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Abstract 

Coal-based power generation is responsible for a significant share of CO2 emissions on 

a global scale. Technologies to drastically reduce coal carbon footprint are critical for 

meeting mitigation targets. Absorption, whether chemical or physical depending on the 

process framework, is commonly regarded as the most mature technology in this 

context. Nevertheless, absorption suffers from some drawbacks, such as high energy 

requirements and corrosion of process equipment. Adsorption is considered as a 

promising alternative, with potential for reducing energy penalty, environmental impact 

and cost of CO2 capture.  

 

The main objective of this thesis is to assess the viability of a process relying on 

adsorption, i.e. pressure swing adsorption (PSA), as CO2 capture technology in coal-

fired power plants. 

 

In order to get a comprehensive overview on the prospects of PSA, different cases were 

considered. Post-combustion CO2 capture was studied by integrating a PSA unit into an 

advanced supercritical pulverized coal (ASC) plant. Pre-combustion CO2 capture was 

studied by integrating a PSA unit into an integrated gasification combined cycle (IGCC) 

plant. Proper designs for these process frameworks were defined, taking into account 

characteristics, requirements and constraints of the systems. PSA is a discontinuous 

process, made of different steps undergone by each column of a PSA train. A dynamic 

model was built, based on material, energy and momentum balances. The developed 

dynamic model was then linked to the steady-state model of the power plant, by 

exploiting appropriate process scheduling and the cyclic steady state (CSS) condition of 

the PSA process (a condition in which the process transient behavior becomes steady 

throughout different cycles). The resulting composite model allowed performing 

simulations and analyses on a system level. 

 

The post-combustion case (ASC + PSA) showed competitive energy performance. The 

net electric efficiency obtained was 34.8%, whereas the reference plant without CO2 

capture had 45.1%. The CO2 capture requirement was also fulfilled with more than 90% 

CO2 sequestrated. A comparison with chemical absorption - performing with 34.2% net 

electric efficiency - confirmed the competitiveness of PSA. A serious issue ascertained 

concerned the required footprint of the PSA unit. A first estimation suggested the 

necessity of more than 260 adsorption columns for processing the entire flue gas 

coming from the boiler. The feasibility of PSA in the post-combustion case appeared 

less attractive because of the number of vessels needed. 
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The pre-combustion case (IGCC + PSA) returned good results for all the performance 

indicators investigated. A comparison with physical absorption showed that PSA is 

slightly outperformed in terms of energy efficiency (36.2% versus 37.1%, with the 

reference plant without CO2 capture having 47.3%), CO2 recovery (86.1% versus 90.6%) 

and footprint. However, the performance gap was evaluated to be rather small, thus 

additional investigations were carried out in this process framework.  

 

Improvements in the performance of the pre-combustion case were sought by 

considering two domains, the process and the adsorbent material. Several possible 

process configurations were analysed and a range of results obtained. Improved energy 

performance could be obtained but to the detriment of the CO2 separation performance 

and vice versa. Modifications in the adsorbent material properties (attempting to 

simulate different adsorbents and/or advancements in the materials) showed a 

significant influence not only on the gas separation process but on the whole plant 

performance. The utilization of improved adsorbents demonstrated the capability to give 

a substantial contribution to close the gap with absorption, though it may not be 

sufficient. None of the cases studied succeeded to fully match absorption-based 

performance both in terms of energy and CO2 capture efficiency. Further, an approach 

to exploit possible synergies between the two studied domains and realize the full 

potential of PSA in this framework was outlined. It consisted of tuning the material 

properties according to a specific process configuration. The results achieved were 

encouraging as net electric efficiencies up to 37.1% were obtained without drastic 

decrease in the CO2 capture efficiency. 

 

The knowledge developed in the pre-combustion process framework suggested a further 

case which was believed interesting for PSA. An IGCC plant was defined coproducing 

power and ultrapure H2 with CO2 capture. The system is of interest both because it 

allows capturing CO2 and because differentiating the plant products can be 

advantageous in terms of flexible operation. Two novel process configurations were 

developed, entirely relying on PSA. The first consists of two consecutive PSA stages 

(Two-train PSA), while the second configuration carries out both CO2 separation and H2 

purification within a single PSA stage (One-train PSA). Both these configurations 

succeeded to provide a varying power-to-hydrogen output ratio - the net power output 

could be reduced from 346 MW to 300 MW by increasing the ultrapure H2 throughput - 

with a constant coal feed to the gasifier and retaining plant efficiency on a good level. 

The common process design for an IGCC coproduction layout encompasses absorption 

for CO2 capture and PSA for H2 production. With regard to that, a comparative analysis 

seems to confirm the expected advantages brought by the utilization of PSA as the only 

gas separation technology. A higher integration level could be achieved, allowing 

significant energy savings. The assessment of PSA in this framework was concluded to 

be promising and worth further analyses. 
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Summing up, it was demonstrated that PSA can be successfully integrated in coal-fired 

power plants as CO2 capture technology. However, the analyses carried out showed also 

that PSA is generally outperformed by absorption in an overall evaluation taking into 

account different performance indicators. Potentials and limits of the technology have 

been highlighted and recommendations for optimizing the performance have been 

outlined. The knowledge developed can be useful to address further work on PSA 

technology, especially in those specific frameworks (e.g. coproduction of power and H2) 

where PSA can reach competitiveness. 
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Chapter 1 Introduction 

1.1 Background and motivation 
 

Global warming mitigation has been widely accepted as one of the major challenges of 

our time. Emissions reduction with reasonable economics and impact needs to be 

targeted. In this sense, carbon capture and storage (CCS) is an important measure in the 

portfolio of available mitigation options. CCS allows a significant reduction of the 

carbon footprint of fossil fuels. Therefore, CCS can be a bridge technology, contributing 

to a smooth transition towards an energy system no longer depending on fossil fuels. 

Many models could not limit warming to below 2°C if CCS is not in the mix of 

mitigation technologies or in limited use. In this context, the energy need is at the core 

of the discussion. Energy production and use accounts for two-thirds of the world’s 

greenhouse-gas (GHG) emissions. The majority of the energy-related emissions are 

from coal. Given the significant role that coal is predicted to retain in the near future 

world energy supply, this thesis was decided to focus on coal-based power generation 

with CO2 capture.  

 

To date, the most applicable technology for CO2 capture is absorption, both in post- and 

pre-combustion applications [1–3]. The vast majority of commercial CO2 capture plants 

use absorption-based processes and, likewise, the ongoing industrial-scale projects in 

the energy sector. Absorption demonstrated to be a reliable technology, offering high 

CO2 capture efficiency and selectivity. However, it is plagued by a series of issues 

which slowed down its deployment [4–6]. The solvent regeneration process is energy 

intensive, mainly due to the large amount of water to be evaporated. Corrosion, toxicity 

and amine degradation are also to be carefully taken into account. Furthermore, some 

studies suggested that absorption may not be the most cost-effective technology in the 

future [7,8]. The investigation of alternative mitigation technologies is, thus, highly 

recommended.  

 

Pressure swing adsorption (PSA) is regarded as a promising process for CO2 capture, 

with potential for reduced energy penalty and environmental impact. A considerable 

research effort is currently addressed to develop materials and processes for effective 

CO2 capture based on adsorption. However, a gap in knowledge has been observed with 
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respect to information and approaches for the integration of a PSA unit within power 

plants. There are very few system analyses reported in the literature, dealing with this 

topic. The thesis work aimed to close this gap and, consequently, give an actual 

contribution to the development of CCS. 

 

The PhD project constituted a part of the project of collaboration called “EnPe – 

NORAD’s Programme within the energy and petroleum sector”. The project scope is a 

specialization within environmental challenges related to climate change, here in 

particular related to CCS. A specific objective of the project was to transfer CCS 

competence from NTNU to the South African institutions selected as partners and to 

contribute to further development of competence focused on CCS. South Africa is 

regarded as a very interesting partner being the largest emitter of CO2 in Africa, a major 

exporter of hard coal and with limited expertise on CCS. 

 

1.2 Objectives 
 

This thesis work wanted to assess PSA as a CO2 emission mitigation technology. The 

primary objective of the thesis was to provide an evaluation based on system level 

analyses of coal-fired power plants integrating a PSA unit for CO2 capture.  

 

Different process frameworks were considered, in order to return a complete overview 

on the status of PSA technology. 

 

In the accomplishment of the main objective, a series of sub-tasks can be listed: 

 

 Process design and integration of the PSA unit for CO2 capture into the power 

plant, both for a post- and a pre-combustion application. 

 Development of a composite model of the systems investigated, including a 

steady-state model of the coal-fired power plant and a dynamic model of the 

PSA process. 

 Performing system analyses through process simulations to assess the 

performance and to provide plant-level comparisons with other techniques of 

decarbonization, absorption in the first instance. 

 Evaluating prospects and potentials of the concepts studied. The following 

questions aimed to be answered: is PSA currently a competitive technology for 

CO2 capture in coal-fired power plants? If not, does it have the potential to 

become competitive under some assumptions? How should further research 

efforts be addressed? 
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1.3 Contribution 
 

The main contributions of the thesis can be so summarized: 

 

 Development of tools and methodologies for assessing the viability of PSA as 

CO2 capture technology into coal-fired power plants. A novel composite model 

was developed constituted by a dynamic model of the PSA unit and a steady-

state model of the power plant. A performance framework was also defined to 

assess the process simulation outputs. 

 Exhaustive understanding of the coupling principles and relationships between 

the various sub-units of the complex systems investigated, which involve the 

integration of a PSA unit and a CO2 compression unit into a power plant. 

 System level analysis of an advanced supercritical pulverized coal (ASC) plant 

and of an integrated gasification combined cycle (IGCC) plant integrating PSA 

for CO2 capture (Paper I). Definition of advantages, issues and uncertainties of 

the defined systems. Comparative analysis with common approaches to CO2 

emission control in the energy generation sector (i.e. absorption) and general 

evaluation of the viability of adsorption as a valid mitigation technology. 

 Comprehensive analysis on the performance realistically achievable by the pre-

combustion case investigated, IGCC + PSA (Paper II). The analysis takes into 

account the state-of-the-art and the possible future advancements of the 

technology. Evaluations on the current status and on the potentials of PSA in 

this process framework are provided, together with guidelines to address future 

developments. 

 Definition and evaluation of two novel configurations of an IGCC plant 

coproducing power and ultrapure H2 with CO2 capture (Paper III). Those 

configurations are completely based on PSA as gas separation technology. The 

advantages in terms of flexible operation, energy efficiency and process 

integration opportunities are outlined. 

 

1.4 Thesis structure  
 

The thesis includes five chapters and three papers. Chapter 1 gives an introduction to 

the thesis work. The thesis framework is first set by discussing the background, the 

motivations and the objectives of the work. The achievements are then analysed 

reporting the contribution to the body of knowledge and the list of scientific 

publications. Chapter 2 gives a technical background to the subject. An insight is 

provided on CSS and its role in climate change mitigation, on adsorption as gas 

separation technology and on coal-based power generation. A review of relevant works 

from the literature is included as well. Chapter 3 outlines the methodologies adopted to 
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meet the objectives of the thesis. Composite models were developed to enable process 

simulations and system analyses. The basic characteristics and assumptions of these 

composite models are described, along with the established process design of the 

systems investigated. A framework for the analysis of the results is also set. Chapter 4 

provides a summary of the selected papers. The main results of the thesis work are 

reported and discussed. Chapter 5 gives the conclusion of the work and some 

recommendations for further work. The papers selected to be the core of thesis work are 

enclosed at the end of the thesis. 

 

1.5 List of publications 
 

The papers included in the thesis and, thus, subject of the evaluation, are Paper I, Paper 

II and Paper III. With regard to these, Riboldi is the main author, responsible for the 

modelling, process simulations, critical analysis of the results and paper writing. 

Bolland (main supervisor) is the coauthor, contributing with discussions, suggestions 

and comments throughout the whole development of the paper and with the revision of 

the manuscript. 

 

Additional papers realized during thesis work but not included in the thesis, are Paper 

IV, Paper V, Paper VI and Paper VII. For Paper VI the same authorship framework as 

in Paper I,II and III applies, with the authors giving the same type of contributions. In 

Paper IV also Wagner and Ngoy are coauthors, contributing with discussions to the 

definition of the paper. Wagner took also part in the revision of the manuscript. For 

Paper V, the situation is overturned with Ngoy as main author, Wagner as principal 

coauthor and Riboldi and Bolland contributing as coauthors to the definition of the 

paper with discussions and comments. For Paper VII Sánchez is the main author, 

responsible for the modelling and numerical implementation of the reforming 

simulations. Sánchez additionally carried out the critical analysis of the results and the 

paper writing. Riboldi did as coauthor the modelling and process simulation of the gas 

separation stage. Jakobsen provided guidelines for the paper. 

 

Paper included in the thesis 

 

International journal papers, first author 

 

Paper I 

Riboldi L., Bolland O. (2015) Evaluating Pressure Swing Adsorption as a CO2 

separation technique in coal-fired power plants. International Journal of Greenhouse 

Gas Control 39, 1-16. 
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Paper II 
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Chapter 2 Technical background 

2.1 Climate change and the role of CCS 
 

«The Conference of the Parties, […] Recognizing that climate change represents an 

urgent and potentially irreversible threat to human societies and the planet and thus 

requires the widest possible cooperation by all countries, and their participation in an 

effective and appropriate international response, with a view to accelerating the 

reduction of global greenhouse gas emissions, Also recognizing that deep reductions in 

global emissions will be required in order to achieve the ultimate objective of the 

Convention and emphasizing the need for urgency in addressing climate change, […]» 

 

 

Figure 1. Earth's average surface air temperature from 1850 to 2012. The indicated anomaly (°C) is 

relative to the average surface temperature of the period 1961-1990. Sources: IPCC AR5, data from the 

HadCRUT4 dataset (black), UK Met Office Hadley Centre, the NCDC MLOST dataset (orange), US 

National Oceanic and Atmospheric Administration, and the NASA GISS dataset (blue). Figure 

reproduced from [9]. 

The reported excerpt from the Paris Agreement - dated December 12
th

 2015 - under the 

United Nations Framework Convention on Climate Change, clearly stresses that climate 

change has been widely recognized as a global issue to be tackled with the greatest 

urgency. Warming of the climate system is unequivocal, and since the 1950s, many of 
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the observed changes are unprecedented over decades to millennia. The clearest 

evidence for surface warming comes from widespread temperature records. Earth’s 

average surface air temperature has increased by about 0.8°C since 1900, with much of 

this increase taking place since the mid-1970s (see Figure 1) [9]. There are robust 

evidences that the main cause of global warming is the accumulation of greenhouse 

gases (GHG) in the atmosphere, CO2 in particular. The CO2 level in 2012 was about 40% 

higher than it was in the nineteenth century. Most of this CO2 increase has taken place 

since 1970. Continued emission of GHGs will cause further warming and long-lasting 

changes in all components of the climate system. Any major climate modification is 

known to be disruptive, especially when is as rapid as the one we are witnessing, 

increasing the likelihood of severe, pervasive and irreversible impacts for people and 

ecosystems. 

There is a widespread agreement on setting to 2°C the threshold for the surface 

temperature increase compared to pre-industrial levels. Holding the global average 

temperature below that level would not prevent for the long-term changes caused by 

human activities which are irreversible. However, it would make them less disruptive 

and would increase the resilience of human societies. In order to reach the objective, it 

is fundamental to limit the total amount of GHGs emitted to the atmosphere. It has been 

estimated that keeping the cumulative CO2 emissions from all anthropogenic sources 

since 1870 to remain below about 2900 GtCO2 would comply with the 2°C goal with a 

probability of > 66% [10]. About 1900 GtCO2 had already been emitted by 2011. Thus, 

an urgent and resolute action is needed. The peak of CO2 emissions must be reached 

soon and must be followed by a fast decrease in the following decades leading to near 

zero emissions of CO2 by the end of the century. Implementing such reductions poses 

substantial technological, economic, social and institutional challenges. On the other 

hand, additional delays would severely undermine the possibility to reach the 2°C goal.  

Energy production and use accounts for roughly two-thirds of all anthropogenic GHG 

emissions, meaning that effective action in this sector is essential [11]. In order to 

sustain the growth of the world economy and bringing modern energy to the billions 

who lack it today, the requested decrease in CO2 emissions in the energy sector needs to 

be built on a drastic decarbonisation of the world’s energy system. This trend already 

moved its first steps as there are signs that growth in the global economy and energy-

related emissions are starting to decouple. A fundamental contribution to the reshaping 

of the energy system is given by the deployment of renewable energy sources and by 

the increased energy efficiency. However, many models show that the Earth’s warming 

cannot be kept below the 2°C threshold without the contribution of carbon dioxide 

capture and storage (CCS). This does not mean that CCS should be supported to the 

detriment of other low-carbon technologies. A realistic pathway towards a carbon 

constrained energy system cannot disregard any of the available options. In the absence 

or under limited availability of any mitigation technology, mitigation costs can increase 

substantially and the emissions reduction goals become virtually unattainable. 
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CCS is a process consisting of the separation of CO2 from industrial and energy-related 

sources, transport to a storage location and long-term isolation from the atmosphere [1]. 

CCS is a key component in the portfolio of mitigation technologies for two main 

reasons. In the first instance, CCS allows a decarbonisation of the energy system while 

continuing to exploit fossil fuels. Albeit in the long-term clean energy technologies are 

predicted to take over for a larger and larger share of the global energy production, coal 

and other fossil fuels will inevitably play a role for many decades to come. Further, 

CCS is currently the only technology available to deal with CO2 emissions reductions in 

the industrial sector, including industries like cement, iron and steel, chemicals and 

refining. The CO2 emissions from the industrial sector currently make up for one-fifth 

of total global CO2 emissions and there are no signs of a future decrease [12]. Several 

models and relative emissions scenarios confirm the critical role of CCS (see for 

example Figure 2 developed by IEA) [13]. If CCS is removed from the list of emissions 

reduction options in the electricity sector, the capital investment needed to meet the 

same emissions constraints increases by about 40%. 

 

 

Figure 2. Emissions reduction contributions through 2050 of different mitigation technologies in 2°C 

Scenario compared to 6°C Scenario. The number besides each technology is the relative share in 

cumulative emission reductions through 2050, whereas the number in brackets is the relative share in 

2050. Figure reproduced from [12]. 

Once established the necessity of CCS as mitigation technology, a question arising may 

be: is CCS ready to do its part to meet CO2 emissions limits? An analysis on the status 

of CCS technology needs to take into consideration the three components constituting 

the CCS chain, namely CO2 capture, transport and storage.  

While assessing CO2 capture readiness, a basic distinction needs to be done with regard 

to the framework considered. In some industrial applications, CO2 capture processes are 

already commercially available and in common use (e.g. natural gas processing, 

hydrogen production, etc.). For other applications, like in the power generation sector, 

CO2 capture is less advanced and more costly. However, many processes are 

approaching commercial maturity driven by an intense research activity.  
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Transport of CO2 is a well-established and mature technology, mainly thanks to the 

extensive experience gained with the operation of more than 6000 km of CO2 pipes in 

the United States. A possible issue may arise for the up-scaling of the transport network. 

In order to keep up with the IEA’s least-cost pathway to halve energy-related CO2 

emissions by 2050, the estimated network of CO2 transport infrastructure to be built in 

the coming 30-40 years is roughly 100 times larger than the current one [14]. Other 

options for CO2 transport need to be developed likewise, for instance shipping.  

The last step in the CCS process is the permanent storage into appropriate geologic 

formations. Suitable storage sites include saline aquifers, depleted oil and gas fields, oil 

fields with the potential for enhanced oil recovery (EOR) and unmineable coal seams. 

The fundamental physical processes and engineering aspects of geological storage are 

well understood, based on the accumulated experience in the petroleum sector and 

through CO2 storage pilot and large-scale projects. There is a high degree of confidence 

that CO2 storage can be undertaken safely. The timing seems to be the possible concern. 

Available large and storage-ready structures are required in order to store the huge CO2 

volumes predicted by emission constrained scenarios. Given the considerable period of 

time necessary to fully appraise a greenfield site, a thorough mapping of the possible 

storage sites must be undertaken well in advance not to slow down the CCS deployment 

in the next decades. 

 

An important milestone in the development of CCS has been recently reached when the 

world’s first large-scale
1
 CCS project in the power sector commenced operation in 

October 2014 at the Boundary Dam power station in Saskatchewan, Canada. Two 

additional large-scale CCS projects in the power sector – at the Kemper County Energy 

Facility in Mississippi and the Petra Nova Carbon Capture Project in Texas – are 

planned to come into operation in 2016. The world’s first large-scale CCS project in the 

iron and steel sector, the Abu Dhabi CCS Project in the United Arab Emirates (UAE), is 

currently under construction. The total number of large-scale CCS projects in operation 

or under construction is 22, while other 14 are in advanced planning, including 9 in the 

power sector [14]. These numbers represent a significant increase compared to 2010 (i.e. 

11 large-scale projects) and attest the global commitment in CCS. Figure 3 reports the 

large-scale projects in operation, under construction or in an advanced stage of 

development planning by industry and storage type. Even though tangible progress has 

been achieved, this progress is still below the trajectory required. The portfolio of CCS 

needs to be expanded to areas where capturing is more challenging (e.g. power 

generation sector) or where there is not alternative to CCS (e.g. cement industry). 

Further, immediate and longer-term policy support is vital in order to pursue CCS 

potential as mitigation technology. 

                                                 
1
 A CCS project is considered large-scale when involves capture, transport and storage of CO2 at a scale 

of: at least 800000 tons of CO2 per year for a coal-based power plant; at least 400000 tons of CO2 per 

year for other emission-intensive industrial facilities. 
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Figure 3. Actual and expected operation dates for large-scale CCS projects in operation, under 

construction or in an advanced stage of development planning by industry and storage type. Figure 

reproduced from [14]. 

 

2.2 CO2 capture systems 
 

There is a number of separation processes that can be used to capture CO2 from a gas 

mixture. All the possible approaches can be classified in three basic principles: 

  

 Post-combustion CO2 capture 

 Pre-combustion CO2 capture 

 Oxy-combustion CO2 capture 

 

2.2.1 Post-combustion CO2 capture 

 

Capture of CO2 from flue gases produced by combustion of fossil fuels and biomass in 

air is referred to as post-combustion CO2 capture (PostCCC) [1]. The process 

framework consists of passing the flue gas through a gas separation unit, which is 

responsible for the CO2 removal. The CO2-rich gas stream obtained is further 

conditioned (i.e. compressed and dehydrated) for being transported and finally stored, 

whereas the remaining flue gas is discharged to the atmosphere. A scheme of a general 

CO2 post-combustion capture process is shown in Figure 4. 
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Figure 4. General post-combustion CO2 capture process scheme. 

A significant disadvantage of post-combustion method, in its common process 

framework, is the low partial pressure of CO2 in flue gas (0.03 to 0.15 bar). This is due 

principally to two factors: flue gas resulting from combustion systems is usually at 

atmospheric pressure; the CO2 content of flue gases is normally rather low, varying 

between 3% by volume for a natural gas combined cycle to less than 15% for a coal-

fired combustion plant. Additional challenges connected to PostCCC are the huge 

volumes of flue gas to process and the presence of impurities that can be detrimental to 

the CO2 capture unit. Despite the mentioned drawbacks, at the moment PostCCC is the 

only industrial CO2 capture technology being demonstrated at full commercial-scale. 

The major examples are the Technology Center Mongstad in Norway (100000 tons per 

year CO2 captured) and Boundary Dam power station in Canada (1 million tons per year 

CO2 captured). Some advantages drove to a faster development of PostCCC [2]: it can 

be retrofitted to coal-fired power plants without substantial changes in their 

configuration; it is the most suitable candidate for gas-fired power plants; it offers 

operation flexibility to the plants which can keep on working when the capture unit is 

shut down. There are several commercially available process technologies which can in 

principle be used for CO2 capture from flue gases. Currently the benchmark for 

PostCCC is the absorption process based on chemical solvents [2,15,16]. Other 

techniques are also being considered but these are not at such an advanced stage of 

development. Among these it is worth to mention: adsorption, membrane separation and 

phase separation through distillation or anti-sublimation. 

 

2.2.2 Pre-combustion CO2 capture 

 

Pre-combustion CO2 capture (PreCCC) involves reacting a primary fuel with oxygen or 

air and/or steam to give mainly a ‘synthesis gas (syngas)’ or ‘fuel gas’ composed of CO 
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and H2. CO is reacted with steam in a catalytic reactor, called a shift converter, to give 

CO2 and more H2. CO2 is then separated resulting in a H2-rich fuel which can be used in 

many applications, such as boilers, furnaces, gas turbines, engines and fuel cells [1]. 

The input concentration of CO2 in the separation stage can be in the range 15-60% vol. 

(dry basis) and the total pressure is typically 2-7 MPa, meaning that the CO2 separation 

and compression process is less energy demanding than the post-combustion 

counterpart, where the total pressure and CO2 concentration are lower. The separated 

CO2 is then compressed and made available for transport and storage. A simple process 

scheme is shown in Figure 5. 

 

 

Figure 5. General pre-combustion CO2 capture process scheme. 

Pre-combustion CO2 capture in power generation is based on processes that are used on 

industrial scale to produce hydrogen and chemical commodities, where CO2 is a by-

product that is being removed. In this respect, pre-combustion CO2 capture in chemical 

industry is mature and in use for over 90 years [3]. The most common CO2 capture 

technology is absorption with a chemical or a physical solvent. The liquid solvents used 

in absorption selectively remove both H2S and CO2, thus the unit is called acid gas 

removal (AGR) unit. The acid components are separately released upon regeneration. 

Chemical solvents are used to remove CO2 from syngas at partial pressures below, 

typically, about 1.5 MPa. The tertiary amine methyldiethanolamine (MDEA) is widely 

used in modern industrial processes. Physical solvent processes are mostly applicable to 

gas streams which have a higher CO2 partial pressure. Depending on the possibility of 

transport and storage of mixed CO2 and H2S or not, the main solvents used are 
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Sulphinol, Rectisol or Selexol. Alternative technologies are under development. 

Adsorption may be an option both for low and high-temperature gas separation. 

Especially interesting is the concept of sorption enhanced water-gas shift (SEWGS), 

where the CO conversion is combined with CO2 removal by using a solid adsorbent. 

Membrane technology and low temperature separation processes (e.g. cryogenic 

distillation) are other possible options. 

 

2.2.3 Oxy-combustion CO2 capture 

 

The oxy-combustion CO2 capture process (OxyCCC) eliminates nitrogen from the flue 

gas by combusting a hydrocarbon or carbonaceous fuel in either pure oxygen or a 

mixture of pure oxygen and a CO2-rich recycled flue gas [1]. Combustion of a fuel with 

pure oxygen has a combustion temperature of about 3500°C, which is far too high for 

typical power plant materials. The combustion temperature should be limited to about 

1300-1400°C in a typical gas turbine cycle and to about 1900°C in an oxy-fuel coal-

fired boiler, using current technology. The methodology commonly implemented to 

moderate the temperature is to recirculate a fraction of the flue gas to the combustor.  

The flue gas resulting from an oxy-combustion has high concentration of CO2 and water 

vapour. CO2 can be separated from water by dehydration and low temperature 

purification processes. Nevertheless, other impurities may be present depending on the 

fuel used (e.g. SOx, NOx, HCl, Hg), on the diluents in the oxygen stream supplied (e.g. 

N2, Ar, excess O2) and on possible air leakage into the system. The content of impurities 

may be so high that a separation process downstream the power plant has to be 

implemented anyway. The concentrated CO2 stream is compressed and transported by 

pipeline. A simple scheme of an oxy-combustion configuration is shown in Figure 6. 

 

 

Figure 6. General oxy-combustion CO2 capture process scheme. 
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Although elements of oxy-combustion technology are already in use in the aluminium, 

iron and steel and glass melting industries, oxy-combustion technology for CO2 capture 

has yet to be deployed on a commercial scale. The last decade has seen significant R&D 

on oxy-combustion. Large-scale testing combined with targeted laboratory studies have 

provided fundamental scientific knowledge and has generated experience with the large 

individual and integrated unit operations [17]. However, it is important to emphasize 

that the key separation step in most oxy-combustion capture systems (i.e. O2 from air) is 

a mature technology. Current methods of oxygen production by air separation comprise 

cryogenic distillation, adsorption using multi-bed pressure swing units and polymeric 

membranes. Adsorption and polymeric membrane methods of air separation are only 

economic for small oxygen production rates (less than 200 tons of O2 per day). For all 

the larger applications, which include power station boilers, cryogenic air separation is 

the only economic and practical solution. A higher degree of integration between air 

separation and power cycle may also apply. Technologies being investigated in this case 

include: metal oxides as an oxygen carrier (such as chemical looping combustion); 

oxygen selective metal (the CAR-cycle); oxygen separated in a continuous operation 

using an oxygen transport membrane (OTM) or an ion transport membrane (ITM). 

 

2.3 Adsorption for gas separation 
 

In adsorption processes one or more components of a gas or liquid stream are adsorbed 

on the surface of a solid adsorbent and a separation is obtained [18]. This process differs 

from absorption, in which a fluid (the absorbate) permeates or is dissolved by a liquid or 

solid (the absorbent). Note that adsorption is a surface-based process while absorption 

involves the whole volume of the material. In commercial processes, the adsorbent is 

usually in the form of small particles in a fixed bed (even if there are applications with 

fluidized and moving beds). A fluid is passed through the bed and the solid particles 

selectively adsorb some components. When the bed is almost saturated, the flow is 

stopped and the bed is regenerated through a pressure decrease, a temperature increase 

or a combination of the two. The adsorbed components (adsorbate) are thus desorbed 

and recovered, and the solid adsorbent is ready for another cycle of adsorption.  Similar 

to surface tension, adsorption is a consequence of surface energy. In a bulk material, all 

the bonding requirements (ionic, covalent, or metallic) of the constituent atoms are 

filled by other atoms in the material. However, atoms on the surface of the adsorbent are 

not wholly surrounded by other adsorbent atoms and therefore can attract adsorbates. 

The exact nature of the bonding depends on the nature of the species involved, but the 

adsorption process is generally classified as physisorption (characterised by weak van 

der Waals forces) or chemisorption (characterised by the formation of chemical bonds). 

Many adsorbents have been developed for a wide range of separation processes. 
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Typically the adsorbents are in the form of small pellets, beads or granules. A particle of 

adsorbents has a very porous structure with many fine pores and a pore volume up to 50% 

of total particle volume. The size and number of pores determine the internal surface 

area. It is normally advantageous to have a high surface area (large population of small 

pores). According to the International Union of Pure and Applied Chemistry (IUPAC), 

adsorbents can be classified on the basis of their pore sizes: microporous materials have 

pores smaller than 2 nm, mesoporous materials have pores between 2 and 50 nm, and 

macroporous materials have pores larger than 50 nm. Adsorption often occurs as a 

monolayer on the surface of the fine pores. However, several layers sometimes occur. 

 

The selection of the proper adsorbent is a complex task, yet of paramount importance in 

the design of a separation process. Many different properties of an adsorbent are 

desirable in order to achieve an efficient gas separation. It is worthwhile to point out 

that no single ideal adsorbent exists for a given application. Trade-offs between the 

requested properties are likely to occur. Accordingly, an understanding of the system in 

which the adsorbent needs to perform is fundamental. Main criteria for the selection of 

an adsorbent include: adsorption capacity; selectivity; adsorption/desorption kinetics; 

regenerability and multicycle stability; chemical stability/tolerance to impurities; 

thermal stability; mechanical strength. 

 

2.3.1 Adsorbent materials 

 

Adsorbents can be categorized in many ways. The distinguishing factor can be the 

composition, the pore dimensions, the separation mechanism (physisorption or 

chemisorption but also equilibrium, kinetic, or molecular sieving mechanisms). The 

simple classification proposed here divides the adsorbents into two groups, the 

physisorbents and the chemisorbents. The first group includes zeolites, activated 

carbons (ACs), carbon molecular sieves, carbon nanotubes-based adsorbents and metal 

organic frameworks (MOFs). The second group includes hydrotalcites and all the amine 

functionalized adsorbents. The literature is rich in comprehensive reviews on adsorbent 

materials for CO2 capture applications [19–22]. For a detailed overview of the 

characteristics and properties of different classes of adsorbents, reference should be 

made to the suggested literature. In this section, some general considerations are 

provided, with regard to the current status of significant families of adsorbents and their 

advantages/disadvantages in actual processes. 

 

Physisorbents, especially zeolites and ACs, are the most extensively adsorbents studied 

for many applications, CO2 separation included. They display a series of interesting 

characteristics which make them the natural choice in many instances. Both zeolites and 

ACs exhibit competitive CO2 adsorption capacity near ambient temperature and good 
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CO2 selectivity over other common gas components. At low CO2 partial pressures (≈ 

0.15 bar), typical of post-combustion applications, zeolites outperform ACs in terms of 

adsorption capacity and selectivity, due to the more favorable adsorption isotherm. The 

situation overturns at higher CO2 partial pressures (> 1.7 bar) [23], which makes ACs 

good candidates for pre-combustion applications, where such high pressure levels are 

common. Since the uptake mechanism for physisorbents does not involve chemical 

reactions, the kinetics of adsorption is typically mass transfer limited and the heat of 

adsorption is relatively low. Accordingly, zeolites and ACs generally display fast 

kinetics and excellent regenerability. However, the performance is strongly affected by 

the operating conditions. The CO2 adsorption capacity decreases significantly at high 

temperatures (> 373K). Additionally, the presence of water vapor, which is an 

inevitable component in flue gas, negatively affects the capacity of these adsorbents and 

reduces the availability of active surface area. Other contaminants in flue gas, such as 

SOx and NOx, may also have a detrimental impact on the CO2 adsorption capacity. 

Pretreatment steps are most likely to be applied for the gas stream to treat, including 

cooling, dehydration and gas cleaning processes. 

An emerging class of crystalline solids called metal organic frameworks (MOFs) has 

recently gained widespread attention. The related studies exponentially increased in the 

last years thanks to the extremely wide variety of MOF materials that can be 

synthesized [24–27]. One important characteristic of MOFs is the possibility to tune to a 

large extent their structural and chemical features (e.g. pore size, pore shape, chemical 

potential of the adsorbing surfaces) in order to obtain desired properties. Promising CO2 

adsorption capacities have been demonstrated in the materials with the highest surface 

area, and high adsorptive selectivities have also begun to emerge in materials furnished 

with functionalized surfaces. However, additional research effort needs to be undertaken 

to ensure the applicability of this family of adsorbents. Many issues are yet to be 

addressed, including: the effect of water and other impurities components (O2, CO, CH4, 

SOx, NOx) in the feed, the practical aspects of employing a PSA process [27], the 

stability over multiple adsorption/desorption cycles [19] and the material formulation 

and mechanical stability [28]. 

 

In contrast to physisorbents, the adsorptive properties of chemisorbents vary widely 

according to the nature of their chemical interactions with CO2. In general, hydrotalcites 

display lower adsorption capacity than physisorbents and other chemisorbents. However, 

they have some peculiar characteristics which make them suitable for certain 

applications. Hydrotalcites adsorption capacity is positively affected by the presence of 

water and is retained at high temperatures (up to around 673K [19]). The ability to 

perform at higher operative temperature than physisorbents opens the way for process 

integration opportunities. For instance, hydrotalcites have been considered for sorption 

enhanced processes (e.g. sorption-enhanced water-gas shift). The adsorption kinetics is 

characterized by a fast followed by a slow stage and is slower than physisorbents. 
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Likewise, regenerability is not as good as with physisorbents, especially at high 

temperatures, which often give rise to structural changes in the adsorbents, resulting in 

substantial decreases in adsorption capacity with repeated cycles. 

Another class of chemisorbents includes the amine-functionalized adsorbents. It is a 

rather wide family of adsorbents as differences can be found in the composition, in the 

functional group for chemisorption and in the solid support. Generally speaking, amine-

functionalized adsorbents display high CO2 adsorption capacity at low pressure levels, 

high CO2 selectivity (especially over N2) and robustness in presence of water in the gas. 

These characteristics make them promising candidates for post-combustion applications. 

Their regenerability appears to be good, even though a thermal swing may be needed. 

The issues yet to be addressed regard [19,21,22]: the possible amine degradation at high 

temperature; the adverse effects of impurities, especially acid gases such as COS, SOx 

and NOx; the slower adsorption kinetics that can be an intrinsic limit to the cycle times 

achievable. 

