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Lay Summary
Reducing emissions from power generation has a key role to play to reduce the risk and
mitigate the effects of climate change. In this context the capacity of large-size combined
cycle gas turbines (CCGT) is expected to increase, due to their low emissions compared to
other fossil fuel power plants and due to their relatively low investment costs. CCGT will fill
the gap between electricity demand and renewable and nuclear output to ensure security of
supply, while maintaining operational flexibility required in the electricity system.
To achieve 2050’s Green House Gas targets, a large portion of new-build, as well as existing
CCGTs will need to implement Carbon Capture and Storage (CCS) between 2020 and 2030.
However, flue gases from natural gas-fired power plants raise specific challenges for postcombustion CO2 capture (PCC) technologies. This is due to the low CO2 concentration, based
on the nature of the combustion itself, and the large volume of exhaust gases produced, that
need to be treated in the capture plant. These challenges lead to an increasing in the size of
the capture plant and thus to an increase in capital and operational costs, which in turn has
a major impact on the cost of electricity generation.
There are different technologies under investigation, which try to mitigate those challenges.
This study examines one very promising technology called Selective Exhaust Gas
Recirculation (SEGR). SEGR increases the CO2 concentration upstream of the capture plant,
by transferring CO2 selectively from the flue gas stream, back to the gas turbine. This
increases the overall CO2 content in the flue gas and reduces the mass flow of flue gas treated
by the capture plant, hence it leads to a reduction in equipment size and energy
requirements.
Under investigation for SEGR application is here a novel system of a rotating regenerative
CO2 transfer device using physical adsorption. In contrast to other proposed technologies,
like selective membranes, a scale up of solid adsorbents technologies to treat the large
amount of flue gases produced in a CCGT, is feasible.
For the evaluation of this system a novel kinetic model of a rotating CO2 transfer device is
developed and validated against kinetic measurements of a promising material.
The kinetic model allows for a better assessment of the realistic amount of solid adsorbent
needed. It also gives guidelines to material developer to tailor materials for the purpose of
selective CO2 transfer. Better tailored material are key to reduce the overall solid mass
requirement and therefore the cost of an emission free future.
Further it is now possible, based on the kinetic model, to advise power plant operators how
to optimise the operation of such a regenerative CO2 transfer device to advance CO2 transfer
and therefore reduce the total amount of CO2 emissions of the overall power plant.
This study continues by reviewing the impact of such rotating regenerative CO2 transfer
devices on an integrated new-build CCGT with PCC and the possibility to retrofit such rotary
regenerative CO2 transfer wheels to existing CCGTs with PCC through process simulation.
The aim of such an integration for a new build CCGT with PCC is a reduction in equipment
size and energy requirements. For existing CCGTs with PCC the aim is to achieve higher
overall capture rates of CO2 emissions, in a future world where existing CCGTs with PCC are
needed to chase CO2 emission residues. The operation of the absorber column at reduced
gas velocity is, however, shown to be detrimental to retrofitting selective CO2 recycling to
existing CCGT plants with solvent-based capture.

Abstract
The selective recycling of carbon dioxide (CO2) upstream of post-combustion capture
processes can greatly reduce both the size of equipment and capital costs by process
intensification. For combined cycle gas turbine (CCGT) power plants, flue gas flow rates can
be lowered by two thirds and CO2 concentration greatly increased from 4% to 14% v/v.
Selective recycling of carbon dioxide (CO2) can be achieved in CCGT plants with a low pressure
drop, regenerative rotary CO2 transfer device using physical adsorption. A newly developed
kinetic model of this CO2 transfer device shows that, for an activated carbon material with
suitable equilibrium properties, a mass requirement of circa 600 tonnes is necessary for a
new build CCGT plant of 800 MW with 90% capture. This is 3.7 times higher than the mass
previously reported, by means of an equilibrium model, for the best performing
commercially available activated carbon material.
A rigorous design shows that the mass of 600 tonnes of activated carbon can be distributed
on a honeycomb structure on two CO2 transfer wheels of 30m diameter and 2.2m height,
rotating at 1rpm, with a preferential direction of leakages towards the flue gas side. The
design then provides the basis for an optimisation study of CO2 recovery rate and adsorbent
mass by examining first kinetic properties of the CO2 adsorbent to inform material
development and research; second, rotational speed; and, last, the partitioning of the wheel.
Further, the selective recycling of CO2 is examined as a retrofit option for CCGTs with solventbased post-combustion capture. The aim is to explore the possibility to increase overall
capture level beyond the initial design of 90% capture using an integrated model consisting
of a gas turbine combined cycle, a rotary CO2 transfer device and a post-combustion capture
unit and compression train. The operation of the absorber column at reduced gas velocity is,
however, shown to be detrimental to retrofitting selective CO2 recycling to existing CCGT
plants with solvent-based capture.
Finally, a comparison between a new build CCGT with PCC and fully integrated regenerative
selective CO2 transfer wheel to a new build CCGT with PCC without SEGR is performed. The
results show a possible reduction in absorber total packing volume of 42% and a marginal
increase of net power output of 0.3% relative to a new build CCGT with PCC without SEGR.
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Chapter 1 Introduction
1.1 Background
1.1.1 Climate Change and Global Status of Carbon Capture and Storage
Over the next few decades, greenhouse gas emissions (GHG), primary carbon dioxide
(CO2), need to be significantly reduced to mitigate the effects of climate change.
Reducing emissions from power generation has a key role to play, as one of the major
sources of CO2 emissions, as illustrated in Figure 1-1. There are several possible
scenarios proposed to reduce CO2 emissions, for a future sustainable, secure and
competitive low-carbon energy system, meeting the global warming targets set by
the Paris Agreement at COP21 (European Commission 2019; UNFCCC 2017; IPCC
2014).

There is a common acknowledgement that fossil fuel consumption needs to be
reduced by increasing the amount of low carbon power generation technologies in
form of renewable and nuclear power. However, fossil fuel power plants are in many
scenarios needed as a cost effective way (e.g. capital costs) of stabilising the
electricity grid by providing firm and flexible back-up power for times of low and/or
variable renewable energy. Though, only in conjunction with CCS technologies can
those fossil fuel power plants have a low enough carbon intensities to meet global
warming targets.
Decarbonising the energy system alone will not bring the reductions in emissions that
are necessary to reach global warming targets. A deep decarbonisation of the world
economy requires to address all sources of emission. In this context CCS is currently
the only available technology that can decarbonise carbon-intensive industries such
as refineries, steelworks and cement plants.(IPCC 2014)
As a retrofit technology, CCS also offers to keep part of the current infrastructure by
avoiding turning existing power and industrial plants into stranded assets.
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Excluding CCS from the capacity mix will increase the cost of reaching our global
warming targets according to the IPCC by 138% by the end of the century. Given the
scale of the future changes required this number tremendous.(IPCC 2014)
It is therefore evident why CCS plays such a vital role in all of the models’ mitigation
scenarios (Koelbl et al. 2014; W. Huang, Chen, and Anandarajah 2017).

Figure 1-1:

Total anthropogenic GHG emissions (GtCO2eq/year) by economic sectors.
Inner circle shows direct GHG emission shares (in % of total anthropogenic
GHG emissions) (IPCC 2014)

Different technologies are being developed for CO2 capture, transport, storage and
utilisation, with only a few projects and technologies reaching large/ commercialscale deployment. Each of these projects provides vital feedback for technology
improvements and contributes to the required CCS capacity to meet global warming
targets.
CCS technologies can be classified either by application or capture source, by capture
strategy, by capture method, or by the net climate effect.
This thesis uses capture strategies as classification method. The strategies can be
generally distinguished into pre-combustion, post-combustion and oxy-fuel
combustion. Pre-combustion and post-combustion capture refer to the location of
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the separation process, so the location where CO2 is captured from the combustion
gases. Oxy-fuel combustion refers to a strategy, in which fuel is burned in a pure
oxygen environment. The flue gas generated consists of predominantly CO2 and
water. The CO2 subsequently only needs purification, drying and compression before
it is ready for transportation and permanent storage. CCS technologies can be applied
to capture CO2 from all kinds of CO2 containing gases. (Haszeldine 2009)

The first large-scale CCS project was Val Verde CO2-EOR, Texas, USA, which began
operation in 1972, separating CO2 from gas processing (GCCSI 2018). The first full
scale post-combustion CCS project in the power sector was Boundary Dam
(SaskPower 2019), Canada in 2014, capturing CO2 1MtCO2 per year from coal-fired
power plant flue gases using amine scrubbing technology. In 2016 the first
commercial CCS facility in the iron and steel industry commenced operation in Abu
Dhabi (Emirates Steel 2019). (GCCSI 2018)
Currently there are 23 large-scale CCS project in operation (18) or under construction
(5), with most of these projects using enhanced oil recovery (EOR) as primary storage
and only five projects using dedicated geological storage (Illinois Industrial, Quest,
Sleipner, Snøvit, and Gorgon) Figure 1-2 (GCCSI 2018).
Most of the projects, including Century Plant (MIT 2019) with the largest capture
capacity in the world of 8.4 MtCO2 per year, are located in the US. Europe has two
operational projects in Norway. The Sleipner CO2 Storage Project in operation since
1996 with a capacity of 1 MtCO2 per year, and the Snøhvit CO2 Storage Project in
operation since 2008 with a capacity of 0.7 MtCO2 per year (Equinor 2019). (GCCSI
2018)
At the end of 2017, over 230 cumulative million tons of CO2 have been captured and
injected into deep underground geologic formations globally. The installed CO2
capture capacity is expected to reach 42 MtCO2 per year in 2019. (GCCSI 2018)
However, these 42 MtCO2 per year represent only a small fraction, compared to the
required CO2 capture capacity of 3800 MtCO2 per year to meet global warming
target by 2040. This shows clearly the discrepancy between what needs to be
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achieved in quite a short time frame, to keep to the targets set by the Paris
Agreement at COP21 (European Commission 2019), and where the development and
deployment is right now.

