–[18].  

The cycle of a basic ESA or TSA process consists of four steps: 1) feed, 2) heating, 3) 
desorption, and 4) purge [15], [26]. But more advanced cycles have been proposed 
that may benefit from step and heat integration [18], [25]. With respect to 
separation efficiency and energy requirement, Grande et al. [16] estimated a 
regeneration duty of 2,04 GJe/t CO2 for an ESA process using zeolite 13X sorbent 
and a five step cycle. They reported approximately 80% CO2 recovery and 80% CO2 
purity, a significant achievement, but not yet fully representative of the 
performance of a commercial CO2 capture process, where 90% capture at >95% 

 

purity is required. For this 5-step cycle, also column sizes were reported which may 
form the basis of capital cost estimations. 

The above concise technology description shows that the ESA technology is 
developed enough to simulate mass and energy balances, and that preliminary 
PFD’s and equipment sizes are available. This means that classic techno-economic 
analysis could be undertaken. However, because the technology is at TRL 3 (or 
proof of concept stage), performance results will change as it moves towards 
commercialisation. To provide a fair representation of potential, future, 
performance, it is necessary to assess the process taking into account potential 
performance advances over its development cycle. This requires knowledge on 
which advances are likely to take place and how these will influence the process. 

The development potential of T/ESA will likely come from more efficient sorbents 
that rely on chemical bonding with CO2 [2], [25], [27]. Chemical sorbents may have 
higher working capacities than typically used physical sorbents, such as zeolite 13X 
and zeolite 5A [27]–[29]. As an additional benefit, chemical sorbents often perform 
better in humid environments such as flue gas streams, whereas physical sorbents 
quickly deactivate in the presence of water [23], [25], [30], and thus require an 
additional drying unit upstream the CO2 capture step. An example of a chemical 
adsorbent that has been well characterised, and that has favourable properties in 
the presence of water is amine grafted pore expanded silica (TRI-PE-MCM-41) [28], 
[31], [32], but many others have been developed (e.g. [27]). TRI-PE-MCM-41 has 
shown a high CO2 capacity of up to 2,94 mol/kg at a CO2 partial pressure of 5 kPa, 
and in the presence of water [28], which represent typical conditions of NGCC flue 
gas streams. Other process improvements may come from optimising the steps of 
the adsorption-desorption cycle.  

5.3.1.2. Natural gas combined cycle 
Natural gas combined cycles (NGCC) are commercial technologies. The selected 
configuration of the NGCC was based on the EBTF framework [14] and includes two 
generic F-class gas turbines (GT’s), two heat recovery steam generation (HRSG) 
units, and one train of HP, IP, and LP steam turbines (Figure 5.1). The power plant 
size is approximately 830 MW. To follow the current advancements in NGCC with 
CCS development, the NGCC was equipped with exhaust gas recycling (EGR), which 
reduces the flue gas volume and increases the flue gas CO2 content, thereby 
decreasing capital costs of the CO2 capture plant and simplifying CO2 separation 
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generic F-class gas turbines (GT’s), two heat recovery steam generation (HRSG) 
units, and one train of HP, IP, and LP steam turbines (Figure 5.1). The power plant 
size is approximately 830 MW. To follow the current advancements in NGCC with 
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[33]. When standard gas turbines are used, their efficiency will decrease slightly 
because the EGR changes the composition of the air inlet. In this study, we however 
assumed the same efficiency values as suggested by EBTF, similar to [34], assuming 
GT designs can be modified to render the same efficiency with EGR. 

5.3.1.3. CO2 compression 
CO2 compression was considered a commercial technology because it is used in 
numerous US enhanced oil recovery projects. This study uses a 5-stage CO2 
compressor and a liquid CO2 pump (Figure 5.1), increasing the pressure to 110 bar. 
During compression the CO2 stream is dried to an H2O content of 200 ppmv using 
knock out vessels and a drying unit [8]. 

5.3.1.4. Reference technology 
The general purpose of a feasibility study is to investigate whether or not a novel 
technology performs better, or has advantageous characteristics, when compared 
to an incumbent technology. In the case of CO2 capture, postcombustion capture 
with standard MEA technology is often seen as the incumbent CO2 capture 
technology, and is typically used as reference [8], [10], [11], [13], [34]. Recently 
constructed CO2 capture plants like Boundary Dam and Petra Nova use more 
advanced postcombustion solvent technologies than MEA, (Cansolv and MHI KS1 
[35], [36]), that show improved energetic performance over MEA. Therefore, for a 
very novel technology like ESA to be techno-economically “feasible”, it should at 
least outperform MEA technology in terms of parasitic impact on the NGCC and 
cost impact. Because Cansolv and KS1 are proprietary blends, and their exact 
formulation is unknown, this paper uses MEA as a reference technology, 
acknowledging that any emerging technology should show drastically improved 
performance with respect to MEA to be able to compete with commercially used 
solvent systems. 

5.3.2. System scope 
Because the ESA technology was developed far enough to undertake classic techno-
economic assessment, the scoping was similar to that of advanced technologies. It 
included setting the location (NW-Europe), currency (€), and temporal (2014), 
boundary conditions such as ambient characteristics and cooling water 
specifications (appendix A), and the units/plants that are included in the system. 
With respect to the latter, note that to assess the technical performance of any CO2 
capture technology, it is essential to analyse it in the context of the other units it is 

 

connected to, i.e. the power plant (or industrial CO2 source) and the compression 
plant (further discussed in section 5.5.1). For economic performance analysis, also 
CO2 transport and storage should preferably be included [12]. 

5.4. Review and selection of techno-economic 
modelling methods 

5.4.1. Technical performance assessment 
The main purpose of the technical performance analysis of any CO2 capture 
technology is to find the energy required for separation of the CO2 from the power 
plant flue gas stream, given a specified CO2 yield and purity. For solid adsorbents, 
this comes down to determining the energy requirement for adsorbent 
regeneration. The metric for this is the specific regeneration duty (SRD: energy used 
per tonne of CO2 captured), analogous to the metric used for postcombustion 
solvent technology. 

Selecting a suitable modelling method to estimate the technical performance is a 
problem that many process modellers face. Typically, a choice can be made 
between rigorous, shortcut, or simplified process models [9], [37]. Rigorous 
methods have the potential to provide more detailed and/or accurate results. 
However, time, knowledge base, and sometimes skills may be limited, therefore 
limiting model selection to more simplified methods. To aid the selection process, 
an attribute complexity matrix and/or pedigree analysis of the knowledge base can 
be used [9], [37]. These methods screen the (scientific) knowledge base of a 
technology on criteria such as empirical basis (which knowledge is available, from 
which kind of, and from how many sources was it derived); theoretical 
understanding (how strong is the theory on this technology, and the level of 
consensus between scientists); methodological rigour (how was the knowledge 
generated), and validation process (was the data validated and how sound was the 
validation exercise). The gained understanding of the technology’s knowledge base 
can then be used to select modelling methods that fit the available knowledge and 
the purpose of the modelling study. For example, if the knowledge base strength is 
low to medium, one may need to select simplified modelling methods. 
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Figure 5.1. Process flow diagram of an integrated NGCC with electric swing adsorption system. The numbers represent flows in the mass balance. 
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5.4.1.1. Electric swing adsorption unit 
For solid sorbents, the existing best practice is to perform rigorous analysis of the 
adsorption-desorption cycle, using dynamic modelling methods. This was shown 
amongst others by Grande et al. [16], [24], [38] for ESA and is equivalent to cyclic 
modelling of PSA and TSA systems (e.g. [39], [40]). This rigorous method considers 
the time aspect of adsorption cycles as well as mass transfer limitations into the 
sorbent pores. Models like these consist of a set of partial differential equations 
that are solved numerically. The construction of such a rigorous cyclic adsorption 
model is, however, a laborious process – model development times of over a year 
are not uncommon – and requires a great deal of skill from the modeller. 

The second option is to use a short-cut method analogous to the one developed by 
Joss et al. for TSA [26]. The differential equations in this type of model can be solved 
analytically by treating the columns as isothermal rather than adiabatic, thereby 
neglecting temperature fronts. Also, it excludes mass transfer limitations, but 
rather calculates the CO2 adsorption based on adsorption equilibrium. Although 
this kind of model is easier to construct, and simulation time can be greatly reduced 
compared to rigorous cyclic models, model development is still time and resource 
intensive, which can be an issue for rapid technology portfolio screening. 

The third option is to use a simplified method. This method estimates the SRD of an 
adsorption process using simple (non-differential) equations to calculate the 
adsorption heat, sensible heat, gas (adsorbate) heating, and water vaporization, 
and sums these values to a total SRD estimate [41]. This method can be suited to 
estimate initial performance of continuous adsorption processes (such as found in 
sorbent systems using two fluidized beds), but tends to overestimate the SRD in a 
cyclic process, because it fails to include interactions between the steps in a cycle 
(e.g. sensible heat generated during the adsorption step that already partially heats 
the column for the desorption step).  

In this specific case, the NGCC with ESA assessment was part of a larger European 
research project where ten CCUS technologies were screened in four years, 
something not uncommon in energy system analysis. This, however, limited the 
available modelling/assessment time. Therefore, in this paper we used a hybrid 
option to project the performance of the ESA technology: we based the SRD 
estimate of the ESA process on existing, preliminary, rigorous modelling results (the 
aforementioned zeolite 13X modelling results by Grande et al. [16]). Then, we 
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constructed a performance estimate of a future advanced/commercial ESA process, 
extrapolating Grande’s results to a state where 90% CO2 at 96% purity is captured 
using an advanced amine grafted sorbent (TRI-PE-MCM-41, section 5.3.1.1). This 
means that preliminary results of a rigorous modelling method were used, and were 
adapted using the analogy of the simplified method.  

The chosen technical assessment strategy required adjusting Grande’s results in 
two ways. First, an adjustment was needed to increase the CO2 recovery and purity 
to respectively 90% and 96%. To this end we assumed that these levels could be 
reached by two system improvements: 1) increasing the flue gas CO2 concentration 
to 6.4%vol by means of the EGR (in the original study by Grande et al. this was 3.5%vol 
leading to a higher required enrichment factor), and 2) using the aforementioned 
TRI-PE-MCM-41 sorbent, which is much more selective towards CO2 than the 
original zeolite sorbent. This sorbent has the additional advantage that it is able to 
operate effectively in humid flue gas, contrary to zeolite 13X [28]. 

The second adjustment involved the value of the SRD. We projected the SRD of the 
future ESA process on the value found by Grande et al. [16], accounting for 
differences in sorbent properties (Table 5.1) and process design (Table 5.2), and 
including water vaporization.  

Table 5.1. Sorbent properties of Zeolite 13X and TRI-PE-MCM-41 

Adsorbent properties Unit Zeolite 13X TRI-PE-MCM-41 
Adsorbent type  30% AC binder + 70% 

13X1 
30% AC binder + 70% 

TRI-PE-MCM-412 
Max adsorbent 
loading 

mol/kg 31 2,943 

Working capacity mol/kg 0,81 25% of max loading4 
Heat of Adsorption kJ/mol 451 705 
Heat capacity J/kg/K 9001 10006 

1[16]. 2same amount of binder assumed as in the zeolite monolith. 3[28]. The highest measured loading 
capacity was used to represent an advanced ESA process. 4[25]: working capacities of 0,18 to 0,26 (% 
max capacity) were reported for an amine-impregnated polymeric resin. A high value was selected to 
represent an advanced ESA process. This working capacity was validated with TRI-PE-MCM-41 
adsorption-desorption cycles presented in Serna-Guerrero et al. [42]. 5An average value of 70 kJ/mol 
was used as reported by [32]. This value falls with within the range of 43-92 kJ/mol that was 
measured/calculated for similar amine impregnated sorbents [2], [41], [43]. 6[43]. This value is 
relatively conservative compared to heat capacity of activated carbon and SiO2 (both ~700 kJ/kgK), 
which constitute about 65%wt of the solid sorbent. 

 

 

This was done in three steps (Figure 5.2), using the analogy of the SRD of a 
continuous (non-cyclic) adsorbent process [41]: 

Equation 5.1:   ���� = ∆�� + � ∙ �� ∙ (���� − ����) + ���� 

Where Qdes is the total heat requirement (kJ/mol), ΔHa is the enthalpy of adsorption 
(kJ/mol), m is the sorbent mass (kg), Cp is the sorbent heat capacity (kJ/kgK), Tads 
and Tdes are the respective adsorption and desorption temperature, and QH2O is the 
heat of water vaporization.  

Step 1 encompassed approximating the division between regeneration energy used 
for CO2 desorption and for sensible heat. This division was required for step 3. The 
results from Grande et al., that were used as a basis specified a total SRD of 2,04 
GJe/t CO2 captured, of which 0,13 GJe/t for heating of the adsorbate (gas), and the 
remaining 1,91 GJe/t for heating of the adsorbent. This means that the 1,91 GJe/t 
includes adsorption enthalpy and sensible heat. A division between the two – 
expressed as their contributions (%) to total heat - was estimated using the analogy 
of the continuous process (Equation 5.1), assuming the division of sorbent heating 
in the cyclic process was similar to the continuous process (Figure 5.2b). 

Step 2. Second, the heat of water vaporization was added. Zhang et al. [41], 
estimated this was 0.38 GJ/t for a continuous adsorption process. Again, this value 
was expressed as the contribution of the total heat of adsorption and analogously 
added to the cyclic SRD (Figure 5.2c). 

Table 5.2. Advanced ESA process design parameters 

Parameter Unit Value 
Flue gas temperature °C 37,51 
Regeneration temperature °C 1102 
Condenser temperature °C 403 
Flue gas inlet pressure bar 1,14 
CO2 outlet pressure bar 14 
ESA cycle time min 404 
Column height m 11,64 
Train size Columns/train 44 
Allowed sorbent deactivation % of max activity 705 

1NGCC model output. 2Max amine modified sorbent regeneration temperature is 120°C. Higher 
temperatures cause increased sorbent degradation [31]. 3Meant to cool the CO2 stream before 
entering the compression unit. 4Same cycle/process design as in Grande et al. [16]. 5Educated guess. 
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Figure 5.2. Graphic representation of SRD calculation method using the hybrid approach, based on 
the modelling work by Grande et al (2009a).  
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Step 3. Third, the SRD value of the future ESA process with the TRI-PE-MCM-41 
sorbent was projected based on the SRD terms of the current, zeolite sorbent 
process (Figure 5.2d), incorporating the differences in sorbent properties and 
process design following equations 5.2-5.5: 

Equation 5.2:   ����,��� =  ����,��� ∙ �� 

Equation 5.3:   �����,��� =  �����,��� ∙ �� ∙ �� ∙ �� 

Equation 5.4:  ����,��� =  ����,��� ∙ �� 

Equation 5.5:   ����,��� =  ����,���  

Where Qdes,TRI and Qdes,ZEO are the enthalpies of ad/desorption of the advanced 
sorbent and the zeolite sorbent, Qsens,TRI and Qsens,ZEO are the sensible heat 
requirements of the advanced sorbent and the zeolite sorbent, Qgas,TRI and Qgas,ZEO 
are the adsorbate heating requirements of the advanced sorbent and the zeolite 
sorbent, QH2O,TRI and QH2O,ZEO are the water vaporization heat requirements of the 
advanced sorbent and the zeolite sorbent, and F1, F2, F3, F4, and F5, are factors 
representing the differences in sorbent properties and process design.  

Finally, the total SRD (GJ electricity per tonne of CO2 captured) was calculated by 
summing the individual heat components of the ESA process: 

Equation 5.6:  ��� =  ����,��� + �����,��� + ����,��� + ����,���  

5.4.1.2. NGCC with exhaust gas recycling 
The NGCC model was specified in Aspen Plus V8.4., following the EBTF design 
specifications [14]. Because NGCC technology is commercial, and many such 
models exist, this was a straightforward activity, contrary to ESA modelling. An 
exhaust gas recycle (EGR) ratio of 35% was assumed. Flame stability in the GT 
combustion chamber may allow higher recycle ratios, but tests suggest that above 
35% recycle excessive NOx and CO start to form which is undesired from an 
environmental perspective [44]. The EGR includes a direct contact cooler (DCC) to 
cool the flue gas to 25°C before re-entering the combustion chamber. 

5.4.1.3. CO2 compression unit 
Like the NGCC, the compression unit was modelled with Aspen plus V8.4., using the 
same design as in [8], [9].  
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Figure 5.2. Graphic representation of SRD calculation method using the hybrid approach, based on 
the modelling work by Grande et al (2009a).  
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Step 3. Third, the SRD value of the future ESA process with the TRI-PE-MCM-41 
sorbent was projected based on the SRD terms of the current, zeolite sorbent 
process (Figure 5.2d), incorporating the differences in sorbent properties and 
process design following equations 5.2-5.5: 

Equation 5.2:   ����,��� =  ����,��� ∙ �� 

Equation 5.3:   �����,��� =  �����,��� ∙ �� ∙ �� ∙ �� 

Equation 5.4:  ����,��� =  ����,��� ∙ �� 

Equation 5.5:   ����,��� =  ����,���  

Where Qdes,TRI and Qdes,ZEO are the enthalpies of ad/desorption of the advanced 
sorbent and the zeolite sorbent, Qsens,TRI and Qsens,ZEO are the sensible heat 
requirements of the advanced sorbent and the zeolite sorbent, Qgas,TRI and Qgas,ZEO 
are the adsorbate heating requirements of the advanced sorbent and the zeolite 
sorbent, QH2O,TRI and QH2O,ZEO are the water vaporization heat requirements of the 
advanced sorbent and the zeolite sorbent, and F1, F2, F3, F4, and F5, are factors 
representing the differences in sorbent properties and process design.  

Finally, the total SRD (GJ electricity per tonne of CO2 captured) was calculated by 
summing the individual heat components of the ESA process: 

Equation 5.6:  ��� =  ����,��� + �����,��� + ����,��� + ����,���  

5.4.1.2. NGCC with exhaust gas recycling 
The NGCC model was specified in Aspen Plus V8.4., following the EBTF design 
specifications [14]. Because NGCC technology is commercial, and many such 
models exist, this was a straightforward activity, contrary to ESA modelling. An 
exhaust gas recycle (EGR) ratio of 35% was assumed. Flame stability in the GT 
combustion chamber may allow higher recycle ratios, but tests suggest that above 
35% recycle excessive NOx and CO start to form which is undesired from an 
environmental perspective [44]. The EGR includes a direct contact cooler (DCC) to 
cool the flue gas to 25°C before re-entering the combustion chamber. 

5.4.1.3. CO2 compression unit 
Like the NGCC, the compression unit was modelled with Aspen plus V8.4., using the 
same design as in [8], [9].  
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5.4.1.4. Benchmark MEA absorption unit 
The benchmark MEA absorption unit was modelled using a rate-based model that 
was specified in Aspen Plus V8.4. The model used kinetic reactions for the 
bicarbonate (Equation 5.7) and MEA carbamate (Equation 5.8) formation following 
Kvamsdal and Rochelle [45], applying their reported kinetic parameters for the 
Arrhenius equation. The reaction equilibria of other reactions were calculated from 
the Gibbs free energy. The flowsheet included a standard absorber-stripper 
configuration with water washes on top of absorber and stripper [9]. Advanced 
process configurations like lean vapour compression and split flows were excluded 
from this study. The MEA process was earlier reported in [9]. 

Equation 5.7  ��� + ��� → ����
� 

Equation 5.8  ���+ ��� + ��� → ������� + ���� 

5.4.2. Economic performance assessment 
Economic performance assessment of CCS technologies typically aims to find 
estimates of capital and operational costs, and uses these to calculate the Levelised 
Cost of Electricity (LCOE) and the Cost of CO2 Avoided (CCA) ([12], [13], see appendix 
B for equations). 

The main challenge for economic analysis of early stage technologies is to find the 
investment costs of a potential Nth of a kind (NOAK) plant, and to estimate the 
technology specific operational costs. Estimating the generic operational costs and 
selecting financial parameters is more straightforward because often standard 
values are used. Therefore, the description below focusses mainly on 
methodological aspects of capital cost estimation and technology specific 
operational costs. 

5.4.2.1. Capital cost estimation 
Exponent methods versus bottom up methods 
Different capital costing methods exist for technology screening and feasibility 
studies, of which the most well-known are the exponent method and the bottom 
up (or factoring) method [12], [46]–[48].Exponent methods can be used when a 
(reliable) cost estimate of the same (or similar) technology already exists. The 
exponent method uses a cost estimate of a reference study and scales this to the 
size of the plant in a new study: 

 

Equation 5.9   � = ���� �
�

����
�
�

 

Where C and Cref are the capital costs of the equipment/plant in respectively the 
new study and the reference study; Q is the equipment capacity in the new study, 
Qref is the equipment capacity in the reference study, and n is the scaling exponent. 

A typical characteristic of very low TRL technologies is that reference cost estimates 
are unavailable. In that case, (only) a bottom up method can be used, which 
calculates the capital costs based on an equipment list of the studied process.  

Direct methods versus indirect methods for Nth of a kind cost estimations 
Bottom up capital costing methods rely on a detailed equipment list and purchased 
equipment cost estimates, which are then multiplied with factors for installation, 
engineering, procurement and contracting, and contingencies [12], [49]. This direct 
method of estimating the cost of an NOAK plant is suitable for technologies that are 
close(r) to commercialisation, and of which the design is well-defined. Early stage 
technologies (TRL 3, 4, sometimes 5) often lack this level of design detail, and are 
usually described by simplified process flow diagrams and basic equipment lists. 
The estimated costs of these technologies typically escalate in the period between 
the lab stage and the first large demonstration plants (first of a kind (FOAK); TRL 7, 
8) (Figure 5.3) [50], [51]: during upscaling from lab to demonstration the design is 
further detailed and unforeseen technological issues are uncovered which need 
additional design solutions, typically increasing the costs of the technology. After 
this point, the costs start to fall as more commercial plants are built (TRL 9) and 
technological learning commences (Figure 5.3). The Nth of a kind plant is reached 
when cost decline starts to level out, i.e. when a significant part of the learning has 
taken place. 

The direct bottom up method directly calculates the costs of the NOAK plant but 
disregards the cost curve that very early stage technologies follow and the effect 
this may have on NOAK costs. Instead, an indirect method or hybrid method may be 
more suitable. Rubin [50], [51] proposed such an indirect method including the 
following three steps [51]: 1) estimate the preliminary engineering, procurement 
and contracting (EPC) costs bottom up, based on a (simplified) equipment list of the 
novel technology, 2) find the FOAK total plant cost (TPC) costs by adding  
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are unavailable. In that case, (only) a bottom up method can be used, which 
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Bottom up capital costing methods rely on a detailed equipment list and purchased 
equipment cost estimates, which are then multiplied with factors for installation, 
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method of estimating the cost of an NOAK plant is suitable for technologies that are 
close(r) to commercialisation, and of which the design is well-defined. Early stage 
technologies (TRL 3, 4, sometimes 5) often lack this level of design detail, and are 
usually described by simplified process flow diagrams and basic equipment lists. 
The estimated costs of these technologies typically escalate in the period between 
the lab stage and the first large demonstration plants (first of a kind (FOAK); TRL 7, 
8) (Figure 5.3) [50], [51]: during upscaling from lab to demonstration the design is 
further detailed and unforeseen technological issues are uncovered which need 
additional design solutions, typically increasing the costs of the technology. After 
this point, the costs start to fall as more commercial plants are built (TRL 9) and 
technological learning commences (Figure 5.3). The Nth of a kind plant is reached 
when cost decline starts to level out, i.e. when a significant part of the learning has 
taken place. 

The direct bottom up method directly calculates the costs of the NOAK plant but 
disregards the cost curve that very early stage technologies follow and the effect 
this may have on NOAK costs. Instead, an indirect method or hybrid method may be 
more suitable. Rubin [50], [51] proposed such an indirect method including the 
following three steps [51]: 1) estimate the preliminary engineering, procurement 
and contracting (EPC) costs bottom up, based on a (simplified) equipment list of the 
novel technology, 2) find the FOAK total plant cost (TPC) costs by adding  
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Figure 5.3. Typical capital cost trend of a new technology. White arrows show the direct and 
indirect/hybrid approaches to estimate the NOAK capital costs of a new technology. Adapted from 
[51]. 

appropriate process and project contingencies, and 3) find the NOAK total plant 
cost using learning curves. This novel hybrid method provides an elegant solution 
to low TRL technology cost estimation, because it includes the large cost escalations 
to the first built plants, but also because it allows more detailed evaluation of 
uncertainties during the different stages of the development curve.  

 Capture unit capital costs 
The capital costs of the ESA (and to a lesser extent of the EGR) equipment could not 
be calculated using an exponent method because a reference cost for this – or a 
similar - technology was lacking in available literature. Therefore, we chose to 
estimate the NOAK capital costs bottom up with the indirect method, using a 
preliminary equipment list of the ESA process. As a reference, the NOAK TPC costs 
of the CO2 capture equipment were also estimated using the direct bottom up 
method, to highlight the differences and similarities in outputs between the two 
approaches.  

The three steps of the indirect method were taken as follows: 

Step 1. Bottom up estimation of the EPC costs based on a simplified process flow 
diagram and equipment list. At the heart of the ESA process are the adsorption 

 

columns, flue gas and CO2 fans, and some gas storage tanks (Figure 5.1). The ESA 
column sizes were estimated based on the process design presented by Grande et 
al. [16]. The height of the adsorption columns was kept equal to Grande’s study, 
while the column diameters were varied to match the flue gas flow in this work, 
taking into account the working capacity and density of TRI-PE-MCM-41 (see Table 
5.3). This ensured the gas speed in the columns to remain the same as in Grande’s 
work. The size of the other ESA equipment (fans, storage vessels, and valves) was 
defined based on the ESA mass balance and engineering rules of thumb.  

Based on the simplified equipment list, the purchased equipment costs were 
calculated using the Aspen capital cost estimator (V8.4). The cost of each 
equipment was then multiplied with an individual installation and EPC factor that 
were retrieved from an in-house database [13]. This led to an engineering, 
procurement, and contracting (EPC) cost estimate. The same approach was applied 
to the EGR equipment.  

Step 2. The second step included estimation of the total plant cost of the FOAK 
plant, based on the EPC cost estimated in step 1 (Figure 5.3). To this end, the EPC 
costs were escalated with process and project contingencies. Guidelines exist for 

Table 5.3. Column sizing input parameters 

Parameter Unit Value 
Feed step duration min 10a 

CO2 flow to ESA kg/s 79,88b 

Parallel columns per train - 4a 

Column void fraction - 0,4a 

Column length m 11,6a 

Column diameter m To be calculated 
Sorbent density kg/m3 910c 

a[16]. bAspen Plus NGCC process model. cThe value of 910 kg/m3 was assumed based on measured 
densities of TRI-PE-MCM-41 [52] and activated carbon [15]. Activated carbon (989 kg/m3) and TRI-PE-
MCM-41 (880 kg/m3) were assumed present in the monolith in a 30-70 ratio. 

Table 5.4. Guidelines for process contingency costs ([12] based on EPRI 1993). 

Technology status Process contingency (% of associated 
process capital) 

New concept with limited data 40+ 
Concept with bench scale data 30-70 
Small pilot plant data 20-35 
Full-sized modules have been operated 5-20 
Process is used commercially 0-10 
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Table 5.5. Guidelines for project contingency costs ([12] based on EPRI 1993). 

Cost classification Design effort Project contingency (%)1 

Class I (similar to AACE class 5/4 Simplified 30-50 
Class II (similar to AACE class 3 Preliminary 15-30 
Class III (similar to AACE class 3/2) Detailed 10-20 
Class IV (similar to AACE class 1) Finalised 5-10 

1Percentage of the total of process capital, engineering and home office fees, and process 
contingency. 

the amount of process and project contingencies to apply, based on technology 
readiness and type of cost estimate, respectively ([12], following EPRI and AACE) as 
displayed in Table 5.4 and Table 5.5. Note that both tables give ranges for the 
process and project contingencies, rather than single values, representing the 
uncertainty in cost estimate escalations. This work used these ranges as uncertainty 
margins for the FOAK cost estimates. For the ESA (+EGR) technology, process 
contingencies from 30-70% were applied with a nominal value of 50%, representing 
its status as a “concept with bench scale data” (TRL 3/4). For the MEA (+EGR) 
technology, process contingencies from 5-20 were applied with a nominal value of 
12,5%, representing its “full-sized modules have been operated” status. We 
considered both cost estimates AACE class 4 estimates [46] and hence 30-50% 
project contingencies were applied with a nominal value of 40% (see also section 
5.4.3). 

Step 3. The NOAK costs were calculated using a single factor learning curve [53]: 

Equation 5.10  ����� = ����� ∙ �
�����
�����

�
�

 

Where C represents the capital costs (total plant cost, TPC), N is the number of 
installed plants, and b is the learning rate coefficient, calculated from: 

Equation 5.11  �� = �− �� 

Where LR is the learning rate. This single factor learning curve14 combines learning 
by doing, learning by searching (continued RD&D in the commercial stage of 
technology deployment), and scale factors [7]. 

                                                             
14 Also so-called multi factor learning curves exist where the single factor is disaggregated 
to separately treat learning by doing, learning by searching, and cost reductions by 
economies of scale [7]. However, data scarcity often inhibits this division in separate cost 

 

The three determining parameters in Equation 5.10 and Equation 5.11, other than 
the costs of the FOAK plant, are the values of NFOAK, NNOAK, and LR. It is common 
practice in literature on learning curves to use value for the installed capacity rather 
than installed number of plants, N [53]. However, Greig et al. [54] provided a rather 
appealing and useful definition for FOAK, early mover, and NOAK CCS plants, based 
on the number of installed plants, rather than installed capacity. Their definition of 
NFOAK and NNOAK includes the number of installed plants worldwide and defines 
FOAK as < 10 demonstration and/or commercial scale plants wold-wide, early 
movers as > 10 - < 20 commercial scale plants world-wide, and NOAK as > 20 
commercial scale plants world-wide. We adopted Greig’s definition in this study: 
for NFOAK the range of 1-10 built plants was used with a nominal value of 5 (see also 
section 5.4.3). For NNOAK the value of 20 built plants was used. 

Because learning rates are based on the costs of built and operating plants, they 
are still unknown for CCS technologies. Instead, learning rates from analogous 
technologies can be used as a proxy. Rubin [51] and Van den Broek et al. [53] 
proposed to use the learning rate from flue gas desulphurisation (LR = 0,11) as a 
proxy for wet CO2 capture systems, because of process similarities. 

Table 5.6 presents a selection of learning rates found for the process industry, 
including a range of gas processing technologies. The table shows that most gas 
processing technologies have learning rates between 0,10 and 0,14, but that also 
outliers and inconsistencies exist: for example, Rubin et al. [55] report a learning 
rate of 0,27 for steam methane reformers, while Schoots et al. [56] report a value 
of 0,11 ± 0,06 for the same technology.  

For MEA technology, we adopted a learning rate of 0,11 as proposed by Rubin [55] 
and Van den Broek [53]. For ESA technology, it was more challenging to decide on 
an appropriate learning rate. As said, an ESA process most resembles a pressure 
swing adsorption process as used in e.g. hydrogen production. Learning rates for 
hydrogen production have been reported (Table 5.6) but cover the whole plant: 
steam methane reforming, water gas shift, and PSA, rather than the PSA alone. A 
second complication was that the reported hydrogen production learning rates 
vary significantly (0,11 and 0,27). A third consideration in the learning rate decision 

                                                             
reduction drivers, and even when data is available, there may be significant overlap 
between learning by doing, searching, and scale, leading to question the validity of such a 
division [7].  
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reduction drivers, and even when data is available, there may be significant overlap 
between learning by doing, searching, and scale, leading to question the validity of such a 
division [7].  
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was that all gas processing technologies in Table 5.6 (with exception of the SMR 
value reported by [55]) are in the order of 0,10 to 0,14, while only the liquids 
processing technologies show higher learning rates (ammonia: 0,29; bulk polymers: 
0,18-0,37). Given these three considerations, for the ESA technology we also 
adopted a learning rate with a nominal value of 0,11, and applied a minimum of 
0,10 and a maximum of 0,14 in the sensitivity analyses (see section 5.4.3).  