 

2.3.2 Pressure Swing Adsorption (PSA) 

 

Pressure swing adsorption (PSA) is a cyclic process where some components from a 

multicomponent gas mixture are selectively retained in a porous material. Before 

breakthrough of these components, the adsorbent is regenerated by rapidly reducing the 

partial pressure of the adsorbed components, either by lowering the total pressure or by 

using a purge gas, under a pre-defined schedule. When the pressure is reduced to a sub-

atmospheric value, the process is called vacuum pressure swing adsorption (VPSA). For 

simplicity in the rest of the text, the process will be always termed PSA even though it 

involves sub-atmospheric pressures. The origin of PSA can be traced back to 1958, 

when a patent was registered by Skarstrom and independently, in a different version, by 

Guerin de Montegareuil and Domine [29]. In the more well-known Skarstrom cycle, 

two steps (adsorption and depressurization/purge) are carried out in two adsorbent beds 

operated in tandem, enabling the processing of a continuous feed. Since introduction of 

the Skarstrom cycle, many more sophisticated PSA processes have been developed and 

commercialized. Such processes have attracted increasing interest because of their low 

energy requirements and low capital investment costs. Nowadays, PSA is a mature 

technology for air drying, hydrogen purification, n-paraffin removal and small- to 

medium-scale air fractionation. Its utilization is under investigation for other 

applications, among them CO2 separation. In modern PSA processes, a number of beds 

is used to synchronize and accommodate steps additional to those in the Skarstrom 

cycle while ensuring continuous operation (i.e. one bed of the train is always admitting 

the feed gas stream). Typical PSA steps are (see Figure 7 for a schematic 

representation): 
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 Adsorption or feed: the high-pressure feed gas is co-currently injected at the 

bottom of the column. The heavy components (e.g. CO2) of the gas stream start 

to be selectively adsorbed onto the surface of the adsorbent. The less adsorbed 

components (e.g. light gases like H2 or N2) flow out by the column end. 

 Blowdown: the pressure is reduced in order to regenerate the bed.  A fraction of 

the adsorbates are desorbed and flows out from one side of the column. In CO2-

separation applications a stream of CO2-rich gas can be recovered during this 

step. 

 Purge: the regeneration is completed by injecting a purge gas into the column, 

normally counter-currently, while the pressure is retained low. In order to further 

reduce CO2 partial pressure and to ensure an effective CO2 displacement, the 

purge gas has to be an inert or light gas. It can be the effluent from another step, 

e.g. the feed/adsorption step. In CO2-separation applications, a stream of CO2-

rich gas can be recovered during this step. 

 Feed pressurization: the bed pressure is increased to the feed pressure. The 

pressurization is carried out by sending the feed stream concurrently while the 

opposite side of the column is kept closed.  

 Light product pressurization: the bed pressure is increased to the feed pressure. 

The pressurization is carried out by sending a light gas stream (e.g. H2-rich gas 

stream) co-currently or counter-currently to the column while the opposite side 

is kept closed. The light gas can be the effluent from another step, e.g. the 

feed/adsorption step. 

 Pressure equalization - depressurization: the column is connected to another at 

lower pressure. The pressure decreases as a fraction of the gas is displaced to the 

other column. 

 Pressure equalization - pressurization: the column is connected to another at 

higher pressure. The pressure increases as some gas flows in, released from the 

other column. 

 Heavy reflux or rinse: a heavy gas (normally a fraction of the CO2-rich product 

gas) is fed to the column in order to displace the light components from the gas 

phase. This step is implemented before the regeneration process as it contributes 

to increase the purity of the recovered gas. 

 Null or idle: the column is left idle. 
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Figure 7. Schematic representation of the PSA steps. 

Attempts have been made to develop a systematic methodology to define the optimal 

cycle configuration for a given application, in terms on number of beds, and number and 

duration of steps [30,31]. However, PSA process design often remains a trial and error 

procedure that demands some experience and specific knowledge of the system. What 

makes the optimization process such a complex task is the large number of parameters 

which influence PSA process, the cyclic nature of its operation and the multiple 

objectives to consider. 

 

2.3.3 PSA for CO2 capture 

 

Utilization of PSA for CO2 capture is the focus of the thesis, therefore a literature 

review on this subject is presented. A variety of PSA cycle configurations have been 

developed for concentrating the heavy component, CO2 in the first instance, from a feed 

stream. Reynolds et al. provided an overview of different PSA cycles explored for 

concentrating CO2 from stack and flue gases [32]. Additional studies have been lately 

published which contribute to understand the potentials of this process. Zhang et al. 

analysed experimentally 6- and 9-step VPSA cycles to remove CO2 from a gas stream 

representative of the flue gas from a coal-fired boiler (12% vol. CO2) [33]. The 

adsorbent used, a zeolite 13X, was able to achieve > 90% CO2 purity with a CO2 

recovery exceeding 60%. Xiao et al. studied two VPSA cycles for removing CO2 from 

the same type of gas mixture (i.e. 12% vol. CO2) [34]. A 3-bed 9-step cycle and a 3-bed 

12-step cycle were defined and simulated, a zeolite 13X again used as adsorbent. CO2 

purities over 95%, with CO2 recoveries greater than 70%, were achieved provided a 

vacuum pressure of 0.03 bar. The performance dropped quickly when the vacuum level 

was raised to 0.1 bar. A novel VPSA cycle utilizing activated carbon as adsorbent was 

proposed by Delgado et al. [35]. The process consisted of a 3-bed 12-step cycle. It 

introduced a peculiar equalization step, termed over-equalization step, where the gas 

stream transferred from one column to the other undergoes a compression process. 

According to the simulated results, a large fraction of CO2 (> 90%) could be recovered 

at high purity (> 93%) from a mixture with 13% CO2, setting the regeneration pressure 
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between 0.01 and 0.02 bar. The specific energy consumption (defined as the energy 

supplied to the PSA process per kilo of CO2 sequestrated) was also competitive (< 430 

kJ/kgCO2, considering 0.80 the compression efficiency) in comparison to values reported 

by other works. Liu et al. simulated different VPSA cycles, designed with up to four 

columns working in parallel, using zeolite 5A for CO2 capture [36]. The gas mixture 

adopted was meant to resemble the dry flue gas of a coal-fired power station. They 

ascertained the necessity of a second VPSA stage in order to match the specifications 

for the CO2 product stream (i.e. 90% CO2 recovery and 95% CO2 purity). The vacuum 

level was set to 0.1 bar and 0.15 bar respectively in the first and second stage. The 

overall performance of the process was 96.1% CO2 purity and 92.0% CO2 recovery with 

a specific energy consumption of 645.7 kJ/kgCO2 (ideal process, not considering a 

compression efficiency). A two-stage VPSA process was also studied by Shen et al. 

[37]. In this work activated carbon beads were adopted as adsorbent. A CO2 purity of 

95.3% was achieved with a related CO2 recovery of 74.4%. The specific energy 

consumption was measured to be 723.6 kJ/kgCO2 (ideal process). Haghpanah et al. 

developed a robust and efficient adsorption process model [38], utilized to perform a 

systematic analysis of several VPSA cycles with a zeolite 13X as adsorbent to capture 

CO2 from dry flue gas (15% vol. CO2 in N2) [39]. The pressure swing varied in the 

range between 1 bar and 0.03 bar. The optimization of the cycles showed that a 4-step 

VPSA cycle with light product pressurization was able to match 90% CO2 purity and 

recovery constraints with a minimum energy penalty of 471.6 kJ/kgCO2 (considering 

0.72 the compression efficiency). When the CO2 purity required was set to 95% and 

97%, the specific energy consumption increased, respectively to 554.4 kJ/kgCO2 and 

669.6 kJ/kgCO2. At a later stage the same operating framework was tested in a pilot plant 

[40]. The two sets of results showed good agreement for what concerns CO2 purity and 

recovery, while the power consumption estimated from the process simulations was 

significantly lower than the experimental output. All the studies mentioned deal with 

post-combustion applications, where CO2 is normally diluted in N2 with low partial 

pressure. Pre-combustion applications set a different framework. CO2 has to be removed 

from a shifted syngas, where the main components are H2 and CO2 but significant traces 

of CO and N2 may be present. The high pressure, at which the upstream processes are 

commonly operated, is beneficial for the separation unit and permits the avoidance of 

vacuum pressure levels. Casas et al. analysed a PSA process for CO2 separation from 

the syngas of an IGCC power plant using an activated carbon as adsorbent [41]. A 

simplified 60%/40% vol. H2/CO2 feed mixture was considered. The PSA design 

involved different pressure equalization steps leading to a significant number of 

columns working in parallel and to a complex scheduling of the cycle. Several process 

configurations and operating conditions were assessed and multi-objective 

optimizations carried out. The targets 90% CO2 recovery and 95% CO2 purity appeared 

within reach by utilizing a single PSA stage. The same multi-objective optimization 

procedure was utilized to evaluate the performance of PSA with two MOFs under the 
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same process framework [28]. The simulations showed promising outputs. The 

separation efficiency was on a similar level compared to the reference activated carbon, 

with the performance of the different materials ranking differently depending on the 

operating conditions selected. The two MOFs displayed a significant advantage in terms 

of adsorbent productivity, potentially leading to reduced process footprint. García et al. 

experimentally evaluated the performance of a commercial activated carbon adsorbent 

in a pressure-temperature swing adsorption (PTSA) process operated at simulated 

shifted-syngas conditions (i.e. 20/70/10% vol. CO2/H2/N2 gas mixture) and under 

different regeneration conditions [42]. The experimental apparatus consisted of a bench-

scale fixed-bed reactor. A maximum CO2 purity of 91.6% could be achieved, at 

conditions which did not correspond to the optimum values of other performance 

indicators such as CO2 recovery and adsorbent productivity. 

 

Summing up, in post-combustion applications a 2-stage PSA system is likely necessary 

to meet the requested separation performance. Some studies seem to show that a single 

stage process may become able to achieve similar performance but would require high 

vacuum conditions, which are not simple to implement on large systems [43]. 

Conversely, a single stage PSA process can be able to reach the separation objectives in 

pre-combustion applications. This is due to the favourable operating conditions, 

especially in terms of high pressures. A drawback is the increased complexity of the 

PSA designs adopted, involving many columns working in parallel and a complex 

scheduling. 

 

2.3.4 PSA for H2 purification 

 

Since PSA for producing ultrapure H2 is considered in the thesis, the specific literature 

review is presented. PSA for H2 purification is an established technology which has 

been used since the early 1980s. A comprehensive overview on the use of adsorption in 

such field was published by Ritter and Ebner [44]. Given that typical gas streams to be 

processed, either from coal gasification or from natural gas reforming, are composed by 

traces of several gases, such as H2, CO2, CH4, CO and N2, the common knowledge 

suggests to utilize a layered bed. The typical arrangement consists of a first activated 

carbon layer near the feed-end adsorbing mainly CO2 and CH4, with a following zeolite 

layer removing the remaining components, hence CO and N2. The definition of the 

length of each layer is not straightforward. Both Park et al. [45] and Yang and Lee [46] 

studied the adsorber dynamics for multicomponent adsorption in layered beds, both 

experimentally and through numerical simulations. Their studies are helpful in the 

definition of layered beds optimal designs. The effects of feed composition on the 

adsorption dynamics were studied by Ahn et al. [47]. Optimal designs were determined 

from the experimental and simulated results in a layered bed PSA with activated carbon 
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and zeolite 5A. While the mentioned papers focused on the adsorption materials and on 

the adsorption dynamics, also the design of proper PSA cycles plays an important role 

in the H2 purification process. Accordingly, many PSA designs have been evaluated in 

the literature. Sircar and Golden reviewed several key commercial H2–PSA processes 

used for production of high purity H2 from steam methane reforming off-gas and 

refinery off-gas [48]. Patented processes demonstrated to be able to produce a 99.999% 

pure H2 with a H2 recovery up to 86.0%. Ribeiro et al. analysed the performance of a 4-

bed 8-step PSA process with layered activated carbon/zeolite bed for the purification of 

hydrogen from a five components mixture (H2/CO2/CH4/CO/N2; 73/17/4/3/4% vol.) 

[49]. The feed gas composition is representative of a natural gas reforming plant. The 

process simulation predicted a H2 recovery and purity, respectively, of 52.1% and 

99.996%. The influence of feed flow rate, purge-to-feed ratio and lengths of both 

adsorbent layers on the system performance was assessed. In another paper, Ribeiro et 

al. studied the purification of H2 from the same gas mixture but saturated in water 

vapour [50]. A tailor-made activated carbon was considered as only adsorbent [51]. 

Water vapour did not affect significantly the breakthrough behavior of the other species. 

The multicolumn simulation predicted a H2 recovery, purity, and productivity, 

respectively, of 62.7%, 99.999%, and 55.2 molH2/kgads/day. Lopes et al. adopted the 

same activated carbon and performed multicomponent breakthrough experiments [52]. 

A 10-step one-column VPSA experiment was performed obtaining a 99.981% H2 purity 

stream with a H2 recovery of 81.6% and an adsorbent productivity of 101 

molH2/kgads/day. It was also verified that high-purity H2 ( > 99.99%) can be obtained 

with recoveries higher than 75% and unit productivities of 160 molH2/kgads/day. Ahn et 

al. investigated a PSA process with layered bed for hydrogen purification from a coal 

gas with relatively low H2 concentrations (H2/CO2/CH4/CO/N2; 38/50/1/1/10% vol.) 

[53]. The evaluated 4-bed PSA process could produce H2 with a purity of 96–99.5% and 

a recovery of 71–85%. Luberti et al. analysed different PSA configurations with the 

objective of maximizing the H2 recovery and, accordingly, decreasing the power 

consumption for the H2-PSA tail gas recompression in an IGCC plant coproducing H2 

and power [54]. A maximum H2 recovery of around 93% was obtained with a Polybed 

H2-PSA system (12-bed 13-step) using a zeolite 5A. Other options suggested in the 

literature in order to increase H2 recovery, rely on an additional PSA unit or the 

integration with a selective surface membrane [48]. 

The main objective of the reported PSA designs is to obtain a highly concentrated H2 

gas stream. Few studies dealt with a set-up able to return multiple product streams. An 

example is a process called Gemini for contemporary production of high-purity H2 and 

CO2 [55]. The outputs are a primary H2 product at a purity of 99.999+% with a H2 

recovery of 86-87% and a secondary CO2 product at a purity of 99.4% with a CO2 

recovery of 90+%. It involves the utilization of two PSA trains consisting, respectively, 

of 6 and 3 columns, and the utilization of rotating machinery (i.e., vacuum pumps and 

CO2 recycle compressors), which makes the process energy intensive. Krishnamurthy et 
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al. patented a two-train PSA system for producing ultrapure H2 (99.999%+ vol.) and 

food grade liquid CO2 [56]. The shifted syngas resulting from a hydrocarbon steam 

reforming process is routed to a first PSA unit for H2 purification. The resulting effluent 

gas is processed by a second PSA unit, which main product is a CO2-rich gas stream to 

be liquefied. The configuration encompasses a number of recycle streams and 

recompression processes. Chouce suggested and patented a PSA process able to produce 

a pure H2 gas stream, a H2-rich first tail-gas stream and a CO2-rich second tail-gas 

stream [57]. Three different set-ups are described, which are capable of fulfilling the 

task. In particular, one configuration relies on a single PSA train. In all the options 

proposed the tail-gas streams are withdrawn during the regeneration steps and, 

accordingly, are made available at a low pressure level. 

 

Summing up, PSA for H2 purification is a well-established technology able to return 

high-purity H2 product stream. Several bed designs and process configurations have 

been studied in order to optimise the process. High H2 recovery can be obtained along 

with high purity, albeit it involves very complex PSA arrangements. 

 

2.4 The role of coal in the energy sector 
 

Coal is the most abundant and widely distributed energy source. Proven global coal 

reserves at the end of 2013 were estimated to be 968 Gt, of which around 688 Gt were 

hard coal and 280 Gt lignite
2
 [58]. Coal is currently a key component of the global fuel 

mix for power generation. Coal-fired power plants provided in 2013 over 41% of global 

electricity supply [11]. Its low cost and wide availability makes coal very attractive in 

major developing economies for meeting their pressing energy needs. Therefore, coal is 

predicted to play a primary role in the world energy system under any foreseeable 

scenario [59]. A wide exploitation of coal inherently implies environmental concerns. 

Coal has the highest CO2 emission index (defined as the mass of CO2 generated per 

lower heating value of the fuel) among the fossil fuels energy sources. As a result, coal 

is responsible for the largest share of energy-related CO2 emissions. This share has 

increased since 2000 from 38% to 44% in 2014 [11]. A global effort towards a carbon 

constrained world can lead to future scenarios where coal utilization is limited for 

environmental reasons. However, an energy mix without coal is not realistic in the short 

term and thus the role of coal cannot be disregarded in the world future outlook. Given 

its strong carbon footprint, coal exploitation has to be coupled with a strategy for 

limiting its negative environmental impact. An increase of the efficiency of the coal-

fired power plant fleet is certainly required, but alone it would not be sufficient. The 

                                                 
2 Coals have been distinguished between hard coal and lignite on the basis of their energy content (i.e. lower heating 

value LHV). Hard coal (LHV > 16500 kJ/kg) includes sub-bituminous coal, bituminous coal and anthracite. Lignite 

(LHV < 16500 kJ/kg) includes lower rank coals. 
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deployment of CCS is believed to be critical in order to reduce CO2 emissions while 

allowing coal to meet the world’s energy needs. 

 

2.4.1 Coal-fired power plants 

 

A number of methods can be used in large-scale plants in order to convert coal to 

power. The first distinction involves the fact that coal can be either combusted or 

gasified. Gasification of coal produces a syngas that can be subsequently fed to a gas 

turbine. A coal-fired power plant of such kind is called integrated gasification combined 

cycle (IGCC). Direct coal combustion can be carried out at atmospheric pressure or 

pressurized. The first instance includes pulverized coal combustion (PCC) plants and 

circulating fluidized bed combustion (CFBC) plants. The second instance includes 

pressurized fluidized bed combustion (PFBC) plants. The following sections provide a 

description of the two types of coal-fired power plant considered in this thesis, namely 

an advanced supercritical pulverized (ASC) coal plant, which is a subgroup of the PCC 

plants, and an IGCC plant. 

 

2.4.2 Advanced supercritical pulverized coal (ASC) plant  

 

Pulverized coal combustion is the most common process for coal-based power 

generation. The technology is well-developed and there are thousands of units around 

the world, accounting for well over 90% of the coal-fired capacity. When the system is 

designed for operation with supercritical to ultra-supercritical steam parameters, it may 

be termed advanced supercritical pulverized coal (ASC) plant. Last generation ASC can 

operate with steam pressures up to 32 MPa and temperatures up to 600/610°C. The shift 

from subcritical to supercritical operation entails a significant enhancement of the 

power generation efficiency. 

 

The main sections of an ASC plant are: 

 Pulverized coal boiler 

 Steam cycle 

 Gas cleaning 

 

A typical block flow diagram of an ASC plant is shown in Figure 8. 
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Figure 8. Block flow diagram of an ASC pulverised coal plant. Figure reproduced from [60]. 

Pulverized coal boiler - The pulverized coal is injected through burners into the furnace 

with combustion air. The bulk of the combustion air is then mixed into the flame to 

completely burn the coal char. The walls of the combustion chamber are made up by 

steel tubes, so-called water wall, to which much of the heat released by combustion is 

transferred by radiation. Inside these tubes, pressurized water flows at a saturated state 

and steam is generated. The flue gases then pass through additional heat transfer 

sections (e.g. superheater, reheater and economizer). At the exit of the boiler, the flue 

gas is cooled in a heat exchanger with incoming combustion air. The most common 

arrangement is to utilize as air preheater a Ljungström regenerative rotating wheel. 

 

Steam cycle - The supercritical steam generated into the boiler is utilized in a steam 

cycle (also known as Rankine cycle) where power is produced by a steam turbine. 

Steam cycles based on pulverized coal boilers are the preferred technology worldwide 

for power generation from coal, ensuring high availability and the lowest cost of 

electricity. The main components of a steam cycle are: 

 Heat supply: energy from the combustion of coal or sensible heat from the flue 

gas has to be transferred to generate pressurized steam. This process takes place 

in the boiler. 

 Steam expansion in the turbine: the pressurized steam is routed to a turbine, 

where its energy is partly converted to work.  
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 Steam condensation: the steam condensation process takes place in a condenser 

where the heat of condensation is rejected from the cycle, using a cooling 

system. 

 Cooling system: provides the cooling duty for steam condensation. Whenever 

abundant cooling water is available, the optimal system is a once-through open 

loop water system. Another option is to use a water cooled condenser integrated 

with a cooling tower for heat rejection to the air. 

 Feedwater preheating: the liquid water from the condenser is heated, deareated 

and pressurised before entering the boiler. The heating duty is provided by steam 

extracted from the turbine.  

 

Gas cleaning – The flue gas coming from the boiler must be cleaned to meet the 

required emission standards. The pollutants of primary interest and currently regulated 

include particulate matter (PM), sulfur oxides (SOx) and nitrogen oxides (NOx). 

Several particulate control technologies are available for coal-fired power plants, 

including electrostatic precipitators (ESPs), fabric filters (baghouses), wet particulate 

scrubbers, mechanical collectors (cyclones) and hot-gas particulate filtration. ESPs and 

fabric filters are currently the technologies of choice as they can meet current legislation 

PM levels. When operating properly, ESPs and fabric filters can achieve overall 

collection efficiencies of 99.9% of primary particulates (over 99% control of PM10 and 

95 % control of PM2.5). 

Methods to control SOx emissions include switching to a lower sulfur fuel, cleaning the 

coal to remove the sulfur-bearing components, such as pyrite, or installing flue gas 

desulfurization (FGD) systems.  FGD (especially wet FGD) is a proven technology and 

is commercially well-established. Wet scrubbing can achieve 95% SOx removal without 

additives and 99+% SOx removal with additives [59].  

The measures to minimize NOx emissions can be divided into two groups, namely 

primary measures and flue gas treatment methods. The primary measures aim to reduce 

NOx formation at the source, thus during the combustion process. The mechanisms 

involved reduce peak flame temperature and residence time at peak flame temperature. 

The primary techniques available include low-NOx burners, fuel or furnace air staging, 

flue gas recirculation and water/steam injection. The flue gas treatment methods involve 

a post-combustion NOx emission reduction. The two most commonly used technologies 

are selective catalytic reduction (SCR) and selective non-catalytic reduction (SNCR). 

SCR can achieve 90% NOx removal efficiency over inlet concentration, while SNCR 

reaches a removal efficiency of 30-50%. 

The cleaned flue gas has a typical CO2 volumetric fraction of ≈ 14%, whereas the other 

main components are N2 (≈ 74%), O2 (≈ 3%) and H2O (≈ 8%). Ar and residual 

impurities make up for the remaining percentage. In plants without CO2 capture unit, 

the flue gas is vented to the atmosphere. Otherwise, it is further processed to separate 

CO2 by the other gas components. 
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Pulverised coal combustion plants show a wide range of efficiencies due to the several 

design parameters that have an impact on the performance, among those: steam pressure 

and temperature, number of steam reheats, number of feedwater preheaters, condenser 

pressure, turbine blading design, etc. The most advanced plants in operation reach an 

efficiency of about 45-47% (LHV). However, the average efficiency for the coal-fired 

power plant fleet is estimated to be about 35% (LHV) in 2011 [61]. 

 

2.4.3 Integrated gasification combined cycle (IGCC) plant 

 

Gasification is a process to upgrade a solid feedstock, which is difficult to handle, by 

removing undesirable impurities and converting it into a gaseous form [62]. The output 

of the gasification process is a synthesis gas or syngas, whose main components are H2, 

CO, CO2 and steam. Depending on the feedstock, the process and the oxidiser, other 

gases that may be present are N2 and sulfuric compounds like H2S and COS. An 

integrated gasification combined cycle (IGCC) plant converts this syngas into electricity 

by means of a combined cycle. The main advantage of gasification lies in the fact that 

syngas is a cleaner fuel than coal. Fewer sulfur and nitrogen oxides are formed during 

combustion. If CO2 capture is taken into account, IGCC plants may be favoured, as the 

high pressure typical of the gasification process is beneficial for CO2 separation from 

the syngas. Further, IGCC plants can take advantage of the utilization of gas turbine 

technology and combined cycle arrangement, achieving high efficiency. On the other 

hand, the main challenges facing the IGCC technology in order to compete with 

conventional pulverized coal plants are capital cost, system complexity, availability and 

the development of effective gas turbine technology for a syngas feed [63]. 

There are many coal gasification plants in the world producing fuels, chemicals and/or 

steam. With regard to power generation, IGCC did not reach the deployment which was 

initially expected about 15-20 years ago. The following seven are the only commercial 

IGCC power stations using coal and/or coke as primary feedstock: 

 

 Buggenum IGCC power station – the Netherlands (Startup in 1994, shutdown in 

2013) 

 Puertollano IGCC power station – Spain (Startup in 1997) 

 Wabash River IGCC Power station – USA (Startup in 1995) 

 Tampa electric Polk power IGCC – USA (Startup in 1995) 

 Nakoso IGCC power station – Japan (Experimental demo startup in 2007, 

commercial operations in 2013) 

 Tampa electric Polk power IGCC – USA (Startup in 1995) 

 Edwardsport IGCC station – USA (Startup in 2013) 

 Kemper County IGCC – USA (Startup in 2016) 
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The Kemper County IGCC will be the first-of-a-kind commercial-size IGCC plant 

implementing CO2 capture, as it will be capturing 65% of the produced CO2. If 

demonstrated, the benefits on a CO2 capture point of view can contribute to revive the 

interest on IGCC technology. 

 

The main sections of an IGCC plant are: 

 Coal gasification 

 Air separation 

 Syngas treatment and clean up 

 Power island 

 

A typical block flow diagram of an IGCC plant is shown in Figure 9. 

 

 

Figure 9. Block flow diagram of an IGCC plant with Shell gasification technology. Figure reproduced 

from [64]. 
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Coal gasification - Gasification is a non-catalytic reaction converting carbonaceous 

materials into H2, CO, CO2 and steam. The main reactions involved in coal gasification 

are: 

 

 
2 42    74.6 /C H CH H kJ mol      (2.1) 

 
2 2    172.5 /C CO CO H kJ mol     (2.2) 

 
2 2    131.3 /C H O CO H H kJ mol      (2.3) 

 
21 2    110.5 /C O CO H kJ mol      (2.4) 

 
2 21 2    283.0 /CO O CO H kJ mol      (2.5) 

 
2 2 21 2    241.8 /H O H O H kJ mol      (2.6) 

 

Entrained-flow gasifiers demonstrated to be the most suitable gasification technology 

for power generation in an IGCC plant. The benefits that made entrained-flow gasifiers 

to dominate the market can be listed to be: 

 Ability to handle practically any coal as feed  

 Syngas is free of oils and tars 

 High carbon conversion  

 Low methane production, suitable for synthesis gas products  

 High throughput because of high reaction rates at elevated temperature  

 

Entrained-flow gasifiers are operated at high temperatures (1250-1600°C), in the so-

called slagging range (the ash is fully liquid with low viscosity), and high pressures (40-

70 bar). In most of the commercial entrained flow gasifiers the high slagging 

temperature is ensured by using oxygen or oxygen-enriched air as oxidation agent, 

entailing the presence of an air separation unit (ASU) in the plant design. The three 

commercial gasifier technologies with largest total installed capacity are the GE gasifier 

(entrained-flow, developed by Texaco), the Shell gasifier (entrained-flow) and the 

Sasol-Lurgi dry ash gasifier (moving bed, developed by Lurgi). Other gasifiers 

commercially available are the ConocoPhilips E-Gas gasifier (entrained-flow) and the 

Siemens gasifier (entrained-flow). For large-scale entrained-flow gasifiers operating at 

high pressure, two commercial coal feeding systems are available: coal-water slurry 

feed and dry feed based on lock hoppers. Dry-fed gasifiers tend to be somewhat more 

fuel flexible and more energy efficient than slurry-fed gasifiers. Despite its relatively 

low performance, the water slurry feeding system is attractive due to the high pressures 

it can achieve and, more importantly, because it is more compact and employs simpler 

equipment, which may lead to more favorable process economics [65]. Among the 

gasifier designs previously mentioned, both dry-fed systems (e.g. Shell, Siemens) and 

water-slurry systems (e.g. GE, ConocoPhillips) are adopted. 
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Air separation - There is a single technology commercially-ready to meet the O2 

throughput necessary for the coal-gasification process. That is distillation in a cryogenic 

air separation unit (ASU). Air is normally supplied to the ASU compressed to around 5 

bar, while oxygen (with a typical composition of 95 % O2, 3.5 % Ar and 1.5 % N2 by 

volume) and nitrogen product streams are available at around 1 bar. However, the 

process may also operate at elevated pressure such that the air fed to the ASU is at a 

pressure closer to that of the gas turbine compressor outlet. In this case, the ASU 

product streams are at around 5 bar which reduces the recompression work [63]. 

Nitrogen, byproduct of the oxygen production, can be used in various parts of the plant: 

as fuel preparation gas (if a dry-fed gasifier applies); as fuel dilution gas in the gas 

turbine; and for periodic cleaning of candle filters. A fraction of the compressed air 

supplied to the ASU can be taken from the compressor of the gas turbine. The degree of 

integration of the ASU with the IGCC plant is an important design choice, influencing 

gas turbine performance and flexibility. With regard to the compressor duty, no 

significant advantages exist when power and gasification island are integrated: the GT 

compressor features higher isentropic efficiency whilst the ASU main compressor is 

intercooled; this results in an overall similar compression work at different integration 

levels [66]. The present experience with power plants based on coal gasification 

recommends a maximum of 50% integration, i.e. 50% of the mass flow of air entering 

the ASU comes from the GT compressor, on grounds of reliability and availability [67]. 

 

Syngas treatment and clean up - The temperature of the syngas leaving an entrained 

flow gasifier can be as high as 1500°C. Such temperature entails the fly ash to be in a 

liquid form (i.e. slagging condition). In order to protect downstream process equipment 

from possible fouling, the slag needs to be solidified and made non-sticky. This is 

achieved by reducing the syngas temperature. The most widespread technologies are 

water quench and gas recycle quench, while radiant syngas cooling and chemical 

quench are less common. Water quench uses sensible heat from syngas to evaporate 

water. It is the technology adopted by the basic GE gasifier. Shell-type gasifier adopts 

the gas recycle quench, which consists of recirculating the syngas (at about 300°C) back 

to the gasifier outlet. A final syngas temperature of about 900°C is obtained. Further 

temperature reduction is obtained through a syngas cooler. Syngas cooler allows cooling 

down the syngas to the temperature necessary for downstream gas clean up processes, 

while producing steam. Downstream the syngas cooling, entrained solid particles are 

removed. The main technologies adopted are candle filters (e.g. Shell process) or water 

scrubbers (e.g. GE process). Sulfur contained in solid coal is mainly converted to H2S, 

and barely to COS, since the gasification is carried out in an oxygen-depleted 

environment. Accordingly, the derived syngas must be cleaned before use in the gas 

turbine. An acid gas removal (AGR) process is normally used, where H2S is removed by 

means of an absorption cycle. The most common absorption processes adopted rely 

either on physical solvents (i.e. Selexol or Rectisol) or on chemical solvents (i.e. 
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MDEA). The total sulfur (H2S + COS) content can be reduced to levels below 20 ppmv 

in the cleaned syngas. These solvents can be also effective for other acid components, 

for instance CO2. When CO2 capture has to be implemented, it is common practice to 

adopt a two-stage process, selectively retaining H2S and CO2, while releasing them 

separately upon regeneration. The CO2 capture process demands for an upstream syngas 

treatment, namely a shift process. The water-gas shift (WGS) process, carried out in a 

catalytic reactor, increases the H2/CO ratio of the syngas, according to the following 

reaction: 

 

 2 2 2      41 /CO H O CO H H kJ mol       (2.7) 

 

As a result, the shifted syngas has a higher content of CO2 which is beneficial for its 

downstream removal. Two main system configurations may be considered when 

introducing WGS, depending whether the shift process is taking place before (sour 

WGS) or after (sweet WGS) the syngas desulfurization. Sweet WGS allows a multi-

reactor process at higher temperatures, given the larger operating window of the catalyst, 

resulting in higher CO conversion. However, for sulfur containing fuel, such as coal, 

sour shift is the preferred option since avoids an additional thermal swing (sulfur 

removal is normally a cold process). A typical shifted syngas composition involves 

large volumetric fractions of H2 (≈ 54%) and CO2 (≈ 38%), significant contents of N2 (≈ 

7%) and CO (≈ 1%), and traces of other components like (CH4, Ar, H2O, etc.). 

 

Power island - The power island includes a gas turbine (GT), a heat recovery steam 

generator (HRSG) and a steam turbine (ST). Gas turbines run normally on natural gas. 

The utilization of syngas introduces some issues on their operability, which need to be 

addressed. This situation is amplified if H2-rich syngas is used, resulting from a CO2 

capture process.  Syngas has a lower volumetric LHV compared to natural gas, due to 

its H2 content. In order to maintain the same turbine inlet temperature (TIT), which is 

desirable to retain high efficiency, a higher fuel volumetric flow rate is needed. Further, 

the fuel needs a robust dilution for keeping the NOx formation under control. Given that 

the gas turbine has a maximum swallowing capacity, the high H2 content of the syngas 

feeding leads to higher pressure ratio and decreased air demand. As a result, compressor 

stall issues may arise. In order to deal with it, the integration with ASU (some 

compressed air sent to the ASU) can be a convenient procedure. Other possible 

countermeasures consist in modifications either of the turbine (i.e. increasing the nozzle 

area to allow a higher flow rate) or of the compressor (i.e. adding a compressor stage). 

The increased mass flow rate through the turbine results in an increased power output. 

The mechanical ability of the gas turbine rotor to handle increased power output may 

limit the maximum GT power output. The high content of H2 in the syngas heavily 

influences the combustion. High flame speed is a concern, which does not allow using 

air pre-mixing technologies. Accordingly, dry low-NOx
 
(DLN) combustors cannot be 
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adopted and traditional diffusion combustors apply. The NOx emissions need to be 

controlled with fuel dilution or other measures. Common practice is to use nitrogen 

from the ASU, water (syngas saturation) or a combination of both. Another 

consequence of using a H2-rich mixture as fuel, is the significant water fraction in the 

exhaust gas. The presence of water enhances heat transfer and therefore increases the 

metal temperatures, shortening the lifetime of the turbine materials. In practice, this will 

probably mean that the TIT must be reduced to avoid shorter lifetime of the blade 

materials and coatings. Any reduction in TIT reduces the efficiency of the combined 

cycle. It is worth mentioning that, while there is a good experience with gas turbines 

running on syngas (mixture of CO and H2), there are no existing turbines running on a 

H2-rich fuel. E-class gas turbines have been proven on H2-rich fuel streams and would 

probably be offered on commercial basis from various vendors if asked. The problem 

with E-class gas turbines is that they will result in a plant concept with ca. 3 %-points 

lower electrical efficiency compared to a state-of-the-art F-class machine. 

The exhaust gas from the gas turbine has a temperature of ca. 600°C. Such energy 

potential is normally exploited to produce steam in a HRSG. Similarly to a conventional 

combined cycle, a three pressure level heat recovery steam cycle (with or without 

reheating) is commonly used to recover heat from gas turbine flue gas and syngas 

cooling. Depending on the gasification process, the intermediate pressure level can be 

coupled with the gasifier reactor pressure such that the steam demand and the reactor 

wall cooling are optimized. The steam at different pressure levels is routed to proper 

sections of a steam turbine to generate additional electric power. 

 

New IGCC plants are expected to perform with net plant efficiency in the range of 39-

48% (LHV) [68]. A large variability in the possible efficiency values has to be noted. 

The reason for this lies in the complexity of those systems. A number of different 

designs and operating conditions can be considered which influences the performance 

of the plant. Among those, one can mention: 

 Coal type 

 Gasification technology 

 Degree of ASU integration 

 Technology level 

  



33 

 

 

Chapter 3 Methodology 

The methodologies used in the thesis work will be covered in this chapter. In the first 

instance, the composite model developed for the analyses is defined, together with the 

simulation tools adopted. The following sections provide an overview of the process 

design and modeling concepts for both the power plants (i.e. ASC and IGCC plant) and 

for the PSA processes. The main modeling approaches, operating parameters and 

fundamental assumptions are outlined. An in-depth analysis of the theory at the basis of 

the PSA model is also provided. Furthermore, a performance evaluation system is 

defined, and specifications and constraints of the systems are discussed. 

The same composite model may have been used in different analysis frameworks. In 

such cases, some modifications have been introduced, resulting in changed operating 

conditions or even process configuration. On the other hand, the overview in this 

chapter is general, aiming to provide the common modeling basis. For this reasons some 

information has not been reported (e.g. the characteristics of all the system streams), 

especially when those data are subject to change from case to case. However, all the 

necessary inputs to define the common modeling framework are present, whereas a 

more thorough overview of the specific system can be found in the relative Paper. 

 

3.1 Composite model for system analysis 
 

The main goal of the thesis is to assess PSA as CO2 capture technology in coal-fired 

power plants. Process simulations are the tools selected for carrying out this sort of 

analysis. Therefore, the starting point of the work was to develop a composite model, 

able to simulate the overall plant.  

Two plant configurations were considered, respectively to account for a post- and a pre-

combustion CO2 capture scenario. The selected thermal power plants aimed to represent 

the most common systems for coal-based power generation. The post-combustion case 

is an advanced supercritical pulverized coal (ASC) plant. The pre-combustion case is an 

integrated gasification combined cycle (IGCC) plant. A modeling framework was 

established for both cases. It includes the definition of a comprehensive set of design 

parameters and guidelines that serve as a basis for cycle definition, cycle analysis and 

comparison of different technologies. The objective is to make such comparisons 
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consistent and reliable, by using the same set of fundamental assumptions. For this 

reason, all the cases were based on the European Benchmarking Task Force (EBTF) 

recommendations [67]. For what concerns PSA processes, an extensive literature study 

allowed defining the most proper modeling approaches and process configurations to be 

applied to the different systems investigated. 