Figure 1-2:

Current commercial large-scale CCS facilities and smaller-scale (pilot and
demonstration) CCS facilities under construction and in completion; for
colour coding see legend (GCCSI 2018)

1.1.2 The Future of Gas Power Plants
The electricity demand worldwide is increasing further, and natural gas as fuel is
predicted to contribute 24% of the total share of electricity produced by 2035. (BP
2017)
Advantages of Combined Cycle Gas Turbines (CCGT), compared to other fossil fuel
power plants, are relatively low investment cost, short construction time and low
emissions, leading to competitive electricity prices, while ensuring security of supply.
(DECC 2015)
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For a deep decarbonisation of the electricity generation the Committee on Climate
Change (CCC 2019) set out in their Net Zero Technical report a level of 10 gCO2/kWh.
However, the average CO2 emission of gas fired power plants is around
350-400 gCO2/kWh and therefore, above required levels for a deep decarbonisation.
Consequently, to meet the net-zero GHG emission targets by 2050, there is an urgent
need to capture CO2 emissions from CCGT power plants. (CCC 2019; IEA 2016; IPCC
2014)
Admittedly, flue gas generated in CCGT power plants provides particular challenges
for post-combustion carbon capture (PCC), that are connected to the low
concentration of CO2 (3-4vol%) in the flue gas and the large volume of flue gas
required to be treated by a post-combustion carbon capture system (a more detail
explanation is provided in this thesis in Chapter 2). Those two factors lead to larger
capture plant and auxiliary equipment size requirements and are therefore directly
affecting the capital costs of the capture plants. For every 10% reduction in the capital
costs of the capture plant, the electricity cost of CCGT with CCS reduces by 1.5-2 %
for base load plants according to the UK Energy Technology Institute (ETI) (ETI 2016).
If operated flexibly, as can be expected for CCGT power plants with any further
increase in renewable energy capacity, low capital costs become a priority, since the
contribution of capital costs to the electricity price increases. Hence, a reduction in
capital costs for PCC becomes increasingly significant for low load factor operation
(ETI 2016; Adderley et al. 2016).

1.1.3 Cost of CO2 Capture
In any realistic scenario, CO2 emissions cannot be cut fast enough to keep to the
carbon budget of the atmosphere. (Koelbl et al. 2014; W. Huang, Chen, and
Anandarajah 2017)
The Paris Agreement assumes net zero emissions to the atmosphere, hence, CO2
removal from the atmosphere at an industrial scale will be needed (European
Commission 2019). Negative Emission Technologies appear to be crucial, unless a
radical reduction in global CO2 emissions takes place.
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In the context of achieving net zero emissions and the deployment of negative
emission technologies, it is important to give consideration to the marginal cost of
increasing capture levels on existing CCS facilities, beyond the nominal 85-90%
capture level (Figure 1-3). Minimising residual emissions from existing CCS facilities is
likely to make the best use of existing assets, such as the capture facility and the
existing transport and storage infrastructure. This could be achieved without
mobilising large amount of additional capital, although the magnitude of emission
reductions is likely to be at least one order of magnitude smaller than what can be
achieved by deploying negative emission technologies.
Therefore, it seems sensible to try to push for higher capture rates in capture plants
fitted to large CO2 emitters like power plants, while dispatching negative emission
technologies at a large scale.
Figure 1-3 also shows the reasoning behind the extensive research conducted on the
field of increasing CO2 concentration in exhaust gases. Any increase in CO2
concentration directly relates to reduction in the associated minimum work required
to separate CO2 from the stream source.

Figure 1-3:
Minimum work required for CO2 capture based upon initial CO2
concentration, capture rate, and final CO2 purity (Wilcox et al. 2014)
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1.2 Objectives
The main research objectives of this work in this context are:

• Understanding the technology of regenerative rotary adsorption wheels for
selective CO2 transfer. Proving the concept on an adsorbent material with
promising properties.

• Identifying possibilities to improve the performance of the wheel and
adsorbent, leading to a reduction in adsorbent mass requirement and/ or an
efficiency improvement.

• Developing guidelines for adsorbent developers for improving the
performance of adsorbent materials for SEGR application.

• Identifying operational limits and possible improvements of the regenerative
rotary wheel to inform operators about possibilities to push process
intensification.

• Assessing the impacts of applying regenerative rotary CO2 transfer devices to
new-build CCGTs with PCC and comparing the power output and efficiency to
conventional new-build CCGTs with PCC.

• Understanding the effect and consequence of retrofitting regenerative rotary
CO2 transfer devices to existing CCGTs with PCC. Identifying retrofit strategies
and limitations in the capture plant.

• Assessing the possibilities to push capture levels above initial values and
therefore lowering CO2 emissions using SEGR.

1.3 Novelty and Contribution
The following results can be considered an original contribution to advancing the
body of knowledge in the field of increasing CO2 concentration in exhaust flue gas by
means of selective exhaust gas recirculation to push process intensification for postcombustion CO2 capture and thereby overcoming current challenges for carbon
capture and storage in gas power plants.
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• For the first time in the literature a detailed kinetic model of a large-scale
regenerative rotary CO2 transfer wheel, including resistance to mass and heat
transfer, is provided and validated.

• Identification and optimisation study of kinetic properties and operational
conditions affecting the performance of the large-scale regenerative rotary
CO2 transfer wheel is performed. Providing guidelines for adsorbent
development for SEGR application and operational guidelines to power plant
operators.

• A rigorous design assessment of the regenerative rotary CO2 transfer device,
utilizing honeycomb structured adsorbent, and considering preferential
direction of leakages.

• A technical assessment of the effect of regenerative rotary CO2 transfer
devices on new-build CCGTs with PCC system, using amine based scrubbing
technology. Quantitative evaluation of the reduction in equipment size and
energy penalty for the PCC system and of the performance of the CCGT power
plant, by means of power output and net efficiencies, in comparison to
conventional new-build CCGT with PCC.

• Identification of the operating framework for existing CCGT with PCC, using
amine based scrubbing technology, retrofitted with regenerative rotary CO2
transfer devices. Assessment of limiting factors for retrofit deployment of
SEGR in CCGTs with PCC and establishment of CO2 concentrations possible in
the exhaust flue gas in achievable SEGR ratios.

• Technical assessment of pushing capture levels above original values by means
of SEGR.

Table 1-1 shows the models used this thesis and the person responsible for
developing these models.
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Table 1-1:

Summary of utilised models

Model
Equilibrium model of the Rotary
Adsorption Wheel
Kinetic model of the Rotary Adsorption
Wheel including heat transfer

Developer
L. Herraiz
E. Palfi

Combined Cycle Gas Turbine
Post Combustion Capture Plant

L. Herraiz
E. Palfi

CO2 Compression Train
Integration of the models for process
simulation

E. Palfi
E. Palfi

1.4 Structure of the Thesis
The thesis is composed of eight Chapters. The content is summarised below.

• Chapter 2 describes the challenges associated with applying carbon capture
and storage to gas power plants. It provides the background for the research
conducted in the following chapters of this work, by assessing state of the art
strategies to increase CO2 concentration in exhaust flue gases of CCGTs.

• Chapter 3 describes the fundamental theory of adsorption and the
development of rotary devices in adsorption. It further introduces the
previously conceptual equilibrium model of a rotary wheel for SEGR
application and preliminary results. It continues then to present the developed
kinetic model of a regenerative rotary CO2 transfer, including the experimental
methodology and the developed design consideration for honeycomb
structured adsorbent distributed in a regenerative rotary CO2 transfer wheel.

• Chapter 4 presents the experimental assessment of the activated carbon used
to validate the system. It continues to present the validation of the kinetic
model of a regenerative rotary CO2 transfer device and associated
performance and operational profiles of the rotary wheel in operation. It then
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further assesses and investigates, by means of sensitivity analysis, the
limitation presented by the kinetic properties of the adsorbent and
operational conditions of the system.

• Chapter 5 describes the fundamental principles considered in the process
modelling of the combined cycle gas turbine power plant with amine solvent
post-combustion carbon capture technology. It further describes the
integration between the different parts of the power plant, the capture plant
and compression train and the optimisation procedure followed to evaluate
operating and design parameters in the CO2 capture plant.

• Chapter 6 investigates the effect of the integration of the regenerative rotary
CO2 transfer device on a new-build CCGT with PCC system. It reports the
technical performance of the CCGT and evaluates the reduction in equipment
size and energy requirements in the PCC system in comparison to a
conventional CCGT with PCC.

• Chapter 7 explores the effect of retrofitting regenerative rotary CO2 transfer
to existing CCGT with PCC system. It reports the technical performance of the
post-combustion carbon capture plant, using amine based scrubbing
technology, and reports operational limitations. It then investigates the
possibility to lower CO2 emissions by pushing capture levels above design
values by means of SEGR and operational changes and compares the resulting
capture levels with achievable capture levels by pushing the capture plant in a
configuration without SEGR.

• Chapter 8 summarises and concludes the work performed in this thesis and
discusses recommendations and improvements for future work.
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Chapter 2 State of the Art on Process
Intensification for Gas Power Plants with CCS
This chapter covers the literature review of current challenges encountered in
capturing CO2 from flue gases produced in CCGT power plants (Section 2.1). It goes
on to briefly show how higher flue gas CO2 concentrations can benefit all kind of postcombustion capture technologies (Section 2.2). Followed by strategies to increase
CO2 concentration in exhaust gases and a detailed assessment of recent technology
developments in selective exhaust gas recirculation (Section 2.3).
The state of the art on regenerative rotary CO2 transfer wheels is covered in Chapter
3.

2.1 Current Challenges of CCS in Gas Power Plants
Flue gas produced in gas-fired power plants, like CCGTs, provides challenges for PCC
technologies. These challenges influence net thermal efficiency, and capital and
operational costs of the post-combustion capture plants.