Power plant capital costs 
The NGCC capital costs could be calculated using the exponent method because a 
number of reliable capital cost estimates exist for this technology. The NGCC capital 
costs in this work were based on those estimated in the EBTF study [58] since we 
also applied the technical NGCC design of the EBTF. To calculate the TPC for an 
NOAK reference NGCC without CCS, the reported EBTF bottom-up EPC costs were 
multiplied with 20% project contingencies. Process contingencies were excluded 
because this type of power plant was commercially available at the time of the EBTF 
study.  

For the NGCC with CCS cases (ESA and MEA), the different equipment of the NGCC 
plant - GT, HRSG, ST, heat rejection - were scaled to their respective required sizes 
using Equation 4.3. Based on DOE/NETL guidelines [59], an exponent of 0,8 was 
used for the gas turbines and steam turbines, and exponent of 0,7 was used for the 
HRSG and cooling water sections. After scaling, the costs were escalated from 
2008€ to 2014€ using the Eurozone Harmonized Index of Consumer Prices (HICP). 

Table 5.6. Selection of learning rates reported for analogous technologies in the process industry. 

Technology Capital cost learning rate Reference 
Flue gas desulphurisation 
(FGD) 

0,11 [55] 

Selective catalytic reduction 
(SCR) 

0,12 [55] 

LNG production 0,14 [55] 
Oxygen production (ASU) 0,10 [55] 
Hydrogen production (SMR) 0,27 [55] 
Hydrogen production (SMR) 0,11 [56] 
Ammonia production 0,29 [57] 
Urea production 0,11 [57] 
Bulk polymers 
(PE/PP/PS/PVC) 

0,18 - 0,37 [57] 

 

 

CO2 compression capital costs 
Finally, the TPC of the CO2 compression plants was calculated bottom-up using the 
direct estimation method, because this technology is considered mature and has 
already gone through the learning curve shown in Figure 5.3 [53]. 

5.4.2.2. Operations and maintenance costs 
Operational costs of the CO2 capture, EGR, and CO2 compression equipment were 
estimated including labour (1 extra shift and 1 extra process technologist in 
comparison to NGCC w/o CCS), maintenance costs, and variable costs (e.g. process 
water) (Table 4.3). Calculation of sorbent costs and replacement frequency are 
provided in appendix C.  

For the power plant, labour costs were taken from the EBTF study [14] and 
escalated to 2014€ using the HICP. Maintenance and insurance costs were 
calculated as a percentage of TPC (Table 4.3).  

Table 5.7. Operating cost assumptions used in this study. 

Cost item Unit Value 
Power plant   
   Naturel gas €/tonne 8,15€/GJa 
   Labour 2008 M€/a 6b 
   Fixed maintenance costs % TPC/a 3b 
   Insurance costs % TPC/a 2b 
   Process water €/m3 1c 
EGR, capture unit, compression unit   
   Maintenance % TPC/a 4d 
   Operators & supervision k€/a 421,5e 
   Plant technologist k€/a 100f 
   Process water €/m3 1c 
   MEA €/tonne 2100g 
   Active carbon €/tonne 1100h 
   Adsorbent monolith €/tonne 7650i 
   NaOH €/tonne 2100c 
   Solvent/sorbent disposal €/tonne 375c 
Transport & Storage   
   Transport (180 km offshore) €/tonne 6j 
   Storage (offshore depleted oil/gas field) €/tonne 10k 

a2014 average industrial consumer price of natural gas in The Netherlands [60]. b[14]. c[61]. d[62]. 
eWage information retrieved from the Norwegian Confederation of Trade Unions [63]. 1 additional 
operator assumed in 6 shift rotation. fWage information retrieved from the Confederation of 
Norwegian Enterprises [64]. One additional plant technologist assumed. gBased on [65] h[66]. 

IEstimated using Lichtenberg’s method. j[67] . k[68]. 
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The costs of water make-up and fuel were calculated based on their respective feed 
flows and multiplied with unit costs (Table 4.3). To complete the O&M cost 
estimate, transport and storage costs were added based on the ZEP reports [67], 
[68] (Table 4.3), similar to [13]. 

5.4.3. Sensitivity analyses 
The previous sections highlighted some of the methodological choices, trade-offs, 
and simplifications that need to be made when analysing low TRL CO2 capture 
technologies. A low technology development stage inherently leads to many 
uncertainties in technology performance, and because the use of simplifications is 
unavoidable, uncertainties in performance results will increase. Study of the 
available literature, general engineering knowledge, and attention to the particular 
characteristics of the technology can provide insights into the range of many 
uncertainties. I.e., an informed, educated value for input uncertainties can be 
derived, and hence their effect on performance results can be analysed in a 
sensitivity analysis. This may lead to a preliminary, but substantiated 
understanding, of potential performance ranges. 

The analysis in this case study focused especially on ESA specific parameters but 
included sensitivity analysis of some generic parameters too, to provide a reference 
for the ESA specific uncertainties. The inputs to the technical sensitivity analyses 
are provided in Table 5.8. 

To investigate the uncertainties in ESA capital cost results, the values of EPC cost, 
NFOAK, LR, process contingencies, and project contingencies where varied. Also, a 
scenario with maximum EPC costs and contingencies and minimum learning, as well 
as a scenario with minimum EPC costs and contingencies and maximum learning 
were calculated (see section 5.4.2.1, EPC, FOAK, LR, and contingencies varied 
simultaneously). This led to a capital cost range as an addition to the point estimate. 
The LCOE sensitivity analysis also included variation of net system efficiency – a 
result of the technical sensitivity analysis - and sorbent replacement frequency, as 
well as more generic economic parameters (Table 5.9). 

5.5. Results and discussion 
This section presents the results of this work. Section 5.5.1 presents the technical 
performance of the ESA case study, after which section 5.5.2 deals with the 
methodological insights on technical performance projection of very early stage 
technologies. Section 5.5.3 then shows the economic results of the ESA case and 

 

draws conclusions on its economic feasibility, and on very early stage cost 
estimation in general. 

Table 5.8. Nominal, low, and high values used for technical sensitivity analysis of the NGCC with ESA 
system. 

Input parameter Unit Nominal 
value 

Low 
value 

High 
value 

ESA specific input parameters     
   13X adiabatic working capacity mol/kg 0,8 0,4a 1,1k 

   SRD 13X ESA process GJe/t CO2 2,04 1,9b 3l 

   TRI max adsorbent loading mol/kg 2,94 2c 3c 

   TRI heat capacity J/kg/K 1000 700d 1500m 

   TRI adiabatic working capacity % 25 18e 28e 

   TRI heat of adsorption kg/mol 70 35f 90f 

   13X heat capacity J/kg/K 900 700d 1000a 

   TRI regeneration temperature C 110 90g 120n 
   Additional water vaporization 
heat 

GJ/t CO2 0,38 0h 0,76o 

   13X heat of adsorption kg/mol 45 35i 50a 

   13X gas heating duty GJe/t CO2 0,13 0,065j 0,195j 

NGCC input parameters     
    Gas turbine net efficiency % 38,15 37,15p 39,15p 

    LP turbine efficiency % 88 88q 94u 

    Generator efficiency % 98,5 97,5r 99,5r 

    Ambient temperature C 15 5s 20s 

    HP steam pressure Bar 121 100t 150u 

    HP turbine efficiency % 92 86u 92q 

aEducated guess, half of the value used that was derived from [16]. bThe value of 1,9 GJe/t was 
calculated using a more advanced adsorption cycle [24]. cTRI max adsorpbent loadings were based on 
the experimental range reported in [28]. dHeat capacity of pure activated carbon assumed as 
minimum value. eThe minimum and maximum values of TRI working capacity were based on [25]. This 
source reports working capacities for amine modified polymeric resins, which were used as a proxy 
for amine grafted pore expanded silica. fMinimum and maximum values taken from the range 
reported in [32]. Values depend amongst others on sorbent loading. gTemperature assumed well 
below sorbent degradation temperature. hAssuming complete heat recovery of the water 
vaporisation energy. iValue derived from [30]. jPlus and minus 50% of the nominal value assumed. 
kAdiabatic working capacity reported in [69]. lFifty percent higher than nominal value assumed. mHeat 
capacity of amine impregnated solid sorbent used in [41]. nMax regeneration temperature due to 
sorbent degradation restrictions. oNo heat recovery of water vaporisation energy. pMinimum and 
maximum reported values for GT efficiency in [14]. qSame value as nominal value, other sources often 
report higher values. rEducated guess, generator efficiency seems well established figure. sAverage 
ambient temperatures as they are estimated to be found within Europe. tEducated guess. uSteam 
turbine efficiencies and steam pressures as reported in [49]. 
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Table 5.9. Nominal, low, and high values used for the economic sensitivity analysis of the NGCC with 
ESA system. 

Parameter Unit Nominal value Low value High value 
Capture plant TPCa M€ 508 Mininum Maximum 
Net efficiencyb % 49,16 Minimum  Maximum 
Fixed labour cost capture plantc M€/a 0,22 0,22 0,44 
Fixed labour cost power plantd M€/a 6,55 4,9 8,2 
Maintenance cost power plante % 2,5 1,5 3,5 
Maintenance cost capture plantf % 4 2 6 
Sorbent replacement frequencyg p/a 2 0,5 4 
Transport & storage costsh €/t CO2 16 6 34 
Fuel pricei €/GJ 8,15 6 10 
Discount ratej % 7,5 5 10 
Life timeh y 25 12,5 25 
Process contingenciesi % 50 30 70 
Project contingenciesj % 40 30 50 
FOAK valuek (-) 5 1 10 
Learning ratek % 11 10 14 

aThe minimum TPC is a scenario with minimum contingencies and maximum learning: process 
contingencies equal 30% for ESA (5% for MEA), project contingencies equal 30% for ESA (and MEA), 
learning starts after the first plant (NFOAK=1), learning rate is 14%. The maximum TPC is a scenario with 
maximum contingencies and minimum learning: process contingencies equal 70% for ESA (20% for 
MEA), project contingencies equal 50% for ESA (and MEA), leaning starts after the tenth plant 
(NFOAK=10), learning rate is 10%. bMinimum and maximum net efficiency used from technical 
sensitivity analysis (section 5.5.1). cNominal and low value equal 1 shift of operators plus 1 process 
technologist as addition to normal NGCC crew. High value equals 2 operator shifts plus 2 process 
technologists as addition to normal NGCC crew. d± 25% (educated guess). e±40% (educated guess). 
fTwo to four percent are typical values for maintenance costs [47], [61], a maximum value of 6 percent 
was used to illustrate the high uncertainty of a novel process. gA maximum value of 4 replacements 
per annum was used assuming a case where max deactivation is 15% instead of 30% (section 5.4.2.2), 
a minimum of 1 replacement per 2 years was used to represent a case where sorbent is further 
developed to deactivate slower, or where sorbent can be regenerated. This value is more in line with 
industrial practice where sorbent beds are replaced less frequently. Based on ZEP [67], [68]. iBased on 
Dutch bureau of statistics [70]. jBased on [14], [49]. hIn techno-economic studies the economic life 
time is often assumed the same as the technical life time, 25 years in case of an NGCC plant. In reality, 
operators depreciate their assets faster, and an economic life time of less than 25 years is more 
realistic. Hence the nominal and maximum value are equal (25 years), and the minimum value is taken 
as half of that. iSee Table 5.4. jSee Table 5.5. kSee section 5.4.2.1. 

 

5.5.1. Technical performance results 
Following the approach outlined in section 5.4.1.1 and using the factors presented 
in Table 5.10, the different contributions to the ESA regeneration duty were 
calculated. The SRD estimate of the advanced ESA process amounts to 1,9 gigajoule 

 

electricity per tonne of CO2 captured (Table 5.11). In first instance, this seems low 
compared to the regeneration duty of the benchmark MEA process (3,6 GJ steam/t 
CO2, Table 5.12). However, because ESA uses electricity instead of steam as energy 
input for regeneration, the ESA process has a considerable impact on the net output 
of the NGCC (see Table 5.12 and Figure 5.4). In fact, the net output and net 
efficiency of the NGCC + ESA system are substantially lower than those of the NGCC 
+ MEA system. This is explained by the use of high quality electricity instead of low 
quality LP steam for regeneration (LP steam is typically transformed to electricity in 
steam turbines with an efficiency of 20% - 30%).  

The picture slightly improves if it is assumed that part of the regeneration duty of 
the ESA system could be supplied by steam instead of electricity. In how far this 
would be possible is subject to further investigation. The NGCC + ESA net efficiency 
increases from 45,9% to 47,5% under an assumption of 25% regeneration with 
steam (NGCC ESA 25/75), and to 49,3% under an assumption of 50% regeneration 
with steam (NGCC ESA 50/50). This is however still 1 %-point lower than the net 
efficiency of and NGCC with MEA configuration. From a technology perspective, 
these results thus show that NGCC with ESA capture does not have an energetic 
advantage over NGCC with MEA. 

Table 5.10. Factors used in SRD projection of advanced ESA process (using Equation 5.2 - Equation 
5.5). 

Effect Unit Zeolite 
13X 

TRI-PE-
MCM-41 

Factor Factor 
value 

Desorption heat kJ/mol 45 70 F1 1,56 
Working capacity mol/kg 0,8 0,75 F2 1,09 
Heat capacity J/kg/K 900 1000 F3 1,11 
Regeneration T °C 180 110 F4 0,52 
Gas heatinga  mol/kg 0,8 0,75 F5 1,09 
Water vaporization GJ/tCO2 - - F6 1 

aThe factor is based on the volume, which is a function of working capacity. Therefore the values for 
F2 and F5 are the same. 

Table 5.11. Breakdown of specific regeneration duty calculated using Equation 5.2 - Equation 5.5 
and the factors in Table 5.10. 

SRD item Unit Value 
Desorption heat GJe/tCO2 0,66 
Sensible heat GJe/tCO2 0,93 
Gas heating GJe/tCO2 0,14 
Water vaporization GJe/tCO2 0,15 
Total SRD GJe/tCO2 1,90 
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Heat capacity J/kg/K 900 1000 F3 1,11 
Regeneration T °C 180 110 F4 0,52 
Gas heatinga  mol/kg 0,8 0,75 F5 1,09 
Water vaporization GJ/tCO2 - - F6 1 

aThe factor is based on the volume, which is a function of working capacity. Therefore the values for 
F2 and F5 are the same. 

Table 5.11. Breakdown of specific regeneration duty calculated using Equation 5.2 - Equation 5.5 
and the factors in Table 5.10. 

SRD item Unit Value 
Desorption heat GJe/tCO2 0,66 
Sensible heat GJe/tCO2 0,93 
Gas heating GJe/tCO2 0,14 
Water vaporization GJe/tCO2 0,15 
Total SRD GJe/tCO2 1,90 
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Table 5.12 Technical performance indicators of NGCC without capture, with MEA capture, and with 
ESA capture.  
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indicator 
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w/o 

capture 

NGCC 
MEA 

NGCC 
ESA 
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NGCC 
ESA 
50/50 

SRD (steam) GJ/tCO2 - 3,66 - 0,48 0,95 
SRD (electricity) GJe/tCO2 -  1,90 1,42 0,95 
Gross power 
output 

MW 835 759 835 824 814 

Parasitic load MW 7 43 182 148 113 
Net power output MW 829 716 653 676 701 
Gross efficiency %LHV 58,7 53,3 58,7 57,9 57,2 
Net efficiency %LHV 58,2 50,4 45,9 47,5 49,3 
SPECCA GJ/tCO2 - 3,15 5,47 4,57 3,67 
CO2 intensity Kg/MWh 348 40 44 43 41 

 

 

Figure 5.4. Graphic representation of gross and net system efficiency of the 5 analysed NGCC 
systems. 

Figure 5.5 presents the sensitivity analysis of SRD and net system efficiency of the 
NGCC ESA 50/50 system. The SRD sensitivity analysis shows that the base SRD value 
is on the low end and that it is likely to be higher than lower. The mainly higher SRD 
values lead to mainly lower values of net system efficiency: this indicator could be 
reduced with over 3 %-point compared to the base case. Also, the ESA input 
parameters generally have a higher impact than the NGCC parameters, stressing 
the importance of the SRD estimate.  
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Figure 5.5. Sensitivity analysis of ESA specific regeneration duty (top) and NGCC + ESA net LHV 
efficiency (bottom). The orange dotted line in the left graph depicts the minimum ideal separation 
energy of CO2 from flue gas at a partial pressure of 64 mbar (based on [71]). 

5.5.2. Methodological insights on future technical performance 
projection 

The results show that it is possible to make a rough but sound technical 
performance projection of a future advanced ESA process, despite its low TRL. This 
is mostly due to the availability of results from rigorous modelling (section 5.4.1.1) 
of a preliminary ESA process, and the availability of lab data for advanced solid 
adsorbents. Two general methodological insights can be extracted from this. First, 
at least some level of rigorous modelling work - or laboratory SRD measurements - 
are required to produce meaningful technical performance estimates of CCS 
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technologies. And second, basic lab data of advanced sorbents need to be available 
to project the future performance. These requirements are unlikely to be met at 
TRL < 3. It is therefore unlikely that performance estimates of lower TRL 
technologies will lead to reliable results.  

Furthermore, the results showed the importance of system analysis for 
understanding the performance of capture technologies. In the case of ESA, the 
capture technology has been reported as very promising due to its low 
regeneration duty [16]. This conclusion was based on the performance of the 
capture unit alone. However, results change when the full system is analysed, 
indicating that this system cannot compete with MEA technology. CCS technology 
screening thus requires the connection between power plant and capture plant, 
and is otherwise inconclusive. 

Last, the SRD sensitivity analysis showed that the use of simplified models may lead 
to physically impossible outputs. In this sensitivity analysis the SRD sometimes went 
below the ideal CO2 separation energy. This stresses the care that must be taken 
when projecting technical performance with simple methods. 

5.5.3. Economic performance 
At the interface of technical and economic evaluation is the equipment sizing and 
costing. Table 5.13 shows that for the studied ESA design a total of 16 columns were 
required, divided over 4 trains. The total amount of adsorbent required to fill these 
columns equalled 5936 tonnes, 371 tonnes per column. Table 5.13 also gives the 
costs of the columns and of the other equipment.  

Based on the estimated equipment costs, Figure 5.6 shows the progression of 
capital costs from currently estimated EPC, to FOAK TPC, and finally NOAK TPC.  

Table 5.13. Main ESA equipment amounts and costs. Other equipment includes EGR equipment, 
fans, FG/CO2 storage tanks and heaters/coolers. 

Equipment Amount Purchased equipment 
costs (M€2014) 

EPC costs 
(M€2014) 

Adsorption column 16 4,1 150 
Adsorption monolith 16 514 73 
Valves (incl. instrumentation) 96 0,036 10 
Other equipment   73 

 

 

For the ESA plant, the addition of process and project contingencies escalates the 
EPC from 305 M€ to first-of-a-kind TPC of 641 M€. Technological learning then 
reduces the FOAK TPC to an NOAK TPC of 508 M€. This is 19% higher than when the 
TPC was estimated with the direct costing method. For the MEA plant, the indirect 
TPC estimate is actually 11% lower. 

Figure 5.6 also shows the uncertainty ranges of the direct and indirect capital cost 
estimates. The ranges applied to the direct TPC estimates are simply the -30%/+50% 
accuracy which is typical for an AACE class 4 estimate. Because the AACE does not 
specify a typical accuracy for EPC costs (before the addition of contingencies), the 
same range was used to display the margin on EPC. The ranges of the indirect NOAK 
TPC estimates doubled in size compared to the EPC margins, because the 
uncertainty in contingencies and learning was added (outside uncertainty ranges in 
Figure 5.6). If no uncertainty on the EPC was assumed, the NOAK TPC margins were 
around +/- 40% (inside uncertainty ranges in Figure 5.6). 

Finally, Figure 5.6 shows that the ESA capital costs are likely to be higher than the 
MEA capital costs. This means that also from an investment cost perspective ESA is 
likely the lesser option when compared to postcombustion solvent technology. 

Looking into detail of the sensitivity of TPC to the individual input parameters, 
Figure 5.7 highlights that especially the values of the EPC estimate are relevant to 
the final value of TPC. This means that the indirect method, like the direct method, 
relies heavily on accurate bottom up estimation of equipment costs and 
installation, and the other costs included in the EPC estimate. The values used for 
NFOAK and contingencies have less impact on the value of NOAK TPC. These 
parameters have an impact of 7-20%. The learning rate only has a minor impact on 
the TPC result. 
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Figure 5.6. Capital costs for the postcombustion capture units. ESA (top) and MEA (bottom). The 
figure shows the costs results of the indirect (blue) and of the direct (red) capital cost estimation 
methods. The lower outside uncertainty bounds represent the case of minimum EPC and 
contingencies and maximum learning. The higher outside uncertainty bounds represent the case of 
maximum EPC and contingencies and minimum learning. The inner uncertainty bounds represent 
the same, but without an initial uncertainty for EPC included. 

 

 
Figure 5.7. Sensitivity of Total Plant Cost (calculated using the indirect method). 

Table 5.14 presents the economic performance metrics of the NGCC ESA 50/5015 
configuration and a comparison to the NGCC w/o CCS and the NGCC MEA systems. 
The table shows higher capital costs for NGCC ESA than for NGCC MEA, for all three 
components of the systems. For the NGCC ESA system, the NGCC costs are higher 
than in the MEA case because larger steam turbines and heat rejection systems are 
required. The compression unit is also more expensive because the CO2 stream is 
more diluted (4% inerts), and because the CO2 leaves the capture unit at 1 bar 
instead of 1,8 bar. The O&M costs of the ESA plant are also higher, amongst others 
due to high sorbent replacement costs. The higher capital and O&M costs of the 
NGCC ESA system lead to a 12 point higher LCOE compared to NGCC MEA. The 
effect of the high capital costs becomes more apparent at low plant utilisation, 
increasing the LCOE difference between ESA and MEA to 21 points.  

Last, Figure 5.8 shows that the uncertainty ranges of total plant cost (extracted 
from Figure 5.6) and net efficiency have a significant impact on the levelised cost of 
electricity. They rank as second and fifth most influential parameters in the LCOE 
sensitivity analysis, but are outranked by fuel price (and net efficiency also by two 
general financial parameters). Note however, that the total plant cost ranges are a 
combination of maximum/minimum EPC, maximum/minimum contingencies and 
minimum/maximum learning (i.e. EPC, FOAK value, process and project 
contingencies, and learning rate were varied together). The individual influence on 
LCOE of these input parameters is much smaller (Figure 5.8); they all fall in the 
lower half of the tornado diagram. 

                                                             
15 The ESA 50/50 configuration was used because this presented the best technical 
performance. 
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Table 5.14. Costs of the NGCC without CCS, with MEA, and with ESA capture. Note that the costs of 
EGR equipment are included in the costs of the capture units and that the capture plant TPC values 
are calculated using the indirect method. All cost values are in €2014. 

Costs item Unit NGCC w/o 
CCS 

NGCC ESA 
50/50 

NGCC MEA 

Total Plant Costs     
   NGCC M€ 603 574 524 
   Capture unit M€ 

 
508 326 

   Compression unit M€  52 44 
     
O&M costs     
   Fuel costs M€/a 311 311 311 
   NGCC M€/a 34 33 31 
   Capture unit M€/a  41 19 
   Compression unit M€/a  2 2 
   Transport & storage M€/a  32 

 
31 

Performance indicators high utilisation (85% CF)   
   LCOE €/MW

h 
65,9 102,6 90,7 

   CCA €/t CO2  119,4 80,7 
     
Performance indicators low utilisation (45% CF)   
   LCOE €/MW

h 
79,1 134,1 112,7 

   CCA €/t CO2  178,82 109,07 
 

So where these separate indicators have a high influence on the capital cost 
estimate, they have less impact on the LCOE estimate. Operational cost 
uncertainties like maintenance and labour costs are among the less influential LCOE 
input parameters. 

5.6. Lessons and conclusions 
This work aimed to explore the key challenges when using state-of-the-art methods 
to analyse the techno-economic feasibility of a very early stage (TRL 3, 4) CO2 
capture technology; to develop other methods that could help overcome these 
challenges, notably novel hybrid approaches; and to draw lessons on very early 
stage techno-economic performance assessment, lessons that can also be used for 
the assessment of other emerging energy technologies. To this end, a case study of 
CO2 capture with electric swing adsorption was used and its current (lab 
stage/model) performance was projected to a future, advanced, commercial ESA 
process.  

 

 

Figure 5.8. Sensitivity of LCOE to economic input parameters. Capture plant TPC ranges (grey colour) 
include simultaneous variation of EPC, process and project contingencies, FOAK value, and learning 
rate. 

As expected, the key challenges lie in constructing performance estimates that 
represent a commercial process, while the process itself is in very early stage of 
development. At low TRL, it is challenging to construct a conclusive rigorous process 
model due to data, time, or resource limitations. This makes it hard to estimate 
conclusive mass and energy balances, however, it often is possible to produce 
preliminary mass and energy balances. A challenge following from this is to project 
these preliminary results to a future state of commercial technology. Also, the use 
of state-of-the-art direct bottom up capital cost estimation may prove challenging, 
and may lead to too optimistic results, mainly because process design is still 
preliminary, prohibiting to identify (the size of) every equipment. Using an indirect 
bottom up costing method was found to provide a solution, but this came with its 
own difficulties, for instance identifying technology specific learning rates. A last 
key challenge identified was to estimate technology specific operational cost 
estimates, such as sorbent replacement costs, although this work and our previous 
work [13] found that sorbent/solvent replacement costs are among the less 
important cost items for feasibility studies. 
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To address these challenges, it proved useful to apply novel hybrid methods to 
estimate the future performance of ESA technology, based on the currently 
available knowledge. For instance, we projected the future technical ESA 
performance based on earlier reported preliminary (rigorous) modelling results, 
accounting for improvements in sorbent and process design. In a similar fashion, 
we projected the capital costs of a commercial ESA plant, based on a preliminary 
equipment list, and using cost escalations and technological learning. This may also 
be a solution for other low TRL CCS technologies. 

Key lessons on very early stage performance assessments and the use of hybrid 
assessment methods include the following: first, every CCS technology assessment, 
also at very early stage, is inconclusive unless it is performed in connection with the 
CO2 source (power or industrial plant) and the CO2 compression plant. Failing to 
include this may lead to invalid conclusions on feasibility. Second, it is unlikely that 
classic techno-economic studies can be undertaken for CCS technologies at TRL < 3, 
because sound SRD estimates based on rigorous modelling or lab measurements 
are lacking, as well as the required basic data to make development projections. 
Third, the results of very early stage technology screening come – as expected – 
with higher uncertainty margins than more advanced technologies. In the case of 
ESA we found ranges of minus 15% to plus 50% for SRD; and minus 60% to plus 
100% for total plant cost. These TPC ranges are double that of commercial 
technology. Fourth, the direct and indirect capital costing methods employed in this 
paper provided similar results (max 19% difference). This could be an indication 
that both methods are valid and reliable, or that they have the same bias. The 
indirect method provided a more conservative estimate than the direct method for 
the low TRL technology (ESA), but a more optimistic estimate for the high TRL 
technology (MEA). From this we tentatively draw that the indirect method may be 
more suitable for very early stage assessments, but this remains subject to further 
study. Finally, for CO2 capture technologies, real plant based learning rates are still 
lacking, and definitions for “first of a kind” and “Nth of a kind plants” are preliminary. 
However, in the last two years, four CO2 capture plants have come online [35], [36], 
[72], [73], with others currently under construction, providing the opportunity to 
start tracking cost development, and thus filling knowledge gaps on learning rate 
and definitions of NFOAK and NNOAK.  

Based on the analyses presented in this paper, it can be concluded that electric 
swing adsorption is infeasible of economically capturing CO2 from power plants. An 

 

advanced, future ESA process was projected to have a specific regeneration duty of 
1,9 GJ electricity per tonne of CO2 (min-max: 1,6 - 2,9 GJe/t CO2). This may seem low 
compared to the standard MEA postcombustion SRD of 3,6 GJ/t CO2, but because 
the ESA process uses electricity instead of steam for regeneration, the impact on 
net power plant efficiency is much larger than that of MEA: 45,9 %LHV versus 50,4 
%LHV for NGCC with ESA and NGCC with MEA respectively. If the ESA regeneration 
duty can be supplied fifty percent by steam, the NGCC with ESA system efficiency 
can be cranked up to 49,3 %LHV, which is still lower than the NGCC with standard 
MEA system. As a result, it is unlikely that ESA will be able to compete with 
commercial, second generation solvent systems.  

The total plant costs of the Nth of a kind ESA plant have a range from 190 to 1050 
million €2014, with an expected value around 500 million €2014. This is higher than the 
expected total plant costs of the MEA plant: 323 M€2014 (min-max 129-629 M€2014). 
If a configuration is assumed where the ESA regeneration duty is supplied 50/50 by 
steam and electricity, and the plant is running at base load, the system has an LCOE 
of 103 €/MWh, versus 91 €/MWh for the NGCC MEA system. At part load the 
difference is bigger: 134 €/MWh versus 113 €/MWh for NGCC ESA and NGCC MEA 
respectively.  

Concluding, this paper has shown that also for very early stage technologies (TRL 3-
4) it is possible to conduct techno-economic studies that give a sound, first 
indication of feasibility, for instance by using hybrid analysis methods that combine 
preliminary rigorous estimates with projections of further development. This will 
help in the process of selecting and progressing the most feasible (CO2 capture) 
technologies given constraints on R&D resources, and will aid to the development 
of a portfolio of the most promising CO2 capture technologies, as well as other 
emerging energy technologies. 
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5.7. Appendices 
A. Boundary conditions 

Table A1. Boundary conditions used in this case study, based on EBTF [14] and IEAGHG [49]. 

Parameter Unit Value 
Ambient conditions   
   Ambient temperature °C 15 
   Ambient pressure bar 1,013 
   Ambient humidity % 60 
   Cooling water temperature °C 12 
   Cooling water max T increase °C 7 
   Cooling water pressure bar 2,5 
CO2 stream conditions   
   CO2 capture rate % 90 
   CO2 pipeline pressure bar 110 
   CO2 purity % 96 
   CO2 water content ppmv <200 
Emissions settings   
   SOx (at 6% O2, dry basis) mg/m3 85 
   NOx (at 6% O2, dry basis) mg/m3 120 
   Particles (at 6% O2, dry basis) mg/m3 8 

 

B. Economic performance indicators 
Levelised cost of electricity: 

Equation 5.12   
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Where Ii is the investment cost in year i, O&Mi are the operations and maintenance 
costs in year i, r is the real discount rate (%), and Ei is the electricity production 
(MWh) in year i. 

Cost of CO2 avoided: 
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Where LCOEcc is the levelised cost of electricity in the plant with CCS, LCOEref is the 
levelised cost of electricity in the plant without CCS, Cref is the CO2 intensity 

 

(tonne CO2/MWh) in the plant without CCS, and Ccc is the CO2 intensity (tonne 
CO2/MWh) in the plant with CCS. 

The economic indicators were calculated for a 25 year lifetime, including 3 years of 
construction. Because gas-fired combined cycles are used as base loaders as well 
as cycling plants [74]–[76], the economics were calculated for a high power plant 
utilisation scenario (85% capacity factor) and for a low power plant utilization 
scenario (45% capacity factor) [13]. All costs are reported as constant (real) costs, 
using a discount rate of 7,5%, similar to [13]. 