Once the systems and their characteristics were specified, appropriate modeling tools 

were selected. For the steady-state model of the power plants the Thermoflow package 

was used (i.e. STEAM PRO, GT PRO and THERMOFLEX) [69]. The power plants were 

initially modeled through STEAM PRO and GT PRO, the basic programs for designing a 

conventional steam plant (e.g. ASC plant) and a combined cycle plant (e.g. IGCC plant), 

respectively. Whenever EBTF information was not sufficient or could not be 

superimposed to the model, the design was completed using reasonable assumptions or 

retaining program default values. Process simulations of reference power plants without 

CO2 capture or implementing standard absorption processes for CO2 capture, were 

obtained, based on the models built in STEAM PRO and GT PRO. The performances 

achieved by these cases were compared to those reported by EBTF. The differences 

were evaluated to be within an acceptable margin of error and the basis models were 

considered reliable. The integration of a PSA unit was not possible within those 

simulation platforms. It was necessary to use a program enabling a higher degree of 

customisation of the model. Thus, the models developed were exported into 

THERMOFLEX. THERMOFLEX allowed a plant design reconfiguration in order to 

accommodate the PSA unit. The inherently dynamic PSA processes needed to be 

modeled through another program, namely gPROMS [70]. gPROMS is a modeling 

platform to build and execute dynamic process models. A proper set of equations 

describing the dynamics of the adsorption bed was implemented and allowed simulating 

the PSA process. The resulting outputs of the model were checked against available 

literature data and were considered reliable. In some systems, a flash separation process 

was modeled in Aspen HYSYS [71], as a network of multistream heat-exchangers and 

separators. The models developed - one for the power plant, one for the PSA unit and, 

possibly, one for the flash separation unit - were connected through a common 

Microsoft Excel interface in order to exchange information. The process units upstream 

the CO2 capture section provide the input data for the PSA model. That information is 

conveyed to the gPROMS model and a PSA process simulation is run. The obtained 

output data are sent back to the THERMOFLEX model of the power plant. When a flash 

separation is implemented, the same procedure applies. The overall plant simulation can 

then be completed and allows for full-plant analyses. 
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3.2 Process design and modeling of ASC plant 
 

The post-combustion case studied involved an ASC plant integrating PSA for CO2 

capture. The plant produces about 827 MW gross electric output. When the auxiliary 

power is taken into account, the net power output is about 579 MW, giving a net electric 

efficiency of 34.8%. Figure 10 shows a general flowsheet of the plant. The 

characteristics of the main plant streams can be found in Paper I. The overall plant can 

be divided in 5 sections: 

 Pulverised coal boiler 

 Steam cycle 

 Gas cleaning 

 CO2 separation 

 CO2 compression 

 

 

 

Figure 10. Flowsheet of an ASC plant integrating a PSA unit for CO2 capture. 

 

3.2.1 Pulverized coal boiler 

 

A bituminous Douglas premium coal (66.2 kg/s) is fed to a pulverized coal boiler. The 

characteristics of the coal are given in Table 1. 
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Table 1. Douglas premium coal characteristics [67]. 

Douglas premium coal 

Proximate analysis (weight %) Ultimate analysis (weight %) 

Moisture 8,0 % Moisture 8,0 % 

Ash 14,2 % Ash 14,2 % 

Volatile matter 22,9 % Carbon 66,5 % 

Fixed carbon 55,0 % Hydrogen 3,8 % 

Total 100,0 % Nitrogen 1,6 % 

    Chlorine 0,009 % 

    Sulfur 0,5 % 

    Oxygen 5,5 % 

    Total 100,0 % 

LHV (kJ/kg) 25170 
  

HHV (kJ/kg) 26190 
  

CO2 emission (g/kWh LHV) 349 
  

 

Supercritical steam (600°C) at one pressure level (300 bar) is generated in the boiler. A 

single reheat is present (620°C and 89 bar) and water coming from water preheaters is 

introduced to the boiler at 316°C. Figure 11 shows the pulverized coal boiler section in 

detail. The THERMOFLEX boiler model consists of a water-wall evaporator, an 

economizer, a superheater and a single reheater. Additionally, a pulverizer model is 

connected, which calculates fuel processing details and defines the air/coal mixture sent 

to the furnace. The pulverizer is equipped with 6 vertical air-swept mills and mill fans. 

Drying air provides the right amount of energy to dry out certain percentage of the total 

moisture in the fuel and heat up the rest of the fuel to the desired exit temperature. Three 

inlet air streams are considered for the boiler: primary air (59 kg/s), secondary air (563 

kg/s) and tempering air (57 kg/s). The primary air and tempering air flow rates are 

determined by the pulverizer model and the secondary air will supply the remaining air 

flow needed for combustion. The combustion calculations assume complete oxidation 

of coal with the exception of any unburned carbon explicitly cited to be part of the 

bottom ash and fly ash leaving the boiler. Boiler efficiency results to be ≈ 94%. The 

emission rate of NOx is computed from user-defined production levels (188 mg/Nm
3
 at 

6% reference O2). The flue gas (736 kg/s) exits the boiler at 339°C. A Ljungström 

regenerative heat exchanger is used to preheat the combustion air to the boiler (285°C) 

and the air used for coal drying and pulverized fuel transport (299°C), while the flue gas 

is cooled to 117°C. 

 



37 

 

 

Figure 11. Detailed flowsheet of the pulverized coal boiler section of the ASC plant. 

 

3.2.2 Steam cycle 

 

The supercritical steam (600°C and 300 bar) produced in the pulverized coal boiler is 

processed in a steam cycle for power generation. Figure 12 shows the steam cycle 

section in detail. The steam turbine plant consists of high pressure (HP) turbine, 

intermediate pressure (IP) turbine and low pressure (LP) turbine with extraction points 

for regenerative heating of feed water and condensate. A single reheat is implemented. 

THERMOFLEX allows imposing a value for the dry step efficiency of each turbine 

group. This is the efficiency in the expansion path with dry steam and will be corrected 

in the case of wet steam (i.e. an efficiency decrement is applied to all steps with steam 

quality below the Wilson line). The efficiency of each step within a particular group is 

assumed to be the same in the absence of steam moisture. The overall isentropic 

efficiency is finally calculated taking into account exhaust loss and throttling effect. 

This efficiency results to be about 92%, 94% and 83%, respectively for the HP, IP and 

LP group. The expanded steam (0.048 bar) leaving the LP turbines is routed to the 

condenser. A water-cooled condenser is employed and the heat is rejected to the 
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environment through a natural draught wet cooling tower. Saturated condensate is 

assumed at the condenser outlet. A system of nine preheaters increases the feed water 

temperature to 316°C. Steam is extracted from the turbine at proper locations to provide 

the necessary heating duty for the preheaters. The boiler feed pumps selected are motor 

driven. The gross power output is about 827 MW. 

 

 

Figure 12. Detailed flowsheet of the steam cycle section of the ASC plant. 

 

3.2.3 Gas cleaning 

 

This section includes the gas cleaning processes and other gas treatment processes 

implemented before sending the flue gas to the CO2 separation unit. Figure 13 shows 

the gas cleaning section in detail. The first cleaning process undergone by the flue gas is 

a selective catalytic reduction (SCR) to meet the NOX emission limits (i.e. 120 mg/Nm
3
). 

SCR is located between the boiler’s exit and the air heater inlet. Flue gas (736 kg/s) 

enters the SCR unit with a temperature of 339°C, compatible with the catalytic reaction. 

The NOx reduction is obtained through ammonia injection with an effectiveness of 80%. 

Flue gas leaving the SCR is particle-laden. An electrostatic precipitator (ESP) device is 

included in the plant design to reduce the particle content down to the desired limit (i.e. 

8 mg/Nm
3
). ESP is assumed to operate with a 99.5% particulate removal efficiency. The 

last cleaning process involves the removal of SOx in a wet flue gas desulfurization 

(FGD) system. The flue gas (801 kg/s) at 127°C is introduced into an absorption reactor. 

Limestone is crushed into a fine powder and mixed with water in a slurry preparation 

tank. The sorbent slurry is then pumped to spray headers inside the absorber reactor in 

order to carry out the SOx removal. The treated flue gas leaving the absorber is fulfilling 
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SOx limits (i.e. 85 mg/Nm
3
) and is saturated with moisture. In order to convert absorbed 

SOx to sulfate and cause gypsum to precipitate, forced oxidation is obtained by blowing 

air into the slurry in the reaction tank. A slurry bleed stream is pumped from the reactor 

to the dewatering system equipment, where byproduct or waste solids are separated 

from the bleed slurry and made ready for final delivery or disposal. The unit is assumed 

to reach a 98% SOx removal efficiency. Before being routed to the PSA unit, the flue 

gas is going through a water removal unit. Such unit is included because of the 

detrimental effect of water on the considered adsorption process. An equilibrium 

separation is modeled. The flue gas stream is cooled down to approximately 20°C and 

fed to a flash separator where water is extracted as a liquid. This simple process can 

only lower the water content down to about 2%, given the atmospheric pressure of the 

flue gas. A much lower water content is advisable, but it would require a different 

dehydration strategy. This has not been included in the simulation. The partially 

dehydrated flue gas stream then enters the PSA unit. 

 

 

Figure 13. Detailed flowsheet of the gas cleaning section of the ASC plant. 

 

3.2.4 CO2 separation 

 

The CO2 is removed from the flue gas by means of a PSA process. Flue gas is 

introduced into the unit at atmospheric pressure and with a temperature of 20°C. The 

volumetric composition is the following: 14.3% CO2, 77.8% N2, 4.6% O2, 0.9% Ar, 2.3% 

H2O and 0.06% other components. A two-stage PSA process is considered. Each stage 
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consists of a number of columns working in parallel and synchronized. The multi-

column configuration allows the PSA to accommodate a constant feed flow, ensuring 

continuous operation. The characteristics of the PSA unit are outlined in section 3.4.3. 

Two gas streams leave the unit: a CO2-rich gas stream at 1 bar, which is sent to the CO2 

compression unit; a waste gas stream, mainly composed of N2, which is vented to the 

atmosphere. The adsorption column regeneration process involves a vacuum pressure 

(0.1 bar). The relative vacuum pumps energy consumption has been computed 

considering an adiabatic compression process, corrected with an isentropic efficiency of 

70%. The PSA unit is responsible for additional compression energy consumptions, due 

to the fans used to overcome the pressure drop in the column. In this case, the isentropic 

efficiency was set to 85%. 

 

3.2.5 CO2 compression 

 

CO2-rich gas stream leaving PSA unit needs to be compressed from 1 bar to 110 bar for 

transport. An intercooled compression arrangement is modeled. Figure 14 shows the 

CO2 compression section in detail. Five compression stages are implemented. 

THERMOFLEX sets an equal pressure ratio for each compression stage. The cooling 

fluid is water. The isentropic efficiency of each compressor stage was set to 85%. The 

efficiency of the compressor driver was assumed to be 95%. The compressors 

performance is simulated according to maps internal to the model. The CO2-rich gas 

stream is cooled to 28°C in each intercooler. The specific energy consumption is 

calculated to be 0.36 MJ/kgCO2. 

 

 

Figure 14. Detailed flowsheet of the CO2 compression section of the ASC plant. 

 

3.3 Process design and modeling of IGCC plant 
 

The pre-combustion case studied involved an IGCC plant integrating PSA for CO2 

capture. If ultrapure H2 is an additional power product, PSA technology was used both 

for CO2 capture and H2 purification. The plant produces a gross power output of about 
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460 MW (decreasing if H2 is additionally produced). The net power output is about 350 

MW, resulting in a net electric efficiency of 36.2%. Figure 15 shows a general 

flowsheet of the plant (when electricity is the only plant product, the ultrapure H2 

stream does not apply). The characteristics of the main plant streams can be found in 

Paper I. The overall plant can be divided in 5 sections: 

 Air separation 

 Gasification and syngas treatment 

 CO2 separation and H2 production 

 CO2 compression and purification 

 Power island 

 

 

Figure 15. Flowsheet of an IGCC plant integrating a PSA unit for CO2 capture. 

 

3.3.1 Air separation 

 

Figure 16 shows the air separation section in detail. The main duty of this section is to 

supply O2 to the gasifier. A cryogenic air separation unit (ASU) is used for the purpose, 

which is modeled by THERMOFLEX. The distillation column is operated at 10 bar, 

producing a 95% pure O2 gas stream, which is made available at 2.6 bar. The O2 needs 

to be compressed to the pressure at which the gasification process takes place (i.e. 44.9 

bar). Air is compressed (to 10 bar) and cooled (to 20°C) before being delivered to the 

cryogenic separation unit. Based on the total product demand flow and stream 

compositions, the ASU model computes the required flow of air. 50% of the 

compressed air entering the ASU is taken from the compressor of the gas turbine. As a 

N2

N2 to gas turbine

Air from gas turbine

Air

O2

Coal Slag

Air Separation

Unit

H2-rich 

fuel gas

CO2 to transport

and storage 

H2S removal

H2-rich

fuel gas

Acid 

gas

Flue gas to 

atmosphere

Water Gas

Shift

Fuel

preparation

Air 

expander

Convective

cooler and 

scrubberGasifier

Air

Syngas

Cooling water

Drain Drain

CO₂ compression

and flash 

separation

Power 

island

CO2-rich gas

Steam

PSA unit for 

CO2 separation

(and ultrapure

H2 production)

Shifted

syngas

Ultrapure H2

H2-rich

fuel gas



42 

 

byproduct pure N2 is made available at 2.6 bar (100% N2 streams are considered in the 

model). A fraction of N2 (0.2207 kgN2/kgcoal) is sent to the fuel preparation unit where it 

is used as fuel transport stream. This N2 gas stream is compressed to 88 bar. N2 is also 

supplied to the combustor of the gas turbine for NOx control. Accordingly, it is 

compressed to ≈ 24 bar. The dilution N2 is preheated to 200°C by the air coming from 

the GT compressor. Preheating the N2 improves system efficiency by reducing the fuel 

burnt in the GT to heat the N2 and by reducing the cooling load handled by ASU coolers. 

The mentioned compression processes are modeled as multi-stage intercooled processes, 

with a polytropic efficiency of 90% and a mechanical efficiency of 95%. The overall 

power consumption consists of the computed power to drive the compressor motors and 

an additional miscellaneous power consumption term. The air separation section 

demands about 51.6 MW. The O2 produced is 31.2 kg/s, which makes the specific 

consumption 1.74 MJ/kgO2. This value is higher than a normal ASU, mainly due to the 

additional N2 compression power requirement. 

 

 

Figure 16. Detailed flowsheet of the air separation section of the IGCC plant. 

 

3.3.2 Gasification and syngas treatment 

 

This section includes the fuel preparation unit, the gasifier and the units for syngas 

treatment and clean-up. Figure 17 shows the gasification and syngas treatment section 

in detail. A bituminous Douglas premium coal (38.5 kg/s, see Table 1 for its 

characteristics) is fed to the gasifier using N2 as fuel preparation gas. N2 coming off the 

ASU conveys fuel to the pulverizing mills and into the gasifier. O2 is supplied from the 

ASU as well, at the gasifier pressure. The gasifier is assumed to be a Shell-type 

entrained-flow oxygen-blow gasifier, operating at 44.9 bar and 1309°C. High-
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temperature syngas (160 kg/s at 900°C) leaving the gasifier is cooled down (497°C) in a 

convective syngas cooler: hot raw syngas flows inside the tubes which are immersed in 

water. Saturated steam at 145 bar is generated in the gasifier vessel and in the syngas 

cooler. Syngas is re-circulated from the convective cooler exit back to the gasifier vessel 

to reduce syngas exit temperature. Particles are removed through a wet scrubber. 

Incoming syngas (76 kg/s) enters the scrubber where it comes into direct contact with 

water. The water traps the particles, which are collected in the pool at the bottom of the 

vessel. Particle-free syngas, which has been moisturized in the process, leaves the 

scrubber through demisters that collect water droplets to prevent carry-over. Syngas is 

then routed to the water-gas shift (WGS) section with a temperature of 178°C. The sour 

shift process converts CO and H2O to CO2 and H2 to a large extent. Steam, extracted 

from the steam cycle at an intermediate pressure level (52 bar), is added to the syngas in 

order to enhance and sustain the reaction (with a consequent energy penalty in the steam 

turbine). A H2O/CO ratio of 2 was assumed. The process achieves a 96% CO 

conversion and a 98% COS conversion (COS hydrolysis is directly carried out in the 

WGS avoiding a dedicated reactor and thermal swing). The heat of reaction is partially 

recovered by producing high pressure saturated steam (40.5 kg/s at 145 bar). The shifted 

syngas leaves the WGS unit at a relatively high temperature (235°C) and is cooled 

down (47°C) to undergo the cold gas cleaning processes operating at low temperature. It 

is first cooled against a H2-rich fuel gas going to the gas turbine (which is by this 

preheated to 200°C). The remaining cooling duty is provided by cooling water. The 

syngas coolers total pressure drop was set to 10%. During these cooling steps, a large 

fraction of water present in the shifted syngas condenses and is knocked out of the 

syngas stream. Water removal down to trace-level is fundamental for the following PSA 

process, since water competitively adsorbs onto the solid bed when dealing with 

common adsorbents. Given the high operating pressure, water removal is particularly 

effective (water content down to ≈ 0.6% vol.) and the final water content entering the 

PSA unit is rather low (≈ 0.03% vol. after the acid gas removal unit). Acid gas (H2S) 

has to be removed from the shifted syngas in order to comply with SOx emissions limits 

and to reduce potential for corrosion in the power island equipment. The acid gas 

removal (AGR) unit involves a single stage absorption process. THERMOFLEX 

computes the acid gas removal rate based on the input H2S removal efficiency (99.9%). 

A fraction of CO2 is removed along with the H2S. The energy input specifications 

simulate a physical solvent, namely Selexol. In particular, the heat requirement for the 

reboiler was set to 21.0 MJ/kgH2S. This heat duty is provided by condensing steam at 

low pressure (5 bar). The power consumption (for pumps etc.) computed by the AGR 

model results to be 2.1 MJ/kgH2S. The sulfur-free syngas is then routed to the PSA unit. 
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Figure 17. Detailed flowsheet of the gasification and syngas treatment section of the IGCC plant. 

 

3.3.3 CO2 separation and H2 production 

 

The gas separation technology adopted for CO2 separation (and for ultrapure H2 

production when applies) is PSA. The PSA unit can include one or more PSA stages. 

The gas stream entering the PSA unit is that leaving the AGR unit, which pressure is 

38.8 bar (the temperature has been varied in the thesis between 55 and 95°C). The 

volumetric composition is the following: 37.9% CO2, 53.5% H2, 1.5% CO, 0.06% CH4, 

6.7% N2, 0.3% Ar and 0.04% other components. The gas streams leaving the PSA unit 

are: a CO2-rich gas stream (at 1 bar in the base case), which is sent to the CO2 

compression unit; a H2-rich gas stream (at 24 bar), which is sent to gas turbines as fuel. 

When the IGCC coproduction framework applies, a third outlet gas stream, made of 

ultrapure H2, leaves the PSA unit (at 38.8 bar). The exact design of the PSA depends on 

the plant configuration considered. The different instances studied are defined in the 

section 3.4.3. Some fans have to be considered in the PSA unit, in order to overcome the 

pressure drop in the adsorption columns. The energy consumption of these fans was 

calculated discounting the ideal compression work by an isentropic efficiency of 85%. 
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3.3.4 CO2 compression and purification 

 

The CO2-rich gas stream leaving the PSA unit (at 1 bar in the base case) is cooled down 

to 28°C and sent to the CO2 compression and purification unit, where it is compressed 

to an appropriate pressure for transport. This pressure was assumed to be 110 bar. 

Figure 18 shows the CO2 compression and purification section in detail. The 

compression arrangement includes multiple intercooled stages. The intercooled 

compressor model is the same as that described in section 3.2.5. Since the CO2 purity 

obtained by the PSA process was not matching the specification established (i.e. ≥ 90% 

vol.), a further purification process was implemented. It consists of impurities removal 

by means of two flash separators integrated in the CO2 compression section. The model 

was developed in Aspen HYSYS. Such approach has already been suggested for 

removing a selection of non-CO2 gases from oxy-combustion power plants [72,73]. The 

CO2-rich gas stream is first partially compressed (up to 30 bar in the base case, by 

means of 4 intercooled stages) and the water is removed. The dehydrated gas stream 

enters a system of two multi-stream heat exchangers (MSHE), each followed by a flash 

separator (see Figure 18). An appropriate temperature is set at the outlet of each heat 

exchanger (−30°C and −54.5°C, values taken from [73]), in order to allow to collect 

CO2 in liquid phase. As a result two gas streams are obtained: a CO2-rich stream, 

matching the requested purity specification (final CO2 purity ≈ 99% vol.), which 

completes the compression process; a CO2-lean stream, rich in H2, which is added to the 

syngas injected as fuel in the gas turbine. The cooling duty is provided by the throttling 

of the CO2-rich gas streams. The purification process increases the compression power 

requested (0.50 MJ/kgCO2), due to the additional pressure ratio to be provided by the 

compressors in response to the CO2-rich gas stream throttling. However, the additional 

H2 recovered in the flash separators and sent to the gas turbine counterbalances this 

effect to a large extent. 

 

Figure 18. Detailed flowsheet of the compression and purification section of the IGCC plant. 
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3.3.5 Power island 

 

The power island is responsible for syngas energy conversion into electricity. A 

combined cycle is adopted for the purpose, consisting of a gas turbine and a steam 

bottoming cycle. Figure 19 shows the power island section in detail. The gas stream 

fueling the gas turbine is composed by the H2-rich gas stream leaving the PSA unit plus 

the additional H2 recovered in the flash processes. This gas stream is preheated to 200°C 

before being fed to the gas turbine combustor. A dilution with N2 coming from the ASU 

is included for NOx formation control. As a rule-of-thumb, the N2 dilution has been 

adjusted in the different cases proposed so to retain similar Wobbe index as for the base 

case [67]. The gas turbine (GT) considered is a Siemens SGT5-4000F, a large-scale “F 

class” 50 Hz selected from the Thermoflow library of gas turbine engines. The 

simulation of the GT is based on a reverse-engineered, detailed, physical engine model 

developed by THERMOFLEX. A compressor map is constructed to relate compressor 

efficiency to pressure ratio and corrected inlet flow. Turbine cooling air and process air 

extraction from the compressor at user-defined locations is taken into account. The 

turbine cooling air is larger (≈ 53 kg/s) in comparison to typical values for gas turbine 

running on natural gas, due to the significant presence of water in the flue gas. The 

model modifies compressor behavior dependent upon the location and quantity of 

extracted air. The combustion model is a generalized equilibrium calculation modified 

by an efficiency to account for the non-ideal process. The calculation procedure 

accounts for combustor pressure loss, fuel dilution and fuel delivery temperature. NOx, 

CO and unburned hydrocarbon emissions have to be set by the user. A simplified 

turbine map is constructed to relate turbine efficiency to pressure ratio and corrected 

flow. Pressure drops are estimated throughout the GT cycle and are taken into account 

by the model. The part load operation includes the utilization of variable IGV. The GT 

operates with a pressure ratio of ≈ 17.5 and a TIT (stagnation temperature at first rotor 

inlet) of ≈ 1300°C, giving an efficiency of about 40% (electric generator output per fuel 

LHV). The process air extracted from the compressor, to be sent to the ASU, is 

expanded (from 17.5 bar to 10.5 bar) in order to recover part of the compression work. 

The flue gas from the turbine is discharged at ≈ 580°C and its remaining energy content 

is used to produce steam at three different pressure levels, respectively 138 bar, 47 bar 

and 5 bar, in a HRSG. The design of the HRSG is optimised by THERMOFLEX. The 

heat transfer duty for each heat exchanger is determined by its water/steam side inputs 

and the program computes the corresponding heat transfer rate, exit state of the flue gas 

stream and heat transfer ability UA. The minimum temperature difference allowed in 

the economizers was set to 5°C, the pinch point in the evaporators to 10°C and the 

minimum temperature difference allowed in the superheaters to 5°C. The heat loss, 

expressed as percentage of the energy transferred to water/steam, was set to 0.5%. The 

steam produced by the HRSG is expanded in a steam turbine (ST), providing an 

additional power output. The ST is divided in HP, IP and LP section. The design was 
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tuned in accordance with HRSG pressure levels. Steam extraction points were selected 

based on gasifier, reboiler and other process needs. Dry step efficiencies are defined for 

each turbine group and the same correction principles apply as those outlined in section 

3.2.2. The overall isentropic efficiencies results to be about 90%, 93% and 88%, 

respectively for the HP, IP and LP group. A water-cooled condenser is used to condense 

the turbine exhaust steam, operating at a design pressure of 0.048 bar. The total gross 

power output, considering all H2 used for power generation, is about 460 MW: GT gross 

power output 288 MW, ST gross power output 167 MW and air expander gross power 

output 5 MW. 

 

 

 

Figure 19. Detailed flowsheet of the power island section of the IGCC plant. 
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specific objectives. The definition of a PSA configuration entails to determine the 

number of columns working in parallel, the PSA cycle and the adsorbent material. In the 

last sub-section the approach for the numerical solution of the PSA model is discussed. 

3.4.1 Governing equations 

 

In order to simulate the behavior of the PSA unit, a model of a fixed-bed column was 

developed. The model must be able to describe the dynamics of adsorption/desorption 

on the porous adsorbent selected during the PSA cycle. The mathematical description of 

the process relies on material, energy and momentum balances as well as the adsorption 

isotherm. The complete model results in a complex set of partial differential and 

algebraic equations (PDAEs), whose solution would be tedious and time-consuming. 

Therefore, several simplifications have been suggested in the literature, especially with 

regard to the kinetics of the adsorption process. The model adopted in this thesis relies 

on some of these simplifications. The guiding criterion for the selection of the degree of 

complexity was to develop a model as simple as possible but still able to satisfactorily 

predict the gas separation performance of the unit. It is worth to stress that the proposed 

work aims to be an analysis of complex systems (i.e. coal-fired power plants), of which 

the PSA unit constitutes an integrated sub-section. An in-depth representation of the 

adsorption mechanisms was believed to be out of the scope of the thesis. 

The overview of the governing equations for the adsorption column was structured as 

following. First the complete equations are presented in order to provide a sound 

theoretical basis. Then the simplifications applied are introduced and explained, leading 

to the modeling framework used in PSA process simulation. Before analyzing the 

equations, some modeling assumptions are listed: 

 The gas in the bulk phase is considered to follow the ideal gas law. 

 The bed is assumed uniform. Constant bulk density and bed porosity. 

 The radial diffusion effects are ignored. 

 The heat of adsorption is independent of temperature and adsorbed phase 

loading. 

 

Material balance and mass transfer rate – Assuming an axially dispersed plug flow 

pattern in the fixed bed adsorption column, the transient component material balance for 

the bulk gas phase is given by: 
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  (3.1) 

   

where ε is the bed porosity, Ci is the gas phase concentration of component i (mol/m
3
), 

us is the gas superficial velocity (m/s), Dax,i is the axial dispersion coefficient of 

component i (m
2
/s), ρp is the volumetric mass density of the particle (m

3
/kg), 

iq̂ is the 
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average concentration of component i in the adsorbent particle (mol/kg) and z is the 

distance in the axial direction (m). The axial dispersion coefficient lumps together the 

mechanisms which contribute to axial mixing and can be estimated through one of the 

following correlations [29,74]: 
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where D
m

g,i is the multicomponent molecular diffusivity of component i (m
2
/s), dp is the 

adsorbent particle diameter (m), Sc is the Schmidt number and Re is the Reynolds 

number.  

The overall material balance can be expressed similarly like: 
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where Ctot is the total gas phase concentration (mol/m
3
). 

The overall rate of mass transfer term (∂𝑞̂𝑖/∂t) is coupling the material balance in the 

bulk gas phase with the material balance in the adsorbent particle. Given the bi-disperse 

structure of the adsorbents considered (i.e. population of macro and micropores), two 

additional equations are needed: a material balance in the macropores and one in the 

micropores. In order to model the mass transfer from one phase to the other, the effects 

of the mass transfer resistances between the fluid and the particle and within the particle 

have to be taken into account. At the microscopic level, an adsorption process involves 

the following steps in sequence (desorption step follows these steps in reverse) [75]: 

 The adsorbate diffuses from the bulk fluid phase to the external surface of the 

adsorbent pellet.  

 From the external surface, adsorbate diffuses into and through the macropores.  

 Adsorbate diffuses further in the micropores before getting adsorbed.  

 

Accordingly, three main mass transfer resistances can be defined: 

 External film resistance 

 Macropore diffusional resistance 

 Micropore diffusional resistance 

 

The external film transfer resistance assumes that the rate of mass transport between a 

solid surface and a flowing fluid is limited by a film adjacent to the surface. Considering 
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steady-state conditions at the fluid-solid interface, the mass transfer rate across the 

external film is supposed to be equal to the diffusive flux at the particle surface: 
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where ap is the particle surface area per unit volume (m
2
/m

3
), kf,i is the external mass 

transfer coefficient of component i (m/s), C
s
por,i is the concentration in the macropore of 

component i at the particle surface (mol/m
3
), εp is the particle porosity, Dp,i is the 

macropore diffusivity of component i (m
2
/s), Cpor,i is the concentration in the macropore 

of component i (mol/m
3
), R is the distance along the macroparticle radius (m) and Rp is 

the macroparticle radius (m). The external mass transfer coefficient (kf,i) depends on the 

flow conditions and actually differs from one point to another on the same particle. In 

practice, however, an average value for the film coefficient is used and can be 

characterized by using the system's Sherwood, Reynolds and Schmidt number [76]: 
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The bulk gas phase material balance can be rewritten as following: 
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  (3.7) 

 

The macropore diffusional resistance may be the result of different contributions, 

depending on the relative magnitude of the pore diameter and the mean free path of the 

adsorbate under the operating conditions in the pore. When the pore diameter is much 

greater than the mean free path, molecular diffusion dominates the transport. In this case 

the diffusion resistance mainly arises from collision between diffusing molecules.  The 

multicomponent molecular diffusivity can be estimated by Wilke correlation [51,74]: 
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where yi is the mole fraction of component i, Dg,ij is the binary diffusion coefficient of 

the ij system (m
2
/s). The binary molecular diffusivities can be calculated through the 

Fuller empirical correlation [77,78]: 
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where T is the gas temperature (K), MWi is the molecular weight of component i 

(g/mol), P is the pressure (Pa) and ξi is the diffusion parameter for component i. 

Alternatively, the Chapman and Enskog equation can be utilized [74,78]: 
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where fD is a correction term, σij is the characteristic length of the intermolecular force 

law (Å), ΩD is the collision integral for diffusion and k is the Boltzmann constant. When 

the pore diameter is small compared to the molecular mean free path, Knudsen diffusion 

dominates the mass transfer mechanism. The resistance to mass transfer is mainly due to 

the particles collisions against the pore wall. The Knudsen diffusivity can be defined as 

[29]: 
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where DK,i is the Knudsen diffusivity for component i (m
2
/s). When both mechanisms 

(molecular and Knudsen diffusivity) significantly influence the mass transfer, the 

effective macropore diffusivity can be estimated by the Bosanquet equation [29]: 
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where τ is the tortuosity factor. 

Once defined the mass transfer mechanism in the macropore, the material balance can 

be expressed as: 
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where iq  is the averaged adsorbed concentration of component i (mol/kg). The boundary 
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conditions for the macropore balance are as follows: 
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The micropore diffusional resistance involves a different mass transfer mechanism 

compared to those previously described. Since the pore diameter is in the order of 

magnitude of the molecular diameter, the adsorbate cannot escape the force field of the 

adsorbent surface. The transport of mass occurs by an activated process involving jumps 

between adsorption sites [79]. The resulting micropore diffusivity follows an Arrhenius 

type correlation [29]: 
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where Dc,i is the micropore diffusivity of component i (m
2
/s), D

0
c,i is the limiting 

micropore diffusivity at infinite temperature of component i (m
2
/s), Ea,i is the activation 

energy of component i (J/mol) and Rg is the universal gas constant (J/mol K). The 

material balance equation in the micropore is: 
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where qi is the distributed adsorbate concentration of component i in the micropore 

(mol/kg) and r is the distance along the micropore radius (m). The boundary conditions 

for the micropore balance are as follows: 
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where q
*
i is the equilibrium adsorbed concentration of component i (mol/kg) and rc is 

the micropore radius (m). 

That outlined is the complete set of equations for describing the material balance during 
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an adsorption process in a fixed-bed. Although the results would be closer to reality, the 

mathematical complexity associated with such equations suggests the utilization of 

simpler rate expressions. The most-frequently applied rate-law simplification is called 

linear driving force (LDF) approximation [80]. The LDF model assumes that the 

adsorption rate is proportional to the linear difference between the equilibrium adsorbed 

concentration and an average adsorbed concentration within the particle: 
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The LDF coefficient (kLDF) accounts for the overall mass transfer resistance. Its 

definition depends on the mass transfer mechanisms considered. The characteristics of 

the adsorbents selected for this work, namely two zeolites 5A [81,82] and an activated 

carbon [82], allowed a further simplification. This simplification is based on the 

evaluation of the mass transfer resistances and it assumes the limiting case where 

diffusion in the micropores is the controlling mass transfer mechanism. Accordingly, 

the other mass transfer resistances have been neglected (i.e., macropore and film 

diffusion). Such approach is supported by previous studies [82,83] and has been already 

successfully applied by other works simulating the behavior of PSA units [41,49]. With 

this assumption, the macropore concentration is equal to the gas phase concentration 

and therefore the macropore mass balance is eliminated from the model. Since 

micropore diffusivity is the only mass transfer resistance considered, the LDF 

coefficient can be defined as: 
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where χ
c
LDF is the linear driving force geometrical factor. The simplifications introduced 

lead to this new equation accounting for the component material balance in the bulk gas 

phase and in the macropores: 
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While overall material balance is now expressed as: 
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Equation (3.20), (3.22) and (3.23) constitute the reduced model for the material balance 
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which has been used in the thesis. 

 

Adsorption isotherm – An adsorbent in contact with the surrounding gaseous mixture 

for a sufficiently long time eventually attains equilibrium. For a given gas-solid system, 

the amount adsorbed at equilibrium is described by: 

 

  *q f P,T   (3.24) 

 

At a fixed temperature, q
*
 is only a function of pressure and the relation is called an 

adsorption isotherm (see Figure 20). 

 

 

Figure 20. Adsorption isotherms. 

Figure 20 also shows how adsorption/desorption is facilitated by changing total 

pressure or temperature of the system. The most common approach to predict an 

adsorption isotherm, for both physical and chemical adsorption, is the Langmuir 

approach. The theoretical basis relies on the concept of dynamic equilibrium between 

the rates of condensation (adsorption) and evaporation (desorption). The Langmuir 

model is the simplest, yet very useful, model derived by the Langmuir approach. Other 

models based on the Langmuir approach include Freundlich model, Langmuir-

Freundlich model, BET model, Sips model and Toth model. Other models have been 

developed based on different approaches than the Langmuir (e.g., the Gibbs approach, 

the potential theory). 

In its usual form, the following assumptions apply in the Langmuir model: 

 The adsorbed molecule or atom is held at definite, localized sites. 

 Each site can accommodate one and only one molecule or atom. 

 The energy of adsorption is a constant over all sites, and there is no interaction 

between neighboring adsorbates. 

The resulting multicomponent adsorption isotherm is: 
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where qm,i is the specific saturation adsorption capacity of component i (mol/kg), ki is 

the equilibrium constant of component i (Pa
-1

) and Pi is the partial pressure (Pa). In the 

thesis, two models have been utilized, derived from the basic Langmuir model. Both 

assume that a molecule can occupy more than one site on the solid surface and 

demonstrated to interpret accurately the adsorption capacity of the adsorbents selected 

[54,81,82].  

The dual-site Langmuir model: 
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The multi-site Langmuir model: 
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where ai is the number of neighboring sites occupied by adsorbate molecule for 

component i. 

 

Energy balance – Adsorption is an exothermic process (while desorption is 

endothermic) and temperature changes influence the adsorption equilibrium behavior 

and, possibly, the adsorption rates. Thus, accounting for heat generation and transfer in 

adsorbent beds is essential for accurate modeling of adsorption processes. A complete 

model must consider the energy balance in the bulk gas phase, in the solid phase and in 

the column wall. The energy balance in the bulk gas phase is given by: 
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where Cv,G is the gas specific heat at constant volume (J/mol K), Cp,G is the gas specific 

heat at constant pressure (J/mol K), λax is the axial thermal dispersion coefficient (J/m s 

K), hf is the film heat transfer coefficient between the gas and particle (J/m
2
 s K), T

s
s is 

the temperature at the particle surface (K), hw is the wall heat transfer coefficient (J/m
2
 s 
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K) and Tw is the wall temperature (K). The axial thermal dispersion coefficient can be 

estimated with the following correlation [51,84]: 

 

 7 0.5Pr Re ax

gk


    (3.29) 

 

where kg is the thermal conductivity of the gas phase (J/m s K). The film heat transfer 

coefficient between the gas and the adsorbent can be estimated through the Chilton-

Colburn analogy. In particular, the following correlation can be applied [76]: 
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The solid phase energy balance is expressed by the following equation: 
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where Ts is the temperature in solid phase (K), CS is the particle specific heat (J/kg K), 

Cads,i is the specific heat of component i in the adsorbed phase (J/mol K) and ΔHr,i is the 

heat of adsorption of component i (J/mol). The conductivity of the particle has been 

neglected in the energy balance. 