Gas turbines need to be operated with a high amount of excess air, due to gas turbine
material constraints limiting the acceptable turbine inlet temperature, and to limit
temperature related NOx emissions. (Horlock, Watson, and Jones 2001; Boyce 2012;
Brooks 2000; Pavri and Moore 2001)
This high amount of excess air results in large flue gas flow rates and in CO2
concentrations as low as ∼3–4%vol. In comparison typical CO2 concentrations in flue
gases from coal power plants are in the magnitude of around 10-15% vol. (IEAGHG
2012; EBTF 2011)
The large amount of flue gas and the low driving force, associated with the low CO2
concentration, lead to higher power output penalties, linked to the energy needed to
regenerate the solvent, and large capture plant equipment sizes, linked to higher
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capital costs. Higher CO2 concentrations in the flue gas have shown for amine-based
post-combustion capture, as investigated in this thesis, to be connected to lower
reboiler duty and capital cost savings, by reducing capture plant size requirements.
(Li, Ditaranto, and Yan 2012; Merkel et al. 2013; Yingying Zhang et al. 2014; Akram et
al. 2016; Diego, Bellas, and Pourkashanian 2018; Diego et al. 2017; IEAGHG 2012;
Aboudheir and ElMoudir 2009; Hellat and Hoffmann J. 2016)
A last point, which needs to be considered in the context of the large amount of
excess air, is the high concentration of unburned O2 in the flue gas (10-15%vol),
which increases solvent oxidative degradation and hence operational costs. (Goff and
Rochelle 2004; Lepaumier, Picq, and Carrette 2009; Sexton and Rochelle 2011)

2.2 Post-Combustion Carbon Capture
Post-combustion capture technologies can currently be roughly divided in five
subsections, as shown in Figure 2-1.
The most advanced CO2 capture technology on the market is currently amine solvent
absorption, which is the only CCS technology currently considered at a technology
readiness level (TRL) of 6 - 8. A technology at TRL 6 is considered to be at a fully
integrated pilot stage and tested in a relevant environment, TRL 7 is a subscale fully
functional prototype of the technology and TRL8 a commercial demonstration of the
technology.(IEAGHG 2014; M. Wang et al. 2011)
Hence, it can be expected that many first generation CCS projects will be fitted with
solvent based PCC technology. As this technology is applied in this thesis, it will be
discussed further in general, in contrast to the others.
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Figure 2-1:

CO2 capture technology routes (Abu-Zahra, Sodiq, and Feron 2016)

Independent of the CO2 capture technology, higher CO2 concentration in flue gases
lead to more CO2 bound to the solid material or liquid solvent, or higher permeation
rates in membranes. Which in turn leads to a reduction in minimum energy
requirement to separate CO2 from the flue gas. An illustration of minimum energy
requirement based on the increase in CO2 concentration in the feed gas flow is given
in Figure 2-2, showing that an increase of CO2 concentration from 5% (current ~CO2
concentration in gas fired power plants) to 15% (~CO2 concentration in coal fired
power plants and reported possible CO2 concentration in flue gases of gas fired
power plants with SEGR) in the feed flow would lead to a decrease of 15% in minimum
CO2 separation energy required. Therefore, any kind of post-combustion technology
applied to combustion power generation can consequently profit by adding SEGR.
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Figure 2-2:

Minimum energy per ton of CO2 captured as a function of CO2 concentration
in a flue gas stream (Merkel et al. 2013)

Chemical absorption is currently viewed as the most advanced post-combustion
technology. It has been proven on commercial scale on two coal-fired power plants,
Boundary Dam and Petra Nova. (Singh and Stéphenne 2014; MIT 2016; SaskPower
2019; NRG Energy 2019)
The energy requirement to separate CO2 from the flue gas in chemical absorption is
measured in reboiler duty in [MJ/kgCO2]. It is the energy needed to regenerate the
solvent per mass of CO2 recovered, as given in Equation (2.1).

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑅𝑒𝑏𝑜𝑖𝑙𝑒𝑟 𝐷𝑢𝑡𝑦 =

𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑟𝑎𝑡𝑒
𝐶𝑂2 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒

(2.1)

The capture rate of the capture plant, also referred to as capture efficiency, is defined
as the ratio of amount of CO2 leaving the capture plant at the top of the absorber to
the amount of CO2 entering the capture plant at the absorber inlet (Equation (2.2)).
𝐶𝑎𝑝𝑡𝑢𝑟𝑒 𝑅𝑎𝑡𝑒 = 1 −

[𝑚𝑜𝑙 𝐶𝑂2]𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟 𝑜𝑢𝑡𝑙𝑒𝑡
[𝑚𝑜𝑙 𝐶𝑂2]𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟 𝑖𝑛𝑙𝑒𝑡
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Aqueous monoethanolamine (MEA 30 wt%), used in the work performed in this
thesis, is regarded as the benchmark amine for CO2 capture from power generation,
against which new solvents and other capture technologies are measured. The typical
setup of a MEA post-combustion capture plant is described under Section 5.3. Energy
penalties related to regenerating 30 wt% MEA capturing 90% of the CO2 presented
in flue gases with 10-15vol% CO2 are in the range of 3.5 to 4 MJ per kg CO2 captured.
(Sharifzadeh and Shah 2015; Stec et al. 2016; Brigman et al. 2014)
Several new solvents are under investigation, however only few progress from bench
scale to pilot scale, which is necessary to assess hydrodynamics, volatility and
degradation. (Bui et al. 2018)

2.3 Strategies to Increase CO2 Concentration in the Exhaust
Flue Gas and their Effects
In this section a comprehensive literature review about the possibilities to solve the
challenges for CO2 post-combustion capture from flue gas produced in gas-fired
power plants, given in Section 2.1, is performed.

Different process modifications are being investigated to increase the CO2
concentration in the flue gas entering the capture plant. They can be divided into five
types of modifications:

• Gas Turbine Humidification
• Supplementary Firing
• Sequential Supplementary Firing
• Exhaust Gas Recirculation (EGR)
• Selective Exhaust Gas Recirculation (SEGR)

15

CHAPTER 2 STATE OF THE ART ON PROCESS INTENSIFICATION FOR GAS POWER
PLANTS WITH CCS

2.3.1 Gas Turbine Humidification
Gas turbine humidification technologies are used to replace part of the excess air for
cooling by saturated air or steam. Part of the amount of excess O2 and N2 in the
exhaust gas is replaced by H2O. H2O can be easily separated from the flue gas by
condensation. Consequently, this leads to a higher CO2 concentration at the inlet of
the capture plant, than in conventional systems. Heat available in the system is used
to generate the water vapour or steam. Such systems show higher power outputs
and increased thermal efficiencies, compared to conventional gas turbines. (Rao
2015; Jonsson and Yan 2005; Li, Ditaranto, and Berstad 2011)
Two different kind of gas turbine humidifications are differentiated (Rao 2015;
Jonsson and Yan 2005; Poullikkas 2005; Li, Ditaranto, and Berstad 2011; Bianchi et al.
2010):

• Inlet air cooling - ambient air is used to evaporate water, increasing the
humidity in the air to saturation concentration

• Combustion chamber injection – injecting either steam directly (steam
injection gas turbine STIG), or water to evaporate, using a setup of
humidification tower and water recirculation loop (evaporative gas turbine
cycle EvGT)
The combustion itself in humidified gas turbines is limited by the amount of O2 and
the amount of water vapour in the combustion. State-of-the-art burners in gas
turbines are operated in a dry manner, known as Dry Low-NOx burners. In general,
the development from dry to wet burners would need extensive investment in testing
beyond the research and pilot plant testing conducted over nearly two decades by
various authors. Disadvantages of such cycles include increased costs due to
complexity and large consumption of water, combined with demineralization
equipment to avoid issues like deposition and corrosion.(Ågren et al. 2002;
Takahashi, Nakao, and Koda 2007; T. Lindquist, Thern, and Torisson 2002; Rao 2015;
Li et al. 2009; Li, Ditaranto, and Berstad 2011; T. O. Lindquist, Rosen, and Torisson
2000a, 2000b).
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Gas turbine humidification seems only feasible in the context of small scale
applications of a few MWs, when, due to technical and cost limitations, large scale
CCGTs are not an option. (Rao 2015)

Achievable CO2 concentration depend on the ratio between water and air and the
flue gas temperature achievable in the flue gas conditioning system prior to entering
the CO2 capture plant. CO2 concentrations up to 5 mol% in the conditioned flue gas
stream have been reported for EvGT, at a water to air ratio of 15% leading to a O2
concentration in the combustor of 16.5 mol%. When EvGT is compared to EGR it
represented the lowest possible electrical efficiency for the thermally integrated
system with 41.6%, compared to an efficiency of 50.5% for EGR. This can be tracked
back to part of the heat in the flue gas being used to generate the steam or to heat
up the water for saturating the air for the gas turbine humidification step, resulting
in less available heat for the steam cycle of the power plant. (Li et al. 2009; J. R. Li,
Kuppler, and Zhou 2009; Li, Ditaranto, and Berstad 2011)

2.3.2 Supplementary and Sequential Supplementary Fired Combined Cycle
Supplementary and sequential supplementary firing are previously proposed options
in literature to increasing the CO2 concentration in the exhaust flue gas of gas turbine
systems.(H. Li, Ditaranto, and Berstad 2011; H. Li, Ditaranto, and Yan 2012; González
Díaz et al. 2014; Herraiz 2016)
(González Díaz et al. 2014) show that these modifications can only be considered
financially attractive under the restrictions of low gas prices and the utilisation of the
CO2 for enhanced oil recovery (EOR) projects.
However, supplementary firing increases the CO2 concentration in the exhaust by
burning additional fuel. Considering that in the context of reducing overall CO2
emissions and fossil fuel consumption, these kind of modification cannot be
considered part of the solution for a deep decarbonisation of the electricity
generation.
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In supplementary fired combined cycles (SFCC), additional fuel is burned in an
additional combustor, called in-duct burner, using the flue gas of the gas turbine as
comburent. This results in lower O2 levels and higher CO2 concentrations in the
capture plant. The flame is stabilised by the temperature of the flue gas exiting the
gas turbine. The in-duct burner is located downstream of the gas turbine and
upstream of the heat recovery steam generator (HRSG), as illustrated in Figure 2-3.
The maximum additional combustion of fuel is limited by the metallurgical
temperature constrains in the HRSG. This also limits the highest achievable CO2
concentration in the flue gas. Supplementary firing, as modification in CCGTs, are
typically used as response to increased peak demands at times when high electricity
prices can be achieved, or to produce more steam for other industrial facilities. They
show a higher load flexibility than conventional CCGTs when energy demand
increases.(González Díaz 2016; Herraiz 2016; Kehlhofer et al. 2009; Biliyok and Yeung
2013; Arrieta and Lora 2005; Li, Ditaranto, and Berstad 2011; Li, Ditaranto, and Yan
2012)
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Figure 2-3:

Schematic of the natural gas combined cycle with supplementary firing
(González Díaz 2016)
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In the context of a reduced carbon intensity, research is investigating the benefits of
SFCC modifications with burning biomass instead of natural gas in the supplementary
combustor. In combination with PCC this could be a further step towards a net
negative emission power generation. (Gnanapragasam, Reddy, and Rosen 2009;
Datta, Mondalz, and Gupta 2008)

For gas fired SFCCs (Li, Ditaranto, and Yan 2012) report an increase in CO2
concentration achievable of 8.4mol% from previous 3.9 mol%, thus similar to
concentrations achievable with EGR, with only a marginal decrease in flue gas mass
flow rate towards the capture plant and a reduction in electrical efficiency to 43.3%.