C. Calculation of sorbent cost and replacement frequency 
Sorbent costs: the ESA sorbent is a mixture of activated carbon (30%wt), SiO2 
(35%wt) and triamine silane (35%wt) formed into a monolith. The costs of activated 
carbon are well-known, but triamine silane costs were not available. Therefore, a 
proxy price of the monolith was estimated using Lichtenberg’s method [77], [78]: 

Equation 5.14   ��������� �
€

�����
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Where, Plow is the price of the cheapest component, Phigh is the price of the most 
expensive component, and Paverage is the average price of the components included 
in the analysis. The unit costs of four materials were used as basis for the estimate: 
activated carbon, zeolite, silica gel, and polymeric resin. These were retrieved from 
the Aspen capital cost estimator (V8.4) and used to estimate the monolith material 
costs for this study. Monolith manufacturing costs from the raw materials were 
excluded. Sensitivity analysis (sections 5.4.3, 5.5.3) showed that this simplification 
was justified within the scope of this study. 

Replacement frequency: because TRI-PE-MCM-41 deactivation studies are scarce 
and/or inconclusive, the deactivation of solid sorbent impregnated with another 
amine - polyethylene imine (PEI) - was used as a proxy [31]. From reference [31], 
monolith replacement was estimated to take place twice a year (PEI deactivation 
rates measured in a lab environment were found to be 1.79% per 300 cycles. Given 
the cycle duration of 40 minutes and assuming a max allowable deactivation of 
30%, the bed lifetime equals 3360hr, or half a year). 
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6. Techno-economic comparison of combined cycle gas 
turbines with advanced membrane configuration 
and MEA solvent at part load conditions. 

 

Abstract: this work compares the part load techno-economic performance of CO2 capture 
from a CCGT using a membrane configuration with selective CO2 recycle and using MEA 
solvent, under the assumption of flexible power plant dispatch. This is the first time that the 
techno-economic performance of different CO2 capture technologies is compared assuming 
a flexible dispatch profile, and the assessment was done using a comprehensive, new, part 
load assessment approach. Analysing the part load performance of CCS technologies is 
relevant because of significant changes in our power systems, dramatically reducing the 
utilisation of thermal power plants. The technical performance of the configurations with 
and without CCS was simulated at steady state, at operating points between maximum 
continuous rating (100% gas turbine loading), and minimum stable load (35% gas turbine 
loading). The performance at these operating points was then aggregated into weighted 
averages to produce single performance indicators (specific CO2 intensity, specific primary 
energy per tonne of CO2 avoided (SPECCA), and levelised cost of electricity (LCOE)) over the 
dispatch profile of the power plant. The technical performance of the MEA configuration 
was favourable over the membrane configuration over the whole CCGT loading range. The 
MEA SPECCA increased from 3.02 GJ/t CO2 at 100% GT loading, to 3.65 GJ/t CO2 at 35% GT 
loading; the membrane SPECCA increased from 3.35 to 4.20 GJ/t CO2. The higher SPECCA of 
the membrane configuration is caused by the reduced gas turbine efficiency, due to the 
selective recycling of CO2 to the GT. When equal GT efficiency was assumed for combustion 
with normal air and with CO2 enriched air, the membranes’ technical performance was 
comparable with that of MEA. The capital costs of the CCGT with membrane configuration 
were 35% higher than the CCGT with MEA configuration. That, and the 6-year replacement 
frequency of the membranes led the membrane LCOE to be 10 €/MWh higher than the MEA 
LCOE, when calculated with the part load approach. The membrane LCOE was 8 €/MWh 
higher when full load was assumed. The new part load approach proved instrumental in 
highlighting performance (differences) at flexible dispatch conditions, and aggregating 
those into easy to understand performance indicators. 
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Abbreviations: 

AACE    Association for the advancement of cost engineering 
ACM   Aspen custom modeller 
CCA   Cost of CO2 avoided 
CCC   Cost of CO2 captured 
CCGT   Combined cycle gas turbine 
CCM   CO2 capture membrane 
CCS   CO2 capture and storage 
CF   Capacity factor 
CPU   Compression and purification unit 
CRM   CO2 recycle membrane 
DCC   Direct contact cooler 
DOE   Department of energy 
EBTF   European benchmarking task force 
EGR   Exhaust gas recycle 
EPC   Engineering, procurement, and contracting 
GT   Gas turbine 
HRSG   Heat recovery steam generator 
IP   Intermediate pressure 
LCOE   Levelised cost of electricity 
L/G   Liquid over gas 
LP   Low pressure 
MCR   Maximum continuous rating 
MEA   Monoethanolamine 
MSL   Minimum stable load 
NETL   National energy technology laboratory 
NG   Natural gas 
SEGR   Selective exhaust gas recycle 
SPECCA   Specific primary energy per tonne of CO2 avoided 
SRD   Specific reboiler duty 
ST   Steam turbine 
TIT   Turbine inlet temperature 
TOT   Turbine outlet temperature 
TPC    Total plant cost 

 

6.1. Introduction 
Techno-economic assessments of CO2 capture technologies for the power sector 
are typically carried out assuming full load operation of the power and capture 
plants [1]–[3]. In reality however, power plants are rarely fully dispatched, and 
rather cycle up and down to match electricity supply and demand [4]–[10]. 
Amongst others due to overcapacity, European fossil-fuelled power plants had an 
average capacity factor of just 34% in 2014 [11]. In the US, coal-fired power plants 
reported 2011 capacity factors between 38-71% [1]. In the coming decades, this 
situation is expected to remain: although some redundant thermal generating 
capacity is expected to be taken offline, increasing grid penetration of intermittent 
renewables – amongst others - will require fossil power plants to continue to 
operate flexibly [6]–[8], [12]. 

This discrepancy between the technology assessment practice (full load) and real 
operation (part load) may pose a risk when comparing the feasibility of different 
CO2 capture technologies, and also when trying to optimise the initial design of a 
single CO2 capture technology; it may be that the technology that seems most 
feasible under the assumption of full load, is a lesser option when analysed under 
realistic conditions.  

In a previous communication, we proposed to assess and compare the techno-
economic performance of CO2 capture plants while explicitly including part load 
operation and using realistic dispatch assumptions [5]. In this paper we follow up 
on that recommendation. One technology that may show favourable performance 
when operated at part load is the use of membranes for postcombustion CO2 
capture. Previous studies have already suggested that membranes may be 
competitive for CO2 separation from power plant flue gases at full load [13]–[16]. 
Due to the characteristics of membranes, it is expected that their competitiveness 
further improves if power plants are operated at part load: at part load the flue gas 
flow of a power plant is reduced, but since the same absolute membrane surface 
area is available, this leads to a higher specific surface area per cubic meter of flue 
gas. Flue gas velocities over the membrane will thus be lower, resulting in increased 
species flux. This may allow lower pressure ratios over the membrane, reducing the 
specific compression energy required to capture a unit of CO2. Conversely, the 
specific energy consumption of postcombustion solvents is expected to remain the 
same or increase at part load, because limited by chemical equilibrium and 
regeneration constraints [e.g. 14].  
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In this context, this work starts from the hypothesis that the relative energy 
performance of postcombustion membranes versus postcombustion solvents 
improves at part load due to increased species flux through the membrane, 
resulting in lower compression requirements. This should also lead to improved 
economic performance at part load, because of reduced specific energy costs of 
capture. We set out to test this hypothesis using a framework for techno-economic 
analysis of CO2 capture technologies that explicitly considers real(istic) dispatch 
profiles of CCS power plants, including part load operation (earlier presented in [5]). 
CO2 capture from a natural gas fired combined cycle was assumed, because these 
plants are expected to cycle more than coal power plants (although coal is also 
expected to cycle somewhat [7]). The analysis includes a detailed description of 
operating strategies, technical performance, and technical (im) possibilities when 
operating membranes and MEA plants at part load, fostering enhanced 
understanding of part load operation of power plants with CCS. 

6.2. Methodological framework 
We applied the methodological framework we presented in [5], which aims to 
facilitate power and CO2 capture plant techno-economic analysis while explicitly 
considering realistic plant dispatch and part load performance. Using the 
framework, we analysed the CCS power plant performance based on discretised 
operating profiles (plant operating point or loading versus hours that it operates at 
this operating point) that are representative of commercial power plant operations. 
The CCS power plant was analysed using steady state simulations (see section 6.5.1) 
of its performance at five operating points, analogous to [17] and as suggested in 
[5]. These operating points were selected based on the gas turbine design output, 
and its minimum turndown: 35%, 40%, 60%, 80%, and 100% of GT design output. 

The novelty of this method is that it combines the performance of the five operating 
points into single weighted average performance indicators, and that it also 
includes the economic performance of the flexible CCS power plant, thereby 
allowing techno-economic comparison of different carbon capture technologies. 
The selected performance indicators included annual produced electricity, average 
CO2 emission intensity, average SPECCA (specific primary energy consumption per 
tonne of CO2 avoided), and levelised cost of electricity. These indicators were 
selected because they are widely applied in techno-economic assessment of CCS 
power [1], [2], [18], [19] and are therefore well understood by researchers, 
industry, and policy makers. The equations for calculation of the performance 

 

indicators using the part load techno-economic approach are presented in Table 
6.1. 

6.3. Dispatch profiles 
The equations in Table 6.1 require weighing of performance, based on the hours 
that the plant is dispatched at a specific operating point. The part load method thus 
requires the definition of a dispatch profile, which can be defined in three ways: 
the first option involves the modelling of future dispatch profiles using power plant 
scheduling models such as the Unit Commitment Capacity Optimisation (UCCO) 
model [8] or the REPOWERS model [12]. A second option is to acquire a recent 
dispatch profile, or set of dispatch profiles, of an existing power plant, e.g. from 
operating companies or via electricity system performance databases such as the 
European ENTSO-E transparency platform [11]. A third option is to assume a 
hypothetical profile, for instance based on either of the two options above.  

In this work, we used a hypothetical profile (Figure 6.1), that was based on 
electricity system modelling by Brouwer et al [20]. The profile is representative of 
a 2050 scenario with 60% renewable electricity production, including 41% 
intermittent renewables. The scenario includes the countries of Western Europe – 
Scandinavia, the British Isles, Germany & the Benelux, France, the Iberian 
Peninsula, and Italy & the alpine states, and predicts an average capacity factor of 
63% for CCGT’s with CCS. Note that this capacity factor is still fairly high because 
the model converges to economically optimal construction and dispatch of power 
generators, and it minimises idle time of assets, while maximizing the economically 
optimal use of (intermittent) renewables. The model predicts dispatch of 
generators as a group, and not per individual unit, which may also lead to higher 
average capacity factors. As a sensitivity, we applied a dispatch profile based on a 
2050 scenario for the UK by Mac Dowell et al. [8], which does include the dispatch 
of individual generators, and predicts an average CCGT with CCS capacity factor of 
42%. We also included a full load scenario (85% CF) and a real Italian 2015 dispatch 
profile as sensitivities. The latter has a very low capacity factor of 16%, and is 
representative of an electricity system with large overcapacity and high natural gas 
prices (Figure 6.2). 
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Table 6.1. Mathematical representation of techno-economic calculations for the part load 
approach, and comparison with the conventional (full load) approach [5]. 

 Full load approach Part load techno-economic approach 
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produced Eel 
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Where FCO2 are the CO2 emissions in kg/s at design or operating point; Pdes and Pop are the 
power output at the design or the operating point in MW; HPYop are the hours per year 
that the plant runs at the respective operating point; HPYtot is the total hours per year that 
the plant is in operation, excluding the hours that the plant stands idle. It is optional to 
include a value for the coefficient � representing any additional CO2 emissions as a result 
of plant cycling that are not included in the steady state performance evaluations. This 
could be retrieved from actual plant emissions data.  
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Where η is the net plant efficiency both with (cc) and without CCS (ref) and subscripts 
des and op refer to conditions at design and operating points.  
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Where r is the discount rate used to calculate the value of cash flows in year t. Cash flows 
include investment costs (IC), fixed and variable operation and maintenance costs (FOM, 
VOM), fuel costs (FC), and restart costs (RC) as follows: 
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Figure 6.1. Hypothetical dispatch profile that was used to calculate the part load techno-economics. 
It was based on a modelled 2050 scenario with 60% renewable electricity sources [20], including 
41% intermittent renewables, leading to an average CCGT with CCS capacity factor of 63% for West-
European countries. 

 

Figure 6.2. Dispatch profiles of an Italian CCGT over the year 2015, (% output of MCR, 15 minute 
time interval). Note that the plant had a very low utilisation, leading to a capacity factor of 16%. 
This was representative of the European situation in 2015 with large overcapacity, low coal prices, 
and high natural gas prices. Also note that the plant cycles up and down considerably, which stresses 
the relevance of assessing CCS plant performance including part load operation (Source: the plant 
owner, similar data retrievable from the ENTSO-E transparency platform).  
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6.4. Technology description 
The technologies that were compared in this work included postcombustion CO2 
capture with polymeric membranes and postcombustion capture with MEA 
solvent. Both capture technologies were integrated with a combined cycle gas 
turbine power plant, that follows the design specifications and boundary conditions 
of the European Benchmarking Task Force (EBTF, [18], [21], [22], Table 6.2). 

6.4.1. CCGT with membrane configuration 
The membrane configuration analysed in this work is an advanced cycle, including 
selective recycling of CO2 to the gas turbine to increase the CO2 concentration in 
the flue gas to about 25% on a volume basis, thus allowing easier separation by the 
CO2 capture membrane (Figure 6.3). This is called selective exhaust gas recycling 
(SEGR). SEGR in the combination with postcombustion membranes was earlier 
analysed at full load by Merkel et al. [13] and Turi et al. [15], and was found to be 
competitive with MEA at full load. In the cycle, CO2 enriched air (15-20%vol CO2, 
streams 3, 4) is sent to the gas turbine where preheated natural gas (stream 17) is 
burnt. The gas turbine exhaust gas is used to provide heat to the steam cycle in the 
heat recovery steam generator (HRSG, stream 7), after which it is further cooled in 
a direct contact cooler (DCC, stream 8). The CO2 rich flue gas (20-25% CO2) is then 
compressed to 2 bar (stream 10), and part of the CO2 is separated in the CO2 capture 
membrane (CCM, stream 14). The permeate side of the CCM is operated at vacuum 
conditions to create a driving force for CO2 separation. The inerts (AR, N2, O2) are 
removed in the compression and purification unit (CPU, stream 15) and the CO2 is 
compressed to pipeline specifications of 110 bar. The flue gas (retentate, still 
containing 15-20% CO2) is further treated in the CO2 recycle membrane (CRM), 
where the remainder of the CO2 is removed to render a CO2 lean flue gas (stream 
12).  

The flue gas is still at elevated pressure, and part of its mechanical energy is 
recovered in an expander, after which the gas is vented (stream 13). The CRM 
operates with the combustion air as sweep gas (stream 1, 2), rather than with a 
vacuum at the permeate side. In this way, the combustion air only needs slight 
pressurisation to overcome the pressure drop over the membrane, which is 
energetically favourable over creating a vacuum. After the CRM, the CO2 enriched 
combustion air is cooled and water vapour is knocked out, before it is fed to the gas 
turbine.  

 

 

Figure 6.3. Process flow diagram of the advanced CCGT membrane configuration, including selective exhaust gas recycle. The figure shows the gas turbine, 
HRSG, steam turbines, and the recycle with compressors/expander, membranes, and CO2 compression and purification unit. The membranes include the 
CCM (CO2 capture membrane) and the CRM (CO2 recycle membrane). Reprinted from [15].
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For postcombustion CO2 capture with membranes, polymer membranes represent 
the state of the art [23]. The type closest to commercialisation (TRL 7) is the Polaris 
membrane developed by membrane technology research (MTR), which has been 
tested in large pilot plants fed by coal flue gas equivalent to 1 MW electricity output 
[13]. Other emerging postcombustion membrane types exist [23], such as 
facilitated transport membranes [24]–[26], which have the advantage of a higher 
selectivity of CO2 versus nitrogen, but are less far developed (TRL 3-6). For the 
purpose of comparing part load operation of membranes and solvents, we chose 
to use the current state of the art, thus the Polaris membranes. 

6.4.2. CCGT with MEA configuration 
The CCGT with MEA configuration also considers exhaust gas recycling (EGR), 
contrary to the reference cases in the previous studies. This allows the comparison 
with the membrane configuration to be on a more like-for-like basis. Exhaust gas 
recycling decreases the flue gas flow to the CO2 capture unit with values of about 
40%, while increasing its CO2 content to 6-7%vol [27]–[30]. The benefits are 
therefore twofold: lower flue gas flows allow for smaller absorbers (approximately 
half the volume compared to a situation without EGR), and the equilibrium specific 
CO2 separation energy approaches that of coal flue gas, thereby increasing the net 
efficiency of a CCGT with MEA configuration by around 1 percent point [27], [31]. 

Figure 6.4 shows the process flow diagram of the CCGT with EGR and MEA 
postcombustion capture. Just like in the membrane configuration, natural gas is 
combusted in the gas turbine using CO2 enriched air (~3% CO2, stream 2). After 
passing through the HRSG (stream 5), the flue gas is cooled down to 40°C in a DCC 
(stream 6). Thirty-five percent of the flue gas is recycled back to the gas turbine 
(stream 10), while the remainder continues to the MEA plant (stream 7). Higher 
recycle ratios are possible, but they only marginally increase energetic efficiency, 
whilst increasing the risk of CO and NOx formation in the gas turbine combustion 
chamber [30]. The pressure drop in the DCC and absorber column are balanced by 
a recycle blower and a flue gas blower. The flue gas flows through the absorption 
column, where it is chemically bound to the MEA solvent, after which the CO2 lean 
flue gas is vented (stream 8). The rich solvent is regenerated in a stripper, using  

 

 

 

Figure 6.4. Process flow diagram of the CCGT MEA configuration with exhaust gas recycle. 
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steam from the HRSG IP/LP crossover. Both absorber and stripper contain water 
washes to reduce amine loss. The resulting CO2 stream is dried and pressurized to 
110 bar (stream 9). 

6.5. Process modelling 
The different parts of the CCGT-SEGR-membrane and the CCGT-EGR-MEA 
configurations were simulated using different models and software packages. 
These were soft-linked to simulate the total system. The mass balances were 
closed/converged manually, which required one, to several, iteration loops. The 
soft-linking of the models was, however, preferred over using one modelling 
language to describe all parts of the systems, because the selected models 
represent the state of the art of the technologies they describe, and already 
possessed the option of part load, or off design modelling. Thermoflex for instance 
includes performance maps of gas and steam turbines, allowing their part load 
assessment. Aspen Plus has the capability of rate based column simulation and 
design, thus allowing the design and off design simulation of DCC’s, absorbers, and 
strippers. Both software packages however exclude membrane models, hence 
Aspen Custom Modeller was selected to simulate this part. The use of already 
existing models in these different software packages was considered the most 
efficient way to simulate the total CCGT-SEGR-membrane and CCGT-EGR-MEA 
systems. 

 

Figure 6.5. Representation of model linking. The Thermoflex model was used to simulate the CCGT 
performance, the Aspen custom modeller software to simulate the membrane separation. Aspen 
Plus was used to model the exhaust gas recycle, including DCC and compressors, and CPU for the 
membrane case, as well as the MEA plant and CO2 compressor in the MEA case. 

 

Table 6.2. Modelling specifications and assumptions based on the EBTF [18]. 

Parameter Value 
Natural gas  
   Molar composition, %  
     CH4, C2H6, C3H8, C4H10, CO2, N2 

 
89, 7, 1, 0.1, 2, 0.9 

   Lower Heating Value, MJ/kg 46.50 
   Higher Heating Value, MJ/kg 51.47 
   CO2 emission factor, gCO2/MJLHV 56.99 
Gas turbine 
   Type GE9371FB 
   Compressor pressure ratio 18.2 
   TIT (Turbine inlet temperature), °C 1427 
   TOT (turbine outlet temperature), °C 646 
   GT gross LHV efficiency (%) 37.9 
   Air inlet filter pressure drop (mbar) 10 
   Temperature of fuel to combustor, °C 160 
   Shaft mechanical efficiency, % Modelled 
   Generator electrical efficiency, % Modelled 
Steam cycle  
   Evaporation pressure levels, bar 130/28/4 
   Maximum SH/RH steam temperature, °C 565 
   Minimum approach point T in SH/RH, °C 25 
   Pinch point T in HRSG, °C 10 
   Liquid subcooling T at drum inlet, °C 5 
   Heat losses, % of heat transferred Modelled 
   Gas side pressure loss in HRSG, kPa Modelled 
   HP SH pressure loss, % Modelled 
   HP/IP pumps hydraulic efficiency, % 85/75 
   HP/IP/LP turbine isentropic efficiency, % Modelled 
   Turbine shaft mechanical efficiency, % Modelled 
   Generator electrical efficiency, % 98.94 
   Condensing pressure, bar 0.048 
Flue gas compressor and expander  
   Pressure ratio 2 
   Compressor polytropic efficiency, % 80 
   Expander polytropic efficiency, % 94 
   Mechanical efficiency, % 99.6 
CO2 purification and compression  
   Low temperature flash temperature, °C < -55 
   High temperature flash temperature, °C -33 
   Pressure at LT flash inlet, bar 30.0 
   Minimum ΔT in low temperature heat exchangers, °C 3 
   Number of intercooled compression stages 4 
   Isentropic efficiency, % 80 

 

15019 - vdSpek_BNW.indd   214 31-10-17   11:34



214 215
 

steam from the HRSG IP/LP crossover. Both absorber and stripper contain water 
washes to reduce amine loss. The resulting CO2 stream is dried and pressurized to 
110 bar (stream 9). 

6.5. Process modelling 
The different parts of the CCGT-SEGR-membrane and the CCGT-EGR-MEA 
configurations were simulated using different models and software packages. 
These were soft-linked to simulate the total system. The mass balances were 
closed/converged manually, which required one, to several, iteration loops. The 
soft-linking of the models was, however, preferred over using one modelling 
language to describe all parts of the systems, because the selected models 
represent the state of the art of the technologies they describe, and already 
possessed the option of part load, or off design modelling. Thermoflex for instance 
includes performance maps of gas and steam turbines, allowing their part load 
assessment. Aspen Plus has the capability of rate based column simulation and 
design, thus allowing the design and off design simulation of DCC’s, absorbers, and 
strippers. Both software packages however exclude membrane models, hence 
Aspen Custom Modeller was selected to simulate this part. The use of already 
existing models in these different software packages was considered the most 
efficient way to simulate the total CCGT-SEGR-membrane and CCGT-EGR-MEA 
systems. 

 

Figure 6.5. Representation of model linking. The Thermoflex model was used to simulate the CCGT 
performance, the Aspen custom modeller software to simulate the membrane separation. Aspen 
Plus was used to model the exhaust gas recycle, including DCC and compressors, and CPU for the 
membrane case, as well as the MEA plant and CO2 compressor in the MEA case. 

 

Table 6.2. Modelling specifications and assumptions based on the EBTF [18]. 

Parameter Value 
Natural gas  
   Molar composition, %  
     CH4, C2H6, C3H8, C4H10, CO2, N2 

 
89, 7, 1, 0.1, 2, 0.9 

   Lower Heating Value, MJ/kg 46.50 
   Higher Heating Value, MJ/kg 51.47 
   CO2 emission factor, gCO2/MJLHV 56.99 
Gas turbine 
   Type GE9371FB 
   Compressor pressure ratio 18.2 
   TIT (Turbine inlet temperature), °C 1427 
   TOT (turbine outlet temperature), °C 646 
   GT gross LHV efficiency (%) 37.9 
   Air inlet filter pressure drop (mbar) 10 
   Temperature of fuel to combustor, °C 160 
   Shaft mechanical efficiency, % Modelled 
   Generator electrical efficiency, % Modelled 
Steam cycle  
   Evaporation pressure levels, bar 130/28/4 
   Maximum SH/RH steam temperature, °C 565 
   Minimum approach point T in SH/RH, °C 25 
   Pinch point T in HRSG, °C 10 
   Liquid subcooling T at drum inlet, °C 5 
   Heat losses, % of heat transferred Modelled 
   Gas side pressure loss in HRSG, kPa Modelled 
   HP SH pressure loss, % Modelled 
   HP/IP pumps hydraulic efficiency, % 85/75 
   HP/IP/LP turbine isentropic efficiency, % Modelled 
   Turbine shaft mechanical efficiency, % Modelled 
   Generator electrical efficiency, % 98.94 
   Condensing pressure, bar 0.048 
Flue gas compressor and expander  
   Pressure ratio 2 
   Compressor polytropic efficiency, % 80 
   Expander polytropic efficiency, % 94 
   Mechanical efficiency, % 99.6 
CO2 purification and compression  
   Low temperature flash temperature, °C < -55 
   High temperature flash temperature, °C -33 
   Pressure at LT flash inlet, bar 30.0 
   Minimum ΔT in low temperature heat exchangers, °C 3 
   Number of intercooled compression stages 4 
   Isentropic efficiency, % 80 

 

15019 - vdSpek_BNW.indd   215 31-10-17   11:34



216 217
 

Table 6.2 cont’d. Modelling specifications and assumptions based on the EBTF [18]. 

Parameter Value 
   Mechanical efficiency, % 99.6 
   Inter-coolers outlet temperature, °C 30 
   Inter-coolers pressure losses, % 2 
   Liquid CO2 temperature, °C 30 
CO2 vacuum pump  
   Gas pressure at vacuum pump inlet, bar 0.2 
   Number of inter-cooled stages 2 
   Isentropic efficiency, % 80 
   Mechanical/electrical efficiency, % 99.6 
   Inter-coolers outlet temperature, °C 30 

  

6.5.1. CCGT modelling 
The combined cycle power plant was modelled with Thermoflex V24 [32]. The 
Thermoflex suite comprises numerous equipment that are used in power plants, 
and allows easy convergence of thermal power cycles. It also contains a database 
of several hundreds of gas turbines, including their performance maps.  

To model the reference CCGT according to the EBTF guidelines, the GE 9371F gas 
turbine was selected from the Thermoflex database (Table 6.2). This turbine was 
chosen because the turbine outlet temperature (TOT, 646°C) matched the 
temperature design of the EBTF HRSG (565°C). The combined cycle was designed 
as a 2-2-1 configuration, meaning that two GT’s were applied, and two HRSG’s 
feeding into one steam turbine (ST) train. The CCGT was first modelled in the 
‘engineering design’ mode to estimate its thermodynamic performance and 
calculate the sizes of all equipment (pumps, heat exchangers, turbines, cooling 
equipment). Then the thermodynamic performance at the selected part load 
operating points was simulated using the ‘off design’ mode. 

The selected GT model was also used to simulate the capture cases with EGR and 
SEGR. This means that it has a slightly different performance because the GE 
turbine is designed for operation with pure air as oxidant. The consequences of this 
choice will be discussed in the results and discussion sections (sections 6.8.1 and 
6.9.1). 

 

 

6.5.2. Membrane modelling 
The membranes (CCM and CRM) were modelled in Aspen Custom Modeller (ACM) 
using the model presented in [15]. It was assumed that for both CCM and CRM 
spirally wound membranes were used because these tend to have low pressure 
drop. In membrane design, counter-current flow of feed gas and sweep gas (or 
permeate gas) achieves the most favourable partial pressure profiles and thus 
favourable driving force. Although the flow direction in spirally wound membranes 
is cross-flow, when placed behind each other in series, they mimic the behaviour of 
a counter-current flat plate (Figure 6.6). Therefore, the ACM model assumes 
counter-current planar flow and divides the plate into k cells to calculate the species 
profiles over the membrane, with k set to 200.  

 

Figure 6.6. Spiral-wound membranes connected in series to produce a counter-current flow. 
Reprinted from [15]. 

The mass flux through the membrane is described by Equation 6.1, that relates the 
areal flux Ji (mol/m2s) to the partial pressure difference of species i and the 
permeance of species i: 

Equation 6.1   �� = �������� ∙ ��,���� − ����� ∙ ��,�����  

Where Ki is the permeance of species I, provided in Table 6.3; P is the total pressure 
at the feed and permeate sides; and xi is the mole fraction of species i at feed and 
permeate sides. Furthermore, the molar flows n of each species and in each cell are 
described by: 

Equation 6.2  ��
� = ��̇�

(���) − �̇�
�� 

Where ji
k
 is the species flux through the membrane (mol/s).  
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Equation 6.3 links Equation 6.1 and Equation 6.2 by multiplying the areal flux with 
the area of a cell: 

Equation 6.3  ��
� = �� ∙ ∆��  

Finally, a variant of Fick’s law of diffusion was used to describe the concentration 
gradient in the bulk phase of the gas flows (feed and permeate) [15], [33]: 

Equation 6.4  �� = �� ∙ �� ∙ �
��∙ � ∙ �

 �� ����,����
����,���������

 

Where Sh is the Sherwood number, Di is the binary diffusion coefficient for species 
i, Dh is the hydraulic diameter (which is equal to twice the channel height), R is the 
gas constant, and T is the temperature.  
 
The equations were solved with the finite difference method using the ACM DMO 
solver. For further details on the membrane model (including the thermal balance, 
and the pressure drop over the membrane), the reader is kindly referred to [15]. 

The ACM membrane model was soft-linked with an Aspen plus model (Figure 6.5) 
to simulate the DCC, compressors, and CPU, according to the specification in Table 
6.2. The Aspen plus model was, in turn, soft-linked with the Thermoflex CCGT model 
(Figure 2.1). Because the three models were soft-linked, convergence of the 
selective exhaust gas cycle (stream 4, see Figure 6.5)) was done manually, focusing 
on closing the mass balance of the total stream, as well as the species balances of 
CO2 and O2. The convergence allowed a maximum deviation in stream 4’s total flue 
gas mass flow of 0.5%, and a maximum error of 1% in the mole fractions of oxygen 
and carbon dioxide. The models were first run at full load to determine the required 
membrane areas and DCC column size. These sizes were then fixed (except for the 
CRM size, see section 6.6.2) after which the models were run at the part load 
operating points. The oxygen concentration of the flue gas (GT exit) was always 
kept above 4.75% to ensure full fuel combustion. 

Table 6.3. Polaris membrane permeance [1 GPU = 10�6 cm3 ��TP���cm� s cm���] an� selec��it� 
[34]. 

Membrane Technology Permeance (GPU) Selectivity of CO2 with respect to:   
Ar H2O N2 O2 

Polaris 1000 5 0.3 50 5 

 

6.5.3. MEA modelling 
The MEA unit was modelled in Aspen Plus using the e-NRTL thermodynamic model 
with symmetric reference state. Gas phase behaviour was predicted by the Redlich-
Kwong equation of state. To analyse the capture plant performance at off design, a 
rate-based approach was used. To this end, the bicarbonate formation and the MEA 
carbamate formation reaction (Equation 5.7 and Equation 5.8) rates were modelled 
using the Arrhenius formula (Equation 6.7), applying the pre-exponential factors 
and activation energies provided by Kvamsdal and Rochelle [35]. 

Equation 6.5  ��� + ��� → ����
� 

Equation 6.6  ��� + ��� + ��� → ������� + ���� 

Equation 6.7  � =  �� ∙ ��� ���
��

� 

Where r is the reaction rate; k0 is the pre-exponential factor; E is the activation 
energy; R is the gas constant; and T is the temperature. The other reactions in the 
H2O-MEA-CO2 system were modelled based on chemical equilibrium. 

The MEA plant was first simulated at full load, in which the size of the columns was 
determined assuming a maximum flooding of 80%. Afterwards, the column sizes 
were fixed, and the model was run with the flue gas flows of the selected part load 
CCGT operating points. The MEA model was soft-linked with the flue gas flow from 
the CCGT HRSG, and with the IP/LP crossover steam, and condensate return. The 
pressure drop from the IP/LP crossover to the stripper reboiler was modelled using 
a duct containing four bends and a desuperheater in the Thermoflex software. 

6.6. Part load operation strategies 
6.6.1. CCGT  

At part load, the gas turbine is operated such that it maintains the turbine outlet 
temperature, while producing the required GT set point power output. This 
strategy is maintained until the surge point of the GT air compressor. From this 
point onwards only the fuel is reduced while keeping the air inflow constant. At 
lower GT loading the efficiency drastically drops, leading to a higher flue gas flow 
per produced MW of electricity. The significance of this will be further discussed in 
section 6.8.2.1.  