The last energy balance is the one for the wall of the column. It is given by: 
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where ρw is the volumetric mass density of the wall (kg/m
3
), Cw is the wall specific heat 

(J/kg K), aw is the ratio of the internal surface area to the volume of the column wall 

(m
2
/m

3
), au is the ratio of the external surface area to the volume of the column wall 

(m
2
/m

3
) and U is the overall heat transfer coefficient (J/m

2
 s K). Different approaches 

can be used to estimate the wall heat transfer coefficient, for instance Leva’s correlation 

[85]:  
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where Rw,i is the internal radius of the column (m). The overall heat transfer coefficient 
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between the wall and the environment can be estimated as [86]:  
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where Rw,e is the external radius of the column (m), kw is the wall conductivity (J/m s K) 

and hu is the external convective heat transfer coefficient (J/m
2
 s K). The external 

convective heat transfer coefficient can be estimated through the following correlation 

[86]: 
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where L is the length of the column (m), kg,e is the thermal conductivity of the external 

air (J/m s K) and Ra is the Rayleigh number. 

 

A frequently used model simplification suggests to assume thermal equilibrium between 

the gas and solid phases. Such approach is very often applied in the literature and allows 

defining a single equation for the energy balance in the gas and solid phase. An 

additional simplification assumes adiabatic operation of the adsorption column. In 

industrial-scale processes, like those analysed in the thesis, it is reasonable to consider 

the heat loss through the wall and the heat accumulated in the wall to be negligible in 

comparison to the amount of heat caused by the heat of adsorption. Thus, the energy 

balance in the wall can be safely disregarded. Once applied those simplifications, the 

reduced energy balance, utilized in the thesis, is given by a single equation: 
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 (3.36) 

 

Momentum balance – As the bulk fluid flows through the void spaces between 

adsorbent particles, it experiences a pressure drop due to viscous energy losses and drop 

in kinetic energy. The momentum balance considers the terms of pressure drop and 

velocity changes across the packed bed and relates them through the following 

correlation: 
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where KD and KV are parameters corresponding to the viscous and kinetic pressure loss 

terms, respectively. Ergun derived semi-empirical relationships for them [87]: 
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where μ is the dynamic viscosity (Pa s) and ρg is the gas volumetric mass density 

(kg/m
3
). The resulting equation is the Ergun equation and has been used in the thesis to 

describe the pressure drop along the bed length: 
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3.4.2 Boundary and initial conditions 

 

The Danckwerts boundary conditions (BCs) apply, assuming no dispersion or radial 

variation in concentration or temperature either upstream or downstream of the reaction 

section. Different BCs define the PSA process steps. The PSA steps, described in 

section 2.3.2, can be divided in three groups with regard to the BCs implemented. 

Figure 21 schematically represents these three instances. 

 

 

Figure 21. Schematics of the three groups in which the PSA steps are divided with regard to the BCs. 
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The BCs of the first group define a column which is fed with a gas stream at constant 

pressure. Both sides of the column are open and the gas is left to flow through. The PSA 

steps which belong to this group are feed/adsorption, heavy reflux/rinse and purge. For 

the side of the column where the gas stream flows in, the following BCs apply: 
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For the side of the column where the gas stream flows out, the following BCs apply: 
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Ci
*
, T

*
, *n  are known characteristics of the specific gas stream fed to the column, while 

P
*
 is the constant pressure of the system. 

 

The BCs of the second group define a column closed on one side, while the pressure is 

decreased down to a given level. The pressure gradient makes a fraction of the gas 

accumulated in the column to leave from the open side. The PSA steps which belong to 

this group are blowdown and pressure equalization - depressurization. For the side of 

the column which is closed, the following BCs apply: 
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For the side of the column where the gas stream flows out, the following BCs apply: 
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P
**

(t) is the defined time profile of the column pressure, which decreases during the step. 

Alternatively the velocity at the open end of the bed could be specified but the 

computational time would increase. Specifying the pressure history is a convenient 

approach for reducing the calculation load and has been utilized in several studies [88–

91]. Pressure during blowdown step has been defined to vary with time according to the 

following relationship: 
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where P1 and P2 are the initial and final pressures, χ is an arbitrary parameter defined 

according to the literature and t is the time. Pressure during pressure equalization - 

depressurization step has been defined to vary linearly with time: 
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where P1 and P2 are the initial and final pressures, tPEQ is the time length of the pressure 

equalization step and t is the time. 

 

The BCs of the third group define a column which is fed with a gas stream while its 

opposite side is closed. As a result the pressure increases. The PSA steps which belong 

to this group are feed pressurization, light product pressurization and pressure 

equalization - pressurization. For the side of the column where the gas stream flows in, 

the following BCs apply: 
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For the side of the column which is closed, the following BCs apply: 

 

 iC
0

z





  (3.58) 

 

 n 0   (3.59) 

 

 
T

0
z





  (3.60) 

 

Ci
***

 and T
***

 are known characteristics of the specific gas stream fed to the column. 

P
***

(t) is the defined time profile of the column pressure, which increases during the 

step. The same reasoning behind the specification of the pressure history holds as the 

one discussed for the BCs of the second group. Pressure during feed pressurization, 

light product pressurization and pressure equalization - pressurization steps has been 

defined to vary linearly with time: 
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where P1 and P2 are the initial and final pressures, tstep is the time length of the step 

considered and t is the time. 

 

The adsorption columns simulated are considered to be initially filled with a light gas, 

which could be N2 or H2 depending on the system studied. 

 

3.4.3 PSA configuration 

 

The operating conditions in which the PSA process is supposed to perform and the 

applications it is designed for, necessarily led to different PSA configurations for the 

cases considered. The configurations differ in terms of number of columns, type of steps 

and scheduling of the cycle. The guiding criterion, for the selection of the optimum 

process design, was the necessity of meeting the key performance objectives dictated by 

the specific application, within the constraints of the system. For example, PSA 

processes for CO2 separation were requested to approach levels of CO2 recovery and 

purity demanded by a CCS application (i.e., CO2 recovery ≥ 90% and purity ≥ 95%). 

When the main goal was ultrapure H2 production, the target was obtaining a product gas 

stream with a H2 purity of 99.99+% vol. A multitude of different process configurations 

exists and may be used. Given the large number of variables to consider, there is not a 

well-defined framework to pinpoint the most suitable alternative. In the thesis, it was 
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decided to rely, as starting point, on cycle configurations successfully employed in the 

literature [36,41,54]. Some modifications were then implemented with respect to those 

cycles, in order to deal with the specific process framework considered. The PSA 

processes presented are the result of an optimization process taking into account several 

parameters and targeting the briefly mentioned performance objectives. The resulting 

processes are believed to represent the state-of-the-art for PSA-based gas separation, in 

line with the scope of the thesis to provide an overview of the actual status of this 

technology. However, other configurations are possible and may lead to similar 

performances. 

 

The first PSA process configuration had to perform CO2 separation in a post-

combustion case (i.e. ASC plant with CO2 capture). A two-stage PSA process was 

selected, with columns of both stages packed with a zeolite 5A. The first PSA stage 

consists of a 3-bed 5-step cycle, while the second stage consists of a 2-bed 5-step cycle. 

The sequence of different steps undergone by a column is shown in Figure 22, while the 

cycle scheduling is shown in Table 2. In accordance with the literature review, two 

stages were adopted because a single stage does not seem to be able to achieve the 

requested performance in terms of CO2 recovery and purity. Since no flue gas 

compression is implemented upstream the PSA unit, the flue gas enters at about 

atmospheric pressure. The aim of the first stage is to achieve the highest possible CO2 

recovery. As a tradeoff, it is not possible to achieve very high CO2 purity. CO2 from the 

flue gas gets adsorbed during the adsorption step. The regeneration process is carried 

out by decreasing the pressure and is completed by sending a fraction of the adsorption 

off-gas as purging gas stream.  A rinse step is also designed in order to displace part of 

the light gas filling the column before the regeneration starts. The CO2-rich gas leaving 

from the blowdown and purge steps is then collected and sent to the second PSA stage, 

where it is further purified. In order to enhance the second PSA process performance, a 

compression of the gas stream is implemented between the PSA stages. In the second 

stage no recirculation streams are present (i.e. there is no purge or rinse step). The 

adsorbent regeneration is ensured by a blowdown step and the separation process is 

aided by a pressure equalization step. The gas stream leaving during the blowdown step 

is the CO2-rich gas stream to undergo further compression and conditioning processes 

for transport and storage. 
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Figure 22. Schematic of the first PSA configuration. Both PSA stages are represented. The sequence of 

the steps undergone by a single column of each train is reported. The steps considered are: adsorption 

(A), pressure equalization - depressurization (D), rinse (R), blowdown (BD), purge (Pu), pressure 

equalization - pressurization (P), feed pressurization (FP). 

Table 2. Scheduling of the first PSA configuration. 

  Step time (s) 

Stage A R D BD Pu P FP TOT  

1 tcycle1/3 tcycle1/9 - tcycle1/3 tcycle1/9 - tcycle1/9 tcycle1 

2 tA2 - tPEQ2 tA2+tFP2 - tPEQ2 tFP2 tcycle2 

 

 

The second PSA process configuration had to remove CO2 from a shifted syngas in a 

pre-combustion case (i.e. IGCC plant with CO2 capture). A single stage 7-bed 12-step 

PSA process was selected, with all columns packed with an activated carbon. The 

sequence of different steps undergone by a column is shown in Figure 23, while the 

cycle scheduling is shown in Table 3. The PSA process is supposed to be able to 

process the shifted syngas and return two product gas streams: a CO2-rich stream to be 

sent to compression and transport; a H2-rich stream to be fed to the gas turbine as fuel. 

The PSA configuration is more complex than the previous one, as it includes a larger 

number of columns and steps. During the adsorption step, CO2 is adsorbed onto the 

surface of the adsorbent, while H2 flows through the column, being the main constituent 

of the gas stream released during this step (i.e. the H2-rich gas stream). Other gas 

components are partially adsorbed in the packed bed. The extent of their adsorption 

depends on the affinity of the adsorbent towards the specific gas component and on the 

adsorption dynamics in the bed. The regeneration is again carried out through a 

blowdown and a purge step (using a fraction of the H2-rich gas as purging stream), 

where CO2 is desorbed and concentrated in a CO2-rich gas stream. In its basic design, 4 

consecutive pressure equalization steps are implemented. Further, in order to meet 
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constraints in the cycle scheduling (i.e. ensuring continuous operation and the correct 

interaction between different columns), 4 idle steps needed to be included, negatively 

affecting the process productivity. Papers II and III demanded for some changes in this 

PSA process configuration, whether to test the impact of process modifications on the 

system or because an additional product stream aimed to be obtained (i.e. ultrapure H2). 

Given that the basic structure of the PSA cycle remained the one outlined, the specific 

designs are not reported in this section. However, the relative papers include a detailed 

definition of those cycles, pinpointing the differences in comparison to this base case. 

 

 

Figure 23. Schematic of the second PSA configuration. The sequence of the steps undergone by a single 

column of each train is reported. The steps considered are: adsorption (A), pressure equalization – 

depressurization (D), blowdown (BD), purge (Pu), pressure equalization - pressurization (P), Idle (I), 

feed pressurization (FP). 

Table 3. Scheduling of the second PSA configuration. 

Step time (s) 

A D X 4 BD Pu P X 4 I X 4 FP TOT  

tA tPEQ tBD 2tA-tPEQ-tBD tPEQ tA-2tPEQ tPEQ tcycle 

 

 

The third PSA process configuration had to purify a H2-rich gas stream in order to 

produce ultrapure H2. A single stage 6-bed 11-step PSA process was selected, with all 

columns packed with a zeolite 5A. The sequence of different steps undergone by a 

column is shown in Figure 24, while the cycle scheduling is shown in Table 4. The 

main objective of the PSA process is to concentrate H2 to high purity levels (≥ 99.99% 

vol.). Thus, all the gas components other than H2 needs to be adsorbed onto the zeolite 
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during the adsorption step, allowing the off-gas to reach the requested H2 concentration. 

The bed needs to be extensively regenerated in order to avoid the breakthrough of any 

gas components during adsorption step. The regeneration is initiated through a pressure 

swing in the blowdown step. Following a gas stream rich in light components, H2 in the 

first instance, is sent to the top of the column to complete the bed regeneration (i.e. 

purge step). The purging gas stream is provided by a tailor-made depressurization step, 

called depressurization providing purge (DPu). The gas leaving the column during the 

regeneration steps, blowdown and purge, is called tail gas. Three pressure equalization 

steps are also designed, which are fundamental to keep the adsorption bed, especially 

the upper part, cleaned from impurities. For the same reason, the column pressurization 

is implemented by feeding counter-currently a fraction of the ultrapure H2 gas stream 

rather than using the feed gas stream like in all other PSA configurations discussed. 

 

 

Figure 24. Schematic of the third PSA configuration. The sequence of the steps undergone by a single 

column of each train is reported. The steps considered are: adsorption (A), pressure equalization - 

depressurization (D), depressurization providing purge (DPu), blowdown (BD), purge (Pu), pressure 

equalization - pressurization (P), Idle (I), light product pressurization (PR). 

Table 4. Scheduling of the third PSA configuration. 

Step time (s) 

A D X 3 Dpu BD Pu P X 3 I X 2 PR TOT  

tcycle/6 tcycle/18 tcycle/9 tcycle/18 tcycle/9 tcycle/18 tcycle/18 tcycle/9 tcycle 
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3.4.4 Solution of the PSA model 

 

The one-dimensional dynamic PSA model developed results in a set of partial 

differential and algebraic equations (PDAEs). Such set of modeling equation was 

implemented in gPROMS environment [70]. A considerable computational effort is 

required in order to solve the dynamic model. One way to reduce the computational 

time was to use an unibed approach. This modeling strategy consists of simulating a 

single column of the PSA train, instead of all columns [41,50,91,92]. The cyclic 

behaviour of the PSA process allows for this simplification, i.e. all the columns undergo 

the same steps cyclically. The interactions between different columns were accounted 

for by virtual gas streams which were defined through the information stored in the 

previous cycles. Because only a limited amount of information was stored, some 

precision was lost. Anyway, the accuracy obtained demonstrated to be satisfactory. A 

virtual gas stream had to be defined for the following steps: heavy reflux/rinse, purge, 

pressure equalization - pressurization, light product pressurization. Using the unibed 

approach, it is essential to ensure that the material balances are always closed. Specific 

attention must be paid in the simulation of the pressure equalization steps. Given the 

BCs implemented, which specify the pressure history, an appropriate value of the 

equalization pressure needs to be set in order to avoid inconsistencies in the material 

balance. An iterative process to determine the correct pressure value at the end of the 

pressure equalization steps was implemented, in accordance with the procedure outlined 

in [41]. The final pressure was the one ensuring that the number of moles flowing out 

from one bed was balanced to the flow into the other bed, under the assumption that the 

pressure changes linearly with time. 

Physical properties of the gas were evaluated in all the points of the bed through an 

external physical property package (i.e., Multiflash-Infochem ComputerServices Ltd.) 

interfaced with gPROMS. 

The discretization algorithm applied for the numerical solution of the model is the 

Centered Finite Difference Method (CFDM). The spatial domain was discretized in 150 

intervals, unless otherwise specified. The simulations were run until the cycle steady 

state (CSS) arose. Even though its inherent dynamic nature, PSA reaches a condition in 

which the transient behavior of the entire cycle remains constant and repeats itself 

invariably from cycle to cycle. This condition is termed CSS. CSS occurrence allows 

connecting the inherently dynamic PSA process to the rest of the plant, which is 

working in a steady-state mode, though some simplifications of the off-gas streams 

characteristics needed to be implemented anyway. 
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3.5 Definition of efficiencies and performance indicators 
 

The performance of the systems investigated were analysed on three different levels in 

order to get a comprehensive overview. 

3.5.1 Energy performance 

 

Since the focus is on the energy sector, the energy performance of the plants is of 

primary importance. The main indicator used to measure the efficiency of energy 

conversion is the net electric efficiency (ηel), referred to the lower heating value of the 

fuel: 

 

 
  

 
el

LHV

Net electric output

Coal energy
    (3.62) 

 

ηel defines how much of the coal energy input is converted to electricity to be exported 

out of the plant. The net electric output is defined as following: 

 

     T C m g ST m g AE m g IC P m drive auxNet electric output W W W W W W W                (3.63) 

 

where 
TW  is GT turbine power (kW), 

CW  is GT compressor power (kW), 
STW  is steam 

turbine power (kW), 
AEW  is air expander power (kW), 

ICW  is total power consumption 

of the intercooled compressors (kW), 
PW  is total power consumption of the pumps (kW), 

auxW  is auxiliary power consumption (kW), ηm is the mechanical efficiency, ηg is the 

generator efficiency and ηdrive is the efficiency of the drives for the different 

compressors and pumps. The coal energy (on LHV basis) is defined as following: 

 

  LHV f fCoal energy m LHV   (3.64) 

 

where 
fm  is the coal mass flow rate (kg/s) and LHVf is the coal lower heating value 

(kJ/kg). This single indicator is sufficient when electricity is the only plant product. The 

thesis deals also with IGCC plants where ultrapure H2 is produced together with 

electricity. In such case the assessment of the plant energy performance is not 

straightforward and requires setting an analysis framework to compare different energy 

products. A first additional indicator introduced was the H2 efficiency (ηH2): 
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The ultrapure H2 energy (on LHV basis) is defined as following: 

 

 
2 2 2  LHV H HUltrapure H energy m LHV   (3.66) 

 

where 
2Hm  is the ultrapure H2 mass flow rate (kg/s) and LHVH2 is the ultrapure H2 lower 

heating value (kJ/kg). ηH2 defines how much of the coal energy input is stored in the 

ultrapure H2. The direct comparison of ηel and ηH2 would put on the same 

thermodynamic level two different forms of energy (electricity and chemical energy). In 

order to deal with the issue and define an overall efficiency term which allows an 

immediate comparison of different systems performances, the energy content of H2 has 

been discounted with two different factors. A first approach suggests to assign a thermal 

efficiency of 0.6 for the conversion of the ultrapure H2 energy beforehand the 

comparison with power. This value has been chosen referring to a previous work [93] 

and can be thought to represent the efficiency of a combined cycle for electricity 

production. Accordingly, a first cumulative energy efficiency (ηtot 60) can be defined: 

 

 
2 60 = 0.6tot el H      (3.67) 

 

Despite the arbitrary choice of the multiplying factor, the so defined cumulative 

efficiency can be a useful way to compare results from different sources. The second 

approach proposed discounts the H2 efficiency term with a power production efficiency 

(ηel prod): 

 

  

  

      
el prod

LHV

Gross electric output

Syngas energy input in the gas turbine
    (3.68) 

 

The gross electric output is defined as following: 

 

    T C m g ST m g AE m gGross electric output W W W W           (3.69) 

 

The syngas energy input (on LHV basis) is defined as following: 

 

       LHV s sSyngas energy input in the gas turbine m LHV   (3.70) 

 

where 
sm  is the syngas mass flow rate (kg/s) and LHVs is the syngas lower heating value 

(kJ/kg). ηel prod takes into account how much of the shifted syngas energy content is 

converted to power within the system configuration under investigation. A second 

cumulative energy efficiency (η
*

tot) is, thus, defined: 
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*

 =tot el el prod H       (3.71) 

 

This second approach allows evaluating how much power could be obtained from 

ultrapure H2 if the same efficiency for the energy conversion applies (or other way 

around, how much power was not produced in order to obtain ultrapure H2). The 

drawback is that there is not always enough available information to calculate ηel prod. 

 

3.5.2 Gas separation performance 

 

The plants evaluated implement CO2 capture by PSA technology, thus a key criterion to 

assess their effectiveness must be related to their CO2 separation performance. In this 

sense, some indicators are defined. The gas separation unit must be able to concentrate 

CO2 to the levels requested for transport and storage. The CO2 purity (YCO2) measures 

the degree of CO2 concentration. YCO2 is defined as the volumetric fraction of CO2 in the 

product stream sent to the CO2 compression unit. An efficient gas separation technology 

must also be able to capture the largest possible extent of CO2 processed. The CO2 

recovery (RCO2) is defined as the fraction of the formed CO2 which is captured and 

subsequently transported for final storage. The CO2 formed may originate from various 

form of carbon in the fuel. RCO2 has the significant drawback that it does not take into 

account the additional CO2 formed when a CO2 capture process is implemented, due to 

the associated energy penalty. A more accurate indicator should consider the CO2 

actually avoided from being emitted. With regard to that, an additional indicator is 

introduced, namely the CO2 capture efficiency (ηCO2). ηCO2 is the real measure to what 

extent the CO2 is captured from a power plant, relatively to a reference plant without 

CO2 capture. It can be defined as following: 

 

  
2 2
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el
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for the reference plant without CO capture
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



    (3.72) 

 

When evaluating the aforementioned separation performance indicators, it is important 

to clearly define the system boundaries. If not specified otherwise, the entire plant is 

considered. However, another possibility limits the analysis to the PSA unit only. In 

such case, some differences may arise, either in terms of CO2 concentration in the 

product stream and CO2 captured (e.g. an additional purification process is implemented 

downstream PSA) or in terms of CO2 formed (e.g. further conversion of carbon-

containing compounds to CO2 downstream the PSA).  

H2 has a primary role in pre-combustion cases. Similar indicators to those relative to 

CO2, can be defined. The H2 purity (YH2) is the volumetric fraction of H2 in the product 

gas stream considered (to avoid misunderstandings the considered product gas stream 

needs to be clearly specified). The H2 recovery (RH2) is the fraction of the total H2 
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formed which is recovered in a useful product gas stream. The useful product gas 

streams can be the H2-rich syngas fueling the gas turbine or the ultrapure H2 produced 

by a PSA process. The H2 formed may originate from gasification and shift processes 

upstream the separation unit. 

 

3.5.3 Footprint of the gas separation technology 

 

One last level to evaluate the effectiveness of the systems under investigation, is to 

consider the footprint of the gas separation technology used. A large footprint, apart 

from introducing issues of space availability, may translate in high capital costs. When 

estimations are provided in the thesis, the footprint of the CO2 separation technology 

has been evaluated in terms of size and number of columns necessary for the CO2 

separation process. A more thorough analysis, including all the equipment relative to the 

separation process, would be needed in order to obtain more reliable outputs, suitable 

for economic analyses. However, it has been considered beyond the scope of this work. 

 

3.6 Specifications and constraints of the systems 
 

The specifications applying to the different gas streams have been defined in accordance 

with recommendations from the literature [94,95]. 

The CO2-rich gas stream is requested to have a CO2 volumetric concentration above 

95%. Maximum allowable concentrations of impurities are also recommended for safe 

transport in pipelines. The issues considered are safety and toxicity limits, compression 

work, hydrate formation, corrosion and free water formation. The desired CO2 recovery 

was set to 90%. However, this is a target to approach more than an actual process 

specification (in some instance it was not possible to reach such recovery level). The 

final pressure and temperature of the CO2-rich gas stream after the CO2 compression 

process have been set to 110 bar and 28°C, respectively. These conditions allow 

transporting CO2 as a dense phase.  

Stringent specifications commonly apply for the production of ultrapure H2. It is 

normally the end application which sets the requirements for the H2 purity and other 

impurities allowed, even though in some cases transport and/or intermediate storage 

actually puts higher restrictions. Proton Exchange Membrane (PEM) fuel cells set the 

strictest requirements both on H2 purity (99.99+% vol.) and on the impurities content. 

Other applications have more relaxed requirements. When possible, PEM fuel cell 

specifications were used in the thesis, in order to have the maximum flexibility for the 

utilization of the H2 gas stream. Possible additional conditioning processes for the 

delivery of H2 have not been taken into account and the ultrapure H2 is made available 

at the pressure and temperature at which it leaves the PSA process. 
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Chapter 4 Results and discussions 

This chapter provides a summary of the selected papers, which contain the results 

achieved. The main outcomes and contributions are reported and discussed for each 

paper, in a dedicated sub-section. For a more complete overview, the whole papers are 

enclosed at the end of the thesis.  

The order in which papers are presented follows the progression of the thesis work. 

Alongside the description of the contents, the motivations that led to deal with the 

specific analysis are outlined. The aim is to shed some light also on the development 

path of the thesis, pointing out why certain topics were considered more relevant than 

others and thus were addressed first. 

 

4.1 Paper I - Evaluating Pressure Swing Adsorption as a 

CO2 separation technique in coal-fired power plants 
 

In line with the main goal of the thesis, Paper I provides with a first assessment on the 

viability of PSA as a valid option for CCS in coal-fired power plants. The composite 

models developed were used to evaluate the post- and pre-combustion CO2 capture 

cases defined, namely the ASC plant and the IGCC plant integrating a PSA unit for CO2 

separation. The objective was to investigate the competitiveness of PSA with respect to 

the benchmark technology for CCS in power plants (i.e. absorption). Full-plant analyses 

were developed, with the performance of the system evaluated in terms of energy 

efficiency, CO2 separation performance and footprint of the technology. 

 

The PSA unit into the ASC plant was placed downstream the flue gas treatment 

processes and had a limited influence on the other units of the plant. The flue gas enters 

the PSA unit at atmospheric pressure (upstream flue gas compression was evaluated 

unfeasible for the large power consumption involved). In order to meet the CO2 

separation requirements (i.e. ≥ 90% CO2 recovery and ≥ 95% CO2 purity), a two-stage 

PSA process was necessary. The regeneration of the adsorption columns was carried out 

at an under-atmospheric pressure (0.1 bar). The resulting CO2 separation performances 

were 90.2% CO2 recovery and 95.1% CO2 purity. The auxiliary energy consumption of 

the plant demonstrated to be to large extent due to direct electrical power requirements 
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for vacuum pumps and compressors. A comparison with chemical absorption 

technology showed a different energy consumption pattern. The most energy-

demanding sub-process in chemical absorption is the regeneration of the solvent, 

typically using steam in a reboiler. No thermal duty is needed for a PSA process. 

Despite the substantial difference in the types of energy required, the total energy 

penalty is similar. The PSA-based case returned a net electric efficiency of 34.8% while 

the absorption-based case returned 34.2% (the reference plant without CO2 capture was 

evaluated to have an efficiency of 45.1%). A serious obstacle to PSA applicability 

within this framework comes from the analysis of the estimated footprint. In accordance 

with some key design criteria, taking into account maximum pressure drop and 

superficial velocity in the adsorption column, the PSA unit would need 265 columns to 

process the whole flue gas flow rate. Given that the columns were sized to have 8 m 

diameter and 10 m length, the outcome did not appear acceptable. 

 

Adding a PSA unit into the IGCC plant is more challenging, given the higher level of 

integration required. The PSA unit, constituted of a single PSA stage, was placed 

downstream the syngas treatment section and upstream the power island. The high 

pressure at which the gas stream enters the PSA unit (38.8 bar) avoids the need of 

under-atmospheric pressure for adsorbent regeneration purposes. The regeneration 

pressure of the PSA process was set to 1 bar. Since the PSA process was hardly 

succeeding in fully meeting the established CO2 separation requirements, an additional 

purification process was integrated in the CO2 compression unit. This was a flash 

separation process able to collect highly concentrated CO2 in liquid phase. The final 

CO2 separation performances were 86.1% CO2 recovery and 98.9% CO2 purity. The 

recovery level was slightly lower than the target. The main energy consumptions are 

connected to the steam extraction for the WGS process and to the CO2 compression. A 

comparative analysis with a plant using physical absorption as CO2 capture technology 

was developed. Whilst WGS gave similar energy penalties in both cases, the energy 

required for CO2 compression was larger in the PSA case. The CO2-rich gas stream 

leaving the PSA unit has to be compressed from 1 bar to 110 bar, whereas the 

regeneration strategy in the absorption unit releases CO2-rich streams at three pressure 

levels (12.7, 7.5 and 1.1 bar). However, the absorption unit introduces other types of 

energy consumption (i.e. solvent pumping and refrigeration). The energy efficiencies 

were ultimately similar, even though absorption displayed an advantage (36.2% for the 

PSA-based plant and 37.1% for the absorption-based plant, while the reference plant 

without CO2 capture had 47.3%). The footprint of the PSA unit is significantly less 

compared to the post-combustion case. A single PSA train (7 columns of 6.6 m diameter 

and 10 m length) was able to process the entire flow rate of syngas. 

 

The main results achieved with the system analyses for the post- and pre-combustion 

cases are summarized in Table 5. 
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Table 5. Main outputs of the system analyses for the post- and pre-combustion case. 

Plant summary Post-combustion (ASC)   Pre-combustion (IGCC) 

Power input No Capture Absorption   PSA 
 

No Capture Absorption   PSA 

    Coal flow rate (kg/s) 66,2 66,2 66,2 
 

33,3 38,5 38,5 

    Coal LHV (MJ/kg) 25,2 25,2 25,2 
 

25,2 25,2 25,2 

    Net fuel input (MWth) 1666 1666 1666 
 

837 968 968 

Power output 
       

    Gross electric output (MW) 828 715 827 
 

450 461 460 

    Net electric output (MW) 751 570 579 
 

396 358 350 

Plant performance 
       

    Net electric efficiency (%) 45,1 % 34,2 % 34,8 % 
 

47,3 % 37,1 % 36,2 % 

CO2 purity (%) - 100,0 % 95,1 % 
 

- 100,0 % 98,9 % 

    CO2 recovery (%) - 90,0 % 90,2 % 
 

- 90,6 % 86,1 % 

CO2 capture efficiency (%) - 86,8 % 87,3 % 
 

- 88,1 % 81,8 % 

Footprint analysis 
       

Column diameter (m) - 20,7 8 
 

- 2,2 6,6 

Number of columns - 2 265 
 

- 2 7 

Footprint (m²) - 674 13285   - 8 239 

 

 

4.2 Paper II - Comprehensive analysis on the performance 

of an IGCC plant with a PSA process integrated for 

CO2 capture 
 

According to the outcome of Paper I, the following papers deal with the pre-combustion 

case. Despite the energy and CO2 separation performance resulting from the post-

combustion analysis was competitive, the footprint issue was considered an obstacle 

hard to overcome. Even though a different design approach may reduce the number of 

columns necessary (although with a negative influence on other aspects, e.g. the energy 

performance) and other strategies are in development (e.g. structured adsorbents [96–

98]), the issue appeared difficult to be solved within the considered process framework. 

Therefore, the choice was to focus on the IGCC plant implementing CO2 capture 

through PSA for further analyses. 

 

Paper II provides a comprehensive overview on the performance and the potentials of 

such system. Physical absorption was again considered the benchmark CO2 capture 

technology. The plant performance obtained was evaluated mainly in terms of net 

electric efficiency and CO2 capture efficiency. The possible range of performances was 

investigated by taking into consideration two domains, which were thought to have a 

significant influence: the process configuration and the adsorbent material.  
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Several process configurations and operating conditions were tested. Well-thought 

modifications demonstrated the capability to increase the performance of the plant with 

regard to a specific performance indicator but, generally, to the detriment of another one. 

For example, competitive energy penalties could be obtained, at the expense of 

substantial reduction of the CO2 capture efficiency.  

 

An analysis on the adsorbent material was also carried out. Given a known activated 

carbon as starting point, a selected group of properties were varied in a targeted way, in 

order to simulate advanced adsorbents. Improving the properties of the adsorbent 

demonstrated to have a significant effect, not only on the CO2 separation performance 

but also on the performance of the entire plant. The modification of certain adsorbent 

material properties demonstrated to have a stronger positive impact (e.g. the heat of 

adsorption because of its influence on the saturation capacity at different pressures). In 

accordance to this analysis, some recommendations for the development of improved 

adsorbents were suggested. Ultimately, the potential performance improvements 

connected to advancements in material science were established.  

 

Nor modifications in the process or in the adsorbent material were able to fully close the 

performance gap with absorption, as can be noted in Figure 25, which displays all the 

cases simulated in terms of net electric efficiency and CO2 capture efficiency.  

 

 

Figure 25. Range of plant performances achieved modifying the process configuration, the adsorbent 

material properties or through a synergy of the two approaches. The performances of a base case and of 

three absorption-based cases are also shown. The lines connect points of the base case and of the synergy 

approach with different purge-to-feed mole flow rate ratio in the PSA process. 

A further analysis was developed, intended to combine the positive effect of 

modifications of the process and of the adsorbent material. The aim was to exploit 

possible synergies, utilizing the knowledge acquired in the specific analyses. A material 
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tailor-made on a given process configuration was defined. The outcome of the process 

simulations was promising. Net electric efficiencies competitive with the reference 

absorption values could be obtained. The corresponding CO2 capture efficiencies, albeit 

not as high as with absorption, were on acceptable levels (see Figure 25). A synergy of 

process engineering and material science demonstrated to be a key issue for enhancing 

PSA competitiveness. 

 

4.3 Paper III - Pressure swing adsorption for coproduction 

of power and ultrapure H2 in an IGCC plant with CO2 

capture 
 

Paper II showed potentials and limits of PSA as CO2 capture technology in a pre-

combustion framework. Overall, the outcome seems to suggest absorption to have an 

advantage in the context investigated. On the other hand, the analysis undertaken helped 

to point out some interesting characteristics of PSA. The complexity of PSA cycles, 

normally seen as a drawback, allows tuning the process to a large extent and according 

to specific requirements. A well-thought sequence of steps could be able to produce H2 

with extremely high purity. This has been seen as an opportunity and was investigated 

in Paper III.  

 

The paper analyses an IGCC plant coproducing power and H2 with CO2 capture. A 

variable power-to-hydrogen output, if obtained retaining good plant efficiency, offers 

advantages in terms of flexible operation, enabling the plant to follow the fluctuations in 

power demand. In this sense, two novel plant configurations were presented, entirely 

based on PSA technology. The first configuration relies on two PSA trains in series 

(Two-train PSA). While the main goal of the first train is CO2 removal from the shifted 

syngas, the second train further processes part of the H2-rich off-gas in order to increase 

the H2 purity and produce ultrapure H2. The second configuration assessed relies on a 

single PSA train (One-train PSA). The relative PSA process is able to concentrate CO2 

from the shifted syngas, while producing two different H2-rich gas streams (an ultrapure 

H2 stream and a fuel-grade H2 stream).  

 

Process simulations showed that both the configurations proposed were able to shift 

between the two energy products without compromising the plant energy efficiency, 

while processing a constant coal input. Within the cases analysed, a load variation of 

about 13% (net power output reduced from 346 MW to 300 MW) was obtained by 

increasing the ultrapure H2 throughput (up to a maximum of 163 MW). Further load 

reductions are considered feasible, as PSA can be designed to handle a rather large 

range of operating conditions without significant losses in efficiency. Some limitations 
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arose in the capability of the One-train PSA configuration to meet the ultrapure H2 

specifications (H2 purity of 99.99+% vol.) at different operating conditions. If more 

relaxed specifications apply, no other issues appeared to limit the flexibility of the PSA 

process. The cumulative energy efficiency of the plant – defined by properly taking into 

account the two different products, i.e. electricity and ultrapure H2 – was rather stable 

for both configurations tested (between 36.9% and 37.3%) at different output ratios, an 

essential requirement to realize overall plant flexibility. The CO2 recovery was also 

retained on acceptable levels (> 83%). The Two-train PSA configuration displayed a 

small advantage over the One-train PSA configuration in terms of cumulative energy 

efficiency and H2 purity achieved. On the other hand, the One-train PSA configuration 

relies on a single separation stage, which results in an advantage in terms of footprint.  

 

The common design for an IGCC coproduction system entails an absorption unit for 

removing CO2 from a high pressure syngas followed by a PSA unit for purifying a 

fraction of the resulting H2-rich gas stream. In this absorption-based configuration, it is 

common practice to compress the PSA tail gas and feed it to the gas turbine, in order to 

recover the energy available in the residual H2 content. The PSA-based configurations 

allow avoiding this PSA tail gas compression with potential benefits in terms of energy 

performance. A comparative analysis with absorption-based plants from the literature 

seems to confirm the effectiveness of the novel configurations proposed, as can be 

argued by analysing the performances shown in Table 6. 

Table 6. Main outputs of the system analyses for the IGCC power and H2 coproduction plants with CO2 

capture based either on PSA or absorption. For the sake of comparison also the performances of the 

corresponding plants producing only power are reported. The absorption-based cases were taken from 

the literature. 