Different strategies are proposed to increase the efficiency of the overall cycle for
SFCCs further. Those include an exhaust gas reheater, to extract part of the additional
heat generated in the second combustor and transfer it back to the flue gas passing
through a two-stage gas turbine. The flue gas, passing first through the high pressure
stage of the gas turbine, would be reheated with the additional available heat from
the flue gas leaving the second combustor, and then be expanded in the second low
pressure stage of the gas turbine. This would increase the efficiency of the gas
turbine. Another option proposed includes the use of a supercritical HRSG, which
would be able to use the additional available heat to generate more steam for the
steam cycle and therefore increase the power output of the steam cycle. A third
option includes the use of EGR with supplementary firing to further increase the CO2
concentration and to reduce the mass flow rate towards the capture plant, and
therefore reduce the penalty of the solvent regeneration in the capture plant. In this
option the oxygen limitation in both combustors would need to be investigated
further.(González Díaz 2016; González Díaz et al. 2014; Li, Ditaranto, and Yan 2012)
According to (Li, Ditaranto, and Yan 2012) a combination of all three options
combined would be able to increase the electrical efficiency from previous 43.3% to
54.1%, and the CO2 concentration up to 11.2 mol%. However, the gain of these
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additional modifications would need to justify the additional cost associated with the
different options.

A further increase in the CO2 concentration in the flue gas and reduction in the mass
flow rate to the capture plant is achieved by sequential supplementary firing as
applied in sequential supplementary fired combined cycles (SSFCC). A schematic
process flow diagram is depicted in Figure 2-4. This technology overcomes
metallurgical temperature constrains in the HRSG, by burning additional fuel in
several stages in between the heat transfer bank along the flow direction in the HRSG,
adhering to the temperature constrains of each section. Therefore, no special alloys
or changes in the HRSG configurations are necessary. The resulting smaller
temperature difference in the HRSG increases the steam cycle efficiency. The limiting
factor in this modification becomes the minimum excess of oxygen in the flue gas,
which is the comburent in each combustion step. Reported achievable CO2
concentrations are 9.4 mol% and a flue gas mass flow reduction of approximately
50%. (González Díaz 2016; González Díaz et al. 2014)
However, a low level of O2 (1 mol%) in the last burner stage in the HRSG could limit
the combustion. The stabilisation of the combustion in low O2 concentrations by the
high combustion temperature, an assumption based on data presented by (Li,
Ditaranto, and Berstad 2011) for SFCCs, might occur, yet due to the lower combustion
temperature in SSFCCs further testing is needed.
In a supercritical CCGT plant, the power output can be maintained by operating only
one GT-HRSG train of previously two trains, due to the increase in steam flow rate
and corresponding output of the steam turbines. Nevertheless, this is connected to
an efficiency penalty of 5.7% for supercritical and 8.2% for subcritical SSFCC. This can
be explained by the fact, that the additionally burned fuel is only used in the less
effective steam cycle and the higher pinch temperature difference in the HRSG.
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Figure 2-4:

Schematic process flow diagram of a supercritical sequential supplementary
firing configuration with HRSG train combined cycle with a double reheat
steam cycle (González Díaz 2016)
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2.3.3 Exhaust Gas Recirculation
In exhaust gas recirculation (EGR) a fraction of the flue gas exiting the HRSG is
conditioned and recirculated back to the inlet of the compressor, replacing some of
the air going to the combustor. The resulting O2 concentration in the combustor is
reduced because of the lower O2 concentration in the exhaust flue gases. A
schematic block flow diagram of a CCGT power plant with EGR and PCC is illustrated
in Figure 2-5. Originally used as a strategy to decrease NOx emissions, current reasons
for recirculating a fraction of the exhaust gas include, reducing the O2 concentration
in the flue, increasing the CO2 concentration in the flue gas and reducing the flue gas
mass flow rate entering the capture plant. This results in a lower regeneration penalty
for the capture plant and possible reduction in capture plant size requirements.
(Akram et al. 2016; González-Salazar 2015; Evulet et al. 2009; ElKady et al. 2009;
Herraiz et al. 2018; Li et al. 2011; Li, Ditaranto, and Yan 2012).

Figure 2-5:

Block flow diagram of CCGT with PCC and EGR (Herraiz 2016)

An important variable is the exhaust gas recirculation ratio (EGR ratio), which is
defined as the ratio of the mass flow rate of the recirculated flue gas to the total flue
gas mass flow rate at the exit of the HRSG, as shown in Equation (2.3).
𝐸𝐺𝑅 𝑟𝑎𝑡𝑖𝑜 =

𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑓𝑙𝑢𝑒 𝑔𝑎𝑠
𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑓𝑙𝑢𝑒 𝑔𝑎𝑠

|𝐻𝑅𝑆𝐺 𝑜𝑢𝑡𝑙𝑒𝑡

(2.3)

The recirculation ratio is limited by the O2 concentration presented in the combustor.
Therefore, the O2 concentration also limits the maximum CO2 concentration
achievable in the flue gas. The theoretical limit is given by the stoichiometric amount
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of O2 in a complete combustion of the fuel. However, due to the dependence of the
combustion on inlet temperature, velocity, turbulence, and resident time the O2
concentration needs to be chosen high enough to guarantee flame stability and
complete combustion. Incomplete combustion of the fuel may lead to efficiency
losses. These are the main challenges associated with EGR applications in
CCGTs.(Evulet et al. 2009; ElKady et al. 2009; Herraiz et al. 2018; Li et al. 2011; ElKady
et al. 2008)

Several authors studied the effect of O2 concentration on flame stability and
combustion experimentally.
(Røkke and Hustad 2005) establish a blowout O2 concentration limit of 13-14 vol%
for a 65kW combustor operated in pre-mixed flame mode.
(Ditaranto, Hals, and Bjørge 2009) established a blowout O2 concentration limit of 14
vol% in an atmospheric laboratory-scale setup of a 5 kW methane jet flame with the
exhaust gas of a virtual 10 kWth gas turbine as comburent. However, he showed that
even though the flame was stable at that O2 concentrations in the oxidiser, the levels
of unburned hydrocarbons and CO were high.
(ElKady et al. 2009b; Evulet et al. 2009) establish for a bench- scale lean pre-mixed
burner as applied in Dry Low-NOx combustor systems in General Electric (GE) F-class
gas turbines, an O2 concentration limit of 16-17 vol% to secure a complete
combustion with low levels of unburned hydrocarbons and low levels of CO. They
also suggest that O2 concentration below 16 vol% would be achievable with minor
modifications to existing combustion systems. The experiments were conducted at
10 bar and for temperatures up to 1630◦C. Typical operating pressures of gas turbines
are however in the range of 18 bar.
In literature it is now commonly accepted, that for stable and complete combustion
and reduced emissions with current combustor designs a minimum O2 concentration
of 16 vol% is required. (Akram et al. 2016; González Díaz 2016; Herraiz et al. 2018; Li
et al. 2011).
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According to (ElKady et al. 2009b), (Li et al. 2011) and (Herraiz 2016) to maintain a
minimum O2 concentration in the combustor of 16 vol%, a maximum EGR ratio of
35% can be achieved. This results in a CO2 concentration of 6 vol% in the turbine
exhaust gas according to (ElKady et al. 2009b), in a CO2 concentration of 5.8 vol% at
the absorber inlet according to (Li et al. 2011) and in a CO2 concentration of 6.5 vol%
in the flue gases according to (Herraiz 2016).
For EGR ratios beyond 35% (Li et al. 2011) and (ElKady et al. 2009b) suggest new
optimized combustor designs, by either modifying the combustion system to allow
O2 inlet concentration below 16 vol%, or by injecting additional O2.

The effect of EGR on the gas turbine performance was studied by (Klas Jonshagen,
Sipöcz, and Genrup 2011), by modelling a state-of-the-art CCGT power plant with GE
class F turbine technology. The deviation of a set of dimensionless parameter groups
is used to evaluate the performance of compressor and turbine at off-design
conditions. (Klas Jonshagen, Sipöcz, and Genrup 2011) concludes that an EGR ratio
up to 40% leads to a minimal deviation in the gas turbine engine.

The effect of EGR on microturbines in pilot scale have been experimentally assessed
by (Akram et al. 2016) and (De Paepe et al. 2012). The engine control in microturbines
will maintain the power output constant at a constant turbine inlet temperature, by
changing the shaft speed and the fuel flow rate. (Akram et al. 2016)
Therefore, both performed experiments cannot be used to predict the behaviour of
large scale axial flow gas turbines at constant rotational speed.
(De Paepe et al. 2012) report unsteady operation of the microturbine during EGR
operation, due to continuously changing composition and temperature of the inlet
air.
(Akram et al. 2016) used the exhaust gases of the microturbine and injected CO2 (up
to 11 vol%) into the stream in order to simulate flue gas compositions according to
EGR ratios and assessed the effect of the increased CO2 concentration on the
integrated post combustion CO2 capture plant, using 30 wt% MEA. The results show
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a reduction in specific reboiler duty by around 7% per unit percentage increase in
CO2 concentration.

Several studies assess the effect of EGR on the energy requirement to separate CO2
from the flue gas of CCGTs and the overall effect on the power output and efficiency
of the cycle.
In 2010 the National Energy Technology Laboratory (NETL) (National Energy
Technology Laboratory 2010) considered CCGTs with PCC using MEA and an EGR ratio
of 35% as the lowest cost option to capture CO2. In 2013 NETL (National Energy
Technology Laboratory 2013) reported an efficiency increase of 0.3 % and a reduction
in electricity costs by 3 %, when a CCGT with PCC is operated with EGR at a ratio of
35%, compared to a conventional CCGT with capture. Corresponding reported CO2
concentration in the exhaust gas are up to 6.7 vol%.
The techno-economical study on CO2 capture in gas fired power plants by the
International Energy Agency Greenhouse Gas (IEAGHG) R&D Program (IEAGHG 2012)
reports for CCGT with PCC and an EGR ratio of 50%, compared to a conventional CCGT
with PCC using MEA, a reduction in electricity cost by 3.2% and the reboiler duty by
7.17%. Leading to an increase in net power efficiency from 51.04% to 51.33%.
However, these results need to be re-evaluated in the context that an EGR ratio of 50
% might not be feasible in the context of flame stability and complete combustion.
(Li et al. 2011) report for an EGR ratio of 35% an electrical efficiencies of ~50.5%,
corresponding to an efficiency penalty of approximately 0.3% in comparison to a
conventional CCGT with PCC.
On the other hand (Herraiz 2016) reports for an EGR ratio of 35% a net thermal
efficiency of ~52.3%, corresponding to an increase in net thermal efficiency of
approximately 0.4% in comparison to a conventional CCGT with PCC. Furthermore,
results show an approximate reduction in absorber packing volume for a CCGT with
35% EGR of 40% when compared to a conventional CCGT with PCC and a reduction
in reboiler duty of 2.9%.
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In conclusion, EGR is an option to increase CO2 concentration in CCGT flue gases and
to reduce flue gas mass flow rates towards the capture plant, leading to a reduction
in required reboiler duty. However, there is a clear limitation in achievable EGR ratios,
due to limitation based on O2 levels in the combustion to guarantee flame stability
and complete combustion. Moreover, demonstrating the potential of EGR at a larger
scale and therefore showing the maturity of this kind of technology is still necessary
to move EGR forward.