The steam cycle is controlled such that the feed water mass flow reduces pro rato 
with the flue gas flow. To operate the steam turbine, their input volumetric flows 
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Equation 6.3 links Equation 6.1 and Equation 6.2 by multiplying the areal flux with 
the area of a cell: 

Equation 6.3  ��
� = �� ∙ ∆��  
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Equation 6.4  �� = �� ∙ �� ∙ �
��∙ � ∙ �

 �� ����,����
����,���������
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��

� 
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needs to remain constant, meaning that their input pressure is reduced at partial 
load. This operating philosophy is called sliding pressure control. The temperature 
settings of the steam cycle are kept constant over the entire loading range. This 
control strategy also implies that the pressure of the IP/LP crossover is reduced at 
partial load.  

6.6.2. Membrane plant 
Part load operation of the membrane plant was at the core of this study: the 
starting point was that the energetic performance of membrane capture would 
improve at part load, due to the increasing specific surface area, and hence a 
decrease of the required externally imposed driving force, i.e. pressure ratio, would 
lead to a lower specific compression energy. 

The membrane configuration allowed three different part load strategies (Table 
6.4). 

1. Reduced surface area: common practice in membrane operation is to 
reduce the surface area with decreasing feed flow [36]. Since membranes 
are modular devices, parallel modules can easily be taken offline. This 
strategy does not benefit from the increased surface area per cubic meter 
of feed flow during part load, but rather provides a baseline for membrane 
performance at partial load. In this strategy, the pressure ratio over the 
membranes, as well as the CO2 recovery, were kept constant. The 
membrane area was varied, and its value was determined by the model for 
each part load operating point. 

2. Reduced back pressure: a second strategy is to reduce the CCM back 
pressure at part load. It takes advantage of the larger specific surface area 
because the CO2 vacuum pump consumes less energy per unit of captured 
CO2. In this strategy, the feed pressure, CO2 recovery, and CCM membrane 
area were fixed, while the CCM back pressure was a resulting variable. 

3. Reduced feed pressure: the third strategy impacts both CCM and CRM, by 
reducing the pressure of the feed flow at part load. The back pressure, 
capture rate, and CCM area were fixed, while the feed pressure was 
optimised. This strategy also has the potential of reduced specific 
compression energy at part load, due to the lower specific compression 
duty of the flue gas compressor.  

 

In all the three scenarios the CRM sweep gas was varied to close the mass balance 
over the NGCC-membrane recycle. Simultaneously, the CRM area needed to be 
varied to deal with changes in flue gas flow and composition. This was due to the 
nature of the membranes that also separate inert species at different rates during 
part load, as a result of the different operating conditions (pressure, flue gas flow, 
etcetera). Also the oxygen concentration of the sweep gas to the GT was managed 
by varying the CRM surface area and sweep gas flow. The above description shows 
that the CCGT-SEGR-membrane cycle includes many variables that need to be 
controlled simultaneously, making control of such a system highly complex, 
especially during transients.  

Last, the temperature of the cold box was adapted to deal with increasing shares 
of inerts that penetrated the CCM at part load. The resulting decrease in CO2 mole 
fraction in the CCM permeate led to changed vapour liquid equilibria in the second 
cold box flash vessel, requiring more severe refrigeration to avoid venting large 
amounts of CO2 with the inert gases . 

6.6.3. MEA plant 
For the part load strategy of the MEA plant a fixed L/G ratio was assumed. This 
strategy is widely proposed as a suitable part load strategy by other researchers 
[17], [37]–[39]. Sanchez Fernandez et al. [17] noted that when applying the fixed 
L/G strategy to a postcombustion amine unit integrated with a coal fired power 
plant, the LP steam quality became insufficient at part load to maintain the L/G 
ratio constant. Their solutions were either to reduce stripper pressure in 
combination with constant L/G, thus allowing the stripper temperature to drop to 
values that sympathise with the lower pressure steam, or to increase the L/G ratio 
at lower loadings while keeping the stripper pressure constant, also 
accommodating the lower pressure reboiler steam. Other integrated studies, e.g. 
[37], do not mention issues matching LP steam quality with required reboiler 
temperature. Because a relevant issue, the match between LP steam quality and 
required reboiler temperature at constant L/G was checked at maximum and 
minimum GT load (100 and 35%) by explicitly modelling the reboiler and the steam 
quality supplied to the reboiler. This was done by taking the reboiler out of the 
Aspen Radfrac block as shown in Figure 6.7. 
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Table 6.4. Membrane operating strategies at part load. Note that for every strategy the sweep gas 
flow and the CRM area needed to be free variables to close the SEGR mass balance. 

 
Variable area Variable back pressure Variable feed pressure 

CCM area Free Fixed Fixed 
CRM area Free Free Free 
CCM recovery Fixed Fixed Fixed 
CRM recovery Fixed Fixed Fixed 
Overall CO2 capture 90% 90% 90% 
Feed pressure Fixed Fixed Free 
Back pressure Fixed Free Fixed 
Sweep flow ratio Free Free Free 
CO2 content recycle Free Free Free 

 

 

Figure 6.7. Screenshot of the stripper sump and reboiler model in Aspen Plus at the 100% (l) and 
35% (r) GT load operating points. The values in the circles represent temperatures (°C), the 
hexagonal represents pressure (bar), and the flag-like boxes represent mass flows (kg/hr).  

The pressure, and thus dew point temperature of the LP steam, were taken from 
the off design calculations of the CCGT model (off design IP/LP crossover pressure 
minus off design pressure drop in steam duct, desuperheater, and reboiler). The 
pressure drop over the steam extraction pipe was modelled in Thermoflex using 
the Fanning equation assuming a pipe of 76m length with four long 90 degree 
bends, the pressure drop over the HX’s (desuperheater and reboiler) was assumed 
2% for each as per the EBTF guidelines [18]. 

Finally, two scenarios were modelled using the fixed L/G strategy: one baseline 
scenario where at every operating point 90% of CO2 was captured, and one scenario 
where the capture gradually increased as the power plant loading decreased, up to 

 

a maximum value of 96% CO2 capture at 35% GT loading. The latter scenario – the 
MEA 96% scenario - was meant to explore the possibility of increased CO2 capture 
at lower loading, making use of the increased specific packing area per cubic meter 
of flue gas flow. 

6.7. Cost estimation 
6.7.1. Capital cost estimates 

The capital costs in this study were calculated as total plant costs (TPC), including 
purchased equipment costs, erection and installation, engineering, procurement 
and contracting (EPC), and contingencies, following the common costing 
methodology for power and CCS technologies [40]. Owner’s costs and interest 
during construction were excluded because they are highly location and owner 
specific and have limited added value for initial technology cost comparison. All 
costs are representative of an Nth of a kind plant, and were calculated as AACE class 
4 estimate, with an accuracy of -30% to +50%. The cost estimate represents a plant 
built in Rotterdam, The Netherlands, in 2015 €.  

The capital costs of the CCGT equipment were calculated with the exponent 
method [4], [31]. The gas turbine, steam turbine, HRSG, and heat rejection sections 
were scaled individually using the EBTF cost estimates [18], [22] as a basis. Based 
on DOE NETL [41], an exponent of 0.7 was used for the HRSG and 

Table 6.5. Overview of capital cost items included in this study. Table based on [40]. 

Capital cost element to be 
quantified 

Sum of all preceding items is 
called: 

Included in 
cost 
estimate 

Purchased equipment    
Supporting facilities 
  (Piping, instrumentation, etc.) 

   

Labour (direct and indirect)    
 Bare Erected Cost (BEC)  
Engineering    
Procurement    
Construction    
 Engineering, Procurement & 

Construction (EPC) Cost 
 

Contingencies:   
  Process   
  Project    
 Total Plant Cost (TPC)  
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provide even more detailed scaling factors, at a lower level of equipment 
aggregation, but in our experience the more detailed equipment scaling changes 
the capital costs by only single percentages, and hence the scaling of sections rather 
than equipment was found reasonable for the AACE class 4 estimate. 

Table 6.6. Cost assumptions used in this study. 

Financial assumptions  
Real discount rate 7.5% 
Project lifetime 25 yr 
Construction durationa 3 yr 
 
Capital cost relations for power plant equipment 
Power plant section EPC costs 

reference 
equipment ([18], 
[22], M€2008)  

Base size 
reference 
equipment ([18], 
[22]) 

Exponent used 
(based on [41]) 

Gas turbine 189.22 544 MW 0.8 
Heat recovery steam 
generator 

87.52 665.3 kg/s flue 
gas inflow 

0.7 

Steam turbine 82.74 293 MW 0.8 
Heat rejection & 
miscellaneous 

95.38 470 MW 0.7 

 
Capital cost relations for membranes and large rotating equipment (taken from [16]) 
Equipment Bare erected cost relation (€2014) 
Vacuum pump 800 €/kW 
Compressor (Pout = 1 - 4 bar) 920 €/kW 
Compressor (Pout = 4 - 16 
bar) 

510 €/kW 

Compressor(Pout > 16 bar) 370 €/kW 
Membrane 40 €/m2 
Membrane housingb 

� = 286 ∙ �
�
����

�
�.�

∙ �
�
����

�
�.���

 

 
Capital costs other equipment 
The EPC costs of all other equipment (e.g. columns, packings, heat exchangers) were 
estimated using the Aspen capital cost estimating software V9.0 

a Included in the project lifetime. b The relation for the membrane housing cost was presented in [16] 
based on costs reported in [43]. A and Aref represent the membrane area in this study and in the base 
case. P and Pref represent the membrane feed pressure in this study and in the base case. The 
reference area is 2,000 m2 and the reference pressure is 55 bar. The max area A for one membrane 
module is 25,000 m2. 

 

The capital costs of the (S)EGR and capture plant equipment were calculated using 
the bottom up approach [31]. To this end, the purchased equipment costs, 
installation costs, and EPC were calculated with the Aspen capital cost estimator 
V9.0 and multiplied with 40% project contingencies, corresponding to the AACE 
class 4 estimate [40]. Most equipment could be estimated using the Aspen capital 
cost estimator, except for the costs of the membranes and the costs of the large 
rotating equipment. Instead, membrane and rotating equipment costs were 
calculated using cost relations provided by Roussanaly et al. [16] (Table 6.6). We 
cross-checked Roussanaly’s compressor cost figures with vendor quotes reported 
by Knoope et al. [42], and found them to compare satisfactorily. Note however that 
industrial data on less common equipment such as membranes is scarce, and the 
costs reported in scientific literature need to be considered an indication rather 
than an absolute. 

6.7.2. Operational cost estimates 
The operational costs were calculated either as fixed, or as variable operating costs. 
The fixed costs were calculated as a fixed value per year, whereas the variable 
operating costs were estimated for each operating point specifically (from MSL to 
MCR), following the equations in Table 6.1. The variable operating costs of each 
operating point were subsequently added to the other yearly cash flows (Table 6.1). 
The fixed operational cost estimates included labour and fixed maintenance and 
were calculated the same as in [31]. The consumables and waste disposal flows 
(kg/hr) of the MEA plant were based on the full load flows reported in [31]. They 
were subsequently calculated for each operating point by reducing them 
proportionally with the reduction in flue gas flow. The consumables and waste 
flows where then multiplied with their operating times (hr/a) and with unit costs 
reported in [31], rendering the variable operational costs for each operating point.  

A similar approach was followed to calculate the costs of membrane replacement. 
Many scholars report membrane replacement frequencies of 5 years when capture 
plants are run at full load (85% CF or 7446 hr/a) [14], [16], [44]. In this study, it was 
assumed that the replacement frequency increased with the time that the capture 
plant stands idle in the part load scenario. This led to a replacement frequency of 6 
years instead of 5. This approach is crude, as is the approach used to calculate the 
MEA variable costs at part load. They are a first approximation given that 
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Table 6.7. Start-up frequency and costs. The number of starts is representative of a mid-merit CCGT 
[37]. 

 Down-time prior to 
start 

Number of starts Start-up costs 
(€/MWinstalled per 

start)a 

Hot starts < 16 hr 77 27 
Warm starts 16 – 64 hr 63 39 
Cold starts > 64 hr 17 57 

a CCGT start-up costs according to the broad definition including maintenance and capital, forced 
outage, start-up fuel, and efficiency loss, reported by Lew et al. [45].  

phenomena like MEA degradation and membrane degradation at part load are yet 
to be investigated.  

Also, the costs of plant start-up and shutdown were added. Reported start-up costs 
are scarce because they are viewed as business sensitive information. Brouwer et 
al. [12] provided an overview of reported power plant start-up costs and suggested 
the values by Lew et al. [45] were the most reliable and inclusive. We adopted this 
suggestion and multiplied Lew’s cost values with the number of hot, warm, and cold 
starts that a mid-merit gas power plant makes in a year (Table 6.7, retrieved from 
[37]). These start-up costs only apply to the CCGT plant. Start-up costs of MEA or 
membrane plants are yet to be reported, but are expected to be smaller than those 
of the power plant, amongst others because less preheating is required [12]. 

Last, the costs of CO2 transport (6 €/tonne) and storage (10 €/tonne) were added, 
assuming 180 km transport to an offshore depleted oil or gas field, without the 
reuse of existing pipelines or production wells, similar to [4], [31]. 

Note that reliable field, or industrial, data on many of the described operational 
costs is scarce in the public domain. Items like solvent make-up in large demo or 
commercial scale capture plants have only recently been reported (e.g. [46],some 
pilot results have also been published, e.g. [47]–[49]), and for instance the 
assumptions on membrane replacement are based on estimated guesses, rather 
than measured degradation rates. Also, the frequently reported costs of CO2 
capture membranes (40€/m2 or 50$/m2) are based on non-CO2 capture industrial 
processes such as reverse osmosis and ammonia production (e.g. [34], [43]), and 
are subsequently repeated by follow up studies (e.g. [13], [14], [16]). Start-up costs 
of power plants are notoriously hard to find as described in [12]. For the purpose 
of feasibility studies this may be acceptable, because many operational costs are a 

 

small fraction of total costs, as we will show in the results section. But for a more 
detailed understanding of (power and) capture plant operations and costs, it is 
elementary that operational results from demo or commercial CCS plants become 
more widely available to the public. 

6.7.3. Levelised cost of electricity 
Finally, based on the technical performance and cost estimates, the part load LCOE 
was calculated using the equations in Table 6.1, assuming a 7.5% real discount rate 
[31] and a life time of 25 years including 3 years of construction [31].  

6.8. Results 
This section describes the behaviour and performance of the CCGT configurations. 
A selection of results will be presented, especially focussing on the behaviour of the 
various parts of the studied configurations and their interfaces, and their impact on 
techno-economic performance. A complete list of technical performance results 
can be found in the Appendix. 

6.8.1. Power plant behaviour over its loading range 
Figure 6.8 presents the fuel input and exhaust flow of the gas turbine over its 
loading range. The fuel input declines (linearly) over the loading range but the 
reduction is not proportional with the GT loading. For example, at 50% GT load, the 
fuel input is around 60% of the maximum. This is caused by the declining GT 
efficiency at partial load (Figure 6.9 A), the GT runs at optimal efficiency at its design 
point, i.e. the max continuous rating (MCR). The GT gross efficiency declines from 
almost 38% at MCR to less than 26% at 35% loading. As a consequence, also the 
flue gas flow declines slower than the GT loading (Figure 6.8B, Figure 6.9C). This is 
relevant for the part load performance of the membrane configuration, as will be 
shown in section 6.8.2. 

The Thermoflex model of the GE9371FB turbine compares well to measured 
operational GT data (see the black lines in Figure 6.8 A and B). Note that operational 
plant data of the GE9371FB turbine were unavailable, so we used operational data 
from the GE9351(FA) gas turbine to validate the turbine model. The latter is also an 
F-class turbine that is used in combined cycles, with a similar GT efficiency, pressure 
ratio, and turndown, but designed for a wider fuel range than the GE9371FB. 
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Table 6.7. Start-up frequency and costs. The number of starts is representative of a mid-merit CCGT 
[37]. 

 Down-time prior to 
start 

Number of starts Start-up costs 
(€/MWinstalled per 

start)a 

Hot starts < 16 hr 77 27 
Warm starts 16 – 64 hr 63 39 
Cold starts > 64 hr 17 57 

a CCGT start-up costs according to the broad definition including maintenance and capital, forced 
outage, start-up fuel, and efficiency loss, reported by Lew et al. [45].  

phenomena like MEA degradation and membrane degradation at part load are yet 
to be investigated.  

Also, the costs of plant start-up and shutdown were added. Reported start-up costs 
are scarce because they are viewed as business sensitive information. Brouwer et 
al. [12] provided an overview of reported power plant start-up costs and suggested 
the values by Lew et al. [45] were the most reliable and inclusive. We adopted this 
suggestion and multiplied Lew’s cost values with the number of hot, warm, and cold 
starts that a mid-merit gas power plant makes in a year (Table 6.7, retrieved from 
[37]). These start-up costs only apply to the CCGT plant. Start-up costs of MEA or 
membrane plants are yet to be reported, but are expected to be smaller than those 
of the power plant, amongst others because less preheating is required [12]. 

Last, the costs of CO2 transport (6 €/tonne) and storage (10 €/tonne) were added, 
assuming 180 km transport to an offshore depleted oil or gas field, without the 
reuse of existing pipelines or production wells, similar to [4], [31]. 

Note that reliable field, or industrial, data on many of the described operational 
costs is scarce in the public domain. Items like solvent make-up in large demo or 
commercial scale capture plants have only recently been reported (e.g. [46],some 
pilot results have also been published, e.g. [47]–[49]), and for instance the 
assumptions on membrane replacement are based on estimated guesses, rather 
than measured degradation rates. Also, the frequently reported costs of CO2 
capture membranes (40€/m2 or 50$/m2) are based on non-CO2 capture industrial 
processes such as reverse osmosis and ammonia production (e.g. [34], [43]), and 
are subsequently repeated by follow up studies (e.g. [13], [14], [16]). Start-up costs 
of power plants are notoriously hard to find as described in [12]. For the purpose 
of feasibility studies this may be acceptable, because many operational costs are a 

 

small fraction of total costs, as we will show in the results section. But for a more 
detailed understanding of (power and) capture plant operations and costs, it is 
elementary that operational results from demo or commercial CCS plants become 
more widely available to the public. 

6.7.3. Levelised cost of electricity 
Finally, based on the technical performance and cost estimates, the part load LCOE 
was calculated using the equations in Table 6.1, assuming a 7.5% real discount rate 
[31] and a life time of 25 years including 3 years of construction [31].  

6.8. Results 
This section describes the behaviour and performance of the CCGT configurations. 
A selection of results will be presented, especially focussing on the behaviour of the 
various parts of the studied configurations and their interfaces, and their impact on 
techno-economic performance. A complete list of technical performance results 
can be found in the Appendix. 

6.8.1. Power plant behaviour over its loading range 
Figure 6.8 presents the fuel input and exhaust flow of the gas turbine over its 
loading range. The fuel input declines (linearly) over the loading range but the 
reduction is not proportional with the GT loading. For example, at 50% GT load, the 
fuel input is around 60% of the maximum. This is caused by the declining GT 
efficiency at partial load (Figure 6.9 A), the GT runs at optimal efficiency at its design 
point, i.e. the max continuous rating (MCR). The GT gross efficiency declines from 
almost 38% at MCR to less than 26% at 35% loading. As a consequence, also the 
flue gas flow declines slower than the GT loading (Figure 6.8B, Figure 6.9C). This is 
relevant for the part load performance of the membrane configuration, as will be 
shown in section 6.8.2. 

The Thermoflex model of the GE9371FB turbine compares well to measured 
operational GT data (see the black lines in Figure 6.8 A and B). Note that operational 
plant data of the GE9371FB turbine were unavailable, so we used operational data 
from the GE9351(FA) gas turbine to validate the turbine model. The latter is also an 
F-class turbine that is used in combined cycles, with a similar GT efficiency, pressure 
ratio, and turndown, but designed for a wider fuel range than the GE9371FB. 
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Figure 6.8. GT fuel input (A) and exhaust flow (B) as a function of GT loading. The blue dots represent 
the outputs of the Thermoflex GE 9371 FB gas turbine model. The black line represents measured 
operational data of a GE9351(FA) gas turbine as validation. 

The GE9371FB efficiency drops significantly when (S)EGR is applied. With increasing 
CO2 concentration in the oxidant stream, the GT gross efficiency decreases with as 
much as 3.5 %-point in the case of SEGR (Figure 6.9A). This is because the GT model 
aims to maintain the turbine outlet temperature constant, while the heat capacity 
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of the NG/oxidant mixture changes with respect to the normal situation. This leads 
to a decrease in TIT and pressure ratio, and thus efficiency. The effect of this is 
presented in the next section, and further discussed in section 6.9.1. Naturally, also 
the gross combined cycle efficiency of the CCGT membrane configuration is lower 
than that of the CCGT w/o CCS configuration (Figure 6.9B). Note that the gross 
efficiency of the CCGT MEA configuration is even lower due to steam extraction for 
the MEA reboiler. Last, also in the CCS cases, the flue gas flow declines linearly with 
GT loading (Figure 6.9C), but also not pro rato. The flue gas flow to the capture unit 
in the CCGT MEA configuration is lower over the whole loading range because of 
the recycling of flue gas to the GT. 
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Figure 6.8. GT fuel input (A) and exhaust flow (B) as a function of GT loading. The blue dots represent 
the outputs of the Thermoflex GE 9371 FB gas turbine model. The black line represents measured 
operational data of a GE9351(FA) gas turbine as validation. 

The GE9371FB efficiency drops significantly when (S)EGR is applied. With increasing 
CO2 concentration in the oxidant stream, the GT gross efficiency decreases with as 
much as 3.5 %-point in the case of SEGR (Figure 6.9A). This is because the GT model 
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of the NG/oxidant mixture changes with respect to the normal situation. This leads 
to a decrease in TIT and pressure ratio, and thus efficiency. The effect of this is 
presented in the next section, and further discussed in section 6.9.1. Naturally, also 
the gross combined cycle efficiency of the CCGT membrane configuration is lower 
than that of the CCGT w/o CCS configuration (Figure 6.9B). Note that the gross 
efficiency of the CCGT MEA configuration is even lower due to steam extraction for 
the MEA reboiler. Last, also in the CCS cases, the flue gas flow declines linearly with 
GT loading (Figure 6.9C), but also not pro rato. The flue gas flow to the capture unit 
in the CCGT MEA configuration is lower over the whole loading range because of 
the recycling of flue gas to the GT. 
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Figure 6.9. GT gross efficiency (A), CCGT gross efficiency (B), and flue gas flow (C) as a function of GT 
loading for the configurations without CCS, with MEA capturing 90% of the CO2 at every operating 
point, and with membranes using the variable feed pressure strategy. (D) Presents the net efficiency 
performance map of the three configurations as function of the CCGT output. 

6.8.2. Capture technology performance 
6.8.2.1. Membrane plant performance and recycle mass balance 

The performance of the membranes at part load improved versus the performance 
at full load, confirming the starting hypothesis. Indeed, at part load it was possible 
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to reduce either the membrane area, back pressure, or feed pressure while still 
capturing 90% of the CO2. At part load, the flux was higher due to lower gas 
velocities over the membrane, however this applied to all the species, so also the 
inerts migrated more easily.  

Another observation was that O2 migrated through the CRM from the sweep gas 
(air) to the oxygen lean retentate (flue gas), because the O2 partial pressure of the 
retentate was lower than that of the sweep gas. This caused the O2 concentration 
in the oxidant flow (stream 3) to be around 13.5%vol, rather than the 20%vol in 
normal air. 

The increasing relative flue gas flow at partial GT loading caused a problem in the 
CRM-GT recycle mass balance: the sweep gas ratio needed to be increased with 
respect to the full load case, leading to a decline of the CO2 concentration, and in 
increase of the O2 concentration in stream 3 and 4 (oxidant flow to GT compressor). 
As a result, for the variable area and variable back pressure strategy, it was not 
possible to close the mass and species balance at GT loadings smaller than 60% 
MCR, while maintaining high CO2 concentrations of (close to) 20%vol. In the variable 
feed pressure strategy, this did not occur: because of the lower pressure at the CRM 
feed side, the O2 partial pressure of the retentate was lower, and more O2 migrated 
from the permeate to the retentate side. This led to maintain the same O2 
concentration of around 13.5%vol while allowing the CO2 concentration to remain 
at levels above 18%vol. To solve the species balance issue for the variable area and 
variable back pressure strategies, their feed pressure was also slightly reduced at 
GT loadings smaller than 60% MCR (see Figure 6.10A/B).  

The higher relative flue gas flow rate at part load also negatively affected the energy 
performance of the membrane configuration (see Appendix). The energy benefit of 
the reduced feed pressure in the variable feed pressure strategy was completely 
offset by the additional compression power that the higher flue gas flow rate 
required (Figure 6.11). This negative effect was even larger than the energy benefit 
for the variable back pressure strategy, leading to a higher total electricity use per 
CO2 captured of the flue gas compressor than at 100% GT loading. 

Between the three investigated membrane part load strategies, the variable feed 
pressure appears the most favourable, because the decrease in feed pressure led 
to the highest overall compression energy reduction. Despite the higher flue gas 
flow at part load, this strategy was able to maintain the same specific compression  
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Figure 6.9. GT gross efficiency (A), CCGT gross efficiency (B), and flue gas flow (C) as a function of GT 
loading for the configurations without CCS, with MEA capturing 90% of the CO2 at every operating 
point, and with membranes using the variable feed pressure strategy. (D) Presents the net efficiency 
performance map of the three configurations as function of the CCGT output. 

6.8.2. Capture technology performance 
6.8.2.1. Membrane plant performance and recycle mass balance 

The performance of the membranes at part load improved versus the performance 
at full load, confirming the starting hypothesis. Indeed, at part load it was possible 
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to reduce either the membrane area, back pressure, or feed pressure while still 
capturing 90% of the CO2. At part load, the flux was higher due to lower gas 
velocities over the membrane, however this applied to all the species, so also the 
inerts migrated more easily.  

Another observation was that O2 migrated through the CRM from the sweep gas 
(air) to the oxygen lean retentate (flue gas), because the O2 partial pressure of the 
retentate was lower than that of the sweep gas. This caused the O2 concentration 
in the oxidant flow (stream 3) to be around 13.5%vol, rather than the 20%vol in 
normal air. 

The increasing relative flue gas flow at partial GT loading caused a problem in the 
CRM-GT recycle mass balance: the sweep gas ratio needed to be increased with 
respect to the full load case, leading to a decline of the CO2 concentration, and in 
increase of the O2 concentration in stream 3 and 4 (oxidant flow to GT compressor). 
As a result, for the variable area and variable back pressure strategy, it was not 
possible to close the mass and species balance at GT loadings smaller than 60% 
MCR, while maintaining high CO2 concentrations of (close to) 20%vol. In the variable 
feed pressure strategy, this did not occur: because of the lower pressure at the CRM 
feed side, the O2 partial pressure of the retentate was lower, and more O2 migrated 
from the permeate to the retentate side. This led to maintain the same O2 
concentration of around 13.5%vol while allowing the CO2 concentration to remain 
at levels above 18%vol. To solve the species balance issue for the variable area and 
variable back pressure strategies, their feed pressure was also slightly reduced at 
GT loadings smaller than 60% MCR (see Figure 6.10A/B).  

The higher relative flue gas flow rate at part load also negatively affected the energy 
performance of the membrane configuration (see Appendix). The energy benefit of 
the reduced feed pressure in the variable feed pressure strategy was completely 
offset by the additional compression power that the higher flue gas flow rate 
required (Figure 6.11). This negative effect was even larger than the energy benefit 
for the variable back pressure strategy, leading to a higher total electricity use per 
CO2 captured of the flue gas compressor than at 100% GT loading. 

Between the three investigated membrane part load strategies, the variable feed 
pressure appears the most favourable, because the decrease in feed pressure led 
to the highest overall compression energy reduction. Despite the higher flue gas 
flow at part load, this strategy was able to maintain the same specific compression  
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energy over the GT loading range (Figure 6.11). The SPECCA did increase 
significantly, like for the MEA configuration, due to the reduction in CCGT efficiency 
at partial loading (Figure 6.11, Figure 6.13). A drawback of the variable feed 
pressure strategy was that it required a higher CRM area at partial loading than at 
full load, thereby slightly increasing capital costs (next section). 

6.8.2.2. MEA plant and steam cycle-reboiler performance 
As described in section 6.5.1, the steam cycle pressure levels decline at lower 
loading; the IP-LP crossover pressure slowly reduces to 2.58 bar at MSL (Table 6.8). 
The modelled pressure drop in the reboiler steam pipe and HX’s is however small, 
rendering usable steam condensation temperatures in the reboiler. Given the 
required solvent side reboiler temperature of 120 °C, the cold end of the reboiler 
still sees a 5.7°C temperature difference when the GT is running at minimum load. 
The Aspen Plus model showed this is enough to operate the reboiler at part load 
(see Figure 6.7), given the large amount of exchanger area available relative to the 
solvent and steam flows. Although the log mean temperature difference decreased 
from 11°C to 6.3°C from maximum to minimum GT loading, the resulting U·A 

Table 6.8. IP-LP crossover pressure levels, reboiler pressure, and reboiler temperatures over the 
loading range. 

GT loading 100% 90% 80% 70% 60% 50% 40% 35% 
IP-LP crossover 
pressure (bar) 

3.52 3.39 3.27 3.15 2.99 2.85 2.72 2.58 

Reboiler pressure 
(bar) 

3.35 3.23 3.13 3.02 2.87 2.74 2.63 2.49 

Condensation 
temperature (°C) 

137.3 136.1 133.9 132.4 130.7 129.2 126.6 125.7 

Stripper temperature 
(°C, for fixed L/G) 

120 120 120 120 120 120 120 120 

Available ΔT 
reboiler cold end 
(°C) 

17.3 16.1 13.9 12.4 10.7 9.2 6.6 5.7 

 

 

Figure 6.10. Calculated membrane area and pressure ratio over the CCM membrane. (A) Variable 
membrane area strategy, (B) variable back pressure strategy, (C) variable feed pressure strategy. 
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energy over the GT loading range (Figure 6.11). The SPECCA did increase 
significantly, like for the MEA configuration, due to the reduction in CCGT efficiency 
at partial loading (Figure 6.11, Figure 6.13). A drawback of the variable feed 
pressure strategy was that it required a higher CRM area at partial loading than at 
full load, thereby slightly increasing capital costs (next section). 

6.8.2.2. MEA plant and steam cycle-reboiler performance 
As described in section 6.5.1, the steam cycle pressure levels decline at lower 
loading; the IP-LP crossover pressure slowly reduces to 2.58 bar at MSL (Table 6.8). 
The modelled pressure drop in the reboiler steam pipe and HX’s is however small, 
rendering usable steam condensation temperatures in the reboiler. Given the 
required solvent side reboiler temperature of 120 °C, the cold end of the reboiler 
still sees a 5.7°C temperature difference when the GT is running at minimum load. 
The Aspen Plus model showed this is enough to operate the reboiler at part load 
(see Figure 6.7), given the large amount of exchanger area available relative to the 
solvent and steam flows. Although the log mean temperature difference decreased 
from 11°C to 6.3°C from maximum to minimum GT loading, the resulting U·A 

Table 6.8. IP-LP crossover pressure levels, reboiler pressure, and reboiler temperatures over the 
loading range. 