  Coal input CO2 capture 
technology 

RCO2 YH2 ηH2 ηel ηtot60 

  MW % % % % % 

Only power PSA 971 PSA  84,6 - - 36,2 36,2 

Two-train PSA 1095 PSA  85,2 99,998 8,4 31,5 36,9 

One-train PSA 1088 PSA  85,7 99,983 8,8 31,3 36,6 

Only power Abs [99] 1167 Selexol 92,4 - - 36,0 36,0 

Coproduction Abs [99] 1167 Selexol 92,4 99,950 8,6 31,1 36,2 

 

 

 

  



77 

 

 

Chapter 5 Conclusions and further work 

 

5.1 Conclusions 
 

Two process designs, involving the integration of a PSA unit for CO2 capture into coal-

fired power plants, were successfully developed. The plants considered were an 

advanced supercritical pulverized coal (ASC) plant and an integrated gasification 

combined cycle (IGCC) plant. Full-plant analyses were developed, based on a 

composite model of the plant, in order to study the competitiveness of the defined 

systems. The basis for comparison was set to be the same type of plant integrating a 

more mature technology for CO2 capture (i.e. chemical or physical absorption). 

 

The post-combustion case analysed (i.e. ASC with CO2 capture) showed that PSA can 

be competitive with regard to the separation and the energy performance. PSA was able 

to match the CO2 separation requirements (i.e., YCO2 ≥ 95% and RCO2 ≥ 90%) and the 

relative energy penalty was slightly lower than that resulting from an amine-absorption 

process (a drop in efficiency of 10.3% against 10.9%). However, the footprint of the 

PSA unit (over 260 adsorption columns needed) demonstrated to be way larger than that 

related to absorption and unlikely acceptable, neither practically nor economically. 

 

Regarding the pre-combustion case, the PSA-based system performance approached 

that of the physical absorption counterpart, both in terms of CO2 separation and plant 

energy efficiency, albeit not matching it. The obtained CO2 recovery (RCO2 = 86.1%) 

was slightly lower compared to the level aimed (i.e., 90%). The energy penalty due to 

the integration of the PSA unit was 11.1%, about 0.9% higher compared to the value 

relative to absorption. The footprint, even though larger than with absorption, appeared 

to be reasonable for actual implementation. 

 

Overall, the energy and CO2 separation performances demonstrated to be competitive, 

especially in the post-combustion case. However, the large footprint is a considerable 

obstacle to the actual applicability of PSA in that framework. Pre-combustion analysis 

returned slightly lower performance and a performance gap with regard to absorption 

was noted, but the footprint was reasonable. Therefore, the integration of PSA in an 
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IGCC plant was studied more in detailed. A thorough evaluation on the performances 

achievable in the pre-combustion case was provided. Several process configurations and 

operating conditions were tested. Tradeoffs between net electric efficiency and CO2 

capture efficiency were observed. The impact on the plant performance of adsorbent 

material properties modifications was also studied. The most influencing properties 

were pinpointed and guidelines for future adsorbent materials development were 

suggested. The potential performance improvements were evaluated. None of the cases 

studied, either modifying the process or the adsorbent material, returned a performance 

matching absorption both in terms of net electric efficiency and CO2 capture efficiency. 

An additional approach was then outlined to fully realize the potential of the PSA-based 

pre-combustion system. Tuning adsorbent material properties according to a specific 

process configuration demonstrated to be critical in order to enhance the plant energy 

performance on the same level as the absorption-based counterpart, albeit the achieved 

CO2 recovery could not meet the 90% target. 

 

The possibility of using PSA to coproduce power and ultrapure H2 within an IGCC 

plant with CO2 capture was also assessed. Two novel plant configurations were defined, 

able to provide a flexible power-to-hydrogen output ratio. The first configuration 

proposed relies on two PSA trains in series (Two-train PSA), while the second 

configuration succeeds to carry out both CO2 separation and H2 purification within a 

single PSA stage (One-train PSA). Simulations of these systems successfully shifted 

between the two plant products, at constant coal input and retaining good plant 

efficiency. The net power output could be reduced from 346 MW to 300 MW by 

increasing the ultrapure H2 throughput. Larger load variations are evaluated realistically 

achievable given a minimum redesign of the PSA processes. The Two-train PSA 

configuration achieved higher performance in terms of energy efficiency and H2 purity. 

The One-train PSA configuration returned lower but still good performance, while its 

design includes a gas single separation stage instead of two. The novel PSA-based 

configurations were also assessed in comparison with the common coproduction layout, 

consisting of an absorption unit for CO2 capture and a PSA unit for H2 purification. 

Using PSA as the only gas separation technology appeared advantageous on an energy 

efficiency point of view and higher cumulative energy efficiencies could be achieved 

(36.9% and 36.6% versus 36.2%). 

 

5.2 Further work 
 

In accordance with the overall goal, the thesis work provides an evaluation on PSA as 

CO2 capture technology in different coal-based power generation systems. Being a first 

assessment, it does not demand completeness but rather to give a reliable indication on 

the current state-of-the-art and on future prospects. Common adsorbent materials and 
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processes were considered in the analyses. The set of outcomes obtained can constitute 

the starting point for further work, as it can provide guidelines on which process 

frameworks are worth of analysis and on which issues need to be addressed. 

 

In the post-combustion case, PSA clearly shows its limitations with regard to the 

capability to process large flue gas volumes with reasonable footprints. Therefore, 

further work is suggested to investigate new options to deal with this issue. It would be 

interesting to assess the advantages coming along with the utilization of structured 

adsorbents. In particular to verify if this group of adsorbents would be able to provide a 

substantial benefit on the process footprint without decreasing the CO2 separation 

performance. Otherwise, different process frameworks are probably to be considered 

(e.g. moving bed adsorption reactors). Other analyses are also possible, for instance the 

utilization of different adsorbents or the attempt to carry out the separation process 

within one PSA stage, but their investigation should be subject to the solution of the 

footprint issue. 

 

Regarding the pre-combustion case, some additional analyses can be recommended. It 

would be interesting to evaluate the performance of adsorbents developed following the 

guidelines suggested in the thesis, with properties tuned on specific process 

configurations. The expertise acquired on the integration of adsorption systems into 

power plants can be utilized for the optimization of sorption enhanced processes (e.g. 

sorption enhanced water-gas shift), which already demonstrated to be rather promising. 

The coproduction process framework is also worth additional analyses. The absolute 

novelty of the process designs defined leaves doors open for improvements. Optimized 

PSA processes can be investigated and the mechanisms to switch between power and 

ultrapure H2 as well. It would be of importance to evaluate the actual degree of 

flexibility which can be achieved within those configurations, i.e. evaluate to what 

extent the load of the plant can be decreased while retaining good plant efficiency. 

 

In order to complete the evaluation of PSA processes for CO2 capture, some additional 

suggestions are provided. The comparative analyses with other decarbonization 

processes were often carried out referring to results taken from the literature, for 

instance in the coproduction framework. The literature-based cases were selected to 

match to a large extent the set of fundamental assumptions used in the thesis, so to 

ensure fair comparisons. However, some differences were necessarily present. An 

improvement of the work could be developing accurate modeling frameworks for all the 

cases analysed (with or without a PSA unit), based on common modeling assumptions. 

The standardization process could also involve the models already developed, which 

could be improved according to new guidelines. This would enhance the reliability of 

the comparisons. Additionally, a techno-economic analysis would increase the value of 

the overall evaluation. Some estimates showing the absolute level and the proportion of 
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the capital and operating costs would provide elements of importance in the analysis of 

the approaches proposed. 

 

Further, the developed system analysis framework applies some simplifying 

assumptions and overlooks some aspects which may need to be looked into more in 

depth. An example is the integration between the inherently dynamic PSA process and 

the other units of the system. A proper scheduling of the PSA cycle was considered in 

order to ensure continuous operation. However, some simplifications apply with regard 

to the gas streams leaving the PSA unit. Possible fluctuations of the characteristics (e.g. 

composition, flow rate, etc.) of these gas streams were not taken into account whereas 

properly averaged values were used. On the other hand, irregular feeding can be 

problematic for some equipment, like gas turbine or compressors. An evaluation of the 

effect on turbomachinery equipment should be provided and methodologies to smooth 

out those variations (e.g. buffer tanks or special scheduling) should be subject of 

analysis. This necessity is even more stressed for off-design modes of operation, like 

those applying when a varying power-to-hydrogen output ratio is requested. 
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Nomenclature

ai number of neighboring sites occupied by adsorbate
molecule for species i

Ci gas concentration of species i, mol/m3

Cp specific heat at constant pressure, MJ/(kg K)
Cp,ads adsorbed phase specific heat at constant pressure,

J/(kg K)
Cp,g gas specific heat at constant pressure, J/(mol K)
Cp,s particle specific heat at constant pressure, J/(kg K)
Ctot total gas concentration, mol/m3

Dax,i axial dispersion coefficient of species i, m2/s
Dc,i micropore diffusivity of species i, m2/s
D0c,i limiting micropore diffusivity at infinite tempera-

ture of species i, m2/s
Dmg,i multicomponent diffusion coefficient of species i,

m2/s
Dg,ii′ binary diffusion coefficient of the ij system, m2/s
dp particle diameter, m
Ea,i activation energy of species i, J/mol
�Hr,i heat of adsorption of species i, J/mol
kf gas conductivity, J/(s m K)
ki equilibrium constant of species i, Pa−1

k∞,i adsorption constant at infinite temperature of
species i, Pa−1

kLDF,i linear driving force coefficient, s−1

ṁ mass flow rate, kg/s
ṅ mole flow rate, mol/s
P pressure, Pa
PCO2 CO2 purity
Pr Prandtl number
q∗

i
equilibrium adsorbed concentration of species i,
mol/kg

q̄i averaged adsorbed concentration of species i,
mol/kg

qm,i specific saturation adsorption capacity of species i,
mol/kg

R universal gas constant, Pa m3/(mol K)
RCO2 CO2 recovery
RH2 H2 recovery
Re Reynolds number
rc crystal radius, m
T temperature, K
us superficial velocity, m/s
yi mole fraction of species i
z axial direction, m

Greek letters
�  specific heat ratio
ε bed porosity
εp particle porosity
�CO2 CO2 capture efficiency
�is isentropic efficiency
�net net electric efficiency
�ax axial thermal dispersion coefficient, J/(s m K)
� dynamic viscosity, Pa s
�i diffusion parameter for species i
	g gas volumetric mass density, kg/m3

	p volumetric mass density of the particle, kg/m3




Acronyms
ASC advanced supercritical
C compressor
CCS carbon capture and storage
DHU dehydration unit
FS flash separator
IC inter-cooler
IGCC integrated gasification combined cycle
LHV lower heating value
LDF linear driving force
MSHE multi stream heat exchanger
PSA pressure swing adsorption
TV throttling valve
WGS  water

Subscripts
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 the analysis of more comprehensive systems
al, 2007), where the PSA process is integrated
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rtial (Panowski et al., 2010) and/or focusing on
of the topic (e.g., economic considerations) (Ho
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erformed. Liu and Green (2014) evaluated the
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oal-fired plants implementing CO2 capture by a

meaning that the process takes place at tempera-
e for many of the most common adsorbents. Coal
el because of its higher emission index (higher

 unit of energy released). Further, coal utiliza-
to increase in the future, under any foreseeable
ure of Coal, 2007). Thus, CCS will become a crit-
to enable a sustainable exploitation of coal. Two

ns were considered, respectively to account for
combustion scenario. Post-combustion CO2 cap-
ed by integrating a PSA process into an Advanced
) pulverized coal plant. Pre-combustion CO2 cap-
ed by integrating a PSA process into an Integrated
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cation Combined Cycle (IGCC) plant. First, the layout of the
al power plant, to be coupled with the CO2 capture unit, is

ed and modeled. Following, the modeling of the PSA process
sented resulting in a dynamic computational model. The pro-

re for the choice of the optimal PSA process configuration is
ned. A full-plant analysis is then provided for both the sce-
s. Simulations were also implemented for the reference case
out CO2 capture and for the case with CO2 capture based on an
rption process. A plant-level comparison is carried out, retur-

 the competitiveness of PSA process with regard to another
ique of decarbonization (i.e., state-of-the-art absorption pro-
s). The performance of the system is evaluated on three levels,

ely CO2 separation performance, energy efficiency and foot-
 of the technology.

odeling of the power plant

e model of the power plant was developed by Thermoflow
roducts: STEAM PRO, GT PRO and THERMOFLEX. The focus is
al-fired power plants, since combustion of coal produces high

ific emission of CO2 per unit of electricity generated. Accord-
, two thermal power plant layouts were selected to represent
ost common systems for coal-based power generation. These

ms are an Advanced SuperCritical (ASC) pulverized coal plant
n Integrated Gasification Combined Cycle (IGCC) plant, respec-

y constituting the basis for the post- and pre-combustion CO2
re scenario.

rst, a baseline case without CO2 capture was modeled. The pur-
 was to benchmark the coal-fired power plant, in order to have
rence case for comparisons. However, the object of the study is

sess the plant performance when CO2 capture is implemented.
efore, the mentioned plants were equipped with a CO2 capture

 A mature technology for separating CO2 from the gas stream
dy exists (i.e., absorption). For the sake of fair comparisons
een different CO2 capture technologies, models were devel-

 for the plants with state-of-the-art absorption CO2 capture
esses. For the post-combustion scenario, a MEA-based chem-
bsorption process was considered. For the pre-combustion

ario, a Selexol-based two-stage absorption process was  con-
ed. Finally, the same power plants coupled to a PSA process
O2 capture were modeled, as this constitutes the core of the
nt work. Six cases were, hence, simulated:

C plant without CO2 capture
C plant with CO2 capture by absorption
C plant with CO2 capture by PSA
CC plant without CO2 capture
CC plant with CO2 capture by absorption
CC plant with CO2 capture by PSA

ll the cases discussed were based on the European Bench-
ing Task Force (EBTF) recommendations (DECARBit, 2011).
purpose was to define a common set of assumptions and
meters for the different simulations, in order to guarantee
onsistency of the comparisons. A description of the reference
fired power plants and of the same plants implementing CO2
re by absorption can be found in the EBTF report (DECARBit,
). In the present work, only the definition of the additional

 in the plant layout integrating a PSA process is reported, as
onstitutes the novelty of the analysis.
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he flue gas treatment units, and consist in
 section, a PSA process and a compression
nsport. The plant upstream remains basically
esultant plant layout is represented in Fig. 1.
s of the most relevant streams are given in

oval unit is added because water is known to
sorption process. An equilibrium separation is

ue gas stream is cooled down to approximately
 flash separator. This simple process can only
ontent down to about 2%. It would be advis-
r contents much lower than that, but it would
dehydration strategy. This has not been included
or a deeper insight regarding the water presence
dedicated Section 3.3. The partially dehydrated

 entering the PSA unit, where CO2 is separated
ponents in a two stages PSA process. The neces-
ges will be illustrated later. The pressure of the
m leaving the PSA unit needs to be raised to
el for transportation and storage. A target pres-
as assumed. The CO2-rich stream undergoes a
ess in a five-stage intercooled compressor. The
esulting from the PSA process is vented to the

h CO2 capture by PSA

 a PSA unit to the IGCC plant requires a higher
ion compared to the post-combustion scenario.
e is that the CO2-lean gas stream leaving the
he H2-rich gas stream) is further processed in
ting the fuel for the gas turbine. The additional
t to the reference IGCC plant (DECARBit, 2011),
gas shift section, a PSA process and a compres-
transport. The plant layout is represented in

eristics of the most relevant streams are given

 Shift (WGS) converts CO and H2O into CO2 and
neficial effect on the following CO2 separation
e in the CO2 partial pressure. COS hydrolysis is
he WGS  process. The syngas is then cooled down.

 process, condensing water is removed. Thanks to
pressure, water presence is drastically decreased
s stream at an appropriate temperature is fed to
nit and successively to the PSA unit. The outputs

 are a CO2-rich stream and a H2-rich stream. The
r the gas turbine cycle and is preheated by the

 WGS  process. Since the CO2-rich gas stream does
uirements for being processed and transported,

on step is implemented. It consists in the removal
ans of two  flash separators integrated in the CO2

on (see Fig. 3). This approach has already been
oving a selection of non-CO2 gases from oxy-

r plants (Pipitone and Bolland, 2009; Posch and
r a first partial compression (up to 30 bar) and

cess, the CO2-rich gas stream enters a system of
heat exchangers, each followed by a flash separa-
tely set temperature levels (−30 ◦C and −54.5 ◦C
, 2012)) allow to separate two  different streams:
, matching the requested purity specifications,

he compression process; a CO2-lean stream, rich
e added to the syngas injected as fuel in the gas
ich stream is further compressed to 110 bar in an
essor. An air expander is also present, providing
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Fig. 1. ASC plant with integrated a PSA unit for CO2 capture and a CO2 compression unit.

Table 1
Stream table of the ASC plant integrated with a PSA unit for CO2 capture and a CO2 compression unit.

Stream ṁ T P MW Composition (% mol.)

(kg/s) (◦C) (bar) (g/mol) CO2 N2 O2 Ar SO2 H2O

1 66.2 66.2 1.0 – – – – – – –
2  744.2 744.2 1.0 28.9 0.03 77.3 20.7 0.9 – 1.0
3  735.7 735.7 1.0 29.9 14.9 74.1 2.9 0.9 0.04 7.2
4  800.8 800.8 1.0 29.8 13.6 74.4 4.4 0.9 0.04 6.7
5  800.8 800.8 1.0 29.8 13.6 74.4 4.4 0.9 0.04 6.7
6  823.3 823.3 1.0 29.3 13.1 71.3 4.2 0.9 0.002 10.5
7  781.1 781.1 1.0 30.4 14.3 77.8 4.6 0.94 0.002 2.3
8  150.4 150.4 1.0 43.2 95.1 4.6 0.3 0.02 – –
9  619.7 619.7 1.0 28.6 1.7 91.8 5.4 1.1 – –

10  150.4 150.4 110.0 43.2 95.1 4.6 0.3 0.02 – –
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Fig. 2. IGCC plant with integrated a PSA unit for CO2 capture and a CO2 compression unit.
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Table 2
Stream table of the IGCC plant integrated with a PSA unit for CO2 capture and a CO2 compression unit.

Stream ṁ T P MW Composition (% mol.)

(kg/s) (◦C) (bar) (g/mol) H2 CO2 CO CH4 N2 O2 Ar H2S H2O

1 38.5 25.0 1.0 7.7 – – – – – – – – –
2  64.6 15.0 1.0 28.9 – 0.03 – – 77.3 20.7 0.9 – 1.0
3  8.5 82.5 1.0 8.5 – 0 – – 100 – – – –
4  31.2 123.9 44.9 32.0 – 0 – – 3.5 95.0 1.5 – –
5  64.6 351.8 10.6 28.9 – 0.03 – – 77.3 20.7 0.9 – 1.0
6  87.5 116.2 24.1 28.0 – 0 – – 100 – – – –
7  76.3 497.1 43.1 21.3 26.2 3.1 55.7 – 10.0 – 0.4 0.2 4.3
8  108.7 47.2 39.4 20.2 53.1 37.7 1.5 0.06 6.7 – 0.3 0.1 0.6
9  107.6 64.0 38.8 20.2 53.5 37.9 1.5 0.06 6.7 – 0.3 0.0001 0.03

10  19.1 62.5 38.8 6.5 84.7 2.6 2.0 0.1 10.1 – 0.5 – –
11  88.6 38.6 1.0 37.2 14.8 81.6 0.9 0.03 2.5 – – – 0.06
12  8.2 17.6 27.7 15.1 63.5 22.8 3.5 0.1 10.0 – – – –
13  80.4 28.0 110.0 43.7 0.6 98.9 0.1 0.01 0.4 – – – –
14  0.08
15  – 

16  – 

17  – 

18  0.03
19  0.03
20  0.07
21  0.01
22  0.01

from
recov

3. M

3.1. 

Th
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r resis
). Thi
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27.2 230.0 24.1 7.8 81.5 5.7 2.2 

64.6 432.3 17.6 28.9 – 0.03 – 

656.1 579.5 1.0 27.4 – 1.2 – 

656.1 113.8 1.0 27.4 – 1.2 – 

88.5 28.0 30.0 37.2 14.8 81.7 0.9 

88.5 −30.0 30.0 37.2 14.8 81.7 0.9 

24.5 −54.5 28.8 26.9 37.7 54.0 2.2 

16.4 17.7 7.2 43.7 0.6 98.8 0.2 

64.0 17.7 17.4 43.7 0.6 99.0 0.1 

 the gas turbine compressor and fed to the ASU, in order to
er part of the compression work.

odeling of the PSA unit

Adsorption bed model

e mathematical model for the dynamic simulation of an

the limiting 

ling, namely 

mass transfe
film diffusion
studies (Lope
1980) and ha
simulating t
et al., 2013). T
rption bed relies on material, energy and momentum balances.
dsorbents are considered to have a bi-disperse structure (i.e.,

pulation of macro and micropores). Three material balances
ld be theoretically necessary, one for the bulk gas phase, one
e macropores and one for the micropores. In order to reduce
omputational time requested to solve the set of equations,
plification was introduced. This simplification is based on
valuation of the mass transfer resistances, and it assumes

the Linear Driving 

and Rodrigues, 199
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Fig. 3. CO2 compression unit integrated with a double flash separ
 10.1 – 0.4 – –
77.3 20.7 0.9 – 1.0
75.1 10.1 0.8 – 12.7
75.1 10.1 0.8 – 12.7

 2.6 – – – –
 2.6 – – – –
 6.1 – – – –
 0.5 – – – –
 0.3 – – – –

here one mass transfer mechanism is control-
ffusion in the micropores. Accordingly, the other
tances have been neglected (i.e., macropore and
s simplification have been supported by previous
., 2009a; Ruthven et al., 1980; Yucel and Ruthven,
en already successfully applied by other works

havior of PSA units (Ribeiro et al., 2008; Casas
netic of the mass transfer process is accounted for

Force (LDF) approximation (Yang, 1997; Azevedo
9; Rodrigues and Dias, 1998; Sircar and Hufton,

ion is in line with the material balance simplifi-
tioned. Similarly the energy balances have been
g thermal equilibrium between the gas and solid

o one the equation needed (Ribeiro et al., 2008).
 with the wall and the environment should be

mmon practice to describe the heat transfer with
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all and the environment by average heat transfer coefficients.
ever, the influence of these terms is decreasing with the size of

unit. Given that the novelty of this work is to evaluate the PSA
 performance in actual operating arrangements (large diameter
tors), the reactors have been considered to be adiabatic. This
oach seems to provide satisfactory predicting capabilities and
plifies the model. The additional assumptions adopted in the

el are listed below:

e gas in the bulk phase is considered to follow the ideal gas
.

e bed is assumed uniform throughout all its length (10 m).  Con-
nt bulk density (735 kg/m3 for the zeolite 5A and 522 kg/m3 for

e activated carbon) and bed porosity (0.32 for the zeolite 5A and
8 for the activated carbon).
e flow pattern is described by the axially dispersed plug flow.
e radial diffusion effects are ignored.
e momentum balance is described by the use of the well-
own Ergun equation (Froment et al., 2010).
e heat of adsorption is independent of temperature and
sorbed phase loading.

ased on these assumptions, the governing equations utilized
he following.
omponent mass balance:

ε  + εp(1 − ε)] = −∂(usCi)
∂z

+ ∂

∂z

(
εDax,iCtot

∂yi

∂z

)
− 	p(1 − ε)

∂q̄i

∂t
(1)

DF model:

= kLDF,i(q
∗
i − q̄i) with kLDF,i = 
LDF

Dc,i

r2
c

(2)

verall mass balance:

t [ε + εp(1 − ε)] = −∂(usCtot)
∂z

− 	p(1 − ε)
NC∑
i

∂q̄i

∂t
(3)

nergy balance:

p,GCtot + εp(1 − ε)Cp,GCtot + (1 − ε)Cp,S	p

1 − ε)	p

NC∑
i

Cp,ads,iq̄i

]
∂T

∂t
= −usCp,GCtot

∂T

∂z
+ ∂

∂z

(
�ax

∂T

∂z

)

p(1 − ε)
NC∑
i

(−�Hr,i)
∂q̄i

∂t
(4)

omentum balance:

 −
[

150

d2
p

(1 − ε)2

ε3
�us + 1.75

dp

(1 − ε)
ε3

	Gus|us|
]

(5)

he transport parameters are evaluated through frequently used
elations (see Table A.1 in Appendix A). Averaged values were
essively used for the simulations. Physical properties of the
were evaluated in all the points of the bed through an exter-
hysical property package (i.e., Multiflash–Infochem Computer
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he adsorbent selected for the post-combustion scenario is a
ite 5A (Liu et al., 2011b). Zeolites are well studied CO2 adsor-
s, which proved to perform well in the conditions typical of
-combustion applications (i.e., very low CO2 partial pressure)
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l., 2001, 2005; Harlick and Tezel, 2004). Even
3X are normally regarded as the most effective
sorption processes, a zeolite 5A was  considered.

riven by the availability of data and comparative
2011a). Bearing in mind that the simulation out-
bly be slightly superior with a zeolite 13X, it is
hors that the key outcomes presented afterwards

 same considerations can be applied discussing
tilizing two different adsorbents in the two  PSA

dsorbents can suit better the specific operating
ing a performance enhancement but hardly sig-

acity of the adsorbent is described by an extended
ir model:

NC∑
i

(
q∗

i

qm,i

)]ai

, with ki = k∞,i exp

(
−�Hr,i

RT

)
(6)

lable just for CO2 and N2, the main constituents of
ess. The fraction of O2 has been included with N2.
n has been suggested by the similar selectivity of
o N2 and O2 (Choi et al., 2003; Siriwardane et al.,
erefore thought not to meaningfully affect the

 selected for the pre-combustion scenario is
bon (Lopes et al., 2009a). Activated carbons
outperform zeolites when overpassing a certain

 of CO2 partial pressure (Siriwardane et al., 2001).
cal pre-combustion operating conditions (e.g.,
ctivated carbon has been considered to be the
on. The adsorption isotherm was again described
ulti-site Langmuir model, represented by Eq. (6).
librium data were available also for CH4, the syn-
iven as an input in the PSA model were just CO2,

 small mole fraction of methane would not really
ormance of the whole unit. Nevertheless, adding
nt resulted in less stability of the model and addi-
nal efforts. Thus, the fraction of CH4 has been

roperties, the kinetic and the equilibrium data of
e reported in Table 3.

aration process in which the adsorbent is regen-
 reducing the partial pressure of the adsorbed
r by lowering the total pressure or by using a
ocess is inherently discontinuous, since during
step the gas feed to a column has necessarily

 Thus, different columns working in tandem are
r to enable the processing of a continuous feed.
up of columns is defined as PSA train. If different
, the process gas stream is equally split between
s of a train cyclically undergo a series of steps
s manner. Some of these steps are closely inter-

ng restrictions to the scheduling of the cycle. The
en considered for the PSA process are:

d gas is co-currently injected at the bottom of the

ponents of the gas stream starts to be selectively

 surface of the adsorbent.
e starting the regeneration of the bed, part of the
d to the column. This gas, rich in CO2, displaces
s remained in the column after the feed step.
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Table 3
Bed characteristics, physical properties, kinetic data equilibrium data of the adsorbents.

Physical properties

dp (mm)  εp 	p (kg/m3) Cp,s (J/(kg K))

Zeolite 5A (Liu et al., 2011b) 2.70 0.30 1083 920
Activated carbon (Lopes et al., 2009a) 2.34 0.57 842 709

Equilibrium and kinetic parameters

(kJ/mo
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y a co
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SA c

 assum
a k∞ (Pa−1) qm (mol/kg) �Hr

lite 5A (Liu et al., 2011b)
2 2.1 1.47E−11 3.92 −37.

2 2.5 3.79E−11 3.28 −19.
vated carbon (Lopes et al., 2009a)

2 3.0 2.13E−11 7.86 −29.
2 4.0 2.34E−10 5.89 −16.
2 1.0 7.69E−11 23.57 −12.

 2.6 2.68E−11 9.06 −22.

pressurization (D): the pressure is reduced by putting in con-
t the column with another at a lower pressure level.
wdown (BD): the pressure is reduced to the lowest level in
er to regenerate the bed. A stream of CO2-rich gas is leaving

 column during this step.
rge (Pu): the regeneration is completed by injecting a purg-

 gas into the column, normally counter-currently. This step
again carried out at the lowest pressure of the system and
duces a CO2-rich gas stream.
ssurization (P): the pressure is increased by putting in contact

 column with another at a higher pressure level.
ll (N): the column is left idle.
d Pressurization (FP): part of the feed gas is used to pressur-

 the column to the highest pressure level necessary for the
orption process.

e different operating conditions in which the PSA process

of the cycle,
framework t
work, it was
employed in
Minor chang
to deal with 

However, oth
good perform
stage consist
consists in a t
undergone b
scenario, the
seven-bed tw
undergone b

Different 

step of the P
applied. They
pposed to perform in post- and pre-combustions scenarios,
ssarily led to different configurations, in terms of number of

 and type of steps. The guiding criterion, for the selection
e process layout, was the necessity of approaching values of
recovery and purity sufficient for a CCS application (i.e., CO2
ery ≈90% and purity ≈95%). A multitude of different process
gurations exists and may  be employed. Given the large num-
f variables to consider (i.e., type and number of steps, duration

tion or temperatur
section. Table B.1 i

The energy con
sists in the power
drops and the pow
under-atmospheri
tion strategy). If a 
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Fig. 4. PSA processes for the post-combustion scenario. Representation of the sequence of steps undergon
l) D0c/rc
2 (s−1) Ea (kJ/mol)

14.8 26.3
0.1 6.3

17.5 15.8
1.0 7.0

14.8 10.4
59.2 17.5

bent material, etc.) there is not a well-defined
oint the most suitable alternative. In the present
ed to refer to cycle configurations successfully
iterature (Liu et al., 2011a; Casas et al., 2013).
e been done with respect to those cycles, in order
ghtly different operating conditions considered.
nfigurations are possible and may  lead to similar
. For the post-combustion scenario, a first PSA

 three-bed five-step cycle, while a second stage
ed five-step cycle. The sequence of different steps
lumn is shown in Fig. 4. For the pre-combustion
configuration adopted in the present work is a
step cycle, where the sequence of different steps
lumn is shown in Fig. 5.
dary conditions have to be established for each
ycle. The Danckwerts boundary conditions are

e no dispersion or radial variation in concentra-

e either upstream or downstream of the reaction
n Appendix B reports those boundary conditions.
sumption directly related to the PSA process con-

 necessary to a fan to overcome the pressure
er necessary to the vacuum pump to create an

c pressure (when requested from the regenera-
rinse step is implemented, a fan is necessary for
flow rate into the column and overcoming the

F D BD

P

D BD P FP
CO2 to 

compressio n 
and storag e

P

DBD FFP

e

Feed

e by a single column in the first and second PSA stage.
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sure drops. Furthermore, a gas compression may  be applied,
 the relative compression power duty. These energy consump-

s were evaluated within the PSA model as following:

power = 1
�is

�fan

�fan − 1
R Tin

[(
Pin

Pout

)(�fan−1)/�fan
− 1
]

ṅin (7)

pressor power

1
�is

�compr

�compr − 1
RTin

[(
Pin

Pout

)(�compr−1)/�compr

− 1
]

ṅin (8)

um power

1
�is

�vacuum

�vacuum − 1
RTin

[(
Patm

Pvacuum

)(�vacuum−1)/�vacuum

− 1
]

ṅin (9)

Water and adsorption

resence of water is often troublesome in PSA processes. Water
petitively adsorb on the solid sorbents and tend to accumulate
e classical pressure swing operation may  be not sufficient to
rb it. Both zeolites and activated carbons have demonstrated
perience this negative effect (zeolites appears to be more sen-

 to water presence). Few studies really dealt with this issue
etail when analyzing the suitability of CO2 capture through

 processes. Some experimental studies have been conducted
 with zeolites (Brandani and Ruthven, 2004; Gallei and Stumpf,
; Li et al., 2011) and with activated carbons (Lopes et al., 2009a;

ms et al., 1988; Wang et al., 2008). However, not much has
 done regarding modeling. This can be considered as a big gap,
cially when considering post-combustion application where
ificant amount of water is present in the flue gas. The common
oach suggested in the literature is to remove water prior the
capture unit by means of a separate PSA unit or a pre-layer of

ctive adsorbents like activated alumina or silica gel desiccants
 et al., 2011a; Chue et al., 1995). These methods have to prove

water is neg
The effect of
need to be i
tent of wate
level (0.03%
(e.g., heating
in order to a
be significan
tent was neg

3.4. Solution

The desc
in a set of pa
solution wa
gPROMS en
The set of P
order to be 

the computa
modeling st
the whole tr
2004; Park e
are accounte
the informa
pressure eq
technique. A
the mass ba
for the rinse
requires an 

equalization
tency in the
(2013) was 

The discr
of the mode
spatial dom
of discretiza
erform satisfactorily integrated in the complex arrangement of
wer plant with CO2 capture systems. Further, they will result
ditional power consumption.

n the post-combustion simulation proposed, water is removed
s large extent as possible by condensation, and the remaining

icantly increased 

similar manner th
The columns a

and hydrogen, re
nario. The simulat
Pu P4 N P3 N P2

D4 BD Pu P4

D2 D3 D4 BD Pu

F D1 D2 D3 D4

N FP F D1 D2

P2 P1N FP FN

 steps undergone by a single column.

 in the PSA process due to lack of modeling data.
pproximation could not be evaluated and would
gated. For pre-combustion applications the con-
e syngas entering the PSA unit is down to trace

ong as a more efficient regeneration procedure
e bed) is planned after a certain number of cycles,

ater accumulation, the performance should not
fected (Ribeiro et al., 2009). Thus, the water con-
d in the present work without further concerns.

e PSA model

modeling framework for the PSA process results
ifferential and algebraic equations (PDAEs). The
ined implementing the modeling equations in
ent (Process System Enterprise, London, UK).

requires a considerable computational effort in
. One way  to simplify the model, thus to reduce
l time, was to adopt a one-column approach. This

 consists in simulating just one of the columns of
ibeiro et al., 2009; Casas et al., 2013; Jiang et al.,
000). The interactions between different columns
by virtual gas streams which are defined through
ored in the previous cycles. The rinse, purge and
tion-pressurization steps rely on this modeling
ng this simplification, it is essential to assure that

 are always closed. This is rather straightforward
urge steps, while the pressure equalization steps
ional effort. In fact, an appropriate value of the
sure needs to be set, in order to avoid inconsis-

 balances. The procedure outlined by Casas et al.
d to determine this pressure level.
ion algorithm applied for the numerical solution

 Centered Finite Difference Method (CFDM). The
as  discretized in 150 intervals. A higher number
oints was  not used, because it would have signif-

the computational time, without increasing in a
e accuracy of the simulation.
re considered to be initially filled with nitrogen
spectively in the post and pre-combustion sce-
ion is stopped when the Cycle Steady State (CSS)
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 the first PSA stage.

bustion scenario analysis

mmarizes the outcome of the full-plant analysis car-
the three cases considered for the post-combustion
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s. At CSS the process repeats itself invariably, meaning that
onditions at the end of each cycle are the same as those at
eginning. Whilst the operation of a single column remains
wise, the process reaches a steady condition. All the results
nted refer to the cycles at CSS.

esults and discussion

Definition of the performance parameters

e CO2 separation performance is primarily evaluated in terms
2 recovery (RCO2 ) and purity (PCO2 ). In the pre-combustion

ario it is also useful to define the H2 recovery (RH2 ), giving that
 fuelling the downstream gas turbine cycle. The CO2 recov-
ay  be misleading when large energy penalties result from the

separation process. For this reason, an additional parameter
introduced, namely the CO2 capture efficiency (�CO2 ). The CO2
re efficiency is the real measure to what extent the CO2 is
red from a power plant, relatively to a reference plant with-
O2 capture. The aforementioned parameters are defined as

wing:

= ṁ of CO2 in the product stream
ṁ of CO2 formed

(10)

= CO2 volumetric concentration in the product stream (11)

ṁ of H2 entering the gas turbine as fuel
ṁ of H2 entering the CO2 separation unit

(12)

�net for the reference plant without CO2 capture
�net for the plant implementing CO2 capture

(
1 − RCO2

)
(13)

e energy efficiency of the plant is evaluated through the net
ric efficiency (�net), referred to the LHV:

= Net electric output
Net fuel input

(14)

e footprint of the CO2 separation technology is evaluated in
s of square meters occupied by the relative unit. The prelim-

 analysis carried out considers the size and the number of
ns necessary for the CO2 separation process. A more thor-

 analysis, including all the equipment relative to the separation
ess, would be needed in order to obtain more reliable outputs.
ever, it has been considered beyond the sake of the present
, which aims to give a first assessment on the possible dimen-

 of the units and on the difference between the separation
iques.