2.3.4 Selective Exhaust Gas Recirculation
In selective exhaust gas recirculation (SEGR), CO2 from the flue gas is selectively
recycled back to the air inlet stream of the gas turbine compressor. Other
components presented in the flue gas, like N2 and water vapour, are not recirculated.
Therefore, it is possible to increase the CO2 concentration in the flue gas beyond the
values reported for EGR, since less amount of excess air is replaced. Consequently,
the O2 concentration in the combustor remains sufficiently above the limiting 16
vol% reported as combustion limit for EGR. Several authors report achievable CO2
concentrations in the flue gas of around 14 vol%, while simultaneously keeping the
O2 concentration at 19 vol% (Merkel et al. 2013; Herraiz et al. 2018).

In the context of SEGR some important variables need to be defined, those are
recovery rate and overall CO2 capture rate.
The recovery rate of the SEGR device, also referred to as SEGR capture efficiency, is
defined as the ratio of amount of CO2 leaving the SEGR unit at the flue gas outlet of
the transfer device to the amount of CO2 entering the SEGR unit at the flue gas inlet
of the transfer device, as given in Equation (2.4). It is the amount of CO2 removed
from the flue gas and transferred to the air stream.
𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑅𝑎𝑡𝑒 = 1 −

[𝑚𝑜𝑙 𝐶𝑂2]𝑆𝐸𝐺𝑅 𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 𝑜𝑢𝑡𝑙𝑒𝑡
[𝑚𝑜𝑙 𝐶𝑂2]𝑆𝐸𝐺𝑅 𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 𝑖𝑛𝑙𝑒𝑡
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Since flue gas, and therefore CO2 emissions, can leave the power plant boundaries
through two streams under SEGR application, it is necessary to introduce an overall
CO2 capture rate for the power plant, also referred to as overall CO2 capture
efficiency, as given by Equation (2.5).
𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝐶𝑂2 𝐶𝑎𝑝𝑡𝑢𝑟𝑒 𝑅𝑎𝑡𝑒 =

[𝑚𝑜𝑙 𝐶𝑂2]𝑡𝑜 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑎𝑛𝑑 𝑠𝑡𝑜𝑟𝑎𝑔𝑒
[𝑚𝑜𝑙 𝐶𝑂2]𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑖𝑛 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠 𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛

(2.5)

To achieve selective CO2 recirculation different configurations and technologies are
proposed.
Initially two common configurations implementing SEGR in CCGT power generation
with PCC are proposed and patented by Merkel and co-workers. (Richard W Baker et
al. 2011; Wijmans, Merkel, and Baker 2011; Merkel et al. 2013; Wijmans, Merkel, and
Baker 2012a, 2012b)
According to the position of the SEGR device, they are referred to as SEGR in parallel,
or SEGR in series. A block flow diagram of these two configurations is presented in
Figure 2-6.
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Figure 2-6:

Block flow diagrams of (a) SEGR in parallel and (b) SEGR in series (Herraiz
2016)

In the parallel configuration, the SEGR device operates in parallel to the capture plant.
Flue gas leaving the HRSG is split according to a so called SEGR ratio. One part of the
split flue gas is treated by the capture plant, the other part is sent to the SEGR device,
where CO2 will be transferred to the air steam used in the combustor. In this
configuration the SEGR ratio becomes an important variable. The SEGR ratio is
defined as the ratio of the mass flow rate of the flue gas towards the selective CO2
transfer device to the total flue gas mass flow rate at the exit of the HRSG, as shown
in Equation (2.6).

𝑆𝐸𝐺𝑅 𝑟𝑎𝑡𝑖𝑜 =

𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 𝑡𝑜 𝑡ℎ𝑒 𝐶𝑂2 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑑𝑒𝑣𝑖𝑐𝑒
𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑓𝑙𝑢𝑒 𝑔𝑎𝑠

|𝐻𝑅𝑆𝐺 𝑜𝑢𝑡𝑙𝑒𝑡

(2.6)

In the series configuration, the SEGR device operates downstream of the capture
plant. The whole flue gas first passes through the capture plant, where a fraction of
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the CO2 will be removed. The remaining CO2 in the flue gas then leaves the capture
plant towards the SEGR device, where the rest of the CO2 is removed and transferred
to the air stream used in the combustor.
There are different specific benefits and limitations associated with each
configuration. In SEGR in parallel the size of the capture plant and the SEGR transfer
device can be reduced, due to the reduced mass flow rates towards each of the units
and the higher CO2 concentration. However, the capture rate of the capture plant
and the recovery rate of the SEGR device need to achieve higher rates to keep the
overall CO2 capture rate at a constant value. In SEGR in series the reduction in
absorber column and SEGR device size is marginal, compared to SEGR in parallel,
since the whole flue gas amount has to be treated by both units. However, the
capture rate of the capture plant can in some instances be reduced by nearly 60%,
since the SEGR device downstream of the capture plant will transfer the remaining
CO2 into the air stream. Yet, the reduction in capture rate of the capture plant has to
be balanced by an increase in recovery rate of the SEGR device, to achieve the desired
overall CO2 capture rate. (Herraiz et al. 2018; Merkel et al. 2013; Maria Elena Diego,
Bellas, and Pourkashanian 2017)
This thesis will concentrate on the configuration in parallel, since it shows higher
potential reduction in flue gas mass flow rates and higher achievable CO2
concentrations in the flue gas, compared to the configuration in series. This is in
accordance with other work performed by (Darabkhani et al. 2018; Russo et al. 2018;
Ding, Freeman, and Rochelle 2017; Maria Elena Diego, Bellas, and Pourkashanian
2017).

Independent of the technology used to transfer CO2, which will be discussed later in
this section, several authors (Herraiz et al. 2018; Merkel et al. 2013; Y. Huang, Merkel,
and Baker 2014) indicate that a sufficient driving force for the CO2 separation and
transfer is given by the use of counter-current feed air to flue gas flow and the partial
pressure difference between those two flows. There is no indication of a further need
for vacuum, compression, or heat. However, needed are blowers on both sides, the
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flue gas and the air stream, to overcome the pressure drop across the SEGR device.
(Herraiz et al. 2018) report for a parallel configuration with a recirculation ratio of
70% using an adsorbent based SEGR device an air fan consumption of 0.75 MWe, a
booster fan consumption of 0.99 MWe for the SEGR device and 2.06 MWe for the
booster fan upstream the capture plant, adding up to an overall consumption of
3.8MWe per train. For SEGR in series using an adsorbent based SEGR device the air
fan consumption rises to 1.07MWe and the booster fan consumption upstream of
capture plant, overcoming the pressure loss of both capture plant and SEGR device,
rises to 7.01MWe, adding up to 8.08MWe. This needs to be in comparison with the
overall fan consumption of 7.31 MWe of a CCGT with PCC without SEGR.

Challenges encountered with applying SEGR to CCGTs with PCC are similar to those
encountered in CCGTs with PCC and EGR. These are flame stability, complete
combustion and changes in the working fluid effecting the gas turbine performance.

Several authors (Herraiz et al. 2018; M. E. Diego, Bellas, and Pourkashanian 2018;
Darabkhani et al. 2018; Merkel et al. 2013; Maria Elena Diego, Bellas, and
Pourkashanian 2017) have taken as reference for SEGR a limiting oxygen level in the
comburent of 16 vol%, based on the experimental work performed by (ElKady et al.
2009b) for combustion under EGR application. However, since CO2 acts as a
combustion inhibitor, effectively reducing the flame temperature and burning rate in
the combustion, comburent containing 8-9 vol% CO2, might lead to other flame
stability and blow-off limits. Therefore, a different minimum O2 level in the
comburent might need to be established.
As part of the scope of the EPSRC project “Selective Exhaust Gas Recirculation for
Carbon Capture with Gas Turbines: Integration, Intensification, Scale-up and
Optimisation” (SELECT 2014) the combustion process in a premixed DLE swirl burner
with a CO2-enriched oxidant has been experimentally assessed. Results reported by
(Marsh et al. 2016) for combustion experiments at 1.1 bar and 2.2 bar show, that for
CO2 concentrations above 10 vol% in the comburent, the equivalence ratio, also
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known as the fuel to air ratio, has to be adjusted to above 0.7 to maintain flame
stability and ensure complete combustion. CO emissions below 100 mg/Nm3 and NOx
emissions below 50 mg/Nm3 (dry, 15 %vol O2) are measured during those
combustion tests. Further tests performed on a high-pressure generic swirl burner
(HPGSB-2) at 5.5 bar and an equivalence ratio of up to 0.95, show that molar dry
exhaust concentrations of CO2 up to 31% are achievable, corresponding to a CO2
inlet concentration of ~17 vol% (Giles et al. 2019). The authors however highlight,
that a further increase in pressure will slightly decrease this achievable value. The
authors further report, that the addition of CO2 into the flame caused a measurable
effect on the position of the balanced flame. Due to the CO2 addition the flame
needed to be relocated at the lift-off point during the experiments.
Yet, in this context even experiments at 5.5 bar are still below the operational
pressure of large scale gas turbines, so further experiments are necessary.