GT loading 100% 90% 80% 70% 60% 50% 40% 35% 
IP-LP crossover 
pressure (bar) 

3.52 3.39 3.27 3.15 2.99 2.85 2.72 2.58 

Reboiler pressure 
(bar) 

3.35 3.23 3.13 3.02 2.87 2.74 2.63 2.49 

Condensation 
temperature (°C) 

137.3 136.1 133.9 132.4 130.7 129.2 126.6 125.7 

Stripper temperature 
(°C, for fixed L/G) 

120 120 120 120 120 120 120 120 

Available ΔT 
reboiler cold end 
(°C) 

17.3 16.1 13.9 12.4 10.7 9.2 6.6 5.7 

 

 

Figure 6.10. Calculated membrane area and pressure ratio over the CCM membrane. (A) Variable 
membrane area strategy, (B) variable back pressure strategy, (C) variable feed pressure strategy. 
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 (heat transfer) value stayed roughly the same at values of around 12 MJ/s·K. This 
suggests that the fixed L/G strategy could be possible for part load operation of the 
CCGT MEA system. 

 

Figure 6.11. Energy performance of the membrane configuration with variable feed pressure over 
the GT loading range. 
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Applying the fixed L/G strategy, the thermodynamic performance is stable over the 
GT loading range (Figure 6.12). The specific reboiler duty decreases with less than 
0.1 point from full load to minimum load, indicating that the column design  
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height already allowed CO2 dissolution to approach equilibrium at full load. The 
SPECCA however increases at lower loading, due to the decreasing efficiency of the 
combined cycle (Table 6.1, Figure 6.9D). The MEA 96% scenario led to lower CO2 
emission intensity than the MEA 90% scenario (Figure 6.13A). Because the 
additional energy requirement of the MEA 96% scenario was marginal (Appendix), 
this also led to a lower SPECCA than the MEA 90% scenario (Figure 6.13B). 

6.8.3. Capital and operational cost estimates 
In addition to slightly better technical performance, the capital costs of the MEA 
configuration are also favourable over the membrane configuration (Table 6.9, -
30%/+50% accuracy range, excluding owner’s costs and interest during 
construction). This is partly due to the more expensive CCGT in the membrane 
configuration – the MEA configuration can do with a smaller, hence cheaper, low 
pressure steam turbine – and partly due to the high costs of the recycle and capture 
equipment. Also the CO2 compression and purification section is much more 
expensive for the membrane configuration, owing to the high costs of the cold box 
heat exchangers. The most expensive equipment of the membrane plant are the 
flue gas blower > direct contact coolers > CO2 recycle membrane > cold box HX’s > 
flue gas expander > air cooler (Figure 6.14). The other equipment have a smaller 
impact on total capex. The most expensive equipment of the MEA plant are: 
absorber > direct contact coolers > DCC circulation water coolers > CO2 compressor 
> lean/rich cross-HX > stripper reboiler (Figure 6.14). 

The operational costs of the membrane configuration are some 10 M€/year lower 
than the MEA configuration, however, it suffers from a significant investment in 
new membranes every 6 years (Table 6.9). Restart costs are an order of magnitude 
smaller than the fixed operational costs and membrane replacement costs, and two 
orders of magnitude smaller than fuel costs, making their impact on life time costs 
minor. Last, note that the transport and storage costs of the MEA 96% case are 
1M€/yr higher than for the other cases, since a larger yearly amount of CO2 is 
capture from the power plant. 

 

Table 6.9. Overview of capital and operational costs of the scenarios with and without CCS. The reported total plant costs have a -30% to +50% accuracy 
range (AACE class 4 estimate). Note that MEA solvent replacement is included in the variable operational costs.  

Cost item Unit CCGT 
w/o CCS 

CCGT 
MEA 
90% 

CCGT 
MEA 
96% 

CCGT 
membrane area 

CCGT 
membrane 

back pressure 

CCGT 
membrane 

feed pressure 
EPC costs        
   CCGT M€ 512 437 437 502 502 502 
   Capture    plant M€ - 249 249 338 338 346 
   Compression      plant/CPU M€ - 43 43 126 126 126 
Total EPC M€ - 729 729 966 966 974 
Total plant costs M€ 564 889 889 1202 1202 1213 
Fuel costs M€/yr 236 234 234 231 231 231 
Fixed operational costs M€/yr 32 49 49 47 47 47 
Variable operational costs M€/yr 3 9 9 3 3 3 
Membrane replacement costs M€/6yr - - - 76 76 85 
Transport and storage M€/yr  24 25 24 24 24 
Restart costs M€/yr 5 5 5 5 5 5 

 

Table 6.10. Techno-economic performance indicators of the CCGT w/o CCS, with MEA capture, and with membrane capture. Values are the weighted 
average values calculated over the power plant dispatch profile using the part load approach. 

Performance indicator Unit CCGT w/o 
CCS 

CCGT MEA 
90% 

CCGT MEA 
96% 

CCGT 
membrane 

area 

CCGT 
membrane 

back pressure 

CCGT 
membrane 

feed pressure 
Annual electricity output GWh 5229 4467 4455 4304 4299 4333 
CO2 emission intensity kg/MWh 378 40 29 47 47 46 
SPECCA GJ/t CO2 - 3.3 3.2 3.9 4.0 3.8 
Total plant cost M€ 564 889 889 1201 1201 1213 
LCOE €/MWh 71.3 102.0 102.4 113.0 113.2 112.8 
Cost of CO2 avoided €/t CO2 - 90.8 89.1 120.5 121.1 119.6 
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Table 6.11. Comparison of the part load LCOE (based on the hypothetical dispatch profile) and the full load method (assuming an 85% capacity factor). 
Performance 
indicator 

Unit CCGT w/o 
CCS 

CCGT MEA 
90% 

CCGT MEA 
96% 

CCGT 
membrane area 

CCGT 
membrane back 

pressure 

CCGT 
membrane feed 

pressure 
Part load LCOE €/MWh 71.3 102.0 102.4 113.0 113.2 112.8 
Full load LCOE €/MWh 64.8 90.9 90.9 98.8 98.8 98.8 

 

 

Table 6.12. Techno-economic performance of the CCGT w/o CCS, with MEA capture, and with membrane capture, assuming the same GT efficiency in the 
(S)EGR cases as in normal operation. Values are the weighted average values calculated over the power plant dispatch profile using the part load 
approach. 
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CCGT MEA 
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membrane 

back pressure 

CCGT 
membrane 

feed pressure 
CO2 emission 
intensity 

kg/MWh 378 40 28 45 45 45 

SPECCA GJ/t CO2 - 3.2 3.1 3.2 3.3 3.0 
LCOE €/MWh 71.3 101.4 101.4 108.5 108.6 108.3 
Cost of CO2 
avoided 

€/t CO2 - 83.7 80.9 106.3 106.6 105.7 

 

 

 

 

 

Figure 6.14. EPC breakdown for the membrane (l) and MEA (r) capture and compression plants (M€). 
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realistic dispatch profile. They show the usefulness of the approach for R&D policy 
and decision making by capturing the complexities of flexible (real) dispatch in 
simple performance metrics. 

Table 6.10 and Figure 6.15 show that the postcombustion MEA configuration is the 
more favourable CO2 capture alternative, also when part load operation is taken 
into account. The MEA configuration shows a clearly lower emission intensity, 
SPECCA, and costs than the membrane configuration. Of the two investigated MEA 
scenarios, the 96% capture scenario shows the lowest emission  

 

Figure 6.15. LCOE breakdown of the CCGT w/o CCS, with MEA capture, and with membrane capture. 
Values are the weighted average values calculated over the hypothetical power plant dispatch 
profile using the part load approach. 
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intensity, at comparable energy efficiency, and at comparable costs per MWh as 
the 90% capture scenario. Of the membrane strategies, the reduced feed pressure 
strategy is the most favourable, presenting the best thermodynamic performance.  

The LCOE is however similar to the other membrane strategies due to the slightly 
higher membrane area. Furthermore, Figure 6.15 shows that the fuel costs make 
up the majority of the LCOE, but that the higher capital and membrane 
replacement costs of the membrane configurations cause the LCOE difference 
with MEA. The power plant restart costs have a very limited impact on LCOE. As a 
reference,  

Table 6.11 compares the LCOE of all the configurations when calculated with the 
part load approach, and when full load operation (85% CF) is assumed. The cost 
ranking between the configurations is the same using the part load, or the full load 
approach. The absolute values are, however, noticeably higher when the part load 
approach is used. 

6.9. Discussion 
6.9.1. Effect of EGR on GT performance 

In section 6.8.1 we discussed the reduced GT efficiency in case of (S)EGR, which 
impacts the thermodynamic performance of the CCGT configurations with MEA and 
membranes. If exhaust gas recycles become more common, it is plausible that GT 
vendors will redesign GT’s to improve their performance under conditions of higher 
CO2 and lower nitrogen and oxygen concentrations. We studied this effect by 
assuming that the GT gross efficiency in the (S)EGR configurations is equal to that 
of combustion with normal air. The techno-economic performance indicators 
under this assumption are presented in Table 6.12. The improved GT efficiency 
significantly improves the technical performance of the membrane configurations: 
their SPECCA is reduced by ~0.75 GJ/t CO2. The SPECCA of the MEA configurations 
improves less: ~0.1 GJ/t CO2. This indicates that the membrane configuration could 
be technically competitive with MEA, if the GT’s can be modified to run more 
efficiently on an (S)EGR oxidant composition. The LCOE and CCA of the membrane 
configurations are, however, still higher than that of MEA, owing to the high capital 
costs and membrane replacement costs. This implies that even with improved GT 
efficiency, the membrane system in this case study is unlikely to become 
economically competitive with postcombustion MEA solvent. 
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the 90% capture scenario. Of the membrane strategies, the reduced feed pressure 
strategy is the most favourable, presenting the best thermodynamic performance.  

The LCOE is however similar to the other membrane strategies due to the slightly 
higher membrane area. Furthermore, Figure 6.15 shows that the fuel costs make 
up the majority of the LCOE, but that the higher capital and membrane 
replacement costs of the membrane configurations cause the LCOE difference 
with MEA. The power plant restart costs have a very limited impact on LCOE. As a 
reference,  
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part load approach, and when full load operation (85% CF) is assumed. The cost 
ranking between the configurations is the same using the part load, or the full load 
approach. The absolute values are, however, noticeably higher when the part load 
approach is used. 

6.9. Discussion 
6.9.1. Effect of EGR on GT performance 

In section 6.8.1 we discussed the reduced GT efficiency in case of (S)EGR, which 
impacts the thermodynamic performance of the CCGT configurations with MEA and 
membranes. If exhaust gas recycles become more common, it is plausible that GT 
vendors will redesign GT’s to improve their performance under conditions of higher 
CO2 and lower nitrogen and oxygen concentrations. We studied this effect by 
assuming that the GT gross efficiency in the (S)EGR configurations is equal to that 
of combustion with normal air. The techno-economic performance indicators 
under this assumption are presented in Table 6.12. The improved GT efficiency 
significantly improves the technical performance of the membrane configurations: 
their SPECCA is reduced by ~0.75 GJ/t CO2. The SPECCA of the MEA configurations 
improves less: ~0.1 GJ/t CO2. This indicates that the membrane configuration could 
be technically competitive with MEA, if the GT’s can be modified to run more 
efficiently on an (S)EGR oxidant composition. The LCOE and CCA of the membrane 
configurations are, however, still higher than that of MEA, owing to the high capital 
costs and membrane replacement costs. This implies that even with improved GT 
efficiency, the membrane system in this case study is unlikely to become 
economically competitive with postcombustion MEA solvent. 
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6.9.2. Impact of LP steam quality for reboiler 
Another issue that can favour the technical performance of the membrane 
configuration is the quality of the LP steam that is available for the MEA reboiler. 
Our modelling results showed that it is possible that the quality is sufficient to 
maintain the reboiler temperature around 120°C without reducing stripper 
pressure, thereby allowing to use a fixed L/G ratio at part load. The sufficient steam 
quality was a result of the low (modelled) pressure drop in the LP steam extraction 
pipe, desuperheater, and reboiler of around 0.1 bar. Sanchez-Fernandez et al [17], 
however, found pressure drops of up to 1 bar for the steam extraction pipe and 
heat exchangers, which negatively impacted the performance of their MEA model 
at part load. This could imply that our results are biased towards favourable MEA 
performance, and in a real plant the MEA and membrane technical performance 
could be more equal. Confirmation of either result can only be done in large 
demonstration, or industrial size plants. 

6.9.3. Comparison to other studies 
Comparison of our results with the two other studies that investigated the 
membrane-SEGR cycle – only at full load - renders a mixed picture (Table 6.13). Turi 
et al. [15], confirm our results that membranes may have favourable technical 
performance over MEA, if the GT efficiency in the SEGR cycle is not impacted by 
differences in oxidant composition. They also confirm our findings that despite this, 
the Polaris membrane-SEGR cycle is not economically competitive with MEA. 
Merkel et al. [13], estimated that the membrane-SEGR cycle is also economically 
competitive with MEA. Note however that both studies did not use exhaust gas 
recycle in the MEA case, and did not calculate the MEA capital costs themselves, 
but rather used generic reference values. This means the assessment of the MEA 
and membrane configurations in those studies were not like-for-like, which may 
have impacted their results in favour of the membrane configuration.  

6.9.4. Impact of membrane costs 
As indicated in the description of the economic methods and results, the costs of 
commercial CO2 capture membranes is still uncertain, and may change the costs of 
electricity of the SEGR membrane system. Table 6.14 shows the change in LCOE 

 

 

 

Table 6.13. Comparison of results with other membrane/SEGR studies. 
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Table 6.14. Sensitivity of LCOE to changes in membrane costs for the variable feed pressure part 
load strategy.  

Performance 
indicator 

Unit Membrane costs 
low (20 €/m2) 

Membrane costs 
base (40 €/m2) 

Membrane costs 
high (80 €/m2) 

LCOE €/MWh 110.1 112.8 118.1 
 

when the membrane costs decrease with 50%, or increase with 100% from the base 
value of 40 €/m2 (Table 6.6). The impact of the membrane costs is limited for this 
system: cutting membrane costs in half reduces the LCOE with 3 €/MWh, while a 
doubling in membrane costs increases the LCOE with 5 €/MWh. The sensitivity of 
our system to membrane costs is more limited than the system earlier assessed by 
Turi [15]. This is explained by the higher dominance of fuel costs in our study – due 
to a higher fuel price assumption - but also because Turi et al., assume a membrane 
replacement frequency of 3 years, rather than six years in our study. This shows 
that higher membrane production costs may be allowed, if this significantly 
increases its durability. 
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6.9.5. Impact of dispatch profile 
The selection of a dispatch profile can have a large influence on technology 
comparison if the performance delta of the technologies changes over the loading 
range. As discussed in section 6.8 already, the relative performance difference 
between the MEA and the membrane configuration remains constant over the 
loading range, leading the overall conclusions on techno-economic performance to 
remain the same, despite the selected dispatch profile (Figure 6.16). There are 
however noticeable changes in absolute values. Not surprisingly, the SPECCA and 
LCOE values are lowest in the profiles that lean towards full dispatch, and are 
highest in the profiles that go towards minimal dispatch, stressing the relevance of 
including flexible operation and lower power with CCS plant utilisation scenarios in 
techno-economic studies.  

6.9.6. Operability of the SEGR-membrane configuration 
Last, section 6.8.2.1 discussed the part load operation of the configuration with 
membranes and selective EGR, and showed that part load operation required 
careful balancing of operational parameters to reach convergence while 
maintaining a high CO2 content in the flue gas. Simultaneous varying of feed 
pressure, CCM and CRM surface area, and recycle flow appeared necessary. This 
suggests that the membrane configuration requires an advanced control scheme if 
it were to be built, and that it is likely more difficult than MEA to operate optimally. 
We draw from this that although the SEGR cycle may look promising on the drawing 
board, real plants may better use normal EGR with MEA, or for instance with a 
simple membrane configuration (e.g. [14], [16], [43], [44], [50]), unless membrane 
selectivity of CO2 over N2 but also O2 can be significantly improved. As an indication, 
at membrane permeance of around 1000 gpu, an 10-fold increase of CO2 selectivity 
to both nitrogen and oxygen (as used in this study, Table 6.3) would significantly 
improve the efficiency of the CCGT SEGR membrane system, and is expected to also 
improve its operating stability [15]. 

 

 

 

Figure 6.16. Techno-economic performance of the CCGT w/o CCS, with MEA capture, and with 
membrane capture, at different dispatch profiles. Values are the weighted average values 
calculated over the power plant dispatch profile. The Brouwer 60% RES 2050 profile was the 
hypothetical profile used as the basis of this study. 
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6.10. Conclusion 
This work compared the techno-economic performance of a CCGT equipped with 
CO2 capture using an advanced membrane configuration with selective exhaust gas 
recycle, and using MEA solvent, under the assumption of flexible power plant 
dispatch. This was the first time that the techno-economic performance of different 
CO2 capture technologies was compared assuming a flexible dispatch profile, and 
the assessment was done using a comprehensive, new, part load assessment 
method.  

The paper started from the hypothesis that the relative energy performance of 
postcombustion membranes versus postcombustion solvents improves at part load 
due to increased species flux through the membrane, and resulting lower 
compression requirements. Our part load assessment method disproved this 
hypothesis: indeed at part load a higher species flux was observed – for all species 
– meaning that the pressure ratio over the membrane could be reduced, leading to 
lower energy requirements of rotating equipment. However, this reduction was 
offset because at part load the flue gas flow to GT output ratio increased, requiring 
relatively more flue gas to be compressed. 

The part load method further highlighted that not only the membrane selectivity 
of CO2 to N2 is important, but that also the CO2 over oxygen selectivity of the CO2 
recycle membrane should be significantly improved with respect to current 
performance. This would provide the plant operator with an essential means to 
control the gas composition of the exhaust gas recycle, without which it would be 
likely impossible to manage the plant through transients. 

In this particular case, the conclusions on competitiveness of the assessed 
technologies are the same when analysed at full load and at part load, because the 
technical performance delta between the technologies remained the same over the 
power plant loading range. The technical performance of the MEA configuration 
outperformed the membrane configuration over the whole CCGT loading range. 
The MEA SPECCA increased from 3.02 GJ/t CO2 at 100% GT loading, to 3.65 GJ/t CO2 
at 35% GT loading; the membrane SPECCA using the most favourable part load 
strategy increased from 3.35 to 4.20 GJ/t CO2 over the same loading range. The 
main reason for the lesser performance of the membrane configuration lies in the 
reduced gas turbine efficiency, due to the high CO2 concentration caused by the 
selective recycling of CO2 to the combustor. The picture changed if equal GT 

 

efficiency was assumed for combustion with normal air and with the SEGR oxidant: 
in that case the membranes’ technical performance was comparable to that of 
MEA. The capital costs of the CCGT with membrane configuration were 35% higher 
than the CCGT with MEA configuration. That, and the 6-year replacement 
frequency of the membranes led the part load levelised cost of electricity to be 
112.8 €/MWh for the membrane, versus 102 €/MWh for the MEA configuration. 
The full load LCOE for the membrane and MEA configuration were 99.7 €/MWh and 
91.3 €/MWh respectively, significantly lower than the part load LCOE’s. Improving 
the GT efficiency for SEGR/membranes improved the LCOE of the membrane 
configuration, but not enough to become competitive with MEA. 

The study further found that the LCOE difference between the membrane and MEA 
configuration becomes larger when lower dispatch is assumed, because the high 
membrane capital costs start to weigh on LCOE more heavily at low plant 
utilisation. Also, for technologies that show a distinctively different performance 
delta over the loading range (between maximum continuous rating and minimum 
stable load), the choice of dispatch profile becomes more relevant, and may favour 
one technology over another. Selection of a representative dispatch profile thus 
remains key to CCS technology comparison. 

Finally, it should be noted that detailed techno-economic performance data is still 
lacking in the public domain, more so for membranes than for MEA. Examples are 
measurements of solvent make up in MEA plants, or the pressure drop between 
IP/LP crossover and MEA reboiler, and the effect of flexible operation on those. For 
the membranes, the most important gap is on (the effect of flexible operation on) 
membrane replacement frequency. Also cost data is often scarce and/or has a weak 
knowledge basis. These gaps may not significantly change the results of early 
techno-economic feasibility studies (equivalent to AACE class 4), because at those 
levels one is interested in differences in the order of magnitude. The data gaps do 
become relevant when more detailed technology assessments are undertaken. 
Most of the missing information is of the operational kind, and can thus only be 
made available by sharing results of extended trials in large demonstration, or 
commercial plants.  

Concluding, the results in this study show the importance of part load assessment 
of power plants and CCS technologies. Not only does it show that levelised 
electricity costs are higher in reality than in the full load studies, but also does part 
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load assessment provide critical insights into technology performance at off-design 
conditions, and the resulting effect on economics. This paper showed that each 
investigated technology, NGCC, MEA plant, and membrane plant, responds 
differently to off-design conditions, leading to relevant changes in part load 
performance. Not only is this knowledge elemental for decision making on 
technology R&D and investment in new plants, but also for technology 
comparisons, because one technology may be better suited to operate under 
realistic dispatch conditions than the other. 

 

6.11. Appendix 
Table A1. Breakdown of thermodynamic performance of the studied CCGT configurations. 

Operating point (% GT load) 100% 80% 60% 40% 35% 
      
CCGT      
Fuel input (MWLHV) 1503 1287 1065 836 777 
GT gross power output (MW) 570 459 346 233 204 
ST gross power output (MW) 321 287 250 211 200 
Parasitic load (MW)      
  Power section 14 13 12 12 11 
Net power output (MW) 877 733 584 432 393 
Gross efficiency (%LHV) 59.24 57.92 56.00 53.02 52.00 
Net efficiency (%LHV) 58.35 56.93 54.86 51.63 50.53 
CO2 emission intensity 
(kg/MWh) 

354 363 377 400 409 

      
CCGT MEA 90%      
Fuel input (MWLHV) 1492 1279 1060 833 775 
Gross power output (MW) 804 675 539 398 361 
Parasitic load (MW)      
  Power section 14 13 12 11 11 
  MEA plant 13 12 11 9 9 
  Compression section 23 20 17 13 13 
Net power output (MW) 754 630 499 364 329 
Gross efficiency (%LHV) 53.91 52.82 50.81 47.79 46.66 
Net efficiency (%LHV) 50.53 49.29 47.08 43.71 42.41 
CO2 recovery (%) 90 90 90 90 93 
CO2 emission intensity 
(kg/MWh) 

38 41 41 46 35 

Specific reboiler duty (GJ/t 
CO2) 

3.68 3.65 3.65 3.58 3.58 

SPECCA (GJ/t CO2) 3.02 3.05 3.23 3.57 3.65 
      

 

Operating point (% GT load) 100% 80% 60% 40% 35% 
CCGT MEA 96%      
Fuel input (MWLHV) 1492 1279 1060 833 775 
Gross power output (MW) 804 674 537 396 360 
Parasitic load (MW)      
  Power section 14 13 12 11 11 
  MEA plant 13 12 11 9 9 
  Compression section 23 20 17 14 13 
Net power output (MW) 754 629 497 361 327 
Gross efficiency (%LHV) 53.91 52.74 50.71 47.56 46.51 
Net efficiency (%LHV) 50.53 49.19 46.91 43.37 42.21 
CO2 recovery (%) 90 92 94 96 96 
CO2 emission intensity 
(kg/MWh) 

38 34 27 19 20 

Specific reboiler duty (GJ/t 
CO2) 

3.68 3.69 3.65 3.63 3.63 

SPECCA (GJ/t CO2) 3.02 3.03 3.18 3.48 3.62 
      
CCGT membrane variable area      
Fuel input (MWLHV) 1460 1257 1050 835 780 
Gross power output (MW) 845 710 573 432 396 
Parasitic load (MW)      
  Power section 15 15 15 15 15 
  Membrane plant 57 52 46 35 34 
  Compression & purification       
unit 

44 40 35 29 28 

Net power output (MW) 728 603 477 353 320 
Gross efficiency (%LHV) 57.84 56.48 54.56 51.78 50.79 
Net efficiency (%LHV) 49.84 47.99 45.45 42.29 41.08 
CO2 recovery (%) 90 90 90 90 90 
CO2 emission intensity 
(kg/MWh) 

40 43 49 52 54 

SPECCA (GJ/t CO2) 3.35 3.69 4.15 4.42 4.62 
      
CCGT membrane var. back 
pressure 

     

Fuel input (MWLHV) 1460 1257 1050 835 780 
Gross power output (MW) 845 710 573 432 396 
Parasitic load (MW)      
  Power section 15 15 15 15 15 
  Membrane plant 57 52 46 35 34 
  Compression & purification  
unit 

44 38 34 30 29 

Net power output (MW) 728 604 478 351 318 
Gross efficiency (%LHV) 57.8 56.5 54.6 51.8 50.8 
Net efficiency (%LHV) 49.8 48.1 45.5 42.0 40.7 
CO2 recovery (%) 90 90 90 90 90 
CO2 emission intensity 
(kg/MWh) 

40 43 47 54 56 
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Gross power output (MW) 845 710 573 432 396 
Parasitic load (MW)      
  Power section 15 15 15 15 15 
  Membrane plant 57 52 46 35 34 
  Compression & purification  
unit 

44 38 34 30 29 

Net power output (MW) 728 604 478 351 318 
Gross efficiency (%LHV) 57.8 56.5 54.6 51.8 50.8 
Net efficiency (%LHV) 49.8 48.1 45.5 42.0 40.7 
CO2 recovery (%) 90 90 90 90 90 
CO2 emission intensity 
(kg/MWh) 

40 43 47 54 56 
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Operating point (% GT load) 100% 80% 60% 40% 35% 
SPECCA (GJ/t CO2) 3.35 3.64 4.10 4.62 4.86 
      
CCGT membrane var. feed  
pressure 

     

Fuel input (MWLHV) 1460 1257 1050 834 778 
Gross power output (MW) 845 710 573 432 396 
Parasitic load (MW)      
  Power section 15 15 15 15 15 
  Membrane plant 57 48 39 31 28 
  Compression & purification 
unit 

44 40 35 29 28 

Net power output (MW) 728 606 485 357 325 
Gross efficiency (%LHV) 57.84 56.48 54.57 51.80 50.86 
Net efficiency (%LHV) 49.84 48.26 46.15 42.81 41.76 
CO2 recovery (%) 90 90 90 90 90 
CO2 emission intensity 
(kg/MWh) 

40 43 47 51 53 

SPECCA (GJ/t CO2) 3.35 3.55 3.75 4.12 4.20 
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7. Summary and conclusions 
7.1. Research context/background 

Climate change is one of the largest challenges for humankind in the twenty-first 
century. Caused by man-induced emissions of CO2, methane, and other heat 
trapping molecules, climate change is likely to increase the average temperature 
on earth with several degrees, leading to sea level rise and ocean acidification, 
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CO2 capture plant, while in reality these plants are expected to operate in a flexible 
manner. These three issues prevent optimal decision making on (CCS) technology 
selection, and therefore conflict with the need for targeted technology 
development. 

7.2. Goal and research questions 
In light of the above, the research goal of this thesis was twofold: first, to 
investigate key methodological issues concerning the reliability and uncertainty of 
ex-ante techno-economic analysis for emerging technologies, and second, to 
propose methodological improvements to current modelling practices. These 
improvements were applied to, and tested in, case studies of existing and emerging 
CO2 capture technologies for the power sector, because proposed CCS technologies 
are multiple and very diverse. 

To fulfil the research goal, the following three research questions were addressed: 

RQ1. What are the main challenges when using state-of-the-art techno-economic 
analysis methods to assess emerging CO2 capture technologies, and how can these 
challenges be addressed?  

RQ2. How is uncertainty analysis incorporated in techno-economic modelling of 
CO2 capture technologies, where are the most important gaps, and how can 
uncertainty analysis be improved? 

RQ3. How can flexible dispatch be incorporated in the techno-economic analysis 
and comparison of CO2 capture technologies, and how does this influence their 
performance?  

7.3. Summary of the results 
Chapter 2 aimed to improve uncertainty analysis for process simulation models by 
combining quantitative and qualitative uncertainty analysis approaches, thereby 
addressing RQ I and II. It showed that quantitative uncertainty analysis leaves a gap 
in evaluation of model uncertainties, mainly related to the knowledge base, and 
how qualitative uncertainty analysis can fill that gap. It also showed how process 
modelling of CO2 capture technologies (that are close to commercialisation) is 
currently undertaken, and which challenges are still present when modelling near 
commercial technology with commercial software packages.  

 

Chapter 2 started out by describing approaches for uncertainty analysis that are 
currently used in process modelling, which are mainly quantitative in nature. The 
most common are sensitivity analysis and/or parametric analysis, validation, and 
sometimes Monte Carlo simulation. It then described gaps that these quantitative 
methods leave and proposed to use complementary qualitative uncertainty 
analysis, notably pedigree analysis, which is a method to systematically review the 
strength of knowledge, data, and models, using expert elicitation. The combination 
of quantitative uncertainty analysis and qualitative uncertainty analysis was tested 
on a case study of monoethanolamine based postcombustion CO2 capture (TRL 7-
8) from a coal power plant, modelled in Aspen Plus. Data validation was used to 
quantitatively assess the uncertainty of the inputs and outputs of the MEA model, 
and a modest parametric analysis was done to optimise process performance. 
Pedigree analysis was used to qualitatively assess the uncertainty in the current 
knowledge base on MEA carbon capture systems, the uncertainty in the MEA 
process model, and the uncertainty of the MEA model results. The pedigree scoring 
was done by thirteen international experts in the field of postcombustion carbon 
capture with chemical solvents. 

The chapter showed that although modelling of near commercial CO2 capture 
technologies can be done using physical property packages present in commercial 
software, these can still contain large uncertainties and need careful screening. For 
instance, our validation found that the MEA model was inaccurate in predicting 
pilot plant results of L/G ratio and specific reboiler duty, and the pedigree analysis 
pinpointed the chemistry submodel as potential cause. Adjustment of the chemical 
equilibrium coefficients improved the comparability of model and pilot results, and 
thus improved overall model reliability. 

The results indicated that using a pedigree approach improved uncertainty 
evaluation in three ways. First, by highlighting sources of uncertainty that 
quantitative uncertainty analysis does not take into account, such as uncertainty in 
the knowledge base, and uncertainty in the model structure. Validation can show 
the differences, and pedigree analysis can pinpoint the source of these differences 
by systematically screening the background of the model and its input data. 
Second, by providing a systematic approach to uncertainty evaluation that 
increases the awareness, and fosters an enhanced appreciation of uncertainty, 
both by the modeller and the model user. And finally, by presenting the outcomes 
in easy to understand numerical scores and colours, improving the communication 
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of uncertainties found in complex process models. In combination with quantitative 
validation, the pedigree approach can provide a strong method to gain deep insight 
into the strengths and weaknesses of a process model, and to communicate this to 
policy and decision makers. 

The discussion of the pedigree matrix approach also highlighted some issues. The 
pedigree criteria and their linguistic descriptions should be as clear and 
unambiguous as possible, because otherwise reviewers may doubt their meaning 
and provide scores based on a wrong understanding. In this case the criterion proxy 
was unclear to some reviewers, which led to reluctance to provide scores for this 
criterion. The design of the scoring procedure is another issue that needs careful 
consideration. Expert selection is of key importance and should try to include 
expertise on all parts of the data/model/study under review. A minimum of six 
reviewers was mentioned as lower threshold for reliable results. Also the pros and 
cons of remote pedigree analysis (e.g. via email) and a face-to face expert workshop 
were discussed. The chapter finally highlighted that the pre-assignment of pedigree 
scores by the modeller may reduce the time requirement from the experts, but is 
likely to lead to a bias towards the modeller’s original scores. This may be 
interesting to test in future pedigree reviews. 

Chapter 3 continued to address RQ I and II by describing how process models of 
emerging postcombustion capture solvents are developed, by describing how they 
can be used to model commercial scale plants, while they are still at TRL 6, and by 
further developing the uncertainty analysis approach (i.e. model validation and 
pedigree analysis) that was introduced in chapter 2. To this end, it used a case study 
on postcombustion CO2 capture from an advanced super critical coal plant with an 
AMP/PZ solvent blend, a so-called second generation or advanced solvent.  