Post-combustion PSA process

u et al. (2011a) demonstrated that, in order to achieve the
ested performance in terms of CO2 recovery and purity, the flue
esulting from the combustion of coal needs to undergo a two-

 PSA process. The first stage considered in the current work
ists in a three-bed and five-step cycle (Fig. 4). Since no flue gas
ression is implemented upstream the PSA unit, the flue gas

rs at about atmospheric pressure. The aim of the first stage is
hieve the highest possible CO2 recovery. As a tradeoff, it is not
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y 
ible to achieve very high CO2 purity. The regeneration process
rried out by decreasing the pressure to 0.1 bar. This pressure

 has been suggested in many studies (Kikkinides et al., 1993;
t al., 2011a; Na et al., 2001, 2002; Takamura et al., 2001). The
eration pressure to be applied is dependent on the shape

Fig. 6. CO2 separation 

nario. Results reported
rates  in the second PSA
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sotherm and on the degree of vacuum to reach
tee proper bed regeneration. 0.1 bar seemed to
ent requirements. Other values may  have been

 advantages in terms of energy savings obtained
neration pressure would be counterbalanced by
erformance. As an example, some simulations

d with the vacuum level set to 0.2 bar. Whilst
 could be effectively reduced of about 0.5%, the
ry dropped under the target value (86.8 %). The

leaving from the blowdown and purge steps are
 sent to the second PSA stage, a two-bed five-
d six-step if purge is implemented), where it is

 order to enhance the second PSA process perfor-
sion of the gas stream is implemented between
e gas is brought up to 2 bar before undergoing
tion process. Fig. 6 shows the overall levels of
O2 purity obtained in the PSA process (after the

 varying the Purge-to-Feed mole flow rate ratio
 PSA stage. It is clear from the figure that there is a
O2 recovery and purity. The highlighted point in

 and RCO2 = 90.2%) represents the PSA operating
d for the process to be matched with the power
a PSA process in which the purge step has not
, hence with a P/F ratio equal to zero. This con-
sen because it is able to contemporary fulfill the
2 recovery and purity. Additionally, the absence
plifies the process configuration. The resultant

the two  PSA stages, which were selected to be
SC plant, are reported in Table 4.

ns were initially sized in order to be able to pro-
 rate. Since an excessively large diameter would

d, a maximum size of 8 m was stated. A limita-
cial velocity was  also introduced (0.15 m/s), in

 the pressure drop in the column within a cer-
.1 bar). The superficial velocity adopted was also
r than the minimum fluidization velocity. These
ons implied the need for splitting the total flow
f trains, respectively 73 and 23 for the first and
Fewer trains are needed in the second PSA stage
CO2 purity

performance of the PSA process in the post-combustion sce-
 refer to different Purge-to-Feed ratio (P/F) of the mole flow

 stage.
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 4
uling, characteristics and performance of the PSA process in the post-combustion scenario.

Step time (s) 

ge F R D BD Pu P FP 

702 234 0 702 234 – 234 

650 – 50 830 – 50 180 

ario. The plant without CO2 capture facilities and the plant with
te-of-the-art absorption unit were defined in compliance with
framework determined in the EBTF project (DECARBit, 2011).

 are meant to be the basis for comparison with the ASC plant
grated with PSA, defined in this work. All the simulations were
ied out with the same net fuel input.

. Separation performance
he CO2 separation performance of the PSA process succeeds to
t the required specifications (RCO2 = 90.2% and PCO2 = 95.1%).  If
ssary, those values can be further increased at the expense of a
er energy consumption. As an example, a flue gas compression
be implemented before the PSA unit. The resulting increase in
ue gas total pressure would imply an increase of the CO2 partial

sure, positively affecting the adsorption process. A simulation
 run to evaluate this option, considering a flue gas compression

 1 bar to 1.5 bar. The outputs fully met  the CO2-rich stream
ifications (RCO2 = 90.85% and PCO2 = 95.42%)  even applying a
r pressure at the entrance of the second PSA unit (i.e., 1.5 bar
ad of 2 bar). However, the compression of the flue gas would

n energy demanding process and the impact on the energy bal-
 of the system is evaluated later. The general outcome is that

CO2 separation performance of the PSA unit, defined including
 following PSA stages, is able to reach the target levels of CO2
very and purity, and to return a CO2 efficiency even slightly
er than absorption. Moreover, by playing with the PSA process
guration, it is possible to further raise or lower down the sepa-

slightly high
The referen
45.1%. It dro
by absorptio
carrying out
PSA process
energy spen
on the ener
to 33.6%. A 

efit that wo
separation u
footprint sec
worth of fur
tions, contri
CO2 capture
tion that, in
power losse
tions needs 

power cons
less than th
ering the m
point and th
extraction p
the methodo

Power consu
n performance with a consistent impact on the energy penalty:
highest the desired separation performance, the highest is the
cted energy penalty.

. Energy performance
SA demonstrates to be competitive with absorption when look-
at the energy analysis. The attained net electric efficiency is

 5
 outputs of the full-plant analysis in the post-combustion scenario.

nt summary No capture Absorption PSA

er inputs
oal flow rate (kg/s) 66.2 66.2 66.2
oal LHV (MJ/kg) 25.2 25.2 25.2
et  fuel input (MWth) 1665.5 1665.5 1665.6
er outputs

team turbine output (MW)  828.1 714.6 827.3
ross electric output (MW)  828.1 714.6 827.3
O2 separation power
onsumption (MW)

– 10.4 102.8

lue  gas compression power
onsumption (MW)

– 0.0 15.4

O2 compression power
onsumption (MW)

– 47.5 52.8

iscellaneous auxiliaries
MW)

77.4 87.0 77.5

otal auxiliary power
onsumption (MW)

77.4 144.8 248.4

et  electric output (MW)  750.7 569.7 578.9
nt performance
et electric efficiency (%) 45.1 34.2 34.8
O2 purity (%) – 100.0 95.1
O2 recovery (%) – 90.0 90.2
O2 capture efficiency (%) – 86.8 87.3

= �is,stṁsteamcp

The total powe
as was  easily pred
absorption proces
consumption is c
regeneration of th
demand, steam is 

in a decrease of 

113.6 MW.  The ot
the compression 

compressor is use
transport (47.5 M
ing for any steam
consumptions are
ifications undergo
adsorption–desor
ration power con
requested by the 

regeneration of th
overcome the pre
and rinse step (7.
results to be the l
the absorption cas
the consumption 

gas compression o
negligible impact
In the PSA case th
consumption of 5
than in the absorp
ratio to provide. T
l 39 (2015) 1–16

ow rate (mol/s) CO2 (%)

Purge Rinse Purity Recovery

91.3 91.3 49.7 93.8
– – 95.1 96.1

that associated with the absorption-based plant.
 plant without CO2 capture displayed a �net of

 34.2% and 34.8%, respectively with CO2 capture
 PSA. Before it was mentioned the possibility of
e gas compression (up to 1.5 bar) upstream the
ning enhanced CO2 separation performance. The
he compression would have a significant impact
lance of the plant, lowering the final �net down
n that may  justify such a procedure is the ben-

 obtained in terms of sizes and footprint of the
hus, the possibility will be still mentioned in the
but, otherwise, this option does not appear to be
analyses. The most significant power consump-

 to reduce the �net of the plant in the presence of
sses, are shown in Fig. 7. It is worthwhile to men-

 to be able to compare the difference sources of
 power consumption connected to steam extrac-

 defined (while all the others are direct electric
ions). In fact, the reduction in power output is
t content of the steam. It was evaluated consid-

 expansion of the steam between the extraction
nstream condenser, the steam condition at the

nd the steam turbine efficiency. Eq. (15) shows
adopted:

on due to steam extraction

T1

[
1 −
(

P2

P1

)(�−1)/�
]

(15)

r consumption is slightly lower for the PSA case,
ictable given the higher �net. When applying an
s for capturing CO2, the largest share of power
onnected to the reboiler heating duty for the
e solvent. In order to comply with this energy

extracted from the turbine. This procedure results
the gross power output of the plant of about
her significant power consumption is related to
of the CO2-rich stream. A five-stage intercooled
d to raise the pressure from 1.7 bar to 110 bar for
W).  In the PSA case the process is not demand-

 extraction. However, other sources of power
 present. They are related to the pressure mod-
ne by the flue gas, necessary to carry out the

ption process. The term defined as CO2 sepa-
sumption includes in the PSA case: the power
vacuum pumps to establish the vacuum for the
e bed (95.5 MW);  the power supplied to the fan to
ssure drops during the feed, feed pressurization
3 MW).  The CO2 separation power consumption
argest source of power loss (102.8 MW),  while in
e it has a limited impact (10.4 MW mainly due to

of the pumps for the solvent circulation). The flue
ccurring between the two  PSA stages has a non-
 on the energy balance, accounting for 15.4 MW.
e CO2-rich stream compression displays a power
2.8 MW.  The compression power duty is larger
tion case mainly because of the higher pressure
he CO2-rich stream leaves the PSA process at a
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rity and recovery will be different since an additional
ion process is implemented after the PSA process. Fig. 8
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Fig. 7. Power consumptions related to the CO2 capture and compression pro

r pressure level (1 bar) compared to that resulting from the
rption process (1.7 bar). In conclusion, capturing CO2 in a PSA
ess displays the big advantage of not requiring any steam, leav-
ntouched the steam turbine cycle. The implementation of a

process introduces new sources of power consumptions con-
d to the pressure swing processes necessary to comply with
equested CO2 separation performance. However, the overall
ce seems positive under an energy point of view. It is worth

ention that the pumps and compressors simulated have been
idered to operate at steady state. This is a strong simplifica-
given the inherent dynamic behavior of a PSA process. It is not
n to what extent a discontinuous feed to those devices can

tively affect their performance.

. Footprint
e mole flow rate entering a single PSA train cannot be further

ased, compared to the level reported in Table 4, for limita-
 related to the pressure drop and the minimum fluidization
ity. Treating the total flue gas volume, the plant needs a large

ber of PSA trains (i.e., about 73 and 23 trains for the first
second PSA stage). Each PSA train is constituted by 3 and 2

ns, respectively in the first and second PSA stage, and the
eter of a column was set to 8 m.  Table 6 shows an estima-
of the footprints of the two separation techniques considered.
bsorption column diameter was calculated by defining a rea-

ble superficial velocity of the flue gas entering the column
2 m/s). It becomes clear that the total footprint of the PSA-
d CO2 capture unit is excessive to be considered feasible. A
to partially reduce the footprint could be to introduce a flue
ompression before the PSA unit. Compressing the flue gas

 1.5 bar demonstrated to lead to a reduction in the number
cessary PSA trains of about 9 units. It was  already verified
this operation would also be beneficial for the CO2 sepa-
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The PSA p
return two s
and transpor
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performance
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assessed PSA
values repor
plant CO2 pu
flash separat

95%

100%

y
n process. However, the final footprint would still be much
r than that of the absorption-counterpart. Not to mention the
ional power consumption introduced which would severely
t the process competitiveness under an energy efficiency point
w.

 6
rint analysis for the post-combustion scenario.

Absorption PSA

mn diameter (m)  20.7 8.0
ber of columns 2 264

tprint (m2) 674 13285
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Fig. 8. CO2 separation 

nario. Results reported
rates.
 gas compression [MW] - FG COMPR

compression [MW] - COMPR

l power consumption [MW] - TOT

r the post-combustion scenario.

n PSA process

s is supposed to be able to process the syngas and
s: a CO2-rich stream to be sent to compression
; and a CO2-lean stream, rich in H2, to be fed to

 fuel. Both streams request some purity charac-
lled, namely CO2 and/or H2 purity and recovery.
Casas et al., 2013) suggested that a single PSA
been able to fulfill these requirements in con-

 a pre-combustion application. However, Casas
lated a gas stream which contains only H2 and
ng a realistic syngas composition, the results of
came different from those expected. The PSA lay-
e present work is a seven-bed and twelve-step

eration pressure was set to 1 bar. Some demon-
ns were run to assess the effectiveness of the
ion pressure. Higher regeneration pressure lev-
provement on an energy point of view, although

 could partially even out the expected reduction
ower consumption. Conversely, the separation
eases according to the less effective regenera-
78% 80% 82% 84% 86%

CO₂ purity

P/F = 0,06 0

P/F = 0,04 0

P/F = 0,01 3

performance of the PSA process in the pre-combustion sce-
 refer to different Purge-to-Feed ratio (P/F) of the mole flow
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 7
uling, characteristics and performance of the PSA process in the pre-combustion scenario.

Step time (s) 

F D × 4 BD Pu P × 4 N × 4 FP

 90 41 80 59 41 8 41
 + flash – – – – – – –

es clear that the PSA process is not quite able to match the spec-
tions. Whilst the CO2 recovery can be pushed easily over the
et value of 90%, the CO2 purity hardly reaches values around
. A further increase of the CO2 purity appears difficult to achieve
would come at the expense of the CO2 recovery, which would
tically decrease. Realizing the impossibility to reach the desired
ut streams characteristics within the PSA unit, the strategy was
ified. A solution could have been to introduce an additional

 stage (likewise post-combustion scenario) or better to apply a
 PSA process (Grande and Blom, 2012). Considerations mainly
rding the possible footprint related to a second PSA train lead

 choose a different option. Nevertheless, the dual PSA process
d result competitive and should be matter of further investi-
ns. To comply with the selected alternative, the CO2 recovery

et was set to the highest possible level, while a relatively lower
e of purity was accepted. It was then introduced a further CO2
fication process downstream of the PSA unit. It consists of a
ble flash separation integrated in the CO2 compression process

 3). Referring to Posch and Haider (2012), the temperatures
cted at the outlet of each heat exchanger were set respec-
y to −30 ◦C and −54.5 ◦C. The gas stream is compressed up to
ar before entering the flash separation unit. Implementing this
tional separation step, the final result in terms of CO2 purity

2 = 98.9%) and recovery (RCO2 = 89.8%) basically fulfilled the
irements. The H2 recovery (RH2 = 99.6%) was  satisfactory as
. The operating conditions selected for the full-plant analy-
re those represented by the highlighted point in Fig. 8 (i.e.,

A less string
drop (≈0.15
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(as can be in
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When ev
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above 95% a
 0.140). This configuration was chosen because it provides a
 balance between separation and energy performances. Table 7

lays the relative PSA characteristics, together with the sepa-
n performance obtained. The overall separation performance,
lting from the integration of the flash separation unit, is also
rted.
he criteria adopted for the design of the pre-combustion PSA

 are similar to those discussed in the post-combustion scenario.

89.8% (at least wh
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 8
 outputs of the full-plant analysis in the pre-combustion scenario.

nt summary No capture 

er inputs
oal flow rate (kg/s) 33.3 

oal  LHV (MJ/kg) 25.2 

et  fuel input (MWth) 837.3 

er  outputs
as turbine output (MW)  253.1 

team  turbine output (MW)  192.6 

ir  expander output (MW)  4.5 

ross  electric output (MW)  450.2 

O2 separation power consumption (MW)  – 

O2 compression power consumption (MW)  – 

SU  power consumption (MW)  38.9 

iscellaneous auxiliaries (MW)  15.5 

otal  auxiliary power consumption (MW)  54.3 

et  electric output (MW)  395.8 

nt  performance
et electric efficiency (%) 47.3 

O2 purity (%) – 

O2 recovery–separation technology (%) – 

O2 recovery–overall plant (%) – 

2 recovery (%) – 

O2 capture efficiency (%) – 
l 39 (2015) 1–16

Mole flow rate (mol/s) CO2 (%)

Feed Purge Purity Recovery

3771.6 525.0 81.6 96.2
– – 98.9 89.8

itation was  imposed to the maximum pressure
nd a lower superficial velocity had to be utilized
r to make up for the higher operating pressure

 from the Ergun equation, the higher the operat-
larger the pressure drop). However, a single PSA
ed as able to process the entire syngas flow rate.
olumns diameter was set to 6.6 m.

on scenario analysis

rizes the outcome of the full-plant analysis car-
hree cases considered for the pre-combustion
t without CO2 capture facilities and the plant with
absorption unit were defined in compliance with
termined in the EBTF project (DECARBit, 2011).

 be the basis for comparison with the IGCC plant
A, defined in this work. The simulations were run
similar exhaust gas flow rates at the gas turbine
ption meant to support following comparisons

llowing same size gas turbines to be used for the
ypology of gas turbine considered is large-scale

erformance
ng the CO2 separation performance, PSA and dou-
seems to match the requirements. The PCO2 is

2 is slightly lower than the target, with a value of

en considering the CO2 recovery only for the sep-
y). It is important to achieve a high value of PCO2
his is strictly related to the H2 recovery, which
h as well (RH2 = 99.6%). Recovering large part of
order to guarantee good energy performance of
ver, the syngas fuelling the gas turbine contains
CH4, products of the gasification process. Their
s in the formation of additional CO2 which has to

Absorption PSA + flash

38.5 38.5
25.2 25.2

968.1 968.2

287.9 287.1
167.6 167.4

5.7 5.4
461.1 459.9

16.5 0.0
18.7 41.3
51.5 51.6
16.3 16.7

103.0 109.6
358.1 350.2

37.1 36.2
100.0 98.9

94.6 89.8
90.6 86.1

100.0 99.6
88.1 81.8
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Fig. 9. Power consumptions related to the CO2 capture and compression pr

ken into account in the CO2 balance of the overall plant. For
eason, there is an additional CO2 recovery parameter, which is
idering the total CO2 formed. The RCO2 for the PSA case drops

 to 86.1% which is not fully fulfilling the requirement. Con-
ly, absorption as decarbonization technique succeeds to reach
uggested target values, attaining PCO2 , overall RCO2 and RH2 of
, 90.5% and 100% respectively. The CO2 capture efficiency well

arizes the discussed picture. �CO2 for the PSA-based plant is
, a value that can be considered acceptable, although lower

 that achieved with absorption (88.1%).

. Energy performance
e energy analysis of the pre-combustion scenario reveals that

rption is not clearly outperforming PSA. The reference IGCC
 without CO2 capture attains a �net of 47.3%. Introducing an

rption unit or a PSA unit for CO2 capture drops the �net down to
 and 36.2% respectively. The difference between the two  cases

her small (0.9%). A breakdown analysis of the power consump-
 related to the integration of a CO2 capture unit, highlights

 differences (see Fig. 9). Since some power consumptions are
cteristic of a pre-combustion application, they are described

after (the calculation of the equivalent power consumption is
explained, if the term reported is not a direct electric power
umption):

S LHV reduction: the WGS  process produces a reduction of the
gas LHV (partially balanced by a higher mass flow rate). The
uction in the fuel energy is converted into power consumption
considering the net efficiency of the plant.
V lost in CO2 separation: since traces of hydrogen and car-

 monoxide are leaving with the CO2-rich stream, their heating
ue is wasted. The reduction in the fuel energy is converted into
wer consumption considering the net efficiency of the plant.
am extraction for WGS: some steam need to be extracted by

 steam turbine in order to be fed to the WGS  process. The
ssing expansion of that steam causes a reduction in the steam
bine power output. The power consumption is calculated as
cribed in the post-combustion scenario for steam extractions.

e PSA unit does not directly require much energy. The CO2

consumption
consumption
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configuration
when consid
stream. The 
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ered. Establi
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formed by 7 

unit appears

ration power consumption is very small (≈0.05 MW)  and
ly due to the fans for overcoming the pressure drop in the
Since the regeneration pressure is atmospheric, no vacuum
ps need to be installed. The avoidance of a rinse step in the
process configuration is also contributing to limit the power

tion unit would be
of the two footprin
absorption column
able superficial ve
1 m/s).
O₂ compression [MW] - COMPR

otal  power  con sump tio n [MW]  - TO T

r the pre-combustion scenario.

he absorption case the CO2 separation power
ger. The required 16.5 MW are mostly supplied

the solvent circulation. However, the particular
e absorption/regeneration process is favorable

 the power for the compression of the CO2-rich
eration process for the absorption case is occur-
ent pressure levels (12.7, 7.5 and 1.1 bar). In the

2-rich stream leaves the unit at 1 bar, meaning
ratio that the compressor has to provide is, on
oreover, in the double flash separation process,
ms leaving the flashes are partially expanded in
, since by entering counter-currently the heat
sure the necessary cooling potential. Hence, the

duty is further increased. The CO2 compression
n results to be 41.3 MW for the PSA case, while
case is 18.7 MW.  It can be argued that the power
ation process, adopting PSA, is more than bal-

tional power demand for CO2 compression. The
mptions evaluated are very similar in both cases,
dify the picture outlined. Summing up, the CO2

 PSA unit shifts the power consumption from
ss to the CO2 compression, while all the other
utions remain almost unchanged. However, the
pression power results to prevail. Accordingly

ncy penalty relative to the PSA case is slightly
lative to the absorption case.

 pressure at which the syngas enters the PSA
ulting in a relatively low volumetric flow rate,

 design the PSA unit in a way that all the syn-
by a single PSA train. The superficial velocity

 maintain the pressure drop within acceptable
 The value was also verified not to overpass the
tion velocity at the operating conditions consid-
the velocity and knowing the volumetric flow
ional area was  evaluated and, hence, the diame-
It resulted to be 6.6 m.  Even though a PSA train is
ns working in parallel, the footprint of the PSA

acceptable. However, the footprint of an absorp-
 much smaller. Table 9 compares the estimations

ts, highlighting the remarks of the analysis. The

 diameter was  calculated by defining a reason-
locity of the flue gas entering the column (i.e.,
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rint analysis for the pre-combustion scenario.

Absorption PSA

umn diameter (m)  2.2 6.6
mber of columns 2 7
tprint (m2) 8 239

onclusions

n the current work, the suitability of PSA process for CO2 cap-
 in coal-fired power plants has been assessed. The effectiveness
A is evaluated on three different levels: CO2 separation perfor-
ce, energy efficiency and footprint of the technology. A post-
a pre-combustion scenario have been considered.
n the post-combustion scenario a PSA process is integrated

 an Advanced SuperCritical (ASC) pulverized coal plant. The
uts of the full-plant analysis were compared to those of a sim-
plant implementing a state-of-the-art absorption process for
uring CO2. A two stage PSA process is necessary in order to
eve satisfactory characteristics of the CO2-rich stream to be
sported and stored. The first PSA stage is a three-bed five-step
e, the second is a two-bed five-step cycle. The resulting CO2
ty (PCO2 = 95.1%) and recovery (RCO2 = 90.2%) fulfill the target
ls established (i.e., PCO2 ≈ 95% and RCO2 ≈ 90%). The utilization
PSA process shifts the power consumption related to CO2 cap-

 from a thermal duty for regenerating the solvent (i.e., amine
rption) to direct electrical power for vacuum pumps and com-
sors. The resultant energy penalty is competitive with that of
enchmark absorption-based plant, as it was possible to obtain

t electric efficiency slightly higher. The main obstacle for the
bility of PSA in post-combustion application is related to its

print. The flue gas flow rate has to be split in a large num-
of PSA trains (about 73 and 23 for first and second PSA stage)
e processed. Given the diameter (8 m)  of each of the columns
tituting a train, the footprint of the PSA unit is much larger
pared to the reference absorption unit. Modifications in the
ess configuration may  bring an improvement in this sense, at
expense of other performance indicators. However, the gap is
rge that is difficult to imagine filling it within the considered
ess framework.
he application of a PSA process in a pre-combustion scenario
rns more promising results. The PSA process is integrated in
ntegrated Gasification Combined Cycle (IGCC) plant. The out-

 of the full-plant analysis were compared to those of a similar
t implementing a state-of-the-art absorption process for cap-
g CO2. The PSA process considered was a seven-bed and
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Appendix A

Table A.1
Transport para

Axial dispers

(16) Dax,i = (0

Wilke model
et al., 2000

(17) Dm
g,i

= ∑
i′

(18) Dg,ii′ =

(

lve-step cycle. In order to comply with the separation perfor-
ce specifications, an additional double flash separation process

 integrated in the CO2 compression unit. The obtained purity

2 = 98.9%) of the CO2-rich stream fulfills the requirement. The
all CO2 recovery (RCO2 = 86.1%) is slightly lower compared to
evel aimed (i.e., 90%). However, a rearrangement of the process
d be able to trade off part of the purity for a higher recovery,

Micropore diffusivit

(19)
Dc,i

r2
c

=
D0

c,i

r2
c

exp
(

Axial thermal disper

(20) �ax
kf

= 7 + 0.5Pr
l 39 (2015) 1–16

s meets both the requirements. The absorption
plies with the target values. The energy analysis
PSA-based plant yields a �net of 36.2%. The �net

GCC plant without CO2 capture is 47.3%, while
orption process for CO2 capture drops it to 37.1%.
energy efficiency between the two  cases studied
The footprint of the PSA unit is not problematic,
train (7 columns of 6.6 m diameter) is able to pro-
ic flow rate of syngas. In conclusion, PSA process

 become competitive in a pre-combustion sce-
ure. The general performance obtained is slightly
o that relative to a plant implementing an absorp-
he other hand, PSA is a less mature technology
plications. Therefore, substantial improvements

ble. For instance, the layout of the whole process
timized. Advancements in material technology

e adsorbents with increased uptake capacity and
ossibly with higher thermal resistance. Such an
would make possible better separation perfor-
her degree of process integration. Hence, there
e that PSA can become a suitable alternative to
-combustion CO2 capture.

nt

atefully acknowledge the financial support pro-
 “EnPe – NORAD’s Programme within the energy
ctor”.

ulation of the transport parameters

 equations.

thven, 1984)

.55ε)Dm
g,i

+ 0.35 dp
2 |us|

ngle-phase mixture of gases (Fuller et al., 1966; Poling

g,ii′ )

10−3T1.75
g [(1/Mi )+(1/Mi′ )]1/2

5)

⎡
⎣
(∑

i

�i

)1/3

+

(∑
i′

�i′

)1/3
⎤
⎦

2

y (Ruthven, 1984)

− Ea,i
RT

)
sion coefficient (Lopes et al., 2009b)
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ndix B. Boundary conditions for the PSA processes

 B.1
ary conditions adopted for the PSA processes. The co-current blowdown and co-current pressure equalization boundary conditions are the same as the counter-current

erpart applied inverted at the extremities of the column.

: z = 0 z = L

x,i
∂Ci

∂z
= −us(CF,i − Ci)

ṅF

∂T

∂z
= −usCpCtot(TF − T)

∂Ci

∂z
= 0

P = PF

∂T

∂z
= 0

e: z = 0 z = L

x,i
∂Ci

∂z
= −us(CR,i − Ci)

ṅR

∂T

∂z
= −usCpCtot(TR − T)

∂Ci

∂z
= 0

P = PF

∂T

∂z
= 0

sure equalization–depressurization: z = 0 z = L

= 0

= 0

= 0

∂Ci

∂z
= 0

P = Peq

∂T

∂z
= 0

nter-current blowdown: z = 0 z = L

= 0

 PBD

= 0

∂Ci

∂z
= 0

ṅ = 0

∂T

∂z
= 0

e: z = 0 z = L

= 0

 PBD

= 0

εDax,i
∂Ci

∂z
= −us(CPu,i − Ci)

ṅ  = ṅPu

�ax
∂T

∂z
= −usCpCtot(TPu − T)

nter-current pressure equalization–pressurization: z = 0 z = L

= 0

 0

= 0

εDax,i
∂Ci

∂z
= −us(Ceq,i − Ci)

ṅ = ṅeq

�ax
∂T

∂z
= −usCpCtot(Teq − T)

 pressurization: z = 0 z = L

= 0

 0

= 0

εDax,i
∂Ci

∂z
= −us(CFP,i − Ci)

P  = PFP

�ax
∂T

∂z
= −usCpCtot(TFP − T)
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Correction of Table 1 
 

In the Table 1 published in Paper I, there is an inaccuracy. The column of the 

temperatures reports values of the mass flow rate of the relative streams. The following 

is the correct version of that table. 

 
Table 1 

Stream table of the ASC plant integrated with a PSA unit for CO2 capture and a CO2 compression unit. 
 

Stream ṁ T P MW Composition (% mol.) 

  (kg/s) (°C) (bar) (g/mol) CO2 N2 O2 Ar SO2 H2O 

1 66.2 25.0 1.0 -  - - - - - - 

2 744.2 15.0 1.0 28.9 0.03 77.3 20.7 0.9 - 1.0 

3 735.7 338.9 1.0 29.9 14.9 74.1 2.9 0.9 0.04 7.2 

4 800.8 117.0 1.0 29.8 13.6 74.4 4.4 0.9 0.04 6.7 

5 800.8 127.1 1.0 29.8 13.6 74.4 4.4 0.9 0.04 6.7 

6 823.3 62.5 1.0 29.3 13.1 71.3 4.2 0.9 0.002 10.5 

7 781.1 20.0 1.0 30.4 14.3 77.8 4.6 0.94 0.002 2.3 

8 150.4 15.4 1.0 43.2 95.1 4.6 0.3 0.02 - - 

9 619.7 35.2 1.0 28.6 1.7 91.8 5.4 1.1 - - 

10 150.4 28.0 110.0 43.2 95.1 4.6 0.3 0.02 - - 
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The  main  goal  of  this  paper  is  to  provide  a comprehensive  overview  on  the performance  of  an  integrated
gasification  combined  cycle  (IGCC)  implementing  CO2 capture  through  a pressure  swing adsorption  (PSA)
process.  The  methodology  for integrating  a PSA  process  into  the  IGCC  plant  is first  defined  and  then
a  full-plant  model  is  developed.  A  reference  case  is  outlined  both for  the  PSA-based  plant  and  for  an
absorption-based  plant.  Physical  absorption  is  considered  the  benchmark  technology  for  the application
investigated.  The  full-plant  model  allowed  an assessment  of  the  potentials  of PSA in this  framework.  The
ss simulations

plant  performance  obtained  was evaluated  mainly  in  terms  of energy  penalty  and  CO2 capture  efficiency.
Several  process  configurations  and  operating  conditions  were  tested.  The  results  of  these  simulations
demonstrated  the  influence  of  the PSA  process  on  the  overall  performance  and  the  possibility  to  shape  it
according  to  specific  requirements.  A sensitivity  analysis  on the  adsorbent  material  was  also  carried  out,
aiming  to  establish  the  possible  performance  enhancements  connected  to  advancements  in  the material.
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Nomenclature

ai number of neighboring sites occupied by adsorbate
molecule for species i

Cp,s particle specific heat at constant pressure, J/(kg K)
D0c,i limiting micropore diffusivity at infinite tempera-

ture of species i, m2/s
dp particle diameter, m
Ea,i activation energy of species i, J/mol
�Hr,i isosteric heat of adsorption of species i, J/mol
ki equilibrium constant of species i, Pa−1

k∞,i adsorption constant at infinite temperature of
species i, Pa−1

P pressure, Pa
Pflash pressure at the entrance of the flash column, bar
Preg regeneration pressure for the PSA process, bar
qi

* equilibrium adsorbed concentration of species i,
mol/kg

qm,i maximum adsorption capacity of species i, mol/kg
R universal gas constant, Pa m3/(mol K)
RCO2 CO2 recovery
RH2 H2 recovery
t  step time, s
T temperature, K
Tfeed temperature at the entrance of the PSA column, K
YCO2 CO2 purity

Greek letters
ε  bed void fraction
εp particle void fraction
�CO2 CO2 capture efficiency
�el net electric efficiency
�p volumetric mass density of the particle, kg/m3

Acronyms
CCS carbon capture and storage
CSS cyclic steady state
DHU dehydration unit
FS flash separator
HRSG heat recovery steam generator
IGCC integrated gasification combined cycle
LHV lower heating value
NC number of components
PEQ pressure equalization
P
P
S
W
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Fig. 1. Flowsheet of the IGCC plant integrating a PSA un
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ansportation.

Base case process conditions and specifications

 order to be able to carry out a thorough performance analysis
e defined IGCC plant with CO2 capture, a base case needs to be
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. The adsorbent material selected is a commercial

Lopes et al., 2009).
ce of the defined base case is shown in Table 2.
indicators utilized aims to give an assessment

 CO2 separation efficiency of the system. They
ctric efficiency (�el), the H2 recovery (RH2 ), the
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Table 2
Overview of the performance of an IGCC plant with and without CO2 capture.
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ious studies investigated the optimum operating configuration
he separation unit alone (Casas et al., 2013a). However, the

 is highly integrated and modifications in the separation unit
t significantly the other units. The full-plant model developed
s to analyze these effects.

 the following sub-sections alternative process configurations
erating conditions are suggested. The resulting outputs are

ribed and analyzed. Most of the time, a set of results is graphi-
 shown for each case studied. It refers to the system operating
in the outlined conditions, but with different purge-to-feed

 mole flow rate ratio of the PSA process. An increase of P/F
es a decrease of PSA-YCO2 and an increase of PSA-RCO2 . The
t on the whole system is a reduction of �net. This indication
e utilized to understand in which direction P/F is changing in
gures proposed. By taking into account the tradeoff between
YCO2 and PSA-RCO2 obtained through modification of the purge

 flow rate, this representation aims to show the range of pos-
 results within the same process framework.

Number of pressure equalization steps

e cycle adopted in the PSA unit is rather complex. It involves
ral steps which a single column undergoes and some of these

 imply two different columns to interact. A typical example
 pressure equalization (PEQ) step, where two  columns at dif-
t pressure levels are put in contact. By means of the pressure

ient, the high pressure column releases part of its bulk gas to
urize the other. The pressure of the two columns equalizes
alue in the middle between the starting ones. The larger the

ber of PEQ steps, the larger is the number of columns work-
 parallel and the more complex becomes the systems. On the

r hand, the PEQ steps actively contribute to an efficient sepa-
n process, displacing, before regeneration starts, a fraction of
ulk gas that would otherwise leave with CO2. The correlation
een number of PEQ steps, energy and separation performance
studied by running several full-plant simulations. PSA cycles

 4, 3 and 2 PEQ steps were considered, while the general struc-
of the cycle remains identical. An additional adjustment was
duced to the bed length. Decreasing the number of PEQ steps
ies a lower pressure at the beginning of the feed pressuriza-
step and, thereby, a larger amount of gas to pressurize the

n. Since the incoming syngas to process is constant, the feed
 rate during the adsorption step would be reduced. For the
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 of fair comparisons, we wanted to keep the feed flow rate
able as possible in the different instances considered. For this
n the length of the column was decreased, down to 9 m and
espectively for the 3PEQ and the 2PEQ case, since this reduces
as necessary for the column pressurization. Fig. 3 shows the

thanks to the flash
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erformance with different regeneration strategies.

ulations implemented. Reducing the number of
es in a decrease of the PSA separation perfor-
ntually leads to a decreased �CO2 . The �el does
trend. Its changes result from the balance of CO2
and CO2 recovery (PSA-RCO2 ) in the PSA process,
he off-gas mass flow rate to be compressed. The
s constituting a train and, hence, the footprint
creasing in accordance with the decrease of the
ps implemented. As a general rule, the number

 in the selected process framework is:

 steps + 3 (6)

trategy

n of the regeneration pressure (Preg) of the PSA
ct impact both on the separation and energy
lower the Preg the better is the capacity of the
efficiently desorb CO2. This translates in higher
and PSA-RCO2 . Conversely, increasing Preg results
eness of the separation process. On an energy

easing Preg implies a lower pressure ratio for the
d, hence, a decrease in the power consumption
stem performance was  investigated increasing

 to 2 and 3 bar. It was  decided not to study the
r than 1 bar because that would require the uti-

 pumps, increasing the power consumption and
the system. Following the same procedure pre-
he bed length was adjusted in order to deal with
rocessing a fixed syngas flow rate. A higher Preg

s is needed to pressurize the column. Accord-
gth was properly increased to 11 m and 12 m
e Preg 2 and 3 bar case. Fig. 4 shows that an

 indeed increasing the �el, as a consequence of
e CO2 compressor power consumption. On the
fectiveness of the separation process necessar-
n particular lower PSA-YCO2 values are obtained.
YCO2 , the higher is the mass flow rate to be com-
sed mass flow rate partially counterbalances the
atio in the compressors. However, also the final
h separation) is decreasing with the increase of
n the mass flow rate to be processed in the final
ression. The overall separation performance is
ed by higher Preg. Whilst the YCO2 remains stable,
 separation process, the same is not happening
increased amount of gas entering the multi-flash
wer PSA-YCO2 , makes the flash separation more
ing in a larger quantity of CO2 leaving with the
.
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ation of the Tfeed effect also at a system level. The base
 P/F ratio of 0.14 was selected as starting point and
t Tfeed were tested. The outputs of the simulations are
g. 7. The best cases on a CO2 separation point of view
and 358 K) display a small decrease in the �net. This is
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. Plant performance with and without a heavy-reflux step in the PSA process.

n the attempt of limiting the negative effects on the separation
iency, another regeneration strategy was also tested. It consists
rrying out the regeneration step at different pressure levels.

regeneration pressure (Preg) could be initially fixed to a higher
e (e.g., 4 bar) and afterwards to a final atmospheric value.
effectiveness of the bed regeneration should not be heavily
enced by the new process configuration, while the fraction of

-rich gas recovered in the first part of the blowdown would
 a lower pressure ratio. Simulations of the PSA process were

with the proposed multi-pressure regeneration step. The pres-
 levels were set to 4 bar and 1 bar. The PSA process was  modified
der to suit the new regeneration procedure (3PEQ steps and dif-
nt steps time) and the length of the column was set to 11 m.  The
lts of the simulations are shown in Fig. 4. The new regeneration
tegy produced a benefit in terms of reduced compressor power
umption in one single case. This is due to the lower PSA-YCO2
ere able to obtain which translated in a larger mass flow rate to
mpressed. The maximum energy efficiency achieved (36.4%) is
tly higher than the base case, but to the detriment of the sepa-
n performance. The removal of one pressure equalization step
e main reason behind the reduced CO2 capture efficiency but
necessary in order to enable a first regeneration step at 4 bar.