The effect of SEGR on the gas turbine performance was studied by (Herraiz et al.
2018; Herraiz 2016) adapting the methodology of (Klas Jonshagen, Sipöcz, and
Genrup 2011). A state-of-the-art CCGT 800 MW power plant with GE class F turbine
technology was modelled and the deviation of a set of dimensionless parameter
groups used to evaluate the performance of compressor and turbine at off-design
conditions. (Herraiz 2016) evaluated the performance with the new working fluid
composition and operational conditions under SEGR. For SEGR in parallel the
performance is evaluated at different SEGR ratios (0-80%) and for SEGR in series at
different recovery rates (85% to 95%). The author concludes that for the investigated
range of SEGR ratios and recovery rates only a minimal deviation in the gas turbine
engine is expected.
(Herraiz et al. 2018) analysed further the effect of the changed working fluid on the
gas turbine and the steam cycle. The higher concentration in CO2 leads to a higher
density of the CO2-enriched air and a change in heat transfer properties, resulting in
a higher gas turbine exhaust temperature, which consequently generates more
additional steam in the HRSG of the steam cycle. For a CCGT with PCC and SEGR in
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parallel an increase in net power output of ca. 42 MW and net thermal efficiency of
roughly 0.83 %, when compared to a conventional CCGT plant with PCC, are reported.
For a CCGT with PCC and SEGR in series (Herraiz et al. 2018) report an increase in net
power output of 18 MW and an increase in net thermal efficiency of roughly 0.55 %,
point, when compared to a conventional CCGT plant with PCC.

Several studies assess the effect of SEGR on the energy requirement to separate CO2
from the flue gas of CCGTs. Investigations of the effect of SEGR on a post-combustion
capture system using membranes as capture system were performed by (Merkel et
al. 2013; Turi et al. 2018; Voleno et al. 2014). The same was conducted for a postcombustion capture system using amine-based solvent absorption by (Merkel et al.
2013; Herraiz et al. 2018; Ding, Freeman, and Rochelle 2017; Yue Zhang et al. 2016;
Maria Elena Diego, Bellas, and Pourkashanian 2017).
The previous under EGR presented study performed by (Akram et al. 2016) on pilot
scale, evaluating the reduction in reboiler duty for an increase in CO2 concentration
in the flue gas, can be referred to in the case of SEGR, based on how the tests were
performed. The authors showed a reduction of around 7.1% of reboiler duty relative
per unit %vol in CO2 concentration increase. The largest reduction is reported from
7.1 to 5.3 MJ/kgCO2 for a CO2 concentration increase from 5.5%vol to 9.9%vol.
However, this reduction is depending on the pilot plant dimension and operational
condition, which both were not optimised for the reference case.
SEGR seems to be a promising technology in the context of process intensification of
post-combustion carbon capture, leading to a reduction in packing volume and
reboiler duty. However, its application will eventually be dependent on a number of
aspects, including economical and technical issues. Its value for the future lies with
the potential reduction in cost and energy penalty associated with the CO2 capture
plant.

There are currently two different technologies investigated regarding their potential
as CO2 transfer device for SEGR application. In general, any technology able to
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selectively transfer CO2 from a flue gas stream in an ambient air stream, solely relying
on the CO2 partial pressure difference between these two streams as the driving
force, can theoretically be used as a SEGR transfer device.

The majority of the work performed is focused on membranes as CO2 transfer device.
Ambient air is in those setups used as sweep gas. The separation is driven by the CO2
partial pressure difference between permeate and retentate stream. To overcome
the pressure drop through the membrane, additional compression or vacuum work
is required. However, the power consumption and therefore the size of the
compression or vacuum system is relatively small. Nevertheless, a higher partial
pressure gradient across the system would improve the CO2 transfer. The optimal
pressure ratio is therefore a trade-off between the SEGR efficiency and the
operational cost to drive the system. For SEGR applications it is acceptable to achieve
higher permeability at the expense of CO2/N2 selectivity. (Merkel et al. 2013; R.W.
Baker 2004; Y. Huang, Merkel, and Baker 2014)

As membrane materials for CO2 transfer selective polymeric membranes
(Darabkhani et al. 2018; Russo et al. 2018; M. E. Diego, Bellas, and Pourkashanian
2018; Merkel et al. 2013; Richard W Baker et al. 2011; Maria Elena Diego, Bellas, and
Pourkashanian 2017; Wijmans, Merkel, and Baker 2012a, 2012b) and solvent
supported membranes (Ding, Freeman, and Rochelle 2017; Voleno et al. 2014;
Swisher and Bhown 2014; Yue Zhang et al. 2016) are studied.
(Merkel et al. 2013) report for their Polaris membranes, specifically for lower CO2
concertation developed CO2 capture, good performance for SEGR application at
laboratory scale. They achieved sufficient CO2 transfer efficiencies with a pressure
drop through the membrane system of around 100 mbar.
Dense polydimethylsiloxane (PDMS) membranes were recently used experimentally
at pilot-scale by (Darabkhani et al. 2018) and (Russo et al. 2018). Both used their
membrane system to recover and recycle CO2 from a flue gas stream of a 100 kW
MP4 Nu-Way natural gas fired burner.
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(Darabkhani et al. 2018) report the highest achievable separation performance for a
sweep air to flue gas to membrane ratio between 5 and 9, achieving separation
efficiencies of 40% to 45%.
(Russo et al. 2018) reports recovery rates below 10% for a feed pressure of 1 bar and
40% for a feed pressure of 2.4 bar. Furthermore, the authors report a loss of oxygen
in the air stream through the membrane between 2.8% (at 1 bar) and 3.1% (at 2.4
bar) and point out that water vapour from the combustion would affect the CO2
separation negatively.
In general, authors agree, that further investigations and testing are needed under
real flue gas conditions to develop membrane materials, capable to be deployed as
SEGR transfer device (Russo et al. 2018; Maria Elena Diego, Bellas, and Pourkashanian
2017).
However, there are several further challenges related to membranes that are not
addressed so far in the literature. Membranes have up to now not been
demonstrated at scale for SEGR applied to a large scale CCGT and over relevant
timescales. To show its potential for large scale application, or to advance
development, this is a necessary step.
Furthermore, challenges related to membrane sealing in relevant scales need to be
assessed.
Finally, a clear disadvantage associated with membranes is the relatively high capital
cost combined with a short lifetime of 3 to 5 years. This cost needs to get in a price
range, where the cost of CO2 emissions avoided, are sufficient enough to justify the
investment in such membrane systems.

The challenges membranes are facing, provide opportunities for existing or new
technologies to be adapted for SEGR application.

Adsorption with CO2 selective porous adsorbent materials in a regenerative rotary
wheel configuration for SEGR application was first proposed by (Herraiz et al. 2019).
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The results, as well as unanswered questions of the study performed by the authors,
are discussed in detail in Section 3.3.
Here in this section a brief overview of the rotary wheel design, its operation and its
potential and distinction to CO2 capture with adsorption will be provided.

The process of the regenerative adsorption CO2 transfer wheel can be described as a
continuous adsorption/desorption cycle and the design is illustrated in Figure 2-7.
CO2 is adsorbed when the flue gas enters into contact with the solid material located
in a rotor operating at low rotational velocity in the adsorption section, and then gets
desorbed into an ambient air stream under counter current flow condition to the flue
gas stream in the desorption section. The CO2 enriched air leaves towards the gas
turbine compressor, the CO2 depleted gas leaves towards the stack.

Figure 2-7:

Schematic diagram of a rotary adsorbent for selective CO2 transfer (Herraiz
et al. 2019)

The adsorbent is proposed to be distributed as a honeycomb-monolithic structure in
basket allocated in the wheel as shown in Figure 2-8. The structure consists of a large
number of parallel channels providing high contact efficiencies.
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Figure 2-8:

Schematic diagram of the adsorbent distribution in the rotary transfer wheel
*(Herraiz et al. 2019) **(MUST 2020)
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Advantages of SEGR with adsorption are associated with the small pressure drop in
the flow streams related to the proposed monolithic structured adsorbent, when
compared to conventional packed beds or membranes. Energy penalties related to
overcoming those pressure losses should therefore be small. The proposed
monolithic structure furthermore advances mass transfer since a high contact surface
area is provided between the solid adsorbent and the flow streams passing through
the adsorber. In general adsorbents can cover a wide range of temperature and
pressure conditions and are therefore less affected by the process conditions in
comparison to membranes. (Brandani et al. 2004; F. Rezaei and Webley 2010; Grande
and Rodrigues 2008; Webley 2014)

Extensive research in adsorbent development focuses on improving solid materials
by increasing surface area, improving pore structure and introducing chemical
modifications on the surface to increase working capacity and CO2 selectivity over
nitrogen and oxygen. This is done to develop material capable to capture CO2 from
flue gas sources with low CO2 concentrations, like gas fired power plants. (Abanades
et al. 2015; Gibson et al. 2016; Mangano et al. 2013; IGSCC (2012) n.d.) Therefore,
developed adsorbent materials show either strong physical or chemical interactions
with CO2. Due to these strong interactions, the regeneration of these materials is
associated with higher energy penalties. Regeneration is either done by decreasing
the pressure, known as pressure/vacuum swing (PSA), or by increasing the
temperature, known as temperature swing (TSA), or by a combination thereof.
(Grande and Rodrigues 2008; Bui et al. 2018)
However, one of the most important aspect to consider for SEGR applications is
balancing the affinity for CO2 with the energy requirements for regeneration.
Especially in the context, that the regeneration of the adsorbent for SEGR application
is performed with ambient air at near ambient temperature and pressure, relying on
the partial pressure difference of CO2 in the flue gas to the air stream as driving force.
(Herraiz et al. 2019; Merkel et al. 2013; Herraiz et al. 2018; Y. Huang, Merkel, and
Baker 2014)
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Therefore, weak physical adsorption is proposed as adsorption method for SEGR
application, even though weak interaction between the adsorbent and the adsorbate
will negatively affect the selectivity of CO2/ N2 (T. Dantas et al. 2011). However, as
previously discussed for membranes for SEGR application, a reduced CO2/N2
selectivity can be accepted (Merkel et al. 2013; R.W. Baker 2004; Y. Huang, Merkel,
and Baker 2014) for adsorbents with high recovery rates. Moreover, due to the
similar partial pressure of N2 in the flue gas and in the air stream, only a very low N2
transfer rate is expected in SEGR applications. (Herraiz et al. 2019)
Other aspects to consider when choosing an adsorbent next to regenerability with air
are selectivity, working capacity and stability. (Y. S. Bae and Snurr 2011)
A process related challenge the adsorbent has to face is the water content in the flue
gas, which has an influence on the performance of some adsorbents.