The development of simulation models for new solvents typically includes the 
development or improvement of the underlying physical property models, such as 
thermodynamics and chemistry. The AMP/PZ model was specified in a dedicated 
software package for simulation of acid gas treatment and CO2 capture 
technologies, called Procedé Process Software. To improve the already present 
physical property models, regressions were done of AMP-PZ binary interaction 
parameters for CO2 solubility, solvent heat capacity, and solvent viscosity. A 
challenging step was to select the most reliable data for regression, especially for 
CO2 solubility, out of a wide range of available experimental studies, which stresses 

 

the need for thorough uncertainty analysis. Based on comparison of the datasets, 
and discussions with experienced modellers, the datasets were used that 1) 
showed close comparability, and 2) came from research institutes with research 
track in this kind of experimental work. The improved AMP/PZ model was then used 
to simulate a commercial size plant, and parametric analysis was used to optimise 
the process design. 

The results showed that AMP/PZ postcombustion technology performs better than 
MEA technology on most performance indicators, e.g., the Specific Reboiler Duty 
was reduced from 3.6 GJ/t CO2 to 2.9 GJ/t CO2 for MEA and AMP/PZ respectively, 
while the specific cooling water requirement was reduced from 4.1 to 3.4 GJ/t CO2. 
Only amine slip to the atmosphere substantially increased with AMP/PZ 
technology: from 0.18 g/t CO2 to 15.3 g/t CO2. Although this value is still within 
emission limits from existing regulatory frameworks, it remains a point of attention 
and further improvement. The coal power plant net efficiency with AMP/PZ capture 
amounted to a value of 37.2%LHV, compared to 46.1%LHV for the case without CCS, 
and 36.2%LHV in case of CCS with MEA.  

The uncertainly analysis was undertaken by validating the physical property models 
against laboratory measurements that had been reported in scientific literature; by 
comparing model results with pilot plant results; and by evaluating the strength of 
the model with pedigree analysis. This time, the pedigree analysis was done by a 
smaller group of international experts, 6 instead of 13 (chapter 2), but the scoring 
was done in a face-to-face workshop instead of remotely (as was the approach in 
chapter 2). Also, a revised pedigree matrix was used that was updated with the 
findings from chapter 2. 

The validation showed that the developed model is well capable of predicting 
experimental and pilot results. The pedigree analysis indicated that the remaining 
uncertainty is mostly in the kinetic model, and in the flowsheet design. Validation 
could be further improved, by more elaborate comparison to independent 
measures of physical properties, and by comparison of the model outputs to results 
from large demonstration or commercial size capture plants. A last finding was that 
the pedigree scores for the submodels were lower than for the overall model, 
owing to differences in validation and methodological rigour of submodel versus 
overall model. This means that the overall model was better validated against pilot 
data, than the submodels were validated against independent lab data. This 
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pedigree review also highlighted two additional procedural lessons. First, some 
experts noted they missed knowledge on parts of the model, notably heat and mass 
transfer models. This raised the question if a reviewer should only score the parts 
of which he is certain, and leave the parts outside his expertise to other 
participants, or if he should nevertheless score all parts of the assessment. Second, 
although the number of reviewers was smaller than in chapter 2, the variance in 
scores was larger. The reason for this seems to be that this time no scores were 
pre-assigned. From this we tentatively draw that pre-assigning scores may be too 
directive and lead to bias. This could be tested in future pedigree reviews. 

Chapter 4 built on chapter 2 and 3 by investigating the modelling practice, and 
uncertainty and variability, in economic studies of early stage carbon capture 
technologies, addressing RQ I and II. It quantified and assessed differences 
between, and causes of uncertainty in two different economic studies that 
investigated the exact same AMP/PZ postcombustion capture process. 
Furthermore, this chapter showed how a combination of sensitivity analysis 
(quantitative uncertainty analysis) and pedigree analysis (qualitative uncertainty 
analysis) into a so-called diagnostic diagram can improve our understanding of the 
importance of the inherent uncertainties of a cost estimate. Last, it touched upon 
RQ III by calculating the levelised economics of a power with AMP/PZ capture at 
low plant utilization (low capacity factor).  

A key insight from chapter 4 was that although the two studies (in this case of 
AMP/PZ postcombustion capture) followed established guidelines for (techno-) 
economic assessment, the results can be significantly different. Both studies used 
the European best practice guidelines for assessment of CO2 capture technologies 
[5] as the design basis to model the coal power plant and the CO2 capture plant. 
Both studies also used the 2013 internationally endorsed white paper by Rubin et 
al [6] as the basis for the cost assessment. But despite this harmonisation of the 
design basis and the capital costing methods, the capital costs of the two studies 
differed by 65%, overshooting the studies’ own reported accuracy ranges (+/-30%). 
There were two major causes for this discrepancy. First, differences in equipment 
sizing methods, for instance the use of different temperature approaches, heat 
transfer coefficients, and heat exchanger types for determining HX surface areas. 
And second, the use of different methods to calculate purchased equipment costs, 
in this case especially for calculating the costs of the columns, which are the most 
expensive equipment in the configurations. Although both sources of uncertainty 

 

may simply be inherent to early stage cost estimates, it can be increased by weak 
estimation methods. 

Furthermore, a capital cost comparison of the two AMP/PZ studies with publicly 
reported vendor costs (e.g. presented in IEAGHG and DOE/NETL reports) led to 
larger differences. It was, however, hard to compare the values of this work’s 
purchased equipment costs with these vendors’ purchased equipment cost 
estimates: the former may be less complete due to less experience with real 
process design, while the latter are often supplied as a lump sum, leaving out details 
that are relevant for comparison. The chapter also found however, that for coal 
power case studies, these capex differences only had limited effect on the levelised 
cost of electricity, because other factors such as efficiency penalty and transport 
and storage costs weighed more heavily. So these capex differences are a reason 
of concern from the perspective of reporting realistic investment costs, but are less 
of a concern for the presentation of realistic LCOE values. 

Chapter 4 also showed that a combination of sensitivity analysis and pedigree 
analysis is a good means to provide insight into the impact of input parameters on 
techno-economic performance indicators, and to understand the strength and/or 
quality of each individual input parameter. The combination gives a comprehensive 
picture of the strengths and weaknesses of the techno-economic study as a whole. 
The benefit of using pedigree analysis complementary to quantitative uncertainty 
analysis is its ability to provide a figure of merit to a parameter, a feature that 
sensitivity analysis alone cannot do. Combination of the two in a diagnostic diagram 
allowed easy to interpret representation and communication of the robustness of 
the reported techno-economic performance indicator (LCOE). In this case, the 
diagnostic diagrams showed that the (similar) LCOE estimates of the two AMP/PZ 
studies were robust, despite weaknesses (pedigree) in the purchased equipment 
cost estimates in study 1 and the solvent price estimate in study 2, because both 
had a limited influence (sensitivity) on LCOE.  

Furthermore, the chapter highlighted the need to estimate transport and storage 
costs in much more detail, because they represent a significant part of the LCOE. 
Also, to report realistic capital cost accuracy margins as prescribed by the AACE: -
30% to +50% for an AACE class 4 estimate (which is a common class for early stage 
techno-economic studies), instead of assuming ±30% uncertainty. Finally, LCOE 
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estimates of low plant utilisation scenarios should be included, because this is more 
realistic for current and future power plants than full load operation. 

The aim of chapter 5 was three-fold, and mainly addressed RQ I and II. First, to 
identify the key challenges when using state of the art methods for developing 
techno-economic assessments of very early stage CCS technologies (TRL 3-4). 
Second, to identify and assess methods that can be used to deal with these 
challenges, and third, to extract lessons for performing meaningful techno-
economic assessments for very early stage technologies. It used a case study on 
CO2 capture from a natural gas combined cycle with exhaust gas recycle and electric 
swing adsorption technology.  

The chapter showed that also for very early stage technologies it is possible to 
conduct techno-economic studies that give a useful first indication of feasibility, 
providing certain conditions are met. These conditions include the availability of 
initial estimates for the energy use of the capture technology, either from bench 
scale measurements, or from rigorous process models, and the possibility to draw 
up a generic (high level) equipment list.  

The chapter further showed that for a meaningful comparison with incumbent 
technologies, the performance of very early stage technologies needs to be 
projected to a future, commercial state. To this end, the state of the art methods 
have to be adapted to incorporate the development and improvements that these 
technologies will undergo during the R&D cycle. We call this a hybrid approach. For 
instance, we projected the future technical performance of the ESA technology 
based on earlier reported preliminary (rigorous) modelling results, accounting for 
improvements in sorbents and process design. In a similar fashion, we projected 
the capital costs of a commercial ESA plant, based on a preliminary equipment list, 
and using cost escalations and technological learning. This may also be a solution 
for other low TRL CCS technologies. The chapter also showed that CO2 capture 
technologies always need to be assessed in sympathy with the CO2 source (e.g. 
power plant) and compression plant, because otherwise unreliable conclusions 
could be drawn on their feasibility.  

Chapter 5 also highlighted that it is unlikely that meaningful techno-economic 
studies can be undertaken for CCS technologies at TRL < 3, because SRD estimates 
based on rigorous modelling or lab measurements are lacking, as well as the 
required basic data to make further development projections. It further found that 

 

the results of very early stage technology screening come – as expected – with 
higher uncertainty margins than more advanced technologies. In the case of ESA 
we found ranges of minus 15% to plus 50% for specific regeneration duty; and 
minus 60% to plus 100% for total plant cost. These TPC ranges are twice those of a 
normal AACE class 4 estimate, as proposed for mid-TRL technologies in chapter 4. 
Moving down the TRL ladder can thus be done, but comes at the expense of wider 
uncertainty ranges. 

From the results it was concluded that electric swing adsorption is unlikely to 
become economically competitive with mature CO2 capture technologies, even 
when considering a highly optimised future state: the net efficiency of an NGCC 
with EGR and optimised ESA (49.3 %LHV) is lower than that of an NGCC with EGR and 
MEA (50.4 %LHV). Also, investment and operational costs are higher than MEA, 
which together with ESA’s lower efficiency leads to an unfavourable levelised cost 
of electricity: 103 €/MWh for NGCC with ESA, versus 91 €/MWh for NGCC with 
MEA. These results show that even at very early stage, sound technology 
assessment is possible, in this case leading to dismiss electric swing adsorption as 
feasible technology for postcombustion CO2 capture. 

Chapter 6 addressed RQ I, II, and especially III, by developing a method for assessing 
the part load techno-economic performance of CO2 capture technologies under 
conditions of flexible dispatch. The method was tested by comparing the 
performance of two postcombustion CO2 capture technologies applied to an NGCC: 
an advanced membrane configuration with selective CO2 recycle, and MEA capture 
with normal exhaust gas recycle. To the author’s knowledge, this was the first time 
that the techno-economic performance of different CO2 capture technologies was 
compared under conditions of flexible dispatch. The technical performance of the 
configurations with and without CCS was simulated at steady state, at operating 
points between maximum continuous rating (100% gas turbine loading), and 
minimum stable load (35% gas turbine loading). The performance at these 
operating points was then aggregated into weighted averages to represent single 
performance indicators (specific CO2 intensity, specific primary energy per tonne of 
CO2 avoided (SPECCA), and levelised cost of electricity (LCOE)) over the dispatch 
profile of the power plant.  

The chapter started from the hypothesis that the relative energy performance of 
postcombustion membranes versus postcombustion solvents improves at part load 
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due to increased species flux through the membrane, resulting in lower 
compression requirements. The results disproved this hypothesis: indeed at part 
load a higher species flux was observed – for all species – meaning that the pressure 
ratio over the membrane could be reduced, leading to lower energy requirements 
of rotating equipment. However, this reduction was offset because at part load the 
flue gas flow to GT output ratio increased, requiring relatively more flue gas to be 
compressed. 

The technical performance of the MEA configuration outperformed the membrane 
configuration over the whole CCGT loading range. The MEA SPECCA increased from 
3.02 GJ/t CO2 at 100% GT loading, to 3.65 GJ/t CO2 at 35% GT loading; the 
membrane SPECCA increased from 3.35 to 4.20 GJ/t CO2. The higher SPECCA of the 
membrane configuration was caused by the reduced gas turbine efficiency, due to 
the selective recycling of CO2 to the GT. When equal GT efficiency was assumed for 
combustion with normal air and with CO2 enriched air, the membranes’ technical 
performance was comparable with that of MEA. The capital costs of the CCGT with 
membrane configuration were 35% higher than the CCGT with MEA configuration. 
That, and the 6-year replacement frequency of the membranes, led the part load 
levelised cost of electricity to be 112.8 €/MWh for the membrane, versus 102.0 
€/MWh for the MEA configuration. The full load LCOE for the membrane and MEA 
configuration were 99.3 €/MWh and 91.3 €/MWh respectively, clearly lower than 
the part load LCOE’s. Improving the GT efficiency for SEGR did not significantly 
change this picture. 

The selection of the dispatch profile was found to influence the comparison of 
technologies if the performance delta between technologies changed over the 
loading range. If this is not the case, then the selection of the dispatch profile 
does not influence the performance order of the compared technologies, only the 
absolute values of the results. 

Finally, it was noted that detailed techno-economic performance data is still lacking 
in the public domain, more so for membranes than for MEA. For membranes, the 
most important gap is on (the effect of flexible operation on) membrane 
degradation and replacement frequency. For the MEA plants, examples are 
measurements of solvent degradation and make up, or the pressure drop between 
IP/LP crossover and MEA reboiler, and the effect of flexible operation on those. 
Also cost data is often scarce and/or has a weak basis. These gaps may not 

 

significantly change the results of techno-economic feasibility studies (equivalent 
to AACE class 4), but do become relevant when more detailed technology 
assessments are undertaken. Most of the missing information is of the operational 
kind, and can thus only be made available by sharing results of extended trials in 
large demonstration or commercial size plants.  

7.4. Main findings and conclusions 
RQ1. What are the main challenges when using state-of-the-art techno-economic 
analysis methods to assess emerging CO2 capture technologies, and how can 
these challenges be addressed?  

The main challenges in ex ante techno-economic assessment of CCS technologies, 
are in the selection or development of sound, fit-for-purpose, technical models for 
mid and high TRL technologies; in the translation of process model results into 
realistic equipment lists and equipment cost estimates; in the comparability of 
different cost studies; and in the sound technical performance analysis of low TRL 
(3-4) technologies from a system perspective. This can be addressed by improving 
process model validation and uncertainty analysis, by increasing awareness and 
skill of sound equipment design and costing practices, by improving transparency 
of published cost studies, and by using hybrid techno-economic approaches for low 
TRL technologies. 

The current state-of-the-art 

The current state-of-the-art in ex-ante techno-economic analysis of energy 
technologies typically includes the use of rigorous process models and detailed 
estimation of capital and operational costs. These are subsequently fed into 
performance estimates like levelised cost of electricity, or energy, (LCOE), and, 
specifically for CCS technologies, the cost of CO2 avoided or captured (CCA or CCC). 
Rigorous process modelling means the use of detailed, first principle based, (sub) 
models for thermodynamics, chemistry, and kinetics, in an (often) commercial 
modelling software like Aspen Plus or gProms. In specific cases (sub) models are 
programmed by modellers themselves, and run either stand alone, or linked to 
commercial modelling software. The detailed estimation of capital costs includes 
the design of a process flow diagram, translation of this into individual equipment 
(sizes), and estimation of individual equipment costs. Sometimes, when reference 
costs are available, the costs of complete plant sections can be estimated based on 
these reference cost estimates. Equipment costs are then escalated to total 
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investments, or total capital requirement, including installation, engineering, 
procurement, and contracting, contingencies, owner’s costs, and interest during 
construction. The use of standard baselines for the techno-economic analysis is 
becoming more commonplace, and is highly recommended, because it aids 
comparability of studies. Examples of baselines and/or guidelines for techno-
economic analysis of CCS technologies are those by the IEAGHG, DOE/NETL, and 
the EBTF, but also others exist. An example of internationally endorsed guidelines 
for cost estimation, including recommended practices and nomenclature, is the 
2013 white paper by Rubin et al. [6]. 

Challenges for technical assessment of CCS technologies 

The first challenge that this thesis encountered was the selection of the most fit 
process model and its submodels. Often, rigorous models are selected, but 
especially their development, and to a lesser extent use, requires a great deal of 
expertise and time. In many cases, especially screening studies, it may be more “fit-
for-purpose” to select a less complex process model. In this light, the use of 
shortcut models could be interesting. These are currently mainly used for 
preliminary technical screening of e.g., solvents (or sorbents) against each other, 
but may also be of use in techno-economic analysis. There is at least one study 
where this was done [7], and it produced useful, although preliminary, techno-
economic results for the purpose of technology screening. 

A second challenge was the sound use of existing physical property models, and the 
selection of reliable datasets for the development, or fitting, of new ones. With 
respect to the former, one lesson was that some amine models in the same 
modelling software (Aspen Plus), are more reliable than others, even if they appear 
the same. As an example for MEA, the Aspen plus e-NTRL-RK thermodynamic model 
with the symmetric reference state produces results that are much more 
comparable to pilot and demonstration measurements than the e-NRTL-RK model 
with the asymmetric reference state. Although seemingly unimportant, the choice 
for the one or the other can seriously impact model outputs. These issues can be 
addressed by submodel validation and background screening. It thus requires a 
sound approach to uncertainty analysis, on which the next section will elaborate. 
The same applies to the selection of reliable datasets for model fitting. Chapter 3 
highlighted that many experimental datasets are available of the CO2 solubility in a 
blend of AMP and PZ. They however measured vastly different solubility values. In 

 

chapter three, the datasets were selected that closely resembled each other, and 
that were produced by the most experienced research groups. The results of the 
overall process model were then validated with pilot studies, however, a more 
thorough uncertainty analysis of the thermodynamic submodel itself may have 
been opportune, as was also indicated during an expert review of the developed 
AMP/PZ model.  

Challenges for the economic assessment of CCS technologies 

This thesis found a lower reliability of economic (CCS) technology assessments than 
of technical (CCS) technology assessments. Even when using harmonised baselines 
and cost estimation methods, the results can differ considerably, as was shown in 
chapter 4. 

One of the highlighted challenges was the translation of process model results into 
realistic equipment lists and subsequent estimation of realistic equipment costs 
based on the equipment list. Equipment design (i.e. translation of process model 
results into an equipment list) appeared an area to which less attention is given. 
Some equipment (costs) can easily be designed and estimated, but we found that 
especially for columns and heat exchangers this is less straightforward. This can be 
improved by publishing more details on cost estimates, and thus increasing 
transparency. This may lead to the needed capacity building, and improvement of 
cost estimates. 

Second, comparability of studies is troublesome. The main causes for this lie in the 
use of less established baselines or costing guidelines, and low transparency of cost 
estimate details. This seems to be at least partly a matter of mindset, and needs to 
be resolved by increasing awareness of best practices and the importance of (the 
sound use of) costing methods. As an example, many peer-reviewed studies include 
a high level of detail on the process model, and then do away with the economic 
estimation in one short section. Balance between the two is vital, as they are 
equally important.  

A third challenge applies to validation. Also validation of economic estimates seems 
to be applied less thoroughly than the validation of technical models. This is partly 
due to missing (industrial or vendor) data, but also partly due to low transparency 
of existing (industrial or vendor) data. As an example, the equipment cost estimates 
of the capture plants that are presented in most studies such as those from IEAGHG 
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and DOE/NETL, are presented as a lump sum, and do not include the costs of 
individual equipment, or a full equipment list including sizes (to the author’s 
knowledge, one IEAGHG study is an exception to this, namely [8]). This prevents 
detailed validation of cost estimates, and limits validation to an aggregated level, 
hampering the identification of the root causes of differences, and thereby 
hampering capacity building. 

Some of the issues around cost estimation that were identified in this thesis relate 
to a lack of experience or skill. The publication of baselines and guidelines has 
meant an important step towards professionalization of economic studies, but do 
not seem sufficient to address this particular issue. Further capacity building may 
be necessary to improve the reliability of ex-ante (CCS) cost estimates. Possibly, a 
solution could be found in the initiation of workshops and courses on sound 
(techno-) economic assessment of (CCS) technologies. Likely candidates to provide 
such courses seem internationally operating interest groups or NGO’s, most 
notably IEAGHG, because they have a wide reach, are able to involve a wide range 
of experts, and are up to speed with recent developments. 

Challenges when estimating the techno-economics of very low TRL (3-4) 
technologies 

One of the largest challenges found in this thesis was to produce meaningful 
techno-economic assessments of very early stage (TRL 3-4) technologies. For some 
very low TRL technologies, it appeared difficult to predict commercial performance 
solely using first principles process models. In this case it can be helpful to use a 
hybrid approach, as was introduced in chapter 5 of this thesis. Hybrid approaches 
use the preliminary results from rigorous process models, and project them to a 
future state of commercial deployment, accounting for potential process 
improvements that may be gained during the R&D cycle. Although these methods 
are rougher than pure rigorous methods, and inherently come with wide 
uncertainty ranges, they may be helpful to produce a meaningful first 
understanding of technical performance. 

Similarly, a hybrid capital costing approach showed able to contribute to 
understanding the Nth-of-a-kind costs of low TRL technologies. The hybrid approach 
that was used in chapter 5, includes bottom-up capital cost estimation based on a 
preliminary process flow diagram, and the subsequent projection of these 
preliminary capital costs to first-of-a-kind, and Nth-of-a-kind commercial plant 

 

costs. To this end, it used cost escalations with process contingencies, and cost 
reductions from technological learning. Because this was the first time such a 
method was used, it is too early to state how this hybrid method corresponds to 
traditional, direct costing methods. Chapter 5, however, tentatively showed that 
the hybrid method was conservative for a TRL 3-4 technology, and optimistic for a 
TRL 7-8 technology. As may be expected, the uncertainty ranges doubled from -30 
to +50% for a mid to high TRL technology, to -60% to +100% for a low TRL 
technology.  

On a last note, even when sound models of low TRL technologies can be developed, 
they are often analysed as stand-alone, and not from a systems perspective 
including power or industrial plant and CO2 compression plant. This means that the 
CCS technology assessment remains inconclusive and can even point conclusions in 
a wrong direction, as was the case with the ESA technology described in chapter 5. 
Whenever possible, also low TRL CCS technologies should be assessed in sympathy 
with the industrial plant and the CO2 compression plant, to avoid communicating 
invalid conclusions. 

RQ2. How is uncertainty analysis incorporated in techno-economic modelling of 
CO2 capture technologies, where are the most important gaps, and how can this 
be improved? 

The main issues/gaps in current uncertainty analysis applied to techno-economic 
studies, are 1) in the limited or incomplete application of validation, and to a lesser 
extent sensitivity analysis; and 2) in the lacking use of uncertainty analysis methods 
that deal with uncertainties that cannot be quantified, notably uncertainties in the 
knowledge base, and in the model structure. This can be improved by undertaking 
quantitative uncertainty analysis more thoroughly (by modellers, and checked by 
funders, journal reviewers, editors), and by applying complementary qualitative 
uncertainty analysis, of which pedigree analysis is a good example. 

Quantitative uncertainty analysis 

Uncertainty analysis in techno-economic assessments commonly includes data 
and/or model validation, and sensitivity analysis or parametric studies. Probabilistic 
uncertainty analysis is used to a lesser extent. There are, however, large differences 
in how thorough uncertainty analysis is undertaken. Validation for instance can be 
done much more thoroughly than is currently the case. Too often, (sub) models are 
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only validated against the data they were fitted on – which technically does not 
count as validation -, and extensive validation against various, independent 
datasets is lacking. This is understandable if a technology is at low TRL, and multiple 
datasets are unavailable. But especially at higher TRL, validation needs much more 
attention than it is given today. This requires a change in mindset. Rather than 
showing that the model agrees with measurements, or with other models, the 
mindset should be to hunt for instances where the agreement is limited, to find 
reasons for a lack of agreement, and to translate this into overall conclusions on 
reliability and usability in specific contexts. A next step would be, if required to 
reach the goal of the study, to improve the model to better fulfil its purpose. 

A similar conclusion can be drawn about sensitivity analysis, which is often done to 
provide ranges of possible model outputs, but less frequently to check if the model 
behaves as expected, and is therefore reliable. The latter can be done by running 
extreme scenarios, and is a step up to actual testing of the model through 
sensitivity analysis. By undertaking quantitative uncertainty analysis more 
rigorously, it will actually become a more valuable tool to assess and communicate 
the reliability, usability, and limitations of a model. 

Qualitative uncertainty analysis (pedigree) to complement quantitative 
uncertainty analysis 

This thesis found that quantitative uncertainty analysis has limitations. It can only 
capture quantifiable uncertainties like measurement errors and natural variation. 
It is, however, unable to provide insight into uncertainties in the model structure, 
the model context, and the knowledge base underlying the model and the 
parameters. Also, validation is only possible if the modeller is able to retrieve (a) 
representative and independent dataset(s), preferably from a pilot or commercial 
plant, to compare with model outputs. Similar limitations apply to Monte Carlo 
simulation, because the premise that every parameter can be described by a PDF 
often has no reasonable basis, for instance because of a lack of empirical data. 

Therefore this thesis argued to complement quantitative uncertainty analysis with 
qualitative uncertainty analysis. To this end, it introduced pedigree analysis, which 
systematically scores (sub) model and/or parameter strength with respect to a 
number of predefined quality indicators, called pedigree criteria. Pedigree analysis 
has the ability to provide insight into the empirical basis behind knowledge, its 
theoretical understanding and consensus on this, the methodological rigour with 

 

which knowledge and/or data was produced, and the level of validation that was 
undertaken. The analysis is done using pedigree matrices (as an example, see Table 
7.1), and preferably by independent reviewers with a solid expertise in modelling, 
and/or the science underlying the model.  

This thesis tested different ways to perform pedigree analysis using expert 
elicitation: remotely, targeting a large group of international experts by email; in a 
face-to-face workshop with an average number (six) of experts present; and in a 
meeting, with a small amount (two) of experts present. Each of these can fulfil a 
specific purpose, but as a rule of thumb, a face-to-face workshop setting with an 
average (six to ten) number of participants was found most optimal, because it 
allows the participants to ask questions and share knowledge and insights, and 
includes sufficient, different, opinions, without leading to situations of disorder. 
Based on the results from chapter 2 and 3, pre-assigning scores to increase the ease 
of scoring for the reviewers is discouraged. When scores were pre-assigned, the 
variance in the results was much smaller than when scores were not pre-assigned. 
Although not conclusive, this seems to indicate that pre-assignment leads to steer 
the reviewer feedback. 

The combination of sensitivity analysis and pedigree analysis into a so-called 
diagnostic diagram proved a strong way to communicate parameter uncertainty of 
techno-economic models to decision-makers. Diagnostic diagrams were found 
useful for uncertainty communication because they provided all the information on 
uncertainty in one single, easy to understand, number (see Figure 7.1 as an 
example). It shows to which parameters a performance indicator is most sensitive, 
using the outputs of the sensitivity analysis, and how strong the knowledge base of 
this parameter is, using the outputs of the pedigree analysis. It also shows which 
parameters are in the danger (red) zone, where parameters have a large influence 
on the value of the performance indicator, but have a weak knowledge base, i.e. 
low pedigree scores. By looking at the diagnostic diagram as a whole, a user of the 
model results can get a good impression of the reliability of the overall inputs. 

Proposed use of uncertainty analysis tools in techno-economic assessment 

Based on the above discussion and previous chapters, this thesis concludes that the 
combination of using modelling guidelines, and thorough quantitative, as well as 
qualitative uncertainty analysis, is currently the most complete way to reliable 
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output, deep insight into the reliability of the results, and enhanced understanding, 
appreciation, and communication of uncertainty. 

An example of steps in the modelling process and recommended uncertainty tools 
is provided in Figure 7.2. These recommended improvements will increase the lead 
time of a modelling study and shift the time effort from model development 
towards model testing, review, and corroboration. It is in that sense a trade-off 
between quality and quantity, and this thesis strongly suggests to go for quality. 

 

Table 7.1. Pedigree matrix for the scoring of the submodels of process simulation models. The 
pedigree criteria are specified in the left column. Every cell contains a linguistic description of a 
specific criterion-score combination. Scores are from 0 (lowest) to 4 (strongest) 

 Strength     
Criterion 4 3 2 1 0 

Theoretical 
Understanding 

Well 
established 

theory 

Accepted theory 
with partial 

nature (in view of 
the phenomenon 

it describes) 

Accepted 
theory with 

partial nature 
and limited 

consensus on 
reliability 

Preliminary 
theory 

Crude 
speculation 

Methodological 
Rigour 

Best available 
practice in 

well-
established 
discipline 

Reliable method 
common within 

established 
discipline; Best 

available practice 
in immature 

discipline 

Acceptable 
method but 

limited 
consensus on 

reliability 

Preliminary 
methods; 
unknown 
reliability 

No 
discernible 

rigour 

Level of 
Validation 

The 
(sub)model as 

a whole has 
been 

compared 
with 

independent 
measurements 

Parts of the 
(sub)model have 
been compared 

with independent 
measurements 

Measures are 
not 

independent, 
include proxy 
variables or 
have limited 

domain 

Weak and very 
indirect 

validation 

No validation 
performed 

Modelling 
resources 

High expertise 
from multiple 
practitioners 

in subject 
matter and 
limited time 
constraints 

Good expertise 
from single 

practitioner and 
limited time 
constraints 

Limited 
expertise but 
enough time 
to build skill 

for the specific 
purpose; 

medium to 
high expertise 

but 
constrained in 

time 

Limited 
expertise and 
limited time 

available 

No expertise 
in the subject 

matter and 
big time 

constraints 

 

 

Figure 7.1. Diagnostic diagram of the levelised cost of electricity of the commercial size AMP/PZ 
plant from chapter 4. The red area represents the danger zone, where input parameters have large 
influence on the value of the performance indicator, but have a weak knowledge base, indicated by 
a low pedigree score.  

RQ3. How can flexible dispatch be incorporated in the techno-economic analysis 
and comparison of CO2 capture technologies, and how does this influence their 
performance?  

This thesis dealt with flexible dispatch and part load operation in two ways. First, in 
chapter 4 and 5, a simple way was used to calculate the levelised cost of power 
with CCS operating at part load, by using a lower capacity factor of 45% instead of 
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output, deep insight into the reliability of the results, and enhanced understanding, 
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RQ3. How can flexible dispatch be incorporated in the techno-economic analysis 
and comparison of CO2 capture technologies, and how does this influence their 
performance?  

This thesis dealt with flexible dispatch and part load operation in two ways. First, in 
chapter 4 and 5, a simple way was used to calculate the levelised cost of power 
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85% or 90%, while neglecting changes in technical performance at part load. This 
approach is crude, and only requires changing the amount of hours that the plant 
runs when calculating LCOE, and based on that the CCA and CCC. Although, it 
provides a first estimate of economic performance of power plants with CCS under 
dispatch conditions more realistic than full load, this approach fails to capture 
technical performance changes at part load.  

In chapter 6 a much more extensive approach to investigate the part load techno-
economics of power and CCS plants was developed. This approach calculates the 
full load and part load technical performance and operational cost performance at 
several selected operating points. Subsequently, outputs of each operating point 
were aggregated into weighted average techno-economic performance indicators 
applying a real(istic) dispatch profile. This approach investigated the technical and 

 

 

Figure 7.2. Example of steps for process modelling and recommended tools to reduce, understand, 
and communicate the uncertainty and reliability of the model. 

 

economic performance over the entire loading range of a power plant, but 
technical simulation was still done at steady state, thereby limiting simulation time 
to dynamic simulation of flexible operation. The performance aggregation to single 
techno-economic performance indicators allowed simple comparison of the CCS 
technologies, but also detailed comparisons can be done at the operating point 
level.  

In literature two other approaches have been reported. The first encompasses the 
steady state simulation of technical and economic performance of a power plant 
with CCS at only one operating point (reported by IEAGHG [8]), 45% GT loading was 
used. The other reported approach includes the simulation of the technical and 
operational cost performance dynamically over a period of time (reported by Mac 
Dowell et al. [9]). The results are subsequently aggregated into total electricity 
system costs, rather than LCOE of individual power (with CCS) generators.  