Introduction of a heavy-reflux step

 well-documented option to increase the PSA-YCO2 is to intro-
 a heavy-reflux step (also called rinse step) in the PSA cycle (Liu

., 2011; Na et al., 2002). It consists in feeding a CO2-rich stream
e column before blowdown. By means of that, the light-gas,
ly H2, in the bed void space can be partially displaced. The gas

am utilized to displace the void gas is the product gas obtained
 the regeneration process, hence, rich in CO2. In order to imple-
t the heavy-reflux, the PSA process was redesigned in order

ccommodate the new step. It was chosen to set it just before
blowdown, so that it was not needed a significant compres-

 of the product gas to be rinsed. The simulations demonstrate
 the addition of a heavy-reflux step is not providing with sig-
ant advantages, as can be noticed from Fig. 5. The obtained
ease in the PSA-YCO2 is limited to about 1%. An analysis of the
lts suggests that the utilization of the rinse gas stream is able to
partially displace the H2 from the void space of the column. A
e complete displacement would require a too large rinse flow
, which would drastically decrease R . In order to limit the
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ture

re adopted at the entrance of the PSA unit (Tfeed)
the plant performance. This effect has been eval-
ing the plant behavior at different Tfeed: 328 K,
, 348 K, 358 K and 368 K. In the first instance, it
otice the effect on the separation unit (see Fig. 6).
t the PSA process to perform better at the low-
ested, in accordance with the exothermic nature
versely, the actual trend is showing a maximum

 performance (CO2 purity and recovery for the
n the Tfeed is set to 348 K. In order to explain
ole cycle needs to be taken into consideration.

ratures are beneficial for adsorption (exothermic
 detrimental for desorption (endothermic pro-
he adsorbent saturate at lower pressures). In the
tigated, no temperature swing is implemented.

 the temperature at the beginning of the cycle,
ly be during the regeneration steps. The working

as the difference between the equilibrium capac-
ion and desorption, constitutes the real measure
ss of the separation process. It reached a maxi-
yngas is introduced at 348 K. It has been shown
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. 7. Plant performance with different Tfeed.
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Fig. 8. Plant performance with different Pflash.

to two main factors: the higher CO2 recovery, which implies
er gas stream to be compressed, thereby increased power to
ompressors (even though also the CO2 purity is increasing,
ally counterbalancing that); the slight less efficient H2 recov-

 the flash separation unit and the consequent decrease of the
 power output. In spite of that, they are more effective than the

r cases assessed (Tfeed 328 K and 368 K) which achieve slightly
r energy penalty at the expense of more significant reduction
e CO2 capture efficiency.

Flash pressure

e CO2-rich product stream which is leaving the PSA unit is
to the CO2 compression and flash separation unit. There a first
ression process increases the pressure before the gas stream

rs two multi-stream heat exchangers and two  flash separators.
perating parameters were set according to previous studies
aking into account thermodynamic constraints to the system
e et al., 2009; Pipitone and Bolland, 2009; Posch and Haider,

). This section wants to investigate the impact of modification
e flash pressure Pflash (i.e., the pressure after the first com-
ion, at which the gas stream enters the first flash column).
ase case sets it to 30 bar. Two additional pressure levels were

idered, namely 28 bar and 26 bar. Lower pressures were not
idered because the H2 recovered in this process is sent to the
urbine and needs to have a pressure of about 24 bar. Consid-

 the pressure drops in the unit, the Pflash cannot be set lower
 26 bar, unless a recompression is planned. The outputs of the
lations are shown in Fig. 8. The general trend is that decreasing
has a negative effect on the separation performance. The sep-

on in the flash columns becomes less effective and the CO2
ery decreases (hence also �CO2 ). However, a large fraction

2 is still recovered (more diluted with CO2) and the over-
mpression power decreases. Thus, the �net is slightly lifted

CO2 recirculation

 way to improve the CO2 separation process is to recirculate
of the product CO2-rich stream and increasing the CO2 par-
ressure entering the PSA unit. This possibility is analyzed by
ing CO2 as fuel preparation gas (an option already proposed
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 performance with and without CO2 recirculation.

 system is extracted from the CO2 compression
re of 50 bar, as requested by the specifications.

sults obtained by the full-plant simulations. Bet-
ormance was obtained. With a sufficiently high
reaches the desired level of 90%, while the YCO2
vels (>99%). The increase in �CO2 is more limited
imum value of 85%. In fact, the enhanced separa-
is counterbalanced by an increase in the energy
mount of the gas stream needed for transporting
han the N2-based counterpart, the amount of gas
ncreased. This translates into augmented power
e compressors which have to compress a larger
other modification observed is that the steam

put slightly decreases because a larger quantita-
s to be extracted to be fed to the WGS  process,
action of CO in the syngas. These two effects out-

 consumption reduction in the ASU, due to the
ession for fuel preparation purposes. The overall
e energy efficiency is reduced to values between

e process configuration and operating

the performance of the base case defined, all
tputs of alternative process configurations and
lts for absorption. It is interesting to look at

represented in the figure. The base case is an
mise between energy and separation efficiency.

 be achieved by modifications of the process
f its operating parameters. However, most of
rovement in the energy efficiency results in a
O2 capture efficiency (e.g., increasing Preg) or
2 recirculation). Consequently, it is difficult to
ptimum process configuration or set of operat-
ose are dependent on the specific requirements
o fulfill. So, for example, if a CO2 recovery of
sidered acceptable, some of the configurations

urn �el on the level of the absorption counter-
ibility in the range of performances achievable
y  fill the gap with absorption only in relation
mance indicator. When the effectiveness of the
logies is analyzed as a whole (energy, separa-
, absorption is still displaying an advantage over
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dsorbent material

he characteristics of the adsorbent material have a strong
act on the effectiveness of the CO2 separation process. One of
firsts and more important decisions when it comes to design a

 process is the choice of the proper adsorbent. In the previous
yses the adsorbent considered is a commercial activated carbon
es et al., 2009). Activated carbon demonstrates to outperform
ites (which are normally considered to be the benchmark for
separation) when the adsorption process occurs at relatively

 CO2 partial pressure (Siriwardane et al., 2001). This is the
 for a pre-combustion application. Other advantages of acti-
d carbons over zeolites are the lower costs (Choi et al., 2009)
the higher resistance to water presence in the gas mixture
i et al., 2009; Li et al., 2008; Ribeiro et al., 2009). Material

nce is very active in the research of new adsorbents with
nced characteristics for CO2 separation (Arstad et al., 2008;
s et al., 2013b; Hedin et al., 2010; Lu et al., 2008). Much effort
t in the laboratory tests to develop adsorbents with remark-

 performance. In this section a different approach has been
ted for the study of adsorbent material influence. Instead
sting specific adsorbents, which would require the availabil-
f a large amount of modeling data, we tried to define the

mum characteristics of an adsorbent to perform efficiently
he framework under investigation. Taking as reference the
ated carbon, a sensitivity analysis on some meaningful prop-
s was carried out. The original values of the properties were

ed in targeted ways in order to evaluate how those varia-
s affect the process performance, and to pinpoint the most
ential properties. The output variables carefully monitored

e those related to the effectiveness of the adsorbent. It was
n track of the effects on the CO2 recovery, purity and on
selectivity at which the material is able to separate CO2. The
plant model enabled then to assess the impact on the over-
ystem. Being aware of the limitations of such analysis, it was

Table 3
Adsorption and

Activated ca
dp (mm
2.34 

Activated ca
a  (–)

CO2 3.0 

N2 4.0 

H2 1.0 

CO 2.6 
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ght to be useful for providing an indication on the perfor-
ce enhancements realistically achievable by advancements in
adsorbent materials. Furthermore, it can be a source of inputs
guidelines to the material scientists in order to address future
lopments.

values of all the o
when the impact
qm,non-CO2 ), only t
CO2 components w
20%, 30%). The pro
 842 709 0.38

Equilibrium and kinetic parameters
Pa−1) qm (mol/kg) �Hr (kJ/mol) D0c/rc

2 (s−1) Ea (kJ/mol)
8E−11 7.855 −29.1 17.5 15.8
3E−10 5.891 −16.3 1.0 7.0
0E−11 23.570 −12.8 14.8 10.4
0E−11 9.063 −22.6 59.2 17.5

alysis

m behavior of the activated carbon is described
ngmuir isotherm (Nitta et al., 1984):

NC∑
i

(
q∗

i

qm,i

)]ai

, with ki = k∞,i exp

(
−�Hr,i

RT

)
(7)

e properties have been taken from the literature
) and they are shown in Table 3.
bent selectively retains CO2 on its surface while
ents are flowing through. However, in a real pro-
all the non-CO2 components is also fixed on the
dsorbent can be improved according to two dif-
its ability of fixing CO2 can be increased or the

 of the other gas components can be decreased.
properties have been divided into two groups:
roperties on one side, the properties of non-CO2
H2, CO and N2) on the other. When the impact of

 (e.g., qm,CO2 ) had to be evaluated, its value was
 percentages (+1%, 5%, 10%, 20%, 30%), while the

ther properties were kept constant. Conversely,

 of a non-CO2 property was investigated (e.g.,
he values of that property referring to the non-

ere decreased to the same extent (−1%, 5%, 10%,
perties selected for the study are:
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 maximum adsorption capacity qm, indicating the maximum
ount of the specific component that can be adsorbed per kg of
orbent.

 adsorption equilibrium constant at infinite temperature k∞, nec-
ary for calculating the adsorption equilibrium constant k.

 isosteric heat of adsorption �Hr, measuring the strength of
orption of the specific component to the adsorbent.

e material and packing characteristics were also taken into
unt in the analysis, in the form of void fractions. They were
cted to have a significant influence on the performance of
dsorption process. In the first instance because they affect
olume based adsorption capacity of the bed. Furthermore,
s noticed that a significant fraction of the impurities leav-
ith CO2 rather than being adsorbed onto the solid – and

sed during bed regeneration – are accumulated in the void
es of the bed as bulk phase. Thus, reducing the void space is
cted to reduce the accumulation of impurities in the bed. The
fraction was considered at two levels, which were decreased
%, 5%, 10%, 20%:

 particle void fraction εp, measuring the void space in the par-
le due to its porous structure.

 bed void fraction ε, measuring the void space in the bed due
the characteristic of the packing.

n example can be useful to clarify the procedure. Assuming
qm,CO2 is the property to be investigated, its original value

 mol/kg is increased in the mentioned percentages. The phys-
eaning of this is that a kilo of the adsorbent can accommodate

uilibrium a larger amount of CO2. The value of the all the
r properties is unvaried. When the same analysis is to be done
e qm,non-CO2 , the maximum capacity of H2, CO and N2 are
ased according to the selected percentages (meaning that a
f adsorbent can accommodate at equilibrium a lower amount
ose components). The other properties are at the reference
, included qm,CO2 . The same procedure was utilized to study
e properties. This methodology allows evaluating the influ-

 of each single property studied, given that any variation in the
rmance can be uniquely ascribed to the implemented modifi-
n.

Effect on the PSA process

e effect of the sensitivity analysis was first evaluated on the
ration effectiveness of the PSA process. The output is graphi-

 shown in Figs. 11–14. The horizontal axis indicates the extent
e modification implemented on the single property, while on
ertical axis the CO2 purity or recovery obtained by means of
modification is reported. As we described, the CO2 properties

 increased in fixed percentages, while the non-CO2 proper-
ere decreased to the same extent. A base case performance

ported, where the characteristics of the PSA cycle are those
iously outlined (cf. Section 2.2). Since the purity appeared

 the most critical factor, it was chosen to use as starting
t for the sensitivity analysis one with a low P/F ratio (i.e.,

 0.06) which returns the following results: PSA-YCO2 = 85.3%
PSA-RCO2 = 88.7%. Such choice was taken in order to be able
cribe any further increase of the purity to the material modi-
on and not to the trade-off of some percentage points of the
ery.
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ll the modifications proposed tend to increase both CO2 recov-
nd purity. This was expected since the way  to vary the

erties was meant to improve the adsorbent material. Different
erties show different influences on the separation efficiency.
seems to display the strongest one. An increase of �Hr,CO2

In order to eva
significant cases w
lighted in the prev
It was chosen to 
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effect on the isotherm at high pressure. Con-
sorption isotherm becomes steeper in the low
us it becomes more and more difficult to des-

bed. For small increases of �Hr,CO2 the overall
the working capacity is augmented). For higher
, the reduced effectiveness of the regeneration
revail. Accordingly, the positive effect reaches a
e value is increased of about 10%; after that, the
formance indicators tend to diminish. When the
n-CO2 is considered, the uptake capacity for non-
t high pressure is reduced; hence a lower amount
etained on the material during adsorption step
nt of CO2 can be fixed, with a consequent benefit
ermore, decreasing the strength of the adsorp-
on-CO2 components (i.e., reducing �Hr,non-CO2 )
ration easier. A large fraction of them can be des-
EQ steps, which become extremely effective and
ction of PSA-YCO2 that would occur if those gases

uring the regeneration steps (i.e., blowdown and

 a strong impact on the separation process. An
results in a remarkable increase of PSA-RCO2

l attained with modification of �Hr) because
ptake capacity of the adsorbent. On the other

2 , after an initial increase, drops to values lower
e. This is due to the CO2 adsorption wavefront

 the higher driving force exercised by the adsorp-
ngly, the part of the bed not saturated with
her amount of the other components, whose
onts travel quicker through the column. Those
hen released during desorption producing the
CO2 .
erties examined (i.e., qm,non-CO2 and k∞,CO2 and

 a similar, more limited, effect. The performance
 in an almost linear way  but more slowly than the
ucing qm,non-CO2 increases the active sites avail-

e and the reduction of the non-CO2 components
neficial for the regeneration process. Modifica-

her increasing k∞,CO2 or decreasing k∞,non-CO2 –
nt modifications in the partial pressure. Thereby,

 positive effect increasing with the extent of the

ters analyzed were εp and ε. Their trend is sim-
p displays a stronger impact, both positive and
paration performance. The implemented reduc-
ctions has as primary effect the increase of the

k density. A larger quantity of adsorbent can be
r volume of bed, thus more CO2 can be fixed. This
rkable increase in the PSA-RCO2 . A diminished
ces also the amount of bulk gas accumulated in

 such bulk gas is mainly constituted by the lighter
 the first instance, and that they are released dur-
on steps, an initial increase of PSA-YCO2 can be

 when the decrease of the void fractions exceeds
 amount of non-CO2 components retained onto
ments so much, due to the increased adsor-
sities, to overcome the reduction of impurities

phase. The PSA-YCO2 starts then to decrease

verall plant
luate the overall effect on the plant, the most
ere extrapolated by the previous analysis (high-
ious figures) and utilized in the full-plant model.
select one example for each type of property



66 L. Riboldi, O. Bolland / International Journal of Greenhouse Gas Control 43 (2015) 57–69

83%

84%

85%

86%

87%

88%

0% 10 % 20 % 30 % 40%

P
S

A
 C

O
2

pu
ri

ty

CO2 parameter variation

Base ca se

qm CO2

k∞ CO2

ΔHr  CO 2

Fig. 11. Effect on the PSA CO2 purity of the sensitivity analysis on the CO2 related properties.

86%

88%

90%

92%

94%

96%

98%

0% 10 % 20 % 30 % 40%

P
S

A
 C

O
2

re
co

ve
ry

CO2 parameter variation

Base ca se

qm CO2

k∞ CO2

ΔHr  CO 2

Fig. 12. Effect on the PSA CO2 recovery of the sensitivity analysis on the CO2 related properties.

82%

83%

84%

85%

86%

87%

88%

-40% -30% -20% -10% 0%

P
S

A
 C

O
2

pu
ri

ty

Non-CO2 components parameter  variation

Base ca se

qm non- CO2

k∞ non-CO2

ΔHr  non-CO2

εP

ε

Fig. 13. Effect on the PSA CO2 purity of the sensitivity analysis on the non-CO2 related properties.

88%

90%

92%

94%

96%

98%

100%

-40% -30% -20% -10% 0%

P
S

A
 C

O
2

re
co

ve
ry

Non-CO2 components parameter  variation

Base case

qm non- CO2

k∞ non-CO2

ΔHr  non-CO2

εP

ε

Fig. 14. Effect on the PSA CO2 recovery of the sensitivity analysis on the non-CO2 related properties.



ontrol 

varia
can b
tics:

• qm
• qm
• k∞
• k∞
• �H
• �H
• εp
• εp

Tw
temp
singl
men
refer

• Co
• Co

10

Th
and 

base
the b
The 

insta
diffe
ful b
effec
ple a
trade
quen
into 

If a s
case 

form
cases
ring 

ratio

4.4. 

It
adso
impr
stron
the o
CO2 c
signi
The c
whic
thou
obta
repo
is us
The e
ulati
to 80
petit
mod
all th
is lea
tions

ore ef
his ca
onds a
mbine
ombi

y on th
tion m
parat
f the 

ment
ery im
alyzed
ows 

tially
 are i
e sco

 ment
, allow
sing i
ir stru
r to o

analys
e sha
g oth

 a sig
owev
tee t

ressed
of em
r mul
ateri
.

 betw

vious
e inv
. How

 cons
 stron
eal w
rocee

 be ve
 tryin
gurat
roces

 unde
d, the

anges

.
r.

wing 

tions
 this 

 mos
rocess
L. Riboldi, O. Bolland / International Journal of Greenhouse Gas C

tion studied. The instances selected are listed hereafter and
e thought as fictitious adsorbents with improved characteris-

,CO2 + 10%
,non-CO2 − 30%
,CO2 + 30%
,non-CO2 − 30%
r,CO2 + 10%
r,non-CO2 − 30%

− 5%
− 10%

o additional cases are also proposed. They consider the con-
orary modification of a group of properties, rather than of a
e one. The aim was to verify if the positive effects of the imple-
ted modifications could be combined. The two  cases studied

 to fictitious adsorbents with the following characteristics:

mbined 5: qm,CO2 + 10%, k∞,CO2 + 10%, �Hr,CO2 + 10%.
mbined 6: qm,non-CO2 − 10%, k∞,non-CO2 − 10%, �Hr,non-CO2 −
%.

e output of the simulations, in terms of CO2 capture efficiency
net electric efficiency, are shown in Fig. 15. The absorption-
d results are also included. Likewise the process analysis,
ase case is represented as a line and not as a single point.

line is draw by connecting different base case points. Those
nces refer to the unmodified activated carbon material with
rent P/F ratios in the PSA process. This representation is use-
ecause it helps to point out the performance improvements
tively ascribable to the material. A process modification as sim-
s increasing the purge flow rate in the PSA process is able to
off part of the PSA-YCO2 for a higher PSA-RCO2 , with conse-
ces on the full-plant performance. The base case line takes
account this effect and sets the benchmark for our analysis.
imulation output produces a point which lies above the base
line, the correspondent case can claim to bring an actual per-
ance improvement, regardless the process influence. All the

 reported fall in this category. Also the simulations refer-
to combined property modifications were run for different P/F
s.

Remarks on the adsorbent material analysis

 has been demonstrated that proper modifications of
rbent specific properties can bring significant performance
ovements. Some of these material properties displayed a
ger impact on the separation process and, consequently, on
verall process. This is the case of the heat of reaction of non-
omponents (�Hr,non-CO2 ). Its reduction demonstrated to bring
ficant benefits, standing out among the other results obtained.
ase simulated (i.e., �Hr,non-CO2 − 30%) achieves a �CO2 (87.1%)
h is comparable to that of an absorption-based plant, even
gh the �el still ranks slightly lower. A higher value for �el can be
ined by exploiting the influence of the process. An example is
rted, where the same modified adsorbent (�Hr,non-CO2 − 30%)
ed adopting a lower P/F ratio (P/F = 0.007) in the PSA process.
mpty diamond in Fig. 15 is showing the relative full-plant sim-

on output. It can be noted that, whilst the �CO2 decreases down
.5%, the �el can be lifted up to 36.7%, a value which is com-
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ive with absorption. Similar results are obtained by combined
ifications of the properties, especially for the case involving
e non-CO2 properties reduced of 10% (i.e., Combined 6). This
ding to another interesting remark. The properties modifica-

 which reduce the material affinity for non-CO2 components

The methodology 

and to what exten
previous analysis o
to some degree on
modified adsorben
43 (2015) 57–69 67

fective than those increasing the CO2 adsorption
n be verified both on the single property modifi-
re generally located over triangles in Fig. 15) and
d modification examples (Combined 6 performs
ned 5). This trend highlights the importance to
e CO2 adsorption characteristics when develop-
aterial. In order to guarantee a good selectivity

ion process, it is fundamental also to assure that
non-desired gases is limited. Summing up, tail-
s in the adsorbent material demonstrated to be
portant to increase the competitiveness of PSA.
, even though based on arbitrary property mod-

that the development of improved adsorbents
 reduce the gap with absorption. Even though
ndicated in order to guide this development, it
pe of this work to define how to pursue them.
ioned is that a variety of activated carbons can
ing tailoring of their adsorptive properties. Even

s the utilization of Metal Organic Frameworks
cture and chemical composition can be easily
btain desired properties. It must be also pointed
is carried out covers only the adsorbents with a
pe isotherm. This family of adsorbents encom-
ers, activated carbons and some MOFs. Other

moidal shape which could lead to different per-
er, additional research efforts need to be carried
he actual applicability of MOFs. The main issues

 are related to the effect of impurities, the prac-
ploying a PSA process (Sumida et al., 2012), the
tiple adsorption/desorption cycles (Choi et al.,
al formulation and mechanical stability (Casas

een process and adsorbent material

 sections advancements of the process and of the
estigated in order to enhance the overall plant
ever, the approach adopted is to some extent

iders the two domains as separated issues, while
g influence on each other. It should be good
ith the plant optimization problem as a whole.
ding complicates the analysis but reveals syner-
ry beneficial. Therefore an attempt in this sense
g to define an optimal adsorbent for a specific

ion.
s taken into account was meant to return a good
r an energy point of view. Utilizing the knowl-

 process configuration was  designed with the
 compared to the base case:

step was  to determine the adsorbent proper-
 which would make the adsorbent to perform
new set of operating conditions. The exact def-
t suitable properties values is not an easy task,

 is influenced by a large number of parameters.

to determine which properties to modify, how
t was  based on the experience gained with the
n the material adsorbent. However, it also relied

 a trial and error procedure. The outcome was a
t with the following characteristics:
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6. Plant performance achieved through a synergetic approach of process and material modificatio
aterial are also reported.

,CO2 and k∞,CO2 + 10%
Hr,CO2 − 10%
,non-CO2 and k∞,non-CO2 and �Hr,non-CO2 − 30%

he CO2 heat of adsorption was decreased of 10%. The expla-
on for that should be searched in the effect of �Hr on the
e of the adsorption isotherm. In order for the regeneration pro-

 to be effective at a higher pressure (i.e., Preg 2 bar), the slope
e adsorption isotherm needs to be gentler in the low pres-

 region. A decrease of �Hr works in that way. Without further
ges, the decrease of �Hr would also reduce the CO2 uptake at

 pressures, hindering the adsorption process. Thereby, qm,CO2
k∞,CO were increased to restore the adsorption capacity

The new
made chara
named Syne
The outputs
formance ar
and 37.1%) 

absorption. 

absorption-
but it was  

outputs obt
modification
worthwhile
together the
2
ng the adsorption step. This increase was limited to

 because further increases demonstrated to be ultimately
fective. Additionally, all the properties relative to the non-CO2
ponents were decreased of 30% as it demonstrated to be bene-
l (cf. Section 4.2).

analyses. This exa
between process e
importance in or
Even though the
bent material, the
rial Synerg y

he performances achieved by modifications of the process or

ed scenario, involving a material with tailor-
tics for the chosen process configuration, was
d it was  simulated for three different P/F ratios.

displayed in Fig. 16. The obtained energy per-
emely competitive (with values between 36.8%
n average higher than those achievable with

O2 capture efficiency still ranks lower than the
 counterpart, as it ranges between 76% and 82%,
ramatically reduced. Fig. 16 shows also all the

 by process modifications (squares) or material
angles) and discussed in previous sections. It is
tice that the approach adopted seems to add
fits achieved by the two domains subject of our

mple demonstrates how the close collaboration
ngineering and material science is of paramount

der to develop effectively the studied system.
 proposed case is based on a fictitious adsor-

 general remark could be that there is room for
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ovements and for approaching competitiveness in the pre-
ustion scenario.

onclusions

n analysis on the feasibility and competitiveness of PSA in a
ombustion CO2 capture application has been carried out. The
m considered for the analysis is an IGCC plant. The plant inte-
ng a PSA unit has been defined and a composite model has

 built in order to simulate its functioning. The performance
ined, evaluated in terms of energy and CO2 capture efficiency,

pared to state-of-the-art absorption-based plants. The range
rformances and the potential of the IGCC-PSA system were
tigated by taking into consideration two domains, which were

ght to have a significant influence: the process configuration
he adsorbent material.
ifferent process configurations and operating conditions were
ed through process simulations. Such analysis improved the
rstanding of the system, enabling a correct evaluation of the
able options for boosting the plant performance according to
ific requirements. A tradeoff between energy efficiency and
capture efficiency was observed. Competitive energy penalty

 be obtained, at the expense of substantial reduction of the
apture efficiency. The optimum plant configuration is difficult

 defined without establishing which performance indicator to
itize and which performance levels are acceptable. None of the
ns studied could fully fill the performance gap with regard to

rption.
e influence of the adsorbent material on the overall plant
rmance was studied through a sensitivity analysis. Given an
ated carbon as reference adsorbent, the impact of improved
rption properties was studied by varying them in a targeted
ner and, thus, simulating advancements in the material. The
tive was  to establish the most influencing properties, to assess
ossible performance enhancements and to provide guidelines
ture material development. The effects were first evaluated
e separation process. The effects on the final CO2 recovery,
y and on the selectivity at which the material is able to sepa-
O2 were monitored. The most significant cases resulting from
nalysis were implemented in the full-plant model, in order to
s the impact on the overall plant. The material modifications
osed demonstrated to enhance the system performance, albeit
n the level of absorption. Some adsorbent properties showed
nger impact than others, in particular the heat of reaction. It
lso noticed that decreasing the adsorbent affinity for non-CO2
onents seems slightly more effective than increase its affinity
rd CO2. Overall, proper advancements in the adsorbent mate-
have the chance to give an important contribution to boost
ompetitiveness.
e last analysis proposed aims to combine the positive effects

ined by modifications in the process and in the adsorbent mate-
An attempt was made in order to exploit possible synergies,
ing the knowledge acquired in the previous analyses. A mate-

ailor-made on a specific process configuration was defined. The
rmance resulting from the process simulation was extremely
ising. A net electric efficiency slightly higher than the refer-

 absorption value could be obtained, without large reduction
e CO2 capture efficiency. A synergy of process engineering and
rial science demonstrated to be a key issue for enhancing PSA
etitiveness.
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dertaken and cannot disregard Carbon Capture and Storage

CS) [3]. The deployment of other low-carbon energy tech-

ologies is also critical, a portfolio of renewable energy sour-

s in the first instance. However, the utilization of fossil fuels

predicted to keep on covering a large share of the power

neration in the next decades. CCS allows the exploitation of

ssil fuels, while reducing their carbon footprint. Thereby,

CS is an indispensable technology in a reasonable roadmap

wards a carbon constrained world, allowing a smooth

ansition to a long-term scenario dominated by renewable

ergies. In this context, the concept of flexible operability
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ntinuous base load operation mode of fossil fuel power

ants will become more and more unlikely [4,5]. The inter-
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d wind) will deeply modify the energy market and,

cordingly, the capacity of efficient operation at part-load
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re H2 can be stored or exported outside the plant. Hydrogen,

ith certain specifications, is a valuable product for the

emical sector and, possibly, for the transport sector. In this

nse, a hydrogen market is predicted to emerge [7,8].
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cation, low temperature gas clean-up, sour

t process, CO2 removal through an absorption

ally based on a physical solvent, e.g. Selexol),

2 purity> 99.9%) of a H2-rich gas fraction via PSA

aining part is fed to a gas turbine. The tail gas

s compressed and added to the fuel gas stream,

ual H2 content. Fig. 1 gives a simplified repre-

uch system. The fraction of the H2-rich gas

s on the established power-to-hydrogen ratio.

ce attainable by the outlined basic configura-

n commercially ready technology, has been

alyzed in the literature [9e12], also from an

t of view [8]. Other studies investigated the

ntages of employing advanced technologies

possibility of differentiating the fuel mixture to

e16]. All the mentioned studies rely on PSA
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lative outputs were promising but those PSA

re tailor-made adsorbent materials and com-
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finery in Port Arthur (Texas) [28] applies a dual PSA system,

here the main objective is H2 production with low CO2

issions. The produced H2 is utilized in the manufacturing

petrochemicals and as clean transportation fuel by refinery

stomers, while the purified and compressed CO2 is used for

hanced Oil Recovery (EOR) projects. The PSA system is

sed on a patented PSA process for simultaneous production

pure H2 and CO2 from steam methane reforming syngas

9]. It involves the utilization of two PSA trains consisting of 6

d 3 columns respectively, and the utilization of rotating
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rs), which makes it an energy intensive process. A system

hich is close to what we suggest in the current work has

en studied by Chen et al. [13]. The paper discusses the

nceptual design and the performance of an advanced IGCC

ant using a fixed-bed sorption technology for CO2 separation
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ocess. Due to the proprietary nature of the process, not

uch has been published about it.

In this work we investigate, on a system level, two possible
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omparisonwith similarworks in the literature.

sign entailing a different throughput would
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been built for the process simulations. The

el includes a dynamic model for the PSA pro-

teady-state model for the other process units

CO2 compression station, etc.) and for the

as turbine and steam cycle).
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ess simulations of the entire plant. To enable
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different units constituting the plant. These
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ssion and flash separation
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amework is given in the following. When possible, it was

sed on the set of assumptions defined by the European

nchmarking Task Force (EBTF) [32]. A bituminous Douglas

emium Coal is fed to the gasifier using N2 as fuel prepa-

tion gas. Coal gasification occurs in a Shell-type entrained-

w oxygen-blow gasifier, at a pressure of 44.9 bar. Steam is

nerated in the gasifier and in the following syngas cooler.

he O2 to be utilized in the gasifier is produced in a cryogenic

ir Separation Unit (ASU). The distillation column is oper-

ed at 10 bar, producing a 95% pure O2 gas stream. The ASU

integrated with other units. For instance, 50% of the

mpressed air entering the ASU is taken from the

mpressor of the gas turbine. As a byproduct also rather

re N2 is made available. The surplus N2 is compressed and

ed both to convey gas to the gasifier and to dilute the H2-

ch fuel gas to the combustor of the gas turbine. The high

mperature syngas (900 �C) leaving the gasifier is cooled

wn (497 �C) in a convective syngas cooler and particles

moved through wet scrubbers. Syngas is then routed to the

ater Gas Shift (WGS) section with a temperature of 178 �C.
he sour shift process takes place in two consecutive re-

tors, in order to convert CO to CO2 and H2 to the highest

ssible extent. Steam, coming from the steam cycle, is

ded to the syngas (with a H2O/CO ratio of 2) in order to

hance the reaction. The heat of reaction is partially

covered by producing high pressure saturated steam.

longside the shift process, COS hydrolysis occurs in the

GS reactors. The shifted syngas leaves the WGS section at

5 �C and needs to be cooled down to undergo the gas

eaning treatment. It is first cooled against the H2-rich fuel

s which goes to the gas turbine. The remaining cooling

ty is provided by cooling water. During these cooling

eps, a large fraction of water still present in the shifted

ngas condenses and is extracted. The sulfur compounds

ave to be removed from the shifted syngas. A single stage

lexol process is applied for H2S removal. The physical

lvent, a dimethyl ether of polyethylene glycol, selectively

sorbs H2S, which is then released during the solvent

generation. The sulfur-free syngas is routed to the PSA

it. The gas conditions at the entrance of this unit were set

be 38.8 bar and 64 �C. PSA is a process based on the uti-

ation of solid adsorbents to selectively retain CO2 (and, in

me instances, other components) from a gas mixture. The

generation of the column is carried out through a pressure

ing operation. In order to assure the operating continuity,

number of columns are set to work in parallel. Each col-

n undergoes the same cycle, which is constituted by a

umber of proper steps, in a synchronised manner. The

act design of the PSA depends on the configuration

nsidered. Its definition is discussed in dedicated sections

the paper. Three gas streams leave the PSA unit: a CO2-

ch gas stream, an ultrapure H2 gas stream and a H2-rich gas

ream. The CO2-rich gas stream is cooled down and sent to

e CO2 compression and flash separation unit, where it is

mpressed to an appropriate pressure for transportation,

. 110 bar. The compression arrangement includes multiple

tercooled stages. Since the CO2 purity obtained by the PSA

ocess is not matching the specification established, a

rther purification process is implemented and integrated

the CO compression unit. The design of the unit is

described
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The ultrap

in order to

ditioning p

ultrapure H

product st

which, afte

gas turbine

mainly in

combustor

dilution ha

to retain th

is a large s

rations st

compresso

air expand

part of the

is dischar

content is

levels in a

ingly, the

levels with

total gross

for power.

The air

compressio

(Thermoflo

gPROMS [3

next sectio

Aspen HYS

change in

interface s

plant was

PSA model

The dynam

PSA train

model with

cycle. The

Algebraic

and mome

model, inc

introduced

reference i

Assumi

sion to be t

Driving Fo

and overal

vCi

vt

�
εþ εpð1

vCtot

vt

�
εþ εpð

The LDF

vqi

vt
¼ kLDF;i

�

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r
2
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nother work [23] along with the advantages

ages of implementing the flash separation [33].

H2 can be whether commercialized or stocked

hance the flexibility of the plant. Further con-

esses may be necessary for the delivery of

ut this has not been considered here. The last

from the PSA unit is the H2-rich gas stream

eing heated up to about 200 �C, is fueling the

dilution with N2 coming from the ASU is done,

er to be able to use the normal gas turbine

igned for natural gas. As rule-of-thumb the N2

en adjusted in the different cases proposed so

ame Wobbe index. The gas turbine considered

e F-class, common for all the system configu-

ed. The compressed air bled from the

expanded before being sent to the ASU. The

ncreases the total power output by recovering

pression work. The flue gas from the turbine

at about 585 �C and its remaining energy

d to produce steam at three different pressure

at Recovery Steam Generator (HRSG). Accord-

am bottoming cycle features three pressure

eat, respectively 138 bar, 47 bar and 5 bar. The

er output is about 460 MW, considering all H2

aration, gasification and syngas treatment, CO2

nd power island were modeled in Thermoflex

Inc.) [34]. The PSA unit was modeled with

d a description of the model is provided in the

The flash separation process was modeled in

[36]. The simulation platforms were set to ex-

ation through a common Microsoft Excel

at an efficient process simulation of the overall

e possible.

ehavior of the adsorption beds constituting a

described by a 1-dimensional mathematical

oper boundary conditions for each step of the

del relies on a set of Partial Differential and

ations (PDAEs) representing material, energy

m balances. For a detailed description of the

ng all the equations adopted, the assumptions

d the boundary conditions implemented,

ade to [23].

n axially dispersed plug flow, micropore diffu-

ominating mass transfer resistance and Linear

(LDF) approximation to apply, the component

terial balance equations are, respectively:
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vz
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(2)

uation for the adsorption rate is:
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(3)

x x x ( 2 0 1 6 ) 1e1 5
oproduction of power and ultrapure H2 in an IGCC
i.org/10.1016/j.ijhydene.2016.04.089

http://dx.doi.org/10.1016/j.ijhydene.2016.04.089
http://dx.doi.org/10.1016/j.ijhydene.2016.04.089


eq

re

"
C

vP
vz

ly

ta

bo

di

by

CO

q
qm

m

en

H2

q*
i

eq

uilib

ppro

ata

tw

ces

t. Ze

the

sen

th

ene

into

d N

t bo

e ste

opt

ad o

ws

eps

e si

ious

ling

nal

of P

init

algo

oug

n which the transient behavior of the entire cycle

nst

con

rep

e in

n gi

on

T

I

A

C

H

C

N

C

Z

C

H

C

N

A

P

A

Z

g y

P
p

The columns are considered to be adiabatic and thermal

uilibrium is assumed between the gas and solid phases. The

sulting energy balance equation is:

v;GCtot þ εpð1� εÞ
ε
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The Ergun equation applies for the momentum balance:

¼ �
"
150
d2
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ε
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(5)

Two adsorbent materials are utilized in the system ana-

ses, with equilibrium parameters and physical properties

ken from literature (see Table 1), namely an activated car-

n [37] and a zeolite 5A [22]. The adsorption equilibrium of

fferent gas components on the activated carbon is described

amulti-site Langmuirmodel. The equilibria of CO2, H2, CH4,

and N2 have been taken into account.

*
i

;i
¼ aikiPi

"
1�

XNC

i

 
q*
i

qm;i

!#ai
; with ki ¼ k∞;i exp

�
� DHr;i

RT

�

(6)

For what concerns the zeolite 5A, a dual-site Langmuir

odel was utilized in order to be consistent with the refer-

ced literature. In this case the gases considered were CO2,

, Ar, CO and N2.