The tendency of fluids to bond on solid surfaces as a consequence of surface energy
is termed adsorption, the reverse process desorption. CO2 adsorbent material can be
categorised into zeolites, metal-organic frameworks and carbonaceous materials.
Extensive review work has been conducted by several authors looking at their
potential for post-combustion carbon capture.(Samanta et al. 2012; Abanades et al.
2015; Ben-Mansour et al. 2016; Joss, Gazzani, and Mazzotti 2017; Lee and Park 2015;
Gibson et al. 2016)
They are available in different shapes and forms such as powders, pellets, foam,
sheets, fibers and monolithic structured, as depicted in Figure 2-9. Each of these solid
shapes and forms have a large amount of pores, as illustrated in Figure 2-10, adding
to the active surface area of adsorbents. The pores are classified according to their
size into macro (>25 nm), meso (1-25 nm) and micro pores (<1 nm).
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Figure 2-9:

Different adsorbent structures (MUST 2020)

Figure 2-10:

Schematic of the pores in an adsorbent particle (Aqua-Cache 2020)

Zeolites have large internal specific surface areas and porous volumes. The capacity
for CO2 adsorption is moderate. Synthetic zeolite 13X is often referred to as the
benchmark of CO2 adsorbents, with CO2 adsorption capacities between 2.6 to 5.7
mmol/g at 1 atm. However, its CO2 adsorption capacity declines significantly in the
presence of water vapour in flue gas streams. Water guards or flue gas dehydration
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systems can be applied, though those will consequently add to capital and
operational costs. (T. H. Bae et al. 2013; Xu et al. 2013; Samanta et al. 2012)
Metal-organic frameworks (MOFs) have a high surface area, due to adjustable pore
size, structure and surface properties. This leads to very high adsorption capacities
(3.3 to 8.0 mmol/g at 1 atm) and good diffusion properties, when compared to
zeolites and carbon based materials. Their main disadvantages are their hydrophilic
character with the possibility of water displacing adsorbed CO2, their low level of
maturity in the context of large scale production and the very high costs of production
in comparison to zeolites and carbon based materials. (Ben-Mansour et al. 2016;
Samanta et al. 2012)
Carbon based materials, like activated carbon, have a low to moderate adsorption
capacity for CO2 at low pressures (0.6-3.2 mmol/g at 1atm). Advantages are their
widely availability at low cost, their low sensitivity to moisture, due to the
hydrophobic or non-polar nature, and their thermal and chemical stability. However,
although they are considered hydrophobic, water can condensate and accumulate in
the pores reducing the available active surface area for adsorption. (Q. Wang et al.
2011; Abanades et al. 2015; Marx et al. 2013; Xu et al. 2013; Ben-Mansour et al. 2016;
Samanta et al. 2012) (A more detail assessment of carbon based adsorbent materials
as materials for SEGR application is provided in Section 3.1.1.)
In regards to SEGR application not only the adsorption capacity of an adsorbent plays
an important role, but also the heat of adsorption. It determines the uptake of CO2,
the needed regeneration energy and the temperature of adsorption and desorption.
A high heat of adsorption would favour CO2 uptake at lower pressures, however it
would also imply a larger energy demand to regenerate the solid. In the context of
SEGR the only driving force for desorption is the partial pressure difference between
the adsorbed amount of CO2 on the solid and the CO2 in the air stream used to
desorb the CO2 from the solid. Therefore, lower heat of adsorption should be
favoured at the expense of CO2 uptake. The heat of adsorption of activated carbons
are between 17 to 22 kJ/mol, of zeolites in the range of 30 to 45 kJ/mol and of MOFs
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in the range of 40 to 80 kJ/mol. (Mangano et al. 2013; Abanades et al. 2015; BenMansour et al. 2016; Samanta et al. 2012).

Based on their availability, low costs, adsorption capacity and heat of adsorption
(Herraiz et al. 2019) considered zeolites and activated carbon to investigate the
concept of selective CO2 transfer.
The work here focuses on activated carbon as adsorbent for SEGR application. More
details can be found in Chapter 3.
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Chapter 3 Regenerative Rotary CO2 Transfer
Wheel
This chapter covers first the choice of activated carbon as adsorbent (3.1.1) for SEGR
application, followed by an introduction of relevant fundamentals of adsorption and
their underlying mathematical description, including separation effects (Section
3.1.2), adsorption isotherms (Section 3.1.3), adsorption dynamics (Section 3.1.4) and
mass transfer and the Linear Driving Force model (Section 3.1.5).
A brief review of the development of rotary devices in adsorption is then presented
in Section 3.2.1, followed by an overview of the functional difference between
adsorbents for CO2 capture and adsorbents for CO2 transfer (Section 3.2.2).
Next, the previously developed conceptual equilibrium design and model of a
regenerative rotary CO2 transfer wheel by Herraiz (Herraiz 2016; Herraiz et al. 2019)
is described (Section 3.3.1). The findings of a performed sensitivity analysis by
(Herraiz et al. 2019) are discussed (Section 3.3.2) and limits and knowledge gaps
identified (Section 3.3.3).
Under Section 3.4 the methodology surrounding the rotary adsorption CO2 transfer
wheel is presented. This includes the experimental methodology used for adsorption
breakthrough curve measurements (Section 3.4.1), the methodology used to develop
a kinetic model of CO2 adsorption in a rotating regenerative CO2 transfer wheel for
SEGR (Section 3.4.2), and the methodology applied to the design of the rotary wheel
(Section 3.4.3). The experimental methodology consists of the carbon activation
method, the characterization of the adsorbent and the adsorption bed, the setup of
the breakthrough CO2 adsorption experiment and the experiments themselves. The
methodology of the kinetic model consists of the governing mass and energy
balances, their numerical solution and auxiliary conditions, the parameters and
assumptions for the integration of the wheel into a reference CCGT. The design
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methodology consists of structural considerations and considerations regarding
leakages.

3.1 Adsorption Fundamentals
3.1.1 Activated Carbon as an Adsorbent for Post-Combustion CO2 Capture
The term activated carbon covers a wide range of processed carbon-based materials.
Their production can be narrowed down to two steps, the carbonisation of the raw
material to biochar and its activation with an activating agent afterwards. However,
although in principle all carbon based raw materials can be transformed into
activated carbon, the final product properties and therefore their function as
adsorbent are strongly depending on the raw material, the carbonization process and
the activation agent and method. (Bansal and Goyal 2005; Shahkarami, Azargohar, et
al. 2015)
The difference between chemisorption and physisorption and why we choose a
physical adsorbent for SEGR application is covered in Section 3.1.3. Yet, since
activated carbon are mostly physisorbents, the pore size and pore volume are
important factors in the case of physical adsorption, since they determine the
surfaces area for reactions and, hence adsorption capacities. Generally activated
carbons are characterised by a very high micropore volume and an extremely high
inner surface area available for adsorption. Activated carbon is therefore an ideal
physical adsorbent.(Dantas et al. 2011)
Activated carbons are available in different shapes and forms such as powders,
pellets, foam, sheets, fibers, and monolithic structured, giving them a broad
applicability and adaptability for processes where pressure losses need to be
considered (Zeng et al. 2017; Ribeiro et al. 2008; Querejeta et al. 2017).
They are non-toxic and non-corrosive, making them safe to handle. The manufacture
of activated carbon is very advanced, well understood and available in large-scale
production, making activated carbons a low cost and readily available material. Most
activated carbon have a low sensitivity to moisture in the feed stream due to their
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hydrophobic nature, an important consideration for combustion gases, though some
may show a decrease in their capacity in the presence of moisture due to
condensation and accumulation in the pores, and need to be chosen according to the
process conditions. (Bui et al. 2018; Marx et al. 2013)
The major disadvantages of activated carbons for post combustion capture are based
on their mostly uniform electric potential on the surface, making them neutral in
nature. It results in a lower enthalpy of adsorption for CO2 compared to other
adsorbents, e.g. zeolites or MOFs, which leads to a lower uptake/ adsorption capacity
and a lower selectivity of CO2 over N2. Selectivity is a key property for high
purification applications such as CO2 capture. Adsorption capacity determines the
maximum amount of CO2 that can be adsorbed, and therefore determines the
amount of solid needed for a specific process. By creating a very narrow pore-size
distribution the selectivity of activated carbon can be increased but remains mostly
below the selectivity of other adsorbents. This also holds true for adsorption capacity.
By increasing the surface area available for adsorption, it is possible to increase the
adsorption capacity of activated carbon, but it remains low compared to zeolites or
MOFs. (Pal 2017; Bui et al. 2018; Dantas et al. 2011)
In the context of SEGR the disadvantage of the lower adsorption capacity of activated
carbon is important when the amount of adsorption material needs to be
determined. Selectivity, as in the context of passing other parts of the flue gas, mainly
nitrogen, to the air stream used for the combustion in the turbine, is less of a problem
for SEGR application as the nitrogen partial pressure in both streams, the flue gas
stream and the air stream, are similar. Therefore, a low transfer of nitrogen into
either stream can be expected. The main disadvantage of a low adsorption capacity
is out weight in the context of SEGR by the need of an adsorbent with low enthalpy
of adsorption, in order to be able to be regenerated with air at ambient conditions.
Hence activated carbons remain a very attractive material for SEGR application.
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3.1.2 Adsorption Separation and Separation Effects
The tendency of fluids to bond on solid surfaces as a consequence of surface energy
is termed adsorption, the reverse process desorption. Its technical application can be
found primarily in separation processes, characterisation techniques, and
heterogenic catalysis. In Carbon Capture and Storage processes it is mainly used to
separate CO2 from the flue gases of the power plants. Desorption is performed by
either thermal swing, pressure swing and/or purge desorption mechanisms.

Adsorptive separation of gas mixtures is based on:

• Different adsorbability, given by the selectivity and capacity of the adsorbent
• Different adsorption kinetics
• Steric effects, as nonbonding interactions resulting from overlapping electron
clouds

• Easy and fast desorption, as effect on the economics of the process
• Low tendency for adsorbing water
• Low sensitivity towards components in the gas mixture, which could hinder
the adsorption process
There are several effects leading to the separation of a gas mixture (J. R. Li, Kuppler,
and Zhou 2009):

• Molecular sieving effect, molecular size/ shape of gas components preventing
them to enter the pores.

• Kinetic effect, based on different diffusion rates.
• Thermodynamic effect, based on the interactions between the pore walls and
the gas molecules.