The selection of a given approach for part load techno-economic depends on the 
purpose of the assessment. The first one, reported in chapter 4 and 5, may contain 
too few details to compare technologies but provides a first estimate of costs for a 
generic power with CCS plant, assuming more realistic dispatch than full load. The 
dynamic simulation approach reported by Mac Dowell will require a significant 
amount of modelling time and skill, but provides a high level of detail. It may 
therefore be especially useful if one is interested to find a detailed representation 
of power system costs (so a system of multiple power generators) over a year, and 
if one wants to study the dispatch of individual power plants given power system 
dynamics. This amongst others provides insights into possible plant transients, 
which can serve as input to CCS technology tests (either computer based or 
experimental), identifying potential technology bottlenecks. The approach that was 
developed in chapter 6, as well as the approach presented by the IEAGHG, seem 
particularly suited for the purpose of comparing different CCS technologies, 
because they balance modelling time to insights into part load technology 
characteristics and performance. In case of technology comparison, it is strongly 
suggested to use either of these, complementary to a full load assessment, because 
it was shown that part load performance can be different from full load 
performance, and needs to be considered because of flexible CCS plant dispatch. 

The techno-economic performance of power plants with CCS changes along two 
important lines. First, the capital costs are discounted over a reduced amount of 
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operating hours, leading to higher values of LCOE, CCA, and CCC. Chapter 4 showed 
that simply reducing the capacity factor of a coal power plant with postcombustion 
solvent CCS from 85% to 45% can increase the LCOE by around 50%. Chapter 5 
showed that the same reduction in capacity factor for a gas-fired power plant with 
postcombustion solvent increases the LCOE by around 25%. This smaller increase 
is a result of the much lower capital costs of a gas fired power station versus a coal 
fired one.  

Second, the plant performance changes when its loading goes down as was shown 
in chapter 6. Power plant performance significantly deteriorates: gas turbine 
efficiency was found to decrease from 37.3%LHV, Gross at 100% loading to 25.7%LHV, 

Gross at 35% loading. The MEA SRD remained the same over the loading range, but 
because of declining NGCC efficiency the SPECCA increased from 3.02 to 3.65 GJ/t 
CO2. The specific compression energy consumption of an advanced membrane 
configuration actually decreased with decreasing GT loading, from 1.40 to 1.31 GJ/t 
CO2, taking advantage of the membrane’s full surface area at reduced flue gas flow. 
The detrimental (part load) GT performance of the membrane configuration 
however, led to a SPECCA increase of 3.35 to 4.20 GJ/t CO2, from maximum to 
minimum loading. 

These first results show that part load assessment of power plants and CCS 
technologies is very important. Not only does it show that levelised electricity costs 
are higher in reality than in the full load studies, but also does part load assessment 
provide critical insights into technology performance at off-design conditions, and 
the resulting effect on economics. Chapter 6 showed that each investigated 
technology, NGCC, MEA plant, and membrane plant, responds differently at off-
design conditions, leading to relevant changes in part load performance. Not only 
is this knowledge elemental for decision making on technology R&D and 
investment in new plants, but also for technology comparison, because one 
technology may be better suited to operate under realistic dispatch conditions than 
the other. 

7.5. Notions on data limitations 
This thesis investigated two power plant technologies, and four carbon capture 
technologies. One of the common denominators among the carbon capture case 
studies was the lack and/or fuzziness of publicly available data, or the extensive 
reuse of a single piece of (old) data. This mainly concerns data of the operational 

 

kind. Examples of commonly known data gaps are items like real solvent 
degradation rates and make-up, replacement frequency of filters and active carbon 
beds, and real (measured) membrane lifetimes. This thesis found supplementary 
data gaps with respect to flexible power and CCS plant operation, for instance the 
effect of repeated up and down cycling on solvent and membrane degradation, and 
equipment maintenance and costs. There is no question the same data scarcity also 
applies to CCS technologies that were not included in this thesis, like solid looping, 
or oxyfuel. 

This kind of information can hardly be produced by increased modelling or 
laboratory experiments. Rather, it needs to be produced in large scale 
demonstration or commercial plants, during long term performance tests. Most 
importantly, the produced information needs to be made available to the public 
domain. The technology Centre Mongstad is one example of a demonstration plant 
that disseminates large quantities of valuable operational data. In the past, smaller 
pilots like the US national carbon capture centre, and the European Esbjerg plant 
have disseminated some useful information, but due to their scale, test duration, 
and measurement abilities they were unable to produce results that mimic long 
term, commercial operation. 

For the progress of public knowledge on commercial CCS plants, the improvement 
of (process) models, and the possibility to increase public cost estimates to an AACE 
class of 3 or even 2, it is imperative that more demonstration projects are 
developed, and that all relevant data is disseminated. Even more useful would be 
the dissemination of data from existing commercial size CO2 capture plants, notably 
the ones at Boundary Dam, Canada, and Petra Nova, Texas. Note that these plants 
have received a significant amount of public funding, which could warrant the 
release of large amounts of data to the public domain. However, only limited 
amounts of high level data have been made public to date. The release of more 
detailed data is hindered by intellectual property issues, because these plants use 
proprietary technologies. It is fully recognized that this issue is difficult to solve, but 
it seems justified that the public receives more value (in this case information) for 
their money. Therefore, it could be worthwhile to explore ways to increase the 
public benefits from publicly funded industrial size demos, while minding IP 
sensitivities of the technology suppliers. 
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7.6. Recommendations for further research 
Based on the findings in this thesis, the following is recommended for further 
research. 

 Explore the use of shortcut models for techno-economic analysis, to reduce 
time requirements and modelling skill requirements. Investigate where and 
how they fit into techno-economic analysis, e.g. only for screening studies, or 
also for feasibility studies. 

 The pedigree method was adapted for use in techno-economic analysis, but 
further refinement of the pedigree analysis method may be necessary. For 
instance, the scoring procedure could be further improved (e.g. what to do if a 
reviewer does not feel comfortable to score a piece of knowledge), and the 
criteria and linguistic descriptions can be reviewed to test if they are clear and 
understandable to a wide audience. Also, a formal investigation of pedigree 
score propagation is lacking, for instance the propagation of pedigree scores of 
a process model, to pedigree scores of economic estimation. Last, it can be 
further investigated how much the pre-assigning of scores influences the 
reviewer responses. 

 This thesis suggested the use of hybrid technical and economic assessment 
approaches for low TRL technologies. A remaining point of investigation is 
whether or not the indirect/hybrid capital costing method provides the same 
results as the direct method, and if this changes for different technologies or 
for technologies at different TRL’s. Another point for further research is to 
assess whether or not hybrid approaches are useful for the technical 
assessment of other technologies than the currently investigated one (electric 
swing adsorption). 

 Start a cost database of built CCS projects, and extract/estimate the cost 
breakdown between the capture plant, the transport system, and the storage 
equipment. The recent deployment of (almost) commercial scale CCS projects 
would enable this. This kind of information is very relevant to validate the 
results of economic desk studies. Also, with enough data points gathered, such 
a database could be very useful to understand CCS technology learning. Three 
items are of particular interest: 1) do capital costs start falling directly after the 
first plant is built, or does it take a larger number of built plants, and what 
triggers this? This information could help define a threshold between first-of-
a-kind plants and early mover plants. 2) Similarly, how long does it take until 

 

capital costs start to level out, what triggers this, and what is the cost delta with 
the first-of-a-kind plants? This information could help define the threshold 
between early mover plants and Nth of a kind plants. It could also help 
determine CCS technology specific learning rates, and learning rates for the 
process industry in general. 

 To further investigate the use and usefulness of the part load techno-economic 
analysis approach, it needs to be tested on a diverse range of technologies, with 
different part load behavioural characteristics. 

 Modelling guidelines have proven their use, but new insights require them to 
be updated regularly. It would therefore be useful to update the 2008 European 
best practice guidelines for the assessment of CO2 capture technologies. Four 
main updates are suggested based on the findings in this thesis, and based on 
developments in the CCS research field: 1) Update the costing framework, and 
align it with the white paper by Rubin et al [6]; 2) update the capital costs of 
the postcombustion CO2 capture plants, they are currently too low. Check the 
costs of the power plants and precombustion equipment and update if 
necessary; 3) include a more advanced benchmark than MEA, for instance a 
second generation postcombustion solvent; and 4) add industrial benchmarks, 
most importantly hydrogen production, steel making, and cement production.  

7.7. Policy recommendations 
Based on the findings in this thesis, the points below are recommended for policy 
making. Getting them right could mean significant savings in time and resources 
spent on technology development, which is important for the success of our 
innovation system. The recommendations are directed towards policy making on 
CCS RD&D, but are equally applicable to policy making on other types of energy 
technologies or climate change mitigation technologies. 

 In the introduction of this thesis it was argued that technology selection, 
development, and deployment, need to focus on the most promising 
technologies, and that technology roll-out needs to speed up to reach 
climate change mitigation targets. This implies that choices need to be 
made regarding technology prioritisation, including clearly defined 
requirements for technology improvement, as early on in the development 
cycle as possible. The adoption of approaches for low TRL technology 
assessment (TRL 3-4), such as those proposed in chapter 5 of this thesis, 
are of key importance to enable such low TRL technology evaluation, and 
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thus very early stage prioritisation. They include full techno-economic 
systems analysis, including integration with the CO2 source and CO2 
compression. 

 For similar reasons, it is important that (CCS) technologies are assessed in 
their context of prospective use. For CCS technologies that will be applied 
to power production, this means techno-economic assessment and 
comparison at part load conditions, complementary to full load techno-
economic analysis. The addition of part load assessment will provide a 
more comprehensive perspective on the real costs of power with CCS, and 
will allow a more realistic comparison of the techno-economic 
performance of different CO2 capture technologies. 

 This thesis argued that large uncertainties are inherent to ex-ante techno-
economic technology analysis. For sound policy making, these 
uncertainties need to be communicated thoroughly and clearly to the 
policy arena, as well as to industrial stakeholders. Scientists as well as 
technology developers have a duty to report these, and the uncertainty 
approaches laid down in this thesis form a solid basis to do so. It is 
recommended to include the combination of thorough validation to 
independent data sets, quantitative uncertainty analysis, such as sensitivity 
analysis or Monte Carlo simulation, and qualitative uncertainty analysis, 
such as pedigree analysis. 

 Knowledge dissemination from large scale demonstration and commercial 
scale CCS plants is elementary for the fast and cost-effective roll-out of CCS 
infrastructures, but this may interfere with intellectual property rights 
when and where proprietary technologies are used. It is therefore 
recommended to explore ways to improve knowledge dissemination from 
publicly funded demonstration, and commercial scale CCS plants, where 
proprietary vendor technology is used. The aim would be to increase 
operational knowledge dissemination, while maintaining the involvement 
of technology vendors.  

 Finally, further capacity building on (techno-) economic estimation of novel 
energy and/or CCS technologies is necessary for the further 
professionalization of ex-ante techno-economic assessments. To this end, 
it would be worthwhile to explore the opportunity to develop costing or 
full techno-economic analysis courses or workshops by internationally 

 

recognised institutions, most notably IEAGHG, for instance in cooperation 
with DOE/NETL, CO2CRC, Gassnova, GCCSI, or CCP. 
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8. Samenvatting en conclusies 
8.1. Achtergrond van het onderzoek 

Het beperken van klimaatverandering is één van de grootste uitdagingen van de 
eenentwintigste eeuw. De oorzaak van klimaatverandering ligt in de door mensen 
veroorzaakte emissies van CO2, methaan, en andere broeikasgassen. Door 
klimaatverandering zal de temperatuur op aarde stijgen met enkele graden Celsius, 
met als gevolg het stijgen van de zeespiegel, het verzuren van oceanen, de 
verplaatsing van klimaatzones, en het vaker voorkomen van extreem weer [1]. Om 
klimaatverandering tegen te gaan is in het klimaatakkoord van Parijs afgesproken 
om de gemiddelde temperatuurstijging op aarde te beperken tot ruim beneden de 
2 graden Celsius [2]. 

De activiteit die het meeste bijdraagt aan de uitstoot van broeikasgassen is de 
productie van elektriciteit en warmte [3]. Het grootste deel van de 
elektriciteitsproductie – 68% in 2013 - bestaat nog uit thermische 
elektriciteitscentrales, die worden gevoed met fossiele brandstoffen, zoals kolen of 
aardgas [4]. Eén van de benodigdheden om klimaatverandering tegen te gaan is dus 
het terugbrengen van CO2 emissies door elektriciteitsproductie. Om dat voor elkaar 
te krijgen tegen acceptabele kosten, en op tijd om de tweegradendoelstelling te 
halen, zullen we onder andere CO2 afvang en opslag (CCS – CO2 Capture and 
Storage) moeten inzetten.  

In de afgelopen jaren is er een groot aantal technologieën ontwikkeld om CO2 af te 
vangen van elektriciteitscentrales. Sommige daarvan zijn al commercieel inzetbaar, 
terwijl anderen nog in een vroeg stadium van ontwikkeling zitten. Om het doel van 
een CO2 arme elektriciteitsvoorziening in het midden van deze eeuw te realiseren, 
is het nodig om op een gerichte manier deze CO2 technologieën verder te 
ontwikkelen. In het beste geval, worden alleen de meest belovende technologieën 
ontwikkeld tot een commercieel stadium, zonder dat er te veel tijd en geld wordt 
besteed aan de minder belovende technologieën. Daarom is het erg belangrijk om 
al vroeg in het ontwikkelingsstadium een technologie te beoordelen op zijn 
merites, gebaseerd op een grondige technische en economische analyse. Op die 
manier houden we het meest geschikte portfolio aan commercieel inzetbare CO2 
afvang technologieën over.  

Er zijn op dit moment nog drie zaken die het uitvoeren van een dergelijke grondige 
techno-economische analyse van CO2 afvang technologieën in de weg zitten (zie 
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hoofdstuk 1). Ten eerste bestaat er een grote mate van onzekerheid in techno-
economische studies, en de huidige methodes voor onzekerheidsanalyse zijn nog 
niet voldoende in staat om inzicht te geven in al deze onzekerheden. Dit geldt 
voornamelijk voor onzekerheden die niet, of moeilijk, te kwantificeren zijn. Ten 
tweede worden techno-economische analyses op dit moment vooral vanaf TRL 5 
uitgevoerd (het ontwikkelingsstadium waarop een kleine lab fabriek gebouwd kan 
worden). Om de R&D hulpmiddelen echter optimaal in te zetten, is het cruciaal dat 
technologie analyse al eerder wordt uitgevoerd, het liefste al vanaf TRL 3. Ten 
derde worden CCS technologieën momenteel geanalyseerd onder de aanname dat 
elektriciteitscentrales volledig worden ingezet, ofwel, dat zij continu op vollast 
draaien. De werkelijkheid is dat de centrales vaak op deellast draaien of zelfs 
uitstaan, en dat ze continu op- en afschakelen om aan de wisselende 
elektriciteitsvraag te voldoen. Deze zaken staan nu dus nog in de weg van optimale 
beleidsvoering ten aanzien van CCS technologie ontwikkeling. 

8.2. Onderzoeksdoel 
Gegeven bovenstaande overwegingen is het doel van deze thesis tweeledig: ten 
eerste om de belangrijkste methodologische problemen met betrekking tot de 
betrouwbaarheid en onzekerheid van vroegtijdige techno-economische analyses 
van opkomende technologieën te onderzoeken. Ten tweede, om methodologische 
verbeteringen voor te stellen voor de huidige praktijk van techno-economische 
analyse. Deze verbeteringen zijn vervolgens toegepast op, en getest in, case studies 
van bestaande en opkomende CCS technologieën. CCS is met name een vakgebied 
waarmee deze vragen beantwoord kunnen worden, omdat binnen dit vakgebied 
een groot aantal, zeer verschillende technologieën is, en wordt, ontwikkeld. 

Om dit doel te vervullen zijn de volgende drie vragen beantwoord: 

OV1: wat zijn de belangrijkste uitdagingen in het gebruik van de huidige, moderne, 
methodes voor techno-economische analyses, wanneer deze worden toegepast op 
opkomende CO2 afvang technologieën, en hoe kunnen deze uitdagingen worden 
aangepakt?  

OV2: hoe wordt op dit moment onzekerheidsanalyse toegepast op het modelleren 
van de techno-economische prestaties van CO2 afvang technologieën, waar zitten 
de belangrijkste hiaten, en hoe kunnen we dit verbeteren? 

 

OV3: hoe kunnen we het flexibel inzetten van elektriciteitscentrales incorporeren 
in de techno-economische analyse en vergelijking van verschillende CO2 afvang 
technologieën, en hoe beïnvloedt dat hun prestaties? 

8.3. Belangrijkste bevindingen en conclusies 
OV1: wat zijn de belangrijkste uitdagingen in het gebruik van de huidige, 
moderne, methodes voor techno-economische analyses, wanneer deze worden 
toegepast op opkomende CO2 afvang technologieën, en hoe kunnen deze 
uitdagingen worden aangepakt?  

De belangrijkste uitdagingen in het ex-ante beoordelen van de techno-
economische prestaties van CCS technologieën zijn het selecteren of ontwikkelen 
van degelijke en geschikte simulatie modellen voor technologieën die in een 
gemiddeld tot vergevorderd ontwikkelingsstadium zijn (TRL 5-9); het vertalen van 
de resultaten van proces simulaties naar realistische apparaat lijsten en 
kostenschattingen van deze apparaten; de (on)vergelijkbaarheid van verschillende 
kostenstudies; en het maken van degelijke prestatie analyses van technologieën in 
een laag ontwikkelingsstadium (TRL 3-4), vanuit een systeem perspectief. Deze 
uitdagingen kunnen worden overkomen door het verbeteren van validatie en 
onzekerheidsanalyses van simulatiemodellen; door het verbeteren van de kunde 
ten aanzien van deugdelijk apparaat ontwerp en kostenschattingen; door het 
verbeteren van de transparantie van gepubliceerde kostenstudies; en door het 
gebruik van hybride techno-economische schattingsmethoden voor technologieën 
in een laag ontwikkelingsstadium. 

De huidige stand van techno-economische analyses 

De huidige ex-ante techno-economische analyses van energie technologieën 
gebruiken typisch rigoureuze simulatiemodellen voor de technische analyses, en 
kostenschattingen op het niveau van individuele apparaten en operationele 
kostenstromen. Met deze informatie wordt vervolgens een schatting gemaakt van 
de kosten van elektriciteit (levelised cost of electricity), en de kosten per ton 
afgevangen en/of vermeden CO2 (cost of CO2 captured en cost of CO2 avoided, CCC 
en CCA). Deze kosten zijn verdisconteerd over de levensduur van het project. 
Rigoureuze simulatiemodellen zijn modellen die een hoog detailniveau hebben, en 
die gebaseerd zijn op fysische en chemische sub modellen voor bijvoorbeeld 
thermodynamica, chemische reacties, en kinetiek. Dit soort modellen wordt vaak 
gespecificeerd in speciale simulatiesoftware zoals Aspen Plus of gProms. In 
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sommige gevallen worden sub modellen door de modelleurs zelf geprogrammeerd 
en worden of zelfstandig gedraaid, of geïntegreerd met bestaande 
simulatiesoftware. Het maken van een kostenschatting op apparaat niveau omvat 
het maken van een stroomschema van het proces, het vertalen van dit 
stroomschema naar een lijst met benodigde apparaten (inclusief hun groottes), en 
het schatten van de aanschafprijs van ieder apparaat. Als referentie kosten 
beschikbaar zijn, is het mogelijk om de aanschafkosten van apparaten, of zelfs hele 
processen, te schatten gebaseerd op deze referentie. Vervolgens worden de 
aanschafkosten van apparaten geëscaleerd met kostenfactoren tot de totaal 
benodigde hoeveelheid kapitaal om te investeren in een fabriek. Die 
kostenfactoren omvatten kosten voor de installatie van de apparaten, engineering, 
inkoop, en contractkosten, kosten voor onvoorziene zaken, eigenaarskosten, en 
rente die betaalt wordt tijdens de bouw van de fabriek. Om de techno-economische 
prestaties van nieuwe energietechnologieën te bepalen wordt meer en meer 
gebruik gemaakt van geharmoniseerde basislijnen, en dit is ook sterk aan te raden, 
omdat het de vergelijking tussen studies mogelijk maakt. Voorbeelden van 
basislijnen en richtlijnen voor techno-economische studies van CCS technologieën 
zijn de publicaties van IEAGHG, DOE/NETL, en EBTF. Een voorbeeld van een 
internationaal geaccepteerde richtlijn voor kostenstudies, inclusief aanbevolen 
uitvoering en nomenclatuur, is het in 2013, door Rubin e.a., gepubliceerde white 
paper [5]. 

Uitdagingen voor de technische beoordeling van CCS technologieën 

De eerste uitdaging die dit onderzoek heeft gevonden is het selecteren van de 
meest geschikte simulatiemodellen en sub modellen. In de meerderheid van de 
gevallen worden rigoureuze simulatiemodellen geselecteerd, maar er is een grote 
hoeveelheid kennis, kunde, en tijd nodig voor het ontwikkelen van dit soort 
modellen, en in mindere mate voor hun gebruik. In veel gevallen zou het efficiënter 
zijn om eenvoudiger modellen te kiezen, vooral als het doel van de studie 
technologie screening is. In dit geval zou het nuttig kunnen zijn om een zogenaamd 
short cut model te kiezen. Short cut modellen worden weliswaar op beperkte 
schaal gebruikt voor een eerste technische screening, bijvoorbeeld van 
verschillende solvents onderling, maar dit type model kan ook nuttig zijn voor 
techno-economische analyses. Er is ten minste één studie bekend waar dit gedaan 
is [6], en deze studie heeft bruikbare techno-economische resultaten opgeleverd. 

 

Een tweede uitdaging is het deugdelijk gebruik van bestaande modellen voor 
fysische eigenschappen, en het selecteren van betrouwbare datasets voor het 
ontwikkelen van nieuwe fysische modellen. Met betrekking tot het eerste punt was 
een les uit dit proefschrift dat bepaalde amine modellen in de Aspen Plus software 
een hogere betrouwbaarheid hebben dan andere, ook al lijken ze hetzelfde. 
Bijvoorbeeld, het thermodynamische MEA e-NRTL model met de symmetrische 
referentie toestand is veel nauwkeuriger in het beschrijven van werkelijke 
resultaten uit proeffabrieken dan zijn tegenhanger met de asymmetrische 
referentie toestand. Hoewel het verschil tijdens model selectie onbelangrijk lijkt, 
kan het een grote invloed hebben op de uitkomsten van het model. Dit soort 
problemen kunnen het hoofd worden geboden door goede validatie en 
achtergrond screening van het model. Er is dus een deugdelijke aanpak nodig voor 
onzekerheidsanalyse, zoals verder beschreven onder onderzoeksvraag 2. Eenzelfde 
observatie geldt voor het selecteren van data die gebruikt wordt voor het fitten van 
modellen. Zoals hoofdstuk 3 beschreef zijn er veel datasets beschikbaar voor de 
oplosbaarheid van CO2 in een mengsel van AMP en piperazine. De resultaten zijn 
echter zeer verschillend. In hoofdstuk 3 zijn daarom de datasets gebruikt die het 
meest overeenkwamen, en die zijn gepubliceerd door de meest ervaren 
onderzoeksgroepen. De uitkomsten van het ontwikkelde AMP/PZ model zijn 
vervolgens gevalideerd met metingen uit proeffabrieken om te testen of de 
modellen de werkelijkheid nauwkeurig beschrijven. 

Uitdagingen voor de economische beoordeling van CCS technologieën 

Een bevinding van dit proefschrift was dat de betrouwbaarheid van economische 
analyses van CCS technologieën lager is dan de betrouwbaarheid van de technische 
analyses van CCS technologieën. Zelfs wanner geharmoniseerde basislijnen en 
kostenschattingsmethodes worden gebruikt, kunnen de resultaten nog sterk 
verschillen.  

Eén van de uitgelichte uitdagingen was het vertalen van de resultaten van 
simulatiemodellen naar realistische apparaat lijsten en vervolgens het schatten van 
realistische aanschafkosten van deze apparaten. Apparaat ontwerp (dus het 
vertalen van simulatieresultaten in een apparaten lijst) bleek een gebied waaraan 
in techno-economische studies weinig aandacht wordt gegeven. Voor sommige 
apparaten geldt dat hun afmetingen en kosten eenvoudig te schatten zijn, maar 
vooral voor destillatiekolommen en warmtewisselaars bleek dit een stuk moeilijker. 
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Apparaat ontwerp en kostenschattingen kunnen meer inzichtelijk worden gemaakt 
door het publiceren van meer gedetailleerde data in de studies die uitgevoerd 
worden door officiële instanties. Daarmee is dus een hogere mate van 
transparantie vereist. Dit kan leiden tot een hoger algemeen niveau van kennis, en 
dus een verbetering van volgende kostenstudies. 

Een tweede uitdaging betreft de vergelijkbaarheid van kostenstudies. De 
belangrijkste redenen waarom studies momenteel niet voldoende te vergelijken 
zijn, liggen in het gebruik van minder gevestigde basislijnen of kosten richtlijnen, en 
een lage transparantie van de details van een kostenschatting. Het lijkt erop dat dit 
tenminste deels een probleem van mindset is, en moet dus worden opgelost door 
een verbeterde bewustwording van best practices en het belang van (een 
deugdelijk gebruik van) kostenschattingsmethodes. Bijvoorbeeld, veel peer-
reviewed techno-economische studies beschrijven het technische simulatiemodel 
in een grote mate van detail, om dan vervolgens de gebruikte methodes voor 
kostenschattingen in een korte paragraaf te beschrijven. Omdat beide even 
belangrijk zijn, is het essentieel dat ook beiden evenveel aandacht krijgen in journal 
papers.  

Een derde uitdaging betreft de validatie van kostenresultaten. Ook hier lijken de 
technische studies het te winnen in termen van compleetheid en deugdelijkheid. 
Dit komt gedeeltelijk omdat industriële data ontbreekt in het publieke domein, en 
gedeeltelijk omdat de bestaande industriële data een lage mate van transparantie 
heeft. Bijvoorbeeld, in de meeste grote CCS studies, zoals die van DOE/NETL en 
IEAGHG, worden de aanschafkosten van apparaten gepresenteerd voor de CCS 
fabriek als geheel (lump sum), in plaats van per individueel apparaat. Ook 
ontbreken vaak gedetailleerde apparaat lijsten (bij weten van de auteur is er één 
uitzondering, namelijk [7]). Dit verhindert dat andere studies hun resultaten in 
detail kunnen valideren, en beperkt validatie tot een geaggregeerd niveau. 
Daardoor kunnen de oorzaken van verschillen vaak niet gevonden worden, wat het 
ontwikkelen van kennis en kunde in het publieke domein tegenwerkt.  

Sommige van de problemen ten aanzien van kostenstudies die in deze thesis 
beschreven zijn, zijn gerelateerd aan een gebrek aan kennis en kunde in het 
publieke domein. Het publiceren van basislijnen en richtlijnen heeft een grote stap 
betekend in het professionaliseren van economische studies, maar lijken niet 
voldoende om dit probleem geheel aan te pakken. Het verbeteren van de publieke 

 

capaciteiten van ex-ante (CCS) kostenschattingen is daarom nodig. Een mogelijke 
oplossing kan gevonden worden in het initiëren van cursussen die mensen trainen 
in het deugdelijk uitvoeren van (techno-) economische studies van (CCS) 
technologieën. De meest logische kandidaten voor het opzetten van zulke 
cursussen zijn internationaal opererende belangenorganisaties of Ngo’s, met name 
IEAGHG, omdat zij een groot bereik hebben, de mogelijkheid hebben om veel 
experts aan te trekken, en op de hoogte zijn van de nieuwste ontwikkelingen.  

Uitdagingen bij het analyseren van zeer lage TRL technologieën 

Eén van de grootste uitdagingen van ex-ante techno-economische analyses, is het 
maken van een betekenisvolle schatting van de prestaties van technologieën die in 
een vroeg stadium van ontwikkeling zijn (TRL 3-4). Voor sommige lage TRL 
technologieën bleek het moeilijk om een representatieve prestatie analyse van een 
toekomstig, commercieel proces te doen, puur gebaseerd op fysische en chemische 
(first principles) modellen. In dit geval bleek het nuttig om een hybride aanpak te 
gebruiken, zoals geïntroduceerd in hoofdstuk 5. Een hybride aanpak gebruikt de 
voorlopige resultaten van first principles modellen, en projecteert deze naar een 
toekomstig, commercieel proces. Daarbij wordt rekening gehouden met mogelijke 
proces verbeteringen die tijdens de R&D cyclus kunnen optreden. Ondanks dat 
deze aanpak wat ruwer is dan een aanpak die puur is gebaseerd op fysische en 
chemische principes, kan hij toch een nuttig, eerste, inzicht geven in ons begrip van 
het toekomstige proces. 

Op eenzelfde manier bleek een hybride aanpak in staat bij te dragen aan de 
mogelijke kosten van een commerciële fabriek, terwijl de technologie slechts in een 
vroeg ontwikkelingsstadium zit. De hybride aanpak die hiervoor werd gebruikt in 
hoofdstuk 5, besloeg een bottom-up kostenschatting die gebaseerd was op een 
voorlopig proces ontwerp, en het vervolgens projecteren van deze kosten naar die 
van een commerciële fabriek, zowel van het type first-of-a-kind, alsook Nth-of-a-
kind. Om dit te realiseren werden kosten escalaties gebruikt met proces 
contingenties om tot een kostenschatting voor een first-of-a-kind fabriek te komen. 
Vervolgens werden de kostenreducties tot aan een Nth-of-a-kind fabriek geschat 
door middel van leercurves. Aangezien dit de eerste keer was dat een dergelijke 
methode is gebruikt, is het nog te vroeg om te stellen hoe deze zich verhoudt tot 
de traditionele, directe manier van kostenschatten. De resultaten van hoofdstuk 5 
wijzen er voorzichtig op dat de hybride aanpak conservatief was voor TRL 3-4 
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technologieën, en optimistisch voor TRL 7-8 technologieën. Zoals mag worden 
verwacht verdubbelen de onzekerheidsmarges voor een kostenschatting van een 
lage TRL technologie ten opzichte van een middel- of hoge TRL technologie: van -
30% tot +50%, naar -60% tot +100%. 

Een laatste observatie was dat zelfs als deugdelijke simulatiemodellen kunnen 
worden ontwikkeld voor lage TRL technologieën, ze vaak nog op zichzelf worden 
geanalyseerd, in plaats vanuit een system perspectief. Bij het laatste wordt ook de 
CO2 bron meegenomen (de elektriciteitscentrale of andere fabriek), alsook de CO2 
compressie trein. Wanneer een analyse niet vanuit een systeemperspectief wordt 
uitgevoerd blijft hij onvolledig. Dit kan zelf leiden tot verkeerde conclusies over zijn 
levensvatbaarheid, zoals het geval was met de ESA technologie uit hoofdstuk 5. Als 
ook maar enigszins mogelijk, zouden ook lage TRL technologieën moeten worden 
geanalyseerd in samenspraak met elektriciteitscentrale en CO2 compressie station. 
Dit vermijdt het communiceren van onjuiste conclusies. 

OV2: hoe wordt op dit moment onzekerheidsanalyse toegepast op het 
modelleren van de techno-economische prestaties van CO2 afvang technologieën, 
waar zitten de belangrijkste hiaten, en hoe kunnen we dit verbeteren? 