¼ q1
m;ik

1
i Pi

1þPNC
j k1

j Pj

þ q2
m;ik

2
i Pi

1þPNC
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One can notice that while for the activated carbon the CH4

uilibrium capacity is taken into account, for the zeolite 5A

On an ener

performance is

products have

standards and

able 1 e Equilibrium parameters and physical properties of the adsorbents

sotherm parameters

ctivated carbon a k∞ (bar�1) qm (mol/kg) DHr

O2 3.0 2.13E-06 7.86 �29

2 1.0 7.69E-06 23.57 �12

O 2.6 2.68E-06 9.06 �22

2 4.0 2.34E-05 5.89 �16

H4 3.5 7.92E-06 6.73 �22

eolite 5A k1
∞ (bar�1) k2

∞ (bar�1) q1
m (mol/kg) q2

m (

O2 1.08E-07 1.23E-04 0.71 3.71

2 4.23E-07 1.33E-04 0.71 3.71

O 2.43E-08 2.32E-05 0.71 3.71

2 2.14E-06 8.99E-05 0.71 3.71

r 1.40E-09 4.90E-04 0.71 3.71

hysical properties

dp (mm) εp rp (kg/m3) Cp,s

ctivated carbon 2.34 0.57 842 709

eolite 5A 1.70 0.50 1126 920

lease cite this article in press as: Riboldi L, Bolland O, Pressure swing adsorption for co
lant with CO2 capture, International Journal of Hydrogen Energy (2016), http://dx.do
rium capacity is considered instead. This

ach can be explained by the availability of

and can be justified looking inwhich part of the

o adsorbents are applied. Activated carbon is

s the shifted syngas, where traces of CH4 are

olite is used for the production of ultrapure H2.

input gas has normally already been purified

ce of CH4 is negligible. On the other hand traces

ough small, can negatively affect the final H2

ver the adsorption equilibria of CH4 or Ar are

account, their fractions have been included

2, respectively.

undary conditions to the column enable to

ps of a PSA process. A single-column approach

ed. It consists of modeling a single column of a

f all columns. The cyclic behavior of the PSA

thissimplification, i.e.all thecolumnsundergoes

cyclically. When two columns of the same train

ngle-column model relies on the information

ly during the cycle to describe such interaction.

strategy allows significantly reducing the

time, without excessive loss in accuracy.

DAEs was implemented in gPROMS [35]. The

e Difference Method (CFDM) was used as dis-

rithm for the numerical solution of the model.

h its inherent dynamic nature, PSA reaches a

x x x ( 2 0 1 6 ) 1e1 5 5
ant and repeats itself invariably from cycle to

dition is termed Cyclic Steady State (CSS). All

orted refer to the process at CSS condition.

dicators and gas stream specifications

ves an overview on the performance indicators

the constraints and specifications considered.

gy point of view the assessment of the plant
not straightforward, given that two different

to be considered, i.e. electricity and H2. Some

protocols suggest that different energy

used.

(kJ/mol)

.1

.8

.6

.3

.7

mol/kg) DH1
r (kJ/mol) DH2

r (kJ/mol)

�38.3 �29.8

�19.7 �9.3

�47.7 �21.0

�31.3 �15.0

�50.2 �11.2

(J/kg/K)

production of power and ultrapure H2 in an IGCC
i.org/10.1016/j.ijhydene.2016.04.089

http://dx.doi.org/10.1016/j.ijhydene.2016.04.089
http://dx.doi.org/10.1016/j.ijhydene.2016.04.089


pr

ea

he

hH

al

m

of

co

to

ef

ht

so

co

th

ef

ta

co

ur

he

h*
t

ac

co

w

as

tu

co

m

th

ca

co

m

av

sy

si

ti

of

RC

in

re

T

fa

er

se

th

¼
_m

cifi

take

e en

rity

por

tric

. Pro

quir

ties

ave

tch

flex

ork

y of

aila

PSA

n P

ultr

f PS

gur

it w

two

on o

tha

heC

n de

op

Th

tem

orp

ee

es a

od

ssur

he C

ture

er a

t. W

ake

trac

ixtu

Sin

fill

ion

etiti

lec

ope

A s

gy6

P
p

oducts generation efficiencies should be calculated and

ch referred to the total energy input [38].

l ¼
Net electric output
Coal energyLHV

(8)

2
¼ Ultrapure H2 energyLHV

Coal energyLHV

(9)

However,wewant todefineanoverall efficiency termwhich

lows an immediate comparison of different systems perfor-

ances.Afirstapproachsuggests toassigna thermalefficiency

0.6 for the conversion of the exported H2 beforehand the

mparison with power. This value has been chosen referring

a previous work [14] and can be thought to represent the

ficiency of a combined cycle for electricity production.

ot 60 ¼ hel þ 0:6$hH2
(10)

Despite the arbitrary choice of the multiplying factor, the

defined cumulative efficiency can be a useful way to

mpare results from different sources. What we believe to be

e most appropriate method of analysis is to discount the H2

ficiency termwith a power production efficiency. This factor

kes into account how much of the shifted syngas energy

ntent is converted to power within the same plant config-

ation under investigation.

l prod ¼
Gross electric output

Syngas energy input in the gas turbineLHV
(11)

ot ¼ hel þ hel prod$hH2
(12)

In this way it is evaluated how much power could be

tually obtained fromH2 if the same efficiency for the energy

nversion applies (or other way around, how much power

as not produced in order to obtain H2). The underlying

sumption of this indicator is that the combined cycle (gas

rbine and bottoming steam cycle) efficiency would remain

nstant if all the H2 was sent to the GT. This is an approxi-

ation but it gives reasonable values. The drawback is that

ere is not always enough information in the literature to

lculate the power production efficiency. h*
tot has been

mputed for all the cases simulated in the current study. For

ost of the other studies reported there were not enough data

ailable, thus the general comparison between different

stems relies on htot 60 as a performance indicator.

The separation performance of all the cases studied con-

ders both the CO2 and H2 balance of the system. The effec-

veness of CO2 removal from the syngas is measured in terms

CO2 recovery, defined as:

O2
¼ _m of CO2 compressed for transportation

_m of CO2 formed throughout the IGCC plant
(13)

In order to better analyze the system, it may be useful to

troduce an additional indicator, which still represent CO2

covery but taking into consideration only the PSA process.

he difference with respect to that above outlined lies in the

ct that the processes downstream the PSA are not consid-

ed, neither in terms of further CO2 removal (i.e. the flash

paration process) nor in terms of additional CO2 formed (i.e.

e combustion of CO and CH in the gas turbine).
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PSA cycles
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4 in other works
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_m of CO2 captured in the PSA process
of CO2 formed upstream the PSA process

(14)

cations applying to the different gas streams

n from the literature [7,39]. It must be pointed

d application sets the standards for the ultra-

(Y�
H2
) and other impurities allowed (in some

t and/or intermediate storage actually puts the

tions on H2 purity but we did not consider this

tonExchangeMembrane (PEM) fuel cells set the

ements both on H2 purity (99.99þ% vol.) and on

content (to avoid catalyst poisoning). Other ap-

more relaxed requirements.Whenpossiblewe

PEM fuel cell specifications, in order to have the

ibility for the utilization of the H2 gas stream.

, possible additional conditioning processes for

H2 have not been taken into account and the H2

ble at the pressure and temperature at which it

process.

SA configuration

apure H2 are to be coproduced in an IGCC plant

A. The most obvious way is to take the bench-

ation as starting point and substitute the ab-

ith a PSA unit. Thereby, the new configuration

PSA trains in series. Themotivation behind the

f this novel system lies in the integration op-

t arise from the utilization of the same tech-

O2 separationandultrapureH2production.The

scribes the PSA cycles adopted, pinpointing the

portunities and explaining how they can be

e performance of a plant implementing the

is following reported and discussed.

tionmaterial selected for thepackingof the beds

n the first and the second train. The first PSA

ctivated carbon [37], which demonstrated to

CO2 separation performance at high inlet CO2

e [40]. In the second PSA train the focus is no

O2 separation but on the H2 production. Multi-

s are often adopted, resulting in an activated

t the bottom-end of the column and a zeolite

hile the activated carbon is mainly responsible

of CO2 and CH4, the zeolite takes care of the

es of CO and N2. Ahn et al. [41] demonstrated

res rich in N2 and poor in CO2 require zeolite-

ce this is the case in our analysis, a bed

ed with zeolites has been used. This allows a

of the model while the performance is believed

vewith themulti-layer counterpart. The zeolite

ted in the literature [22,37]. The equilibrium and

rties of the two adsorbents are reported in Table

tage is based on the same cycle already applied

[23] for CO separation purposes. It is a 7-bed

x x x ( 2 0 1 6 ) 1e1 5
2
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-step cycle operating between a high pressure level of

.8 bar and a low pressure level of 1 bar. A H2-rich gas stream

withdrawn at high pressure (38.8 bar) during the adsorption

ep, whereas a CO2-rich gas stream is released during the low

essure (1 bar) regeneration steps (i.e. blowdown and purge).

e H2-rich gas stream is then split in two parts: a fraction is

d to the gas turbine combustor; the remaining part is sent to

e second PSA for further purification. The second PSA stage

based on a 6-bed 11-step cycle. It has been defined in

cordance with the study by Luberti et al. [22], where

fferent advanced PSA cycles to be applied in IGCC plant are

fined. The cycle selected for our study is meant to be a

mpromise between separation performance and

mplexity of the system. In this second PSA process, whilst

e high pressure level is again 38.8 bar at which the ultrapure

is produced, the pressure for bed regeneration is set to

8 bar. This has to do with the system integration imple-

ented: the low pressure tail gas of the second PSA process is

ilized as purge gas for the first PSA process. Delivering it

ith a pressure slightly higher than atmospheric allows

eding it to the column of the first PSA train without any

mpression. Differently than typical system configurations,

e tail gas is not utilized as fuel to the gas turbine. The

nsequent avoidance of tail gas compression is a clear

vantage and ismade possible by the utilization of PSA as the

ly gas separation technology. Further, the amount of H2-

h gas from the second PSA train, which is not sent as fuel to

e gas turbine (because is used for purging purposes), is

lanced by the additional amount of H2-rich gas that can be

tained from the first PSA. In fact, the gas stream leaving the

sorption step of the first PSA train is now used only as gas

rbine fuel or for producing ultrapure H2; no fractions of it are

y longer recirculated within the cycle as purge gas. The

hole system configuration of the Two-train PSA, with the

fferent steps undertaken and the scheduling of the cycles, is

own in Fig. 3. The characteristics of the cycles and of the

sorption reactors have been selected in order to comply

ith the requirements of the system in the most efficient way

ssible. Those characteristics are reported in Table 2.

o-train PSA results

ble 3 summarizes the main outputs of the process simula-

ns. All the cases analyzed refer to a common framework

ith the same coal input to the plant. The gradual shift from

wer to ultrapure H2 as outputs of the process has been ob-

ined by modifications of the second PSA cycle. The param-

ers involved are the scheduling of the cycle (i.e. cycle time

eps e tcycle2) and the ratio of H2-rich syngas sent to the

cond PSA process out of the total H2-rich syngas produced

the first PSA process (H2/Prod). The cases have been termed

ter the ratio of net electric output and H2 energy output (PW/

). Alternative modifications could have been considered to

hieve the same effect, e.g. the purge gas flow rate. Changing

e share between power and ultrapure H2 within this system

nfiguration is rather straightforward. High flexibility can be

sily achievable without major modifications of the system.

cording to the cases reported, the load of the plant was
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are realistically achievable. The PSA process

designed to deal with a large range of operating

example accepting lower productivity levels

he design proposed here. Thus, PSA does not

constraints in terms of flexibility. The limiting

ntually become the ability of the gas turbine to

oad retaining good efficiencies. However, the

d in this section could be handled by the part-

strategy of the gas turbine without significant

iency.

oncerns the energy performance of the new

ration, some considerations can be argued

lations results. Augmenting the throughput of

ecreases the net electric efficiency. This was

a fraction of the coal energy input is stored as

y in the H2 and, hence, not used for producing

nergy accumulated in the ultrapure H2 is

n the H2 efficiency. The higher the throughput

, the higher is that efficiency term.What can be

the real criterion for comparisons for all the

f the cumulative efficiency terms defined. A

is of the energy balance shows that the system

eads to a slight increase of the auxiliary power

hen the ultrapure H2 production is increased.

ult of two opposite effects connected with the

r consumptions varying in the cases reported:

pression power.

ssion power for the N2 to dilute the fuel in the

ent configuration and the way to shift from one

t to the other, an increase of ultrapure H2

plies an increase of CO2 recovery (PSA-RCO2 ) and

O2 purity (PSA-YCO2 ) in the PSA process. This

ger CO2-rich stream mass flow rate to be com-

hence, in more power required. Conversely,

rapure H2 is produced, necessarily a lower H2

as fuel to the gas turbine. The dilution with N2

cordance with theWobbe index and the power

at N2 stream decreases. The overall effect is a

of the auxiliary power consumption with

re H2 throughput. If the energy content of H2 is

a factor of 0.6, the outlined situation causes the

ase when shifting the production on ultrapure

discounting factor considered is hel prod, which

o be slightly lower than 0.65, the cumulative

eases with the ultrapure H2 throughput. The

tor to approximately equalize the energy per-

ll the cases reportedwould be as high asz 0.69.

nt of the plant would preferably be one with a

H2 throughput. Whether the described trend

r variations of the plant products has not been

dditional issues may arise (e.g. performance of

at reduced loads).

ance related to CO2 separation is not heavily

modifications in the split between power and

s previously mentioned, a larger ultrapure H2

uld cause PSA-RCO2 to increase and PSA-YCO2 to

plant perspective the final Y is rather stable,
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Table 2 e Characteristics of the two PSA processes in series and of the adsorption columns.

Step time (s) Mole flow rate (mol/s)

PSA 1 A D X 4 DPu BD Pu P X 4 I FP TOT Feed Purge

90 41 e 80 59 41 32 41 384 4400 From PSA 2

PSA 2 A D X 3 DPu BD Pu P X 3 I LP TOT Feed Purge

tcycle2/6 tcycle2/18 tcycle2/9 tcycle2/18 tcycle2/9 tcycle2/18 tcycle2/9 tcycle2/9 tcycle2 nfeed2 200

Bed characteristics

L (m) D (m) ε

PSA 1 11 7.1 0.38

PSA 2 10 2.8 0.38

A D X 4 BD Pu P X 4 I X 4 FP

Shifted 
syngas

CO2-rich gas to 
compression

H2-rich gas

A D X 3 DPu BD Pu P X 3 I X 2

Tail gas

Ultrapure H2

H2-rich fuel 
gas to GT

LP

CO2-rich gas 
to compression

Shifted 
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D2

FP A D1 D2 D3 D4 BD Pu P4 P3 P2 P1I I I I
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Fig. 3 e Schematics of the two PSA processes in series. The sequence of the steps undergone by a single column of each

train is reported alongside with the scheduling of the cycle. The steps considered are: Adsorption or Feed (A), Pressure

equalization e Depressurization (D), Depressurization providing Purge (DPu), Blowdown (BD), Purge (Pu), Pressure

equalization e Pressurization (P), Feed Pressurization (FP), Light product Pressurization (LP), Idle (I).
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Table 3 e Performance of the IGCC plant implementing the Two-train PSA configuration.

Two-train PSA PW/H2 1.8 PW/H2 2.5 PW/H2 2.9 PW/H2 3.1 PW/H2 3.6

H2/Prod 0.299 H2/Prod 0.244 H2/Prod 0.221 H2/Prod 0.208 H2/Prod 0.187

tcycle2 342 s tcycle2 378 s tcycle2 396 s tcycle2 414 s tcycle2 450 s

Coal flow rate (kg/s) 44 44 44 44 44

Coal thermal input (MW) 1095 1095 1095 1095 1095

Gas turbine output (MW) 244 262 270 274 280

Steam turbine output (MW) 165 169 171 172 174

Air expander output (MW) 5 6 6 6 6

Gross electric output (MW) 415 437 448 453 460

Total power consumption (MW) 115 115 115 115 114

Net electric output (MW) 300 322 333 338 346

Net electric efficiency e hel (%) 27.35% 29.39% 30.37% 30.83% 31.54%

Power gen. efficiency e hel prod (%) 64.43% 64.59% 64.71% 64.76% 64.78%

CCS

CO2 purity e YCO2 (%) 98.8% 98.8% 98.8% 98.8% 98.8%

CO2 recovery e RCO2 (%) 86.8% 85.9% 85.6% 85.2% 84.7%

Ultrapure H2

H2 throughput (kg/s) 1.36 1.09 0.96 0.90 0.81

H2 purity e Y�
H2

(%) 99.999% 99.998% 99.998% 99.998% 99.991%

H2 thermal power (MW) 163 131 115 108 97

O

i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 6 ) 1e1 5 9

P
p

H2 efficiency e hH2
(%) 14.90% 11.93%

verall plant

Cumulative efficiency60 e htot60 (%) 36.29% 36.55%
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Cumulative efficiency* e h*
tot (%) 36.95% 37.09%
e to the flash separation process, while RCO2 increases

ghtly mainly due to the higher PSA-RCO2 .

ne-train PSA configuration

is section investigates the possibility of producing ultra-

re H2 as a secondary product stream from a single PSA

ocess, which retains its ability to separate and concentrate

2 from a shifted syngas stream. The general design of the

vel PSA process is based on a previous work [23]. Some

odifications are introduced in the PSA arrangement in order

enable the additional production of ultrapure H2. No addi-

nal separation stages for CO2 separation and H2 production

ve to be included in the system configuration. The bed is

sumed to be filled with the same activated carbon used in

e Two-train PSA configuration [37]. The following sections

tline the design of the gas separation unit and analyze the

rformance of the resulting system.

odified PSA cycle

e PSA process consists of a 7-bed 13-step cycle operating

tween a high pressure level of 38.8 bar and a low pressure

vel of 1 bar. The H2-rich products are obtained at high

essure (38.8 bar) during the adsorption step. The regenera-

n is carried out by lowering the pressure down to 1 bar and

lows for extracting a CO2-rich gas stream. The main modi-

ation introduced with regard the original cycle is to split the

sorption step into two parts. During the first part (A1) the

f-gas will be constituted by ultrapure H2, while during the

cond part (A2) it will be the H2-rich fuel for the gas turbine.

r both the steps the feed is the shifted syngas. If the column

sufficiently regenerated, when the syngas is first introduced

all the gase

bed. Thus,

umn. Such
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Table 5 sum
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lease cite this article in press as: Riboldi L, Bolland O, Pressure swing adsorption for co
lant with CO2 capture, International Journal of Hydrogen Energy (2016), http://dx.do
her than H2 get adsorbed in the first part of the

ry high-purity stream of H2 is leaving the col-

h H2 purity for the off-gas stream cannot be

since soon some impurities begin to break-

n that is the case, the second part of the

takes over and the off-gas is used as gas tur-

and Table 4 give an overview of the modified

tion, showing the sequence of steps undergone

umn of a train, the cycle scheduling and the

of the adsorption column. Apart from splitting

step into two parts, othermodifications needed

d in comparison to the reference PSA cycle. In

ce, the continuous and possibly stable feed to

had to be ensured. This translates in one of the

he train always undergoing the second part of

step (A2). In order to complywith that, the time

rst depressurization step (D1) was decreased to

odating the step A1 in the scheduling of the

untermeasure allowed the A2 steps of the

ns to follow one another in a continuous

g. 4) and to ensure the continuous feed of the

e decrease of the D1 step time implied an equal

e relative pressurization step (P1). One more

f the PSA cycle is the nature of the purge gas

cases analyzed, part of the ultrapure H2 is

ad of the H2-rich gas for the gas turbine. The

ltrapure H2 was made necessary by the neces-

cant regeneration of the column, which needs

10.48% 9.83% 8.86%

36.66% 36.73% 36.86%

37.15% 37.20% 37.28%
results

rizes the main outputs of the system simula-

oduction of power and H through a single PSA
2
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Fig. 4 e Schematic of the single PSA process. The sequence of the steps undergone by a single column of the train is reported

alongside with the scheduling of the cycle. The steps considered are: Adsorption or Feed with ultrapure H2 production (A1),

Adsorption or Feed with fuel-grade H2 production (A2), Pressure equalization e Depressurization (D), Blowdown (BD), Purge

(Pu), Pressure equalization e Pressurization (P), Feed Pressurization (FP), Idle (I).

Table 4 e Characteristics of the single PSA process and of the adsorption column.

Step time (s) Mole flow rate (mol/s)

PSA A1 A2 D1 D X 3 BD Pu P X 3 P1 I FP TOT Feed Purge

25 90 16 41 80 59 41 16 57 41 630 3490.3 3490.3 P/F

Bed characteristics

L (m) D (m) ε

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e1 510

P
p

ain. The cases refer to different purge-to-feed (P/F)mole flow

tio in the PSA process, while the coal input is constant.

odifying the P/F ratio translates inmodifications of the purge

w rate applied (since the feed flow rate is kept constant).

ch basic procedure enables different splits between power

d ultrapure H2 production. The cases have been termed

ter the ratio of net electric output and H2 energy output (PW/

2).

It has to be pointed out that only one case of those reported

atched the set H2 purity specification, i.e. 99.99þ% vol, and

is constitutes the biggest drawback of the One-train PSA

nfiguration. The case matching the purity specification is

at with a P/F ratio of 0.18. Some measures could be taken in

e other cases in order to increase the ultrapure H2 purity,

ough those would involve a reduction of ultrapure H2

roughput. The general remark is that there is a trade-off

tween the ultrapure H2 purity and throughput. The stricter

e the constraints on ultrapure H purity, the less flexible is

the operat

application

be able to

the other h

(H2 used f

allowing fl

the power

in the syste

the PSA pr

Assumi
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modes of o
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feasible in
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. If PEM fuel cells are considered as end-

the produced H2, this configuration may not

r a large range of power output variations. On

, assuming that lowerH2 purities are acceptable

other end applications or simply stored for

le operations), a certain degree of flexibility in

duction is possible with minimal modifications

i.e. simply increasing/decreasing the P/F ratio of

s.

relaxed specification on H2 purity applies, the

nt was varied of about 10%. The change in the

tion did not involve any significant variation in

its upstream the PSA. Higher load changes are

ordance with reduced H2 purity requirements

pability of the gas turbine to work off-design. A

tion advantage of this system configuration is

ned with a single separation stage for CO2 sep-

production. Both the benchmark arrangement

6.8 0.38
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Table 5 e Performance of the IGCC plant implementing the One-train PSA configuration.

One-train PSA PW/H2 2.2 PW/H2 2.6 PW/H2 3.0 PW/H2 3.5 PW/H2 4.3

P/F 0.09 P/F 0.12 P/F 0.15 P/F 0.18 P/F 0.21

Coal flow rate (kg/s) 43 43 43 43 43

Coal thermal input (MW) 1088 1088 1088 1088 1088

Gas turbine output (MW) 252 261 270 278 287

Steam turbine output (MW) 167 169 171 173 175

Air expander output (MW) 6 6 6 6 6

Gross electric output (MW) 425 436 447 458 468

Total power consumption (MW) 111 113 115 117 119

Net electric output (MW) 314 323 331 340 349

Net electric efficiency e hel (%) 28.85% 29.66% 30.46% 31.28% 32.07%

Power gen. efficiency e hel prod (%) 64.36% 64.53% 64.68% 64.85% 64.94%

CCS

CO2 purity e YCO2 (%) 98.9% 98.9% 99.0% 99.0% 99.0%

CO2 recovery e RCO2 (%) 83.2% 84.3% 85.1% 85.7% 86.1%

Ultrapure H2

H2 throughput (kg/s) 1.21 1.06 0.93 0.80 0.68

H2 purity e Y�
H2

(%) 99.842% 99.933% 99.968% 99.983% 99.990%

H2 thermal power (MW) 142 126 111 96 81

O

i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 6 ) 1e1 5 11

P
p

bsorption unit and PSA unit) and the first configuration

udied in this paper (two PSA trains) necessitate two different

paration stages. A single stage translates in reduced foot-

int and, possibly, capital costs.

From an energy performance perspective, the coproduc-

n of ultrapure H2 decreases the net electric efficiency and

creases the H2 efficiency. Similarly to the Two-train PSA

nfiguration, the two power consumptions undergoing sig-

ficant variations in the cases analyzed are the CO2

mpression power and the compression power for the N2 to

lute the fuel in the gas turbine. The latter retains the same

havior previously outlined. Higher ultrapure H2 throughput

eans lower H2 to the gas turbine and lower N2 dilution

eded, which results in decreased compression power. The

2 compression power is influenced in a different manner

mpared to what we discussed before. To increase the ul-

pure H2 throughput the P/F ratio needs to be reduced.

nsequently, the purge flow rate diminishes leading to a

wer PSA-RCO2 and a higher PSA-YCO2 , and, ultimately, to a

aller mass flow rate to be compressed. Thus, the CO2

mpression power consumption decreases with enhanced

trapure H2 production. The two effects described act in the

me direction, decreasing the power consumption when the

trapure H2 throughput increases. The overall result is that

th htot 60 and h*
tot tend to increase when shifting the pro-

ction to ultrapure H2. The thermodynamic factor equalizing

e energy performances in all the cases would be z0.58,

hich suggests the plant design point should be one with a

nificant ultrapure H2 throughput. As pointed out for the

her configuration, the validity of the described trend has not

en assessed for a larger range of power output variations.

The performance related to CO2 separation is similar in all

ses. The modifications introduced to the PSA process in

der to coproduce H2, do not hinder significantly the effec-

eness of the cycle. The CO purity achieved is stable in a

neighborho

separation

The CO2 r

roducing u

Discussio

The novel

high degre

pure H2 all
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can be easi
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Previous

ing a PSA p

is currentl

technology
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nected to t

compressio

negligible H

mon practi

gas turbine

plant powe

energy pen

tion. Both

H2 efficiency- hH2
(%) 13.01% 11.62%

verall plant

Cumulative efficiency60 e htot60 (%) 36.66% 36.63%

Cumulative efficiency* e h*
tot (%) 37.23% 37.15%
2

lease cite this article in press as: Riboldi L, Bolland O, Pressure swing adsorption for co
lant with CO2 capture, International Journal of Hydrogen Energy (2016), http://dx.do
10.22% 8.84% 7.46%

36.60% 36.58% 36.55%

37.08% 37.01% 36.91%
cess integrated in the CO2 compression station.

ery undergoes a slight decrease when cop-

ure H2.

f the results

tem configurations demonstrated to entail a

flexibility. Shifting between power and ultra-

for a load-following mode of operation with

fications in the process units. PSA technology

to be rather effective in this sense. Minimal

n the PSA unit arrangement allowed for

rent splits of the product outputs, without any

act on the upstream processes. Further, PSA

ned in accordance to the system requirements

degree of freedom in the design phase. For

e plant was requested to produce a lower

rapure H2, both PSA configurations could be

ding to that specification (i.e. different sizes of

cle scheduling, etc.).

dies implemented the coproduction by utiliz-

ss downstream an absorption unit. Absorption

lieved to be the most effective and mature

CO2 removal from a shifted syngas, while PSA

ark for H2 purification. However, an issue con-

configuration consists in the necessity for a

f the PSA tail gas. The tail gas has a non-

ontent which must be recovered. The com-

to compress the gas stream and feed it to the

fuel. The tail gas compression increases the

nsumption and is themain additional source of

when implementing ultrapure H2 coproduc-

system configurations proposed in this work
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able the avoidance of this tail gas compression. Thereby, it

as expected the performance of the system to be enhanced

comparison to the benchmark alternative (i.e.

sorption þ PSA). With regard to that, some considerations

n be drawn by looking at Table 6. A premise is necessary

fore the analysis. A range of different results can be found in

e literature estimating IGCC plant performance. This is due

the various configurations, operating conditions and

mputational assumptions that can be adopted for these

stems. We tried to establish some key assumptions in order

set a common framework for comparison: the set of results

osen from the literature needs to be representative of an

CC plant as close as possible to the system defined in this

per (and based on EBTF recommendations [32]) and should

ly onmature technologies. Furthermore, the plant should be

signed to produce power as the primary product, whereas

trapure H2 is the byproduct. This last consideration brought

to exclude some studies where the context is overturned

e. gasification plant designed for H2 production with an

xiliary power production). The selected works display per-

rmances which are generally lower to what is thought to be

e current state-of-the-art, especially in terms of energy ef-

iency. In a previous work, it was discussed how IGCC plants

plementing CO2 capture through a PSA process are not yet

competitive as the absorption-based counterpart [24]. One

ain reason behind the relatively low net electrical efficiency

splayed by the first work selected [10] is believed to be the

sification technology adopted. A Siemens gasifier with

ater quench was chosen. The second set of results selected

] exhibits a more substantial energy penalty. In this case

ore conservative assumptions seem to have been applied.

n example is the adoption of an E-class gas turbine, which

sults in a significant efficiency reduction compared to the

ilization of next generation gas turbines.

First a comparison between the PSA-based cases is carried

t. The case termed Only power is the result of a process

mulation based on the same composite model used for all

her cases reported in this work. It represents the IGCC plant

ith a single PSA train and without ultrapure H2 production.

his set of results is useful to evaluate the change in perfor-

ance when coproducing H2. Two other cases are displayed

wo-train PSA and One-train PSA), representing the two novel

nfigurations proposed. The instances were selected, among

ose reported in the previous sections, in order to have

milar ultrapure H2 throughput and, thus, to allow easier

mparisons of the results. Whilst the coal input is kept
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most constant for the cases involving two products, when

e output is only power the coal input has been decreased in

examples. The

ating condition

Table 6 e Performance of IGCC plants implementing CO2 capture either with

Coal input MW CO2 capture technology RCO2 % YH2 %

Only power PSA 971 PSA 84.6 e

Two-train PSA 1095 PSA 85.2 99.991

One-train PSA 1088 PSA 85.7 99.983

Cormos [10] 1167 Selexol 92.4 e

Cormos [10] 1167 Selexol 92.4 99.950

Dynamis [7] 1396 Selexol 90.3 e

Dynamis [7] 1396 Selexol 90.2 99.950
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the same gas turbine working with a similar

this way, the performance of the gas turbine

onsidered a discriminating factor for different

g ultrapure H2 necessarily results in lower hel,

the energy is stored in the H2 (hH2
). h*

tot is

n ultrapure H2 is produced, in both the two

analyzed. However, the Two-train PSA case

ightly better energy performance. Another

r the One-train PSA alternative is the H2 purity

atches the requirement. The CO2 separation

represented in the table by RCO2 ) displays a

when moving to a coproduction layout. The

ase returns a RCO2 slightly higher than the Two-

. Overall the differences are very small, about

stressed that a key benefit of implementing a

onfiguration cannot be grasped by the table, as

the utilization of a single separation stage

.

en the comparative analysis also to the selected

e literature, the advantage of using PSA for both

2 and purifying H2 seems to be supported.

e absolute numbers, which may be influenced

ssumptions, it is meaningful to analyze the

ions of the performance indicators (given the

information for calculating h*
tot in all the cases,

e efficiency term considered is htot60). When

similar throughput of ultrapure H2, htot60 tends

all the cases reported. The largest increase is

the Two-train PSA case (þ0.65%) followed by

PSA case (þ0.37%). The selected absorption-

e cases whether report the same value (þ0%)

imited increase (þ0.18%) [10]. Even though the

the systems demands caution with comparison

ts of results, the reported outcome seems to

the beneficial effect of avoiding tail gas

ttainedwith the novel configurations proposed.

ving would be more significant the larger the

roduction is compared to the power output. On

ation perspective (i.e. CO2 recovery), the

ed system displays better performance both in

r and in a coproduction layout. Finally, it is

oint out that the utilization of PSA technology

ome issues to be addressed. Complexity of the

ossible large footprint and necessity to smooth

s in the fuel gas to the gas turbine are typical

x x x ( 2 0 1 6 ) 1e1 5
latter issue is stressed when off-design oper-

s apply, like the cases studied in this work [42].

or without ultrapure H2 coproduction.

hH2
% hel % hel prod % htot60 % h*

tot %

e 36.21 64.22 36.21 36.21

8.86 31.54 64.78 36.86 37.28

8.84 31.28 64.85 36.58 37.01

e 36.02 e 36.02 e

8.57 31.06 e 36.20 e

e 33.10 e 33.10 e

3.00 31.30 e 33.10 e

oproduction of power and ultrapure H2 in an IGCC
i.org/10.1016/j.ijhydene.2016.04.089

http://dx.doi.org/10.1016/j.ijhydene.2016.04.089
http://dx.doi.org/10.1016/j.ijhydene.2016.04.089


Co

Tw

in

Bo

sh

co

fle

de

pl

en

re

re

in

16

lo

re

to

pl

ab

im

co

te

CO

pr

pu

ad

Th

ac

po

Th

au

ad

pr

ba

re

er

pu

an

Th

tra

ce

pr

iz

w

co

po

fy

pr

PS

Ho

ve

On

sp

co

pu

co

en

an

atio

s).

to c

figu

ost

ctio

ces

uri

ter

pro

hen

s, a

dva

con

th

opo

ted

h th

sen

teg

orm

fits

o m

f re

ar

ode

s. O

, am

e H

tio

irel

ely

in

at

roce

ossi

he

con

ove

pro

lusi

s co

e ra

aryi

pe

edg

rs g

rou

(N

atu

mb

olec

g y

P
p

nclusions

o novel system configurations of an IGCC plant coproduc-

g power and ultrapure H2 with CO2 capture are presented.

th are based on PSA technology for separating CO2 from the

ifted syngas and purifying H2. The main reason for the

production of ultrapure H2 is the possibility to increase the

xibility of the power output. The configurations proposed

monstrated to fulfill this requirement as the output of the

ant could be shifted to a certain extent between the two

ergy products without losing in efficiency. Within the cases

ported, a load variation of about 13% (net power output

duced from 346 MW to 300 MW) could be reached by

creasing the ultrapure H2 throughput (up to a maximum of

3 MW)while the coal feeding is maintained constant. Larger

ad variations are realistically achievable given a minimum

design of the PSA processes. In this sense PSA does not seem

pose limits in the flexibility achievable. Thereby the power

ant has the possibility to effectively comply with the vari-

ility of electricity demand, characteristic of paramount

portance in view of the future energy market. The first

nfiguration relies on two PSA trains in series and was

rmed Two-train PSA. While the main goal of the first train is

2 removal from the shifted syngas, the second train further

ocesses part of the H2-rich off-gas in order to increase the H2

rity. The utilization of the same technology allows for an

vantageous integration scheme between the two processes.

e shift between power output and ultrapure H2 can be

hieved with different strategies, allowing for an interesting

tential of flexible operation not fully explored in this paper.

e cases reported increased the ultrapure H2 throughput by

gmenting the gas sent to the second PSA process and

justing the relative cycle scheduling in order to fulfill the

ocess requirements. The units upstream the first PSA are

sically unaffected by this procedure and are, thus, able to

tain good working efficiencies. Accordingly, the plant en-

gy efficiency is stable on a good level at varying power out-

ts. The CO2 separation performance is on acceptable levels

d slightly increases with the decrease of the power output.

e second configuration assessed consists of a single PSA

in and was for this reason termed One-train PSA. The pro-

ss is able to concentrate CO2 from the shifted syngas, while

oducing two H2-rich gas streams. A first stream character-

ed by a high H2 purity (up to 99.99þ% vol.) and a second one

ith a lower H2 content (82e85%), which constitutes the

ntinuous fuel feed of the gas turbine. Different shares of

wer and ultrapure H2 could be obtained by simply modi-

ing the purge-to-feed ratio of the PSA process. The upstream

ocesses are again unaffected by these modifications of the

A process and can keep on working at their design point.

wever, issues arose regarding the possibility of achieving

ry high H2 purities in all the operating conditions analyzed.

ly one of the cases reported strictly fulfilled the H2 purity

ecification established (99.99þ% vol.), which is defined

nsidering PEM fuel cells as final application. If such high

rity is required, the flexibility of the plant could not be

mpletely realized. More relaxed purity constraints would

able a high degree of flexibility, with relatively good energy

d CO separation performance and an easier plant design
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ads,i specific heat of species i in the adsorbed phase, J/

(mol K)

p,G gas specific heat at constant pressure, J/(mol K)

p,s particle specific heat at constant pressure, J/(kg K)

tot total gas concentration, mol/m3

v,G gas specific heat at constant volume, J/(mol K)

diameter of the adsorption column, m

ax,i axial dispersion coefficient of species i, m2/s

particle diameter, m

Hr,i isosteric heat of adsorption of species i, J/mol

equilibrium constant of species i, Pa�1

,i adsorption constant at infinite temperature of

species i, Pa�1

DF,i linear driving force coefficient of species i, s�1

length of the adsorption column, m

pressure, Pa
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/H2 ratio of net electric output and H2 energy output

F purge-to-feed mole flow ratio

equilibrium adsorbed concentration of species i,
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universal gas constant, Pa m3/(mol K)
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2 H2 recovery
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CO2 CO2 purity
�
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