• Quantum sieving effect, based on different diffusion rates in the narrow
micropores.
Activated carbons are nonpolar adsorbents. Consequently, Van der Waals forces are
dominant, with the size and polarizability of adsorbate, and pore size distribution as
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the leading factors for separation. Surface chemistry is secondary for the process.
(Shahkarami 2017)
This means that pore size distribution affects the selectivity of adsorbate to the
adsorbent, hence high specific surface areas are desirable.
3.1.3 Adsorption Isotherms
Depending on the strength of the interactions in the adsorption complex, a
distinction is made between physical adsorption (physisorption) and chemical
adsorption (chemisorption).
During chemisorption strong chemical, covalent bonds are formed between
adsorbate and adsorbent surface, and the heat of adsorption released during that
process is in the same order of magnitude as the heat of a chemical reaction
(100 kJ mol−1). Such bonds are often irreversible or the required energy to break the
bindings are high. If, however, the intermolecular interaction forces between
adsorbent and adsorptive agent are relatively weak, in the magnitude of van-deWaals interactions (30 kJ mol−1), the phenomenon is referred to as physisorption and
the adsorbate can be desorbed fully reversible. The heat of adsorption ranges in
similar order of magnitude as heat of condensation.(Kolasinski 2012)
Table 3-1 shows a comparison of some of the key parameters of physisorption and
chemisorption and therefore gives an insight why physisorption is to prefer over
chemisorption in the context of SEGR. For the case of a regenerative rotary CO2
transfer wheel considered in this thesis, operating at near ambient air conditions,
only physisorption can be considered, since the energy needed to separate a
chemical bond, for the regeneration of the adsorbent, could not be provided by an
air stream at near ambient condition.
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Table 3-1:

Comparison of parameters of physisorption and chemisorption from
(Kolasinski 2012)

Parameter
Adsorbent
Adsorptive agent

Physisorption
Chemisorption
All solids
Only specific solids
All gases below their critical Some chemical reactive
temperature
gases

Temperature range
Heat of adsorption

Low temperatures
Low (condensation
enthalpy)

Generally high temperatures
High (heat of reaction/
dissociation energy)

Layer formation

Monolayer and multilayer
possible

Monolayer

Reversibility

Fully reversible

Often reversible

After a certain time adsorption reaches an equilibrium, which depends on
temperature, pressure and the amount of adsorptive agent. For practical reasons the
adsorbed amount as a function of the partial pressure of the gas phase, for a given
constant temperature, is regularly used. This is called the adsorption isotherm. To
enable a comparison of different materials, the amount adsorbed is typical
normalized by the mass of the adsorbent. According to the International Union of
Pure and Applied Chemistry (IUPAC) there are six mayor types of isotherms, which
are shown in Figure 3-1.
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Figure 3-1:

Classification of physisorption isotherms according to IUPAC classification,
showing adsorption and desorption pathways (adapted from (Sing 1985))

Type I is characteristic for microporous adsorbent with monolayer adsorption. Types
II, III, and VI show adsorption isotherms for nonporous or macroporous adsorbent
with multilayer adsorption, while type IV and V are typical for mesoporous adsorbent
with multilayer adsorption and capillary condensation.(Sing 1985; Broekhoff 1979;
Lowell et al. 2012)
Type I isotherm is specific for microporous solids, such as activated carbon and
zeolites, with relatively small outer surface area, forming only a monolayer of
adsorbate on the outer surface. After filling the micropores with increasing pressure
a plateau of molecules adsorbed is reached. Increasing pressure higher than
saturation vapour pressure will not lead to the formation of additional adsorbed
layers on the outer surface. This isotherm can be approximated by the Langmuir
model and is therefore called ‘Langmuir adsorption isotherm’. Irving Langmuir
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derived the Langmuir isotherm from kinetic considerations based on the following
assumptions (Joos 1999):

• Adsorption and desorption are in dynamic equilibrium.
• The adsorbate is only forming a monomolecular layer.
• The surface is homogenous and consists of energetically equivalent adsorption
positions on which only one gas molecule can bind.

• There is no interaction between the adsorbed molecules. The heat of
adsorption is equal for each molecule and independent from the solidity ratio.
For CO2/N2 physisorption adsorption modelling, the Langmuir isotherm/ extended
Langmuir isotherm is the most frequently used isotherm type (Ben-Mansour et al.
2016). The extended Langmuir is utilised in the model proposed here, since it takes
adsorption behaviour of activated carbon under multicomponent gas mixture of CO2,
N2 and O2 into account.
The Langmuir isotherm can be expressed as Equation (3.1).
𝑞 ∙𝐾

∙𝑃∗

𝑠 𝐿, 𝑘 𝑘
𝑞𝑘∗ = 1+𝐾
∙𝑃 ∗
𝐿, 𝑘

𝑘

𝑘 = 𝐶𝑂2 , 𝑁2 , 𝑂2

(3.1)

With 𝑞𝑘∗ , the adsorbed amount of component k at a given partial pressure of 𝑃𝑘∗ in
the gas mixture, 𝑞𝑠 , the saturation capacity relating directly to the number of active
sites on the adsorbent surface, and 𝐾𝐿,𝑘 , the equilibrium constant of component k
related to the enthalpy change of the process and the affinity of gas molecules to the
adsorption sites. (Ben-Mansour et al. 2016)
Or written in form of the extended Langmuir isotherm for a multicomponent gas
mixture of CO2, N2 and O2 as in Equation (3.2). (Ben-Mansour et al. 2016)
𝑞 ∙𝐾𝐿, 𝑘 ∙𝑃𝑘∗

𝑞𝑘∗ = 1+∑𝑠𝐶

∗
𝑗=1 𝐾𝐿, 𝑗 ∙𝑃𝑗

𝑘, 𝑗 = 𝐶𝑂2 , 𝑁2 , 𝑂2

(3.2)

To describe the temperature dependence of 𝐾𝐿 the Van’t Hoff equation (Equation
(3.3)) is used.

50

CHAPTER 3 REGENERATIVE ROTARY CO2 TRANSFER WHEEL
−∆𝐻𝑎𝑑𝑠,𝑘

𝐾𝐿, 𝑘 = 𝐾𝐿0, 𝑘 𝑒𝑥𝑝 (

𝑅𝑇

)

𝑘 = 𝐶𝑂2 , 𝑁2 , 𝑂2

(3.3)

With −∆𝐻𝑎𝑑𝑠 , the enthalpy of adsorption and 𝐾𝐿0 , the pre-exponential constant.
(Ben-Mansour et al. 2016)
Others (Vargas, Giraldo, and Moreno-Piraján 2012; Marta G. Plaza, Rubiera, and
Pevida 2017) propose a modification of the Langmuir isotherm for CO2 adsorption on
activated carbon honeycomb-monoliths in form of the Tóth adsorption model
(Equation (3.4)), based on the model’s better prediction of adsorption limits for
heterogenic surfaces.
𝑞𝑘∗
𝑞𝑠,𝑇

=

𝛼𝑇 ∙𝑃𝑘∗
𝑛

[1+(𝛼𝑇 ∙𝑃𝑘∗ ) ]

𝑘 = 𝐶𝑂2 , 𝑁2 , 𝑂2

1⁄
𝑛

(3.4)

Where the saturation capacity of the Tóth model 𝑞𝑠,𝑇 and the affinity constant 𝛼 𝑇 ,
are similar to the saturation capacity 𝑞𝑠 and the equilibrium constant 𝐾𝐿 in the
Langmuir model. The exponent 𝑛 relates to the heterogeneity of the adsorbent
surface. (Marta G. Plaza, Rubiera, and Pevida 2017)
Although Vargas (Vargas, Giraldo, and Moreno-Piraján 2012) shows, that for the
studied monolithic materials the Tóth model features a slightly higher correlation
coefficient 𝑅 2 for the fitted adsorption parameters of 0.999, in comparison to the
correlation coefficient 𝑅 2 for the Langmuir model of 0.996 to 0.998, for the model
developed in this thesis the extended Langmuir isotherm will be applied. It is
reasoned that based on the current development stage of the rotary transfer device
model, no prediction about the heterogeneity of the adsorption material can be
made. This simple extension of adsorption isotherm can be considered for the further
development of the model, when closer attention needs to be payed to adsorption
limits of honeycomb structured adsorbent for pressure values around zero and very
high pressure values.
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3.1.4 Adsorption Dynamics
The dynamic performance of adsorption beds is assessed by performing
breakthrough curve adsorption tests. The gas enters the bed at a given concentration.
While it flows through the bed CO2 gets adsorbed onto the adsorbent. The
concentration of CO2 in the gas phase, as well as the adsorbed amount of CO2 on the
solid, change with time and bed position in fixed-bed adsorption processes. Such
concentration changes are plotted as ratio of the gas phase outlet concentration to
the inlet concentration (𝑐𝑜𝑢𝑡 ⁄𝑐𝑖𝑛 ) as a function of time. Those plots, as depicted
schematically in Figure 3-2(b), are called breakthrough curves and allow the
evaluation of the dynamic behaviour of adsorption processes. The section in which
most of the mass-transfer occurs is termed the mass-transfer zone (MTZ). The MTZ is
typical defined by its limits between 𝑐𝑜𝑢𝑡 ⁄𝑐𝑖𝑛 of 0.05 to 0.95. The breakthrough time
𝑡𝑏𝑟𝑒𝑎𝑘𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑝𝑜𝑖𝑛𝑡 or 𝑡𝑏 is defined as the time where 𝑐𝑜𝑢𝑡 ⁄𝑐𝑖𝑛 reaches 0.05. At times
before 𝑡𝑏 , the concentration of CO2 measured at the adsorption bed outlet is either
close to or equal to zero. If adsorption continues after reaching 𝑡𝑏 , the measured
concentration of CO2 at the outlet rises sharply until 𝑐𝑜𝑢𝑡 ⁄𝑐𝑖𝑛 reaches a value around
0.5. Subsequently the slope of the concentration ratio plot reduces until it reaches
unity. Hence, the profile resembles S-shaped curves. The exact shape of the
breakthrough curve depends on the shape of the adsorption isotherm and the masstransfer mechanism. For an ideal adsorbent, without mass-transfer resistance and
with minimal axial dispersion, the S-shape of the breakthrough curve would be a
vertical line. For an adsorbent with high mass-transfer resistance the slope of the Sshaped curve is decreased. Adsorption on fixed-beds takes place layer by layer. When
some time has passed, the adsorbent material at the front of the bed is nearly fully
saturated and in equilibrium with the inlet CO2 concentration, with the mass-transfer
taking place further away from the inlet, as shown in the sequence of adsorption beds
in the upper part of Figure 3-2(a). In Figure 3-2(a) the shaded area in the adsorption
beds represents the fully saturated adsorbent, followed by the mass-transfer area
where the adsorbed phase concentration approximates an S-shape. This is followed
by an area where no adsorption has taken place yet, since the amount of CO2 that
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entered the bed is removed in the first two areas. As soon as the area in which the
mass-transfer occurs is saturated, the mass-transfer area moves further along the
bed, until the