De belangrijkste problemen en hiaten die op dit moment spelen in 
onzekerheidsanalyses van techno-economische studies, zijn 1) het beperkte 
gebruik van validatie, of het doen van incomplete validatie, dit geldt in mindere 
mate voor het uitvoeren van gevoeligheidsanalyses; en 2) het ontbreken van 
methoden voor onzekerheidsanalyse die onzekerheden in kaart brengen die niet 
direct kwantificeerbaar zijn, vooral onzekerheden in de wetenschappelijke (kennis) 
basis, en in de structuur van het model. Dit kan worden verbeterd door het meer 
uitvoerig en/of compleet uitvoeren van onzekerheidsanalyses en door het 
toepassen van kwalitatieve onzekerheidsanalyses als aanvulling op kwantitatieve 
onzekerheidsanalyses. Een goed voorbeeld van een kwalitatieve 
onzekerheidsanalyse is pedigree (stamboom) analyse. 

Kwantitatieve onzekerheidsanalyse 

Onzekerheidsanalyse in techno-economische studies omvat over het algemeen 
data en/of model validatie, en gevoeligheidsanalyse, soms ook parametrische 
studie genoemd. In mindere mate wordt probabilistische onzekerheidsanalyse 
gebruikt. Er zijn echter grote verschillen in hoe degelijk dit soort 

 

onzekerheidsanalyses worden uitgevoerd. Validatie kan bijvoorbeeld veel 
zorgvuldiger worden uitgevoerd dan nu vaak het geval is. Te vaak worden 
(sub)modellen nog gevalideerd tegen dezelfde data waarop ze oorspronkelijk gefit 
zijn, wat eigenlijk niet als validatie kwalificeert. Echte validatie tegen meerdere, 
onafhankelijke, datasets ontbreekt vaak. Dit is begrijpelijk voor technologieën die 
zich in een vroeg ontwikkelingsstadium bevinden omdat verschillende datasets dan 
vaak niet beschikbaar zijn. Maar ook bij hogere TRL technologieën gebeurt dit, en 
daar behoeft validatie dan ook veel meer aandacht. Om dit voor elkaar te krijgen is 
een mentaliteitsverandering nodig. In plaats van beogen aan te tonen dat het 
model overeenkomt met metingen of met andere modellen, zou het doel van 
validatie moeten zijn om te laten zien waar de overeenkomsten beperkt zijn, om 
daarvoor de oorzaken te zoeken, en om deze bevindingen te vertalen naar 
conclusies omtrent de betrouwbaarheid en bruikbaarheid van het model in een 
specifieke context. Vervolgens zou het model kunnen worden aangepast zodat het 
beter zijn taak kan vervullen, mocht dit nodig zijn om het doel van de modelstudie 
te bereiken. 

Eenzelfde conclusie kan worden getrokken met betrekking tot 
gevoeligheidsanalyse. Dat wordt nu vaak uitgevoerd om een bereik van mogelijke 
uitkomsten te genereren, maar zeer zelden om te testen of het model zich gedraagt 
zoals verwacht, en of het in die zin betrouwbaar is. Dit laatste zou kunnen worden 
gedaan door extreme scenario’s te draaien, en is een step voorwaarts richting het 
daadwerkelijk testen van een model door middel van gevoeligheidsanalyse. Door 
kwantitatieve onzekerheidsanalyse zorgvuldiger uit te voeren, wordt het een 
waardevolle manier om de betrouwbaarheid, gebruiksvoorwaarden, en 
beperkingen van een model te bepalen en communiceren. 

Kwalitatieve onzekerheidsanalyse (pedigree) als complementaire methode voor 
kwantitatieve onzekerheidsanalyse 

Deze thesis heeft aangetoond dat kwantitatieve onzekerheidsanalyse bepaalde 
beperkingen heeft. Het is alleen in staat om kwantificeerbare onzekerheden in 
kaart te brengen, bijvoorbeeld meetfouten en natuurlijke variatie. Het is echter niet 
in staat om inzicht te geven in onzekerheden in de model structuur, de model 
context, en de kennisbasis waarop het model berust. Daarnaast is validatie alleen 
mogelijk als de modelleur in staat is om representatieve en onafhankelijke datasets 
te vinden om zijn model output mee te vergelijken, het liefste van proef- of 
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demonstratiefabrieken. Een zelfde soort beperking geldt voor Monte Carlo 
simulatie: het uitgangspunt dat elke parameter kan worden beschreven door een 
kansdichtheidsfunctie is vaak onterecht, bijvoorbeeld omdat er te weinig 
empirische data beschikbaar is om een kansverdeling te fitten. 

Daarom heeft deze thesis voorgesteld om kwantitatieve onzekerheidsanalyse te 
complementeren met kwalitatieve onzekerheidsanalyse. Daarvoor is pedigree 
(stamboom) analyse geïntroduceerd, wat de sterkte van een (sub)model of 
parameter kan scoren op een set vooraf gedefinieerde kwaliteitscriteria, of 
pedigree criteria. Als zodanig kan pedigree analyse inzicht verschaffen in de 
empirische basis waarop kennis is gebaseerd, het theoretisch begrip van een 
onderwerp en de consensus daarover, de methodologische zorgvuldigheid 
waarmee kennis of informatie is vergaard, en de kwaliteit van uitgevoerde 
validatie. Voor de analyse worden zogenaamde pedigree matrices gebruikt (zie 
Tabel 8.1 als voorbeeld). Het scoren wordt, als het even mogelijk is, gedaan door 
onafhankelijke revisors met een diepe kennis van het type model, en/of de 
wetenschap waarop het model berust. 

In deze thesis zijn meerdere manieren uitgeprobeerd om experts de pedigree 
analyse uit te laten voeren: op afstand via email, waardoor een grote groep 
internationale experts bereikt kon worden; in een face-to-face workshop waarbij 
een kleiner aantal van zes experts aanwezig was; en in een kleine vergadering, met 
slechts 2 experts. Elk van deze manieren om experts hun review te laten doen heeft 
zijn voor- en nadelen, maar als vuistregel geldt dat een face-toe-face workshop met 
6-10 mensen de optimale setting is, omdat het mensen de gelegenheid geeft om 
vragen te stellen over het model, of over de pedigree procedure, en omdat het 
mensen in staat stelt om kennis en inzichten te delen met anderen. Daarnaast 
hebben zes tot tien experts voldoende verschillende meningen, zonder dat het leidt 
tot onoverzichtelijke debatten. 

Een sterke manier om parameteronzekerheid van techno-economische modellen 
te communiceren naar besluitvormers bleek het combineren van 
gevoeligheidsanalyse en pedigree analyse in een zogenaamd diagnostisch diagram. 
De diagnostische diagrammen waren zo nuttig voor onzekerheidscommunicatie 
omdat ze in staat zijn om alle informatie over de onzekerheid van een parameter 

 

 

Tabel 8.1. Een pedigree matrix voor het scoren van de submodellen van proces simulaties. De 
pedigree criteria staan in de linker kolom. Elke cel bevat een beschrijving van een specifieke 
criterium-score combinatie. De scores lopen van 0 (zwak) tot 4 (sterk). 

 Strength     
Criterion 4 3 2 1 0 

Theoretical 
Understanding 

Well 
established 

theory 

Accepted theory 
with partial 

nature (in view of 
the phenomenon 

it describes) 

Accepted 
theory with 

partial nature 
and limited 

consensus on 
reliability 

Preliminary 
theory 

Crude 
speculation 

Methodological 
Rigour 

Best available 
practice in 

well-
established 
discipline 

Reliable method 
common within 

established 
discipline; Best 

available practice 
in immature 

discipline 

Acceptable 
method but 

limited 
consensus on 

reliability 

Preliminary 
methods; 
unknown 
reliability 

No 
discernible 

rigour 

Level of 
Validation 

The 
(sub)model as 

a whole has 
been 

compared 
with 

independent 
measurements 

Parts of the 
(sub)model have 
been compared 

with independent 
measurements 

Measures are 
not 

independent, 
include proxy 
variables or 
have limited 

domain 

Weak and very 
indirect 

validation 

No validation 
performed 

Modelling 
resources 

High expertise 
from multiple 
practitioners 

in subject 
matter and 
limited time 
constraints 

Good expertise 
from single 

practitioner and 
limited time 
constraints 

Limited 
expertise but 
enough time 
to build skill 

for the specific 
purpose; 

medium to 
high expertise 

but 
constrained in 

time 

Limited 
expertise and 
limited time 

available 

No expertise 
in the subject 

matter and 
big time 

constraints 

 

te combineren in één eenvoudige figuur (zie Figuur 8.1 als voorbeeld). De figuur 
laat zien, gebruikmakend van de resultaten van de gevoeligheidsanalyse, voor 
welke invoerparameter het modelresultaat het meest gevoelig is. Daarnaast laat de 
figuur zien hoe sterk de kennisbasis van deze parameter is, met de resultaten van 
de pedigree analyse. Het diagnostisch diagram laat ook zien welke parameter in de 
gevarenzone zitten (de rode zone genaamd), doordat ze een grote invloed hebben 
op het modelresultaat, maar een zwakke kennisbasis hebben, dat wil zeggen, lage 
pedigree scores. Door alle informatie in het diagnostisch diagram in ogenschouw 
te nemen, kan de gebruiker een goed beeld krijgen van de betrouwbaarheid van de 
model inputs als geheel. 
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Tabel 8.1. Een pedigree matrix voor het scoren van de submodellen van proces simulaties. De 
pedigree criteria staan in de linker kolom. Elke cel bevat een beschrijving van een specifieke 
criterium-score combinatie. De scores lopen van 0 (zwak) tot 4 (sterk). 

 Strength     
Criterion 4 3 2 1 0 

Theoretical 
Understanding 

Well 
established 

theory 

Accepted theory 
with partial 

nature (in view of 
the phenomenon 

it describes) 

Accepted 
theory with 

partial nature 
and limited 

consensus on 
reliability 

Preliminary 
theory 

Crude 
speculation 

Methodological 
Rigour 

Best available 
practice in 

well-
established 
discipline 

Reliable method 
common within 

established 
discipline; Best 

available practice 
in immature 

discipline 

Acceptable 
method but 

limited 
consensus on 

reliability 

Preliminary 
methods; 
unknown 
reliability 

No 
discernible 

rigour 

Level of 
Validation 

The 
(sub)model as 

a whole has 
been 

compared 
with 

independent 
measurements 

Parts of the 
(sub)model have 
been compared 

with independent 
measurements 

Measures are 
not 

independent, 
include proxy 
variables or 
have limited 

domain 

Weak and very 
indirect 

validation 

No validation 
performed 

Modelling 
resources 

High expertise 
from multiple 
practitioners 

in subject 
matter and 
limited time 
constraints 

Good expertise 
from single 

practitioner and 
limited time 
constraints 

Limited 
expertise but 
enough time 
to build skill 

for the specific 
purpose; 

medium to 
high expertise 

but 
constrained in 

time 

Limited 
expertise and 
limited time 

available 

No expertise 
in the subject 

matter and 
big time 

constraints 

 

te combineren in één eenvoudige figuur (zie Figuur 8.1 als voorbeeld). De figuur 
laat zien, gebruikmakend van de resultaten van de gevoeligheidsanalyse, voor 
welke invoerparameter het modelresultaat het meest gevoelig is. Daarnaast laat de 
figuur zien hoe sterk de kennisbasis van deze parameter is, met de resultaten van 
de pedigree analyse. Het diagnostisch diagram laat ook zien welke parameter in de 
gevarenzone zitten (de rode zone genaamd), doordat ze een grote invloed hebben 
op het modelresultaat, maar een zwakke kennisbasis hebben, dat wil zeggen, lage 
pedigree scores. Door alle informatie in het diagnostisch diagram in ogenschouw 
te nemen, kan de gebruiker een goed beeld krijgen van de betrouwbaarheid van de 
model inputs als geheel. 
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Figuur 8.1. Diagnostisch diagram van de LCOE van de AMP/PZ afvang fabriek uit hoofdstuk 4. Het 
rode vierkant geeft de gevarenzone weer. Datapunten in deze zone hebben een grote invloed op 
de waarde van de prestatie indicator, maar hebben een zwakke kennisbasis, wat weergegeven 
wordt door een lage pedigree score.  

Voorgesteld gebruik van onzekerheidsmethodes in techno-economische analyse 

Gebaseerd op bovenstaande discussie en de voorgaande hoofdstukken, 
concludeert deze thesis dat de combinatie van modelleerrichtlijnen, en zorgvuldige 
kwantitatieve èn kwalitatieve onzekerheidsanalyse, op dit moment de meest 
complete manier is om een betrouwbare output, een diepgaand inzicht in de 
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betrouwbaarheid van de resultaten, en een verbeterd begrip, waardering, en 
communicatie van onzekerheid te verkrijgen. Een voorbeeld van hoe deze 
methodes passen in de verschillende stappen van het modelleerproces wordt 
gegeven in Figuur 8.2. Deze voorgestelde verbetering zal de doorlooptijd van een 
modelleerstudie verlengen, en verschuift de nadruk van modelontwikkeling naar 
het testen, reviewen, en corroboreren van het model. In dat opzicht is het een 
afweging tussen kwantiteit en kwaliteit, en deze thesis adviseert van harte om de 
wijzer te laten uitslaan naar kwaliteit. Vooral gegeven het maatschappelijk belang 
van degelijk techno-economisch onderzoek naar nieuwe energietechnologieën, 
lijkt het nuttiger om een kleiner aantal, kwalitatief goede modelleerstudies te 
publiceren, dan een groot aantal gemiddelde, of matige studies. 

  

 

Figuur 8.2. Voorbeeld van de stappen die genomen worden tijdens het modelleren van een 
chemisch proces. Het schema geeft aanbevolen middelen om onzekerheid en betrouwbaarheid te 
verminderen, inzichtelijk te maken, en te communiceren.  
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OV3: hoe kunnen we het flexibel inzetten van elektriciteitscentrales incorporeren 
in de techno-economische analyse en vergelijking van verschillende CO2 afvang 
technologieën, en hoe beïnvloedt dat hun prestaties? 

Deze thesis heeft de flexibele inzet elektriciteitscentrales met CCS op twee 
verschillende manieren in ogenschouw genomen. Als eerste is in hoofdstuk 4 en 5 
een eenvoudige manier toegepast om de levelised cost of electricity te bepalen 
voor deellast. In die hoofstukken is een lagere capaciteitsfactor aangenomen van 
45%, in plaats van de gebruikelijke 85% of 90%. Veranderingen van de technische 
prestaties in deellast werden echter niet meegenomen. Dit is een ruwe aanpak, en 
vergt alleen het aanpassen van het aantal uren dat de fabriek draait om zo de LCOE, 
CCA, en CCC te berekenen. Hoewel deze aanpak een eerste orde schatting geeft 
van de prestaties van elektriciteitscentrales met CCS, onder condities die meer 
realistisch zijn dan vollast, negeert het de veranderingen in technische prestaties, 
en is daarom minder precies. 

In hoofdstuk 6 is een veel uitgebreidere methode ontwikkeld om de techno-
economische prestaties van CCS technologie in deellast te onderzoeken. Deze 
aanpak maakt gebruik van verschillende operating points, waarvan de technische 
prestaties en de operationele kosten worden berekend. In deze operating points 
zijn vollast, en meerdere niveaus van deellast opgenomen. Daarna werden de 
prestaties van elk operating point gecombineerd tot één gemiddelde waarde voor 
elke prestatie indicator. Dit werd gedaan door een gewogen gemiddelde te nemen, 
op basis van een realistisch leveringsprofiel voor de elektriciteitscentrale. Deze 
aanpak neemt het gehele beladingsprofiel van de fabriek in acht, maar simuleert 
de prestaties in steady state. Dit beperkt de simulatietijd in verhouding tot 
dynamische simulaties. Het aggregeren van de deellast prestaties in één prestatie 
indicator maakt het mogelijk om technologieën eenvoudig te vergelijken. Dit hoeft 
niet ten kosten te gaan van gedetailleerd analyse, dit kan worden gedaan op het 
niveau van de operating points zelf. 

In de wetenschappelijke literatuur zijn ook twee andere methoden gepresenteerd. 
De eerste betreft het simuleren in steady state van elektriciteitscentrales met CCS 
op slechts 2 operating points, 1 vollast, en 1 deellast (gerapporteerd door IEAGHG, 
[7]). Voor beide operating points worden aparte prestatie indicatoren berekend. 
De andere methode simuleert de technische prestaties, en de operationele kosten, 
over een bepaalde tijdsperiode op een dynamische manier (gerapporteerd door 

 

Mac Dowell et al, [8]). De resultaten van deze methode worden geaggregeerd tot 
de totale kosten van het elektriciteitssysteem, in plaats van de LCOE van individuele 
elektriciteitscentrales. 

De keuze voor een geschikte methode hangt af van het doel van de analyse. De 
aanpak uit hoofdstuk 4 en 5 bevat te weinig detail om technologieën met elkaar te 
vergelijken, maar geeft wel een eerste orde schatting van de kosten van 
elektriciteitscentrales met CCS onder realistische leveringsscenarios. De 
dynamische simulatiemethode van Mac Dowell behoeft een grote hoeveelheid 
modelleertijd, en expertise, maar geeft zeer gedetailleerde resultaten. Het is 
daarom vooral nuttig als men op zoek is naar een gedetailleerde weergave van de 
kosten van een elektriciteitssysteem (meerdere elektriciteitscentrales), 
bijvoorbeeld over een jaar. Dit kan vervolgens dienen als input voor de 
leveringsprofielen van individuele centrales, waarmee bijvoorbeeld knelpunten in 
operatie kunnen worden gevonden. De methode uit hoofdstuk 6, en die van 
IEAGHG, zijn vooral geschikt voor technologievergelijking, omdat ze een balans 
vinden tussen modelleertijd, en de hoeveelheid verkregen inzicht over technologie 
karakteristieken tijdens deellast operatie. Voor het vergelijken van CCS technologie 
wordt dus één van deze twee opties aangeraden. In ieder geval moeten deellast 
prestaties altijd worden meegenomen als twee CCS technologieën worden 
vergeleken. 

In deellast veranderen de techno-economische prestaties van CCS 
elektriciteitscentrales op twee manieren. Ten eerste worden de kapitaalkosten 
verdisconteerd over een lager aantal operationele uren, wat leidt tot een hogere 
LCOE, CCA, en CCC. Hoofdstuk 4 heeft laten zien dat het reduceren van de 
capaciteitsfactor van een kolencentrale met postcombustion CCS, van 85% naar 
45%, een verhoging van de LCOE van 50% teweegbrengt. Hoofdstuk 5 liet zien dat 
eenzelfde reductie voor een gasgestookte centrale met postcombustion CCS een 
LCOE verhoging van rond de 25% betekent. Het verschil tussen kolen en gas wordt 
veroorzaakt door de veel lagere kapitaalkosten van een gasgestookte centrale met 
CCS. 

Ten tweede veranderen de prestaties van fabrieken als hun belasting omlaag gaat 
(hoofdstuk 6). De prestaties van elektriciteitscentrales gaat sterk omlaag tijdens 
deellast. De efficiëntie van een gas turbine ging omlaag van 37,3%LHV, Gross bij 100% 
belading naar 25,7%LHV, Gross bij 35% belading. De SRD van een MEA postcombustion 
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fabriek bleef hetzelfde over het hele beladingsbereik, maar de SPECCA ging naar 
beneden van 3,02 naar 3,65 GJ/t CO2, omdat de efficiëntie van de centrale omlaag 
ging. De specifieke compressie energie van een geavanceerde membraan 
configuratie gaat zelfs omlaag bij lagere belading (van 1,40 naar 1,31 GJ/t CO2), 
omdat met hetzelfde membraanoppervlak minder rookgas hoeft te worden 
gereinigd. Maar voor de membraanconfiguratie gold een minder gunstige 
efficiëntie van de gasturbine, waardoor de SPECCA juist omhoog ging, van 3,35 naar 
4,20 GJ/t CO2. 

Deze eerste resultaten laten zien dat deellast analyse van elektriciteitscentrales 
met CCS erg belangrijk is. Niet alleen laten ze zien dat de verdisconteerde 
elektriciteitskosten sterk hoger zijn dan in vollastscenario’s, ze geven ook 
belangrijke inzichten in technologieprestaties in deellast, en de doorwerking 
daarvan naar economische indicatoren. Hoofdstuk 6 heeft laten zien dat elke 
technologie anders reageert op deellast operatie, wat leidt tot belangrijke 
veranderingen in prestaties. Deze kennis is niet alleen kritiek voor het maken van 
de juiste investerings- en R&D beslissingen, maar ook voor technologie vergelijking. 
De ene technologie kan simpelweg meer geschikt zijn voor deellast operatie dan de 
andere. 

8.4. Beperkingen aan beschikbare data 
In deze thesis zijn twee typen elektriciteitscentrales onderzocht, en vier CCS 
technieken. Eén van de gemeenschappelijke delers van al deze case studies was het 
gebrek aan publiek beschikbare data, of het veelvuldig hergebruik van één 
datapunt door verschillende bronnen. De beperkingen betreffen vooral 
operationele data van technische aard, en data over investerings- en operationele 
kosten. Voorbeelden van bekende hiaten zijn werkelijke degradatie snelheden van 
amine solvents en de daaruit voortvloeiende vervanging van amine, de frequentie 
waarmee filters en actief koolbedden moeten worden vervangen, en werkelijke 
levensduur van CO2 afvang membranen. Deze thesis vond ook specifieke hiaten ten 
aanzien van deellast operatie, bijvoorbeeld de gevolgen op amine of membraan 
degradatie, en kosten van het herhaaldelijk op- en afschakelen van een centrale. 
Dit soort hiaten bestaat zonder twijfel ook voor andere CCS technologieën, zoals 
oxyfuel, of solid looping. 

Deze hiaten kunnen niet worden gevuld door verdere modelstudies, of door meer 
lab experimenten. In plaats daarvan moet de data komen van langdurige 

 

operationele testen in grootschalige demo fabrieken, of zelfs commerciële 
fabrieken. Het belangrijkste is dat deze data ook beschikbaar wordt gemaakt voor 
het publiek. Eén voorbeeld van een grote demonstratiefabriek die dit soort 
informatie beschikbaar maakt is Technology Centre Mongstad in Noorwegen. In het 
verleden hebben ook kleinere pilot fabrieken op beperkte schaal data 
gedissemineerd, maar nog deze data was niet representatief voor langdurige CO2 
afvang operatie op commerciële schaal.  

Het is daarom van groot belang dat meerdere grootschalige demonstratieprojecten 
worden ontwikkeld, en dat alle geproduceerde data publiek beschikbaar wordt. Dit 
is hard nodig voor het verbeteren van onze publieke kennis over CCS, het 
verbeteren van onze modellen, en het verhogen van (publieke) kostenschattingen 
van AACE klasse 4 naar bijvoorbeeld 3, or 2. Nog nuttiger zou het openlijk delen van 
data uit commerciële fabrieken zijn, bijvoorbeeld van de fabrieken in Boundary 
Dam, Canada, of Petra Nova, Texas. Dit zou te meer billijk zijn omdat beide 
fabrieken een grote hoeveelheid publieke financiering hebben ontvangen. Ondanks 
dat er wel kleine hoeveelheden algemene data beschikbaar zijn gemaakt, wordt het 
vrijgeven van gedetailleerde data op dit moment verhinderd door 
eigendomsrechten. Ondanks dat wordt onderschreven dat dit een moeilijk op te 
lossen punt is, lijkt het goed te verdedigen dat het publiek meer waar voor zijn geld 
moet krijgen, in dit geval in de vorm van informatie. Daarom zou het zeer de moeite 
waard zijn om een manier te vinden waarop meer data openbaar gemaakt kan 
worden bij projecten die (deels) gefinancierd zijn door overheden, terwijl ook 
rekening wordt gehouden met de commerciële belangen van 
technologieontwikkelaars. 

8.5. Aanbevelingen voor verder onderzoek 
Gebaseerd op de bevindingen in deze thesis, worden de volgende aanbevelingen 
gedaan voor vervolgonderzoek: 

 Onderzoek het gebruik van zogenaamde short cut modellen voor techno-
economische analyse, zodat modelleertijd en behoefte aan expertise 
kleiner worden. Onderzoek wanneer, en hoe, short cut modellen passen in 
techno-economische analyses, bijvoorbeeld alleen bij screening studies, of 
ook bij haalbaarheidsonderzoeken. 

 In deze thesis is de pedigree methode aangepast voor gebruik in techno-
economische analyse, maar verdere verfijning van de methode is wellicht 
nodig. Als voorbeeld kan de scoringsprocedure verder uitgewerkt worden 
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(wat te doen als een expert zich niet comfortabel voelt om een stuk 
informatie te voorzien van een score?). Verder kan beter getest worden of 
de beschrijvingen helder zijn voor een breed aantal expert reviewers. Ook 
mist er nog een formele procedure voor het propageren van pedigree 
scores, bijvoorbeeld van een proces simulatie naar een economisch model. 

 Deze thesis heeft het gebruik van zogenaamde hybride methodes 
gesuggereerd, zowel voor technische, als voor kostenanalyses. Een open 
punt is of de hybride kapitaalkosten methode hetzelfde resultaat geeft als 
een directe kostenschattingsmethode, en of dit verschilt voor verschillende 
technologieën en in verschillende stadia van technologieontwikkeling. Een 
ander punt voor verder onderzoek is om te analyseren of de hybride 
methode ook bruikbaar is voor de technische analyse van technologieën 
anders dan electric swing adsorption. 

 Maak een kostendatabase van gebouwde CCS projecten, en extraheer 
daaruit de kosten van de afvanginstallatie, het transportsysteem, en de 
opslag. Recent opgeleverde projecten maken dit mogelijk. Dit soort 
informatie is erg belangrijk om theoretische studies te valideren. Daarnaast 
kunnen leercurves op de data worden gefit, zodra voldoende CCS projecten 
gebouwd zijn. Met betrekking tot leercurves zijn drie zaken van bijzonder 
belang: 1) gaan de kapitaalkosten van CCS fabrieken al naar beneden na 
het bouwen van de eerste fabriek, of pas na een aantal gebouwde 
fabrieken, en welke leereffecten zorgen voor deze daling? Dit soort 
informatie kan helpen om een drempel te bepalen tussen zogenaamde 
first-of-a-kind fabrieken en early mover fabrieken. 2) Hoe lang duurt het 
vervolgens voordat de kostendaling stopt, welk effect bepaalt dit, en 3), 
hoe groot is de kostendelta met de eerste fabriek(en)? Deze informatie 
helpt bij het bepalen van de drempel tussen early mover fabrieken, en Nth-
of-a-kind fabrieken. Ook kan uit deze informatie een leersnelheid worden 
bepaald voor CCS fabrieken, maar ook voor algemene proces 
technologieën. 

 Om het gebruik en de bruikbaarheid van de part load techno-economische 
methode te bepalen, moet hij worden getest op een range van 
verschillende CCS technologieën, het liefst met verschillende off design 
karakteristieken 

 Gidslijnen voor modelleren hebben hun waarde bewezen, maar moeten 
door nieuwe inzichten regelmatig geüpdatet worden. In dit licht is het 
nuttig om de uit 2008 stammende European best practice guidelines for the 
assessment of CO2 capture technologies te herzien. Er worden vier updates 
voorgesteld op basis van de bevindingen van deze thesis, en 

 

ontwikkelingen in het CCS onderzoeksveld: 1) herzie het kostenraamwerk, 
en breng het in lijn met het white paper van Rubin et al [5]; 2) herzie de 
kapitaalkosten van de postcombustion solvent plants, die zijn momenteel 
te laag. Controleer ook de kapitaalkosten van de elektriciteitscentrales en 
precombustion processen en herzie indien nodig; 3) introduceer een meer 
moderne benchmark voor postcombustion solvents, bijvoorbeeld een 
tweede generatie solvent, en 4) voeg industriële benchmarks toe, met als 
belangrijksten de productie van waterstof-, staal-, en cement. 

8.6. Beleidsaanbevelingen 
Gebaseerd op de bevindingen van deze thesis, worden de volgende 
beleidsaanbevelingen gedaan. Het goed implementeren van deze aanbevelingen 
heeft de potentie om grote kosten- en tijdsbesparingen voor 
technologieontwikkeling teweeg te brengen. Dit is erg belangrijk voor ons 
innovatiesysteem als geheel. De aanbevelingen gelden voor de R&D van CCS 
technologie, maar in dezelfde mate voor beleid ten aanzien van andere energie- en 
klimaattechnologieën. 

 In de introductie van deze thesis werd gesteld dat technologie selectie, 
ontwikkeling, en uitrol zich moet richten op de mees belovende 
technologieën, en dat de uitrol daarvan moet worden versneld om onze 
klimaatdoelstellingen te halen. Dit betekent dat in een zo vroeg mogelijk 
stadium keuzes moeten worden gemaakt over technologie prioritering. Dat 
omvat ook helder gedefinieerde doelen voor technologie verbetering. Om 
dat mogelijk te maken is de adoptie van methodes nodig die juist de 
haalbaarheid van technologie in een vroeg ontwikkelingsstadium (TRL 3-4) 
kunnen bepalen. Eén zo’n methode is gepresenteerd in hoofdstuk 5 van 
deze thesis. Een dergelijke methode omvat, of zou moeten omvatten, een 
volledige techno-economische analyse, inclusief integratie van CO2 bron, 
afvangtechnologie, en CO2 compressie. 

 Voor vergelijkbare redenen is het belangrijk dat technologie wordt 
geanalyseerd in de context waarin het gebruikt gaat worden. Voor CCS 
technici voor de elektriciteitssector betekent dit dat naast vollast analyse, 
ook techno-economische analyses in deellast moeten worden uitgevoerd. 
Dit zal een veel vollediger beeld geven van de echte kosten van CCS, en 
staat het toe om verschillende CCS technologieën te vergelijken onder 
realistischere condities. 

 In deze thesis is beargumenteerd dat grote onzekerheden inherent zijn aan 
ex-ante techno-economische analyse. Voor gedegen besluitvorming is het 
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belangrijk om deze onzekerheden volledige en helder te communiceren 
naar de beleidsarena, alsook naar belanghebbenden uit de industrie. Zowel 
wetenschappers als technologieontwikkelaars hebben de belangrijke taak 
om deze onzekerheden te communiceren, en de onzekerheidsanalyse 
methodes die in deze thesis zijn gebruikt vormen een goede basis om dit te 
doen. Het wordt daarom aanbevolen om een combinatie te gebruiken van 
èn gedegen validatie tegen onafhankelijke datasets, èn kwantitatieve 
onzekerheidsanalyse, zoals gevoeligheidsanalyse of Monte Carlo simulatie 
analyse, èn kwalitatieve onzekerheidsanalyse, zoals pedigree analyse. 

 Voor een snelle en kosteneffectieve uitrol van CCS infrastructuren is het 
essentieel dat er zoveel mogelijk kennis en informatie wordt verspreid 
vanuit grote demonstratieprojecten, en/of commerciële projecten. In het 
geval dat voor dit soort projecten beschermde technologie wordt gebruikt, 
kan open informatiedeling conflicteren met eigendomsrechten. Het wordt 
daarom aanbevolen om betere manieren te vinden om kennisdeling te 
vergroten, specifiek vanuit die projecten die (deels) tot stand komen met 
publiek geld. Het doel moet in dat geval zijn om zo veel mogelijk 
(operationele) kennis te dissemineren, zonder betrokkenheid van 
commerciële technologieontwikkelaars op het spel te zetten.  

 Als laatste is het nodig dat er een verdere professionalisering van ex-ante 
technologie analyse plaatsvind, door mensen te trainen in de ex-ante 
techno-economische analyse van CCS (en energie) technologie. Het zou de 
moeite waard zijn om trainingen op te zetten die door internationaal 
gerenommeerde organisaties worden gegeven. Er lijkt een primaire 
behoefte te zijn aan trainingen voor cost engineering, een vervolgstap kan 
zijn om trainingen op te zetten die zich richten op de gehele techno-
economische analyse. Binnen het CCS vakgebied zou IEAGHG een logische 
keuze zijn om dit te verzorgen, bijvoorbeeld met medewerking van 
DOE/NETL, CO2CRC, Gassnova, GCCSI, of CCP. 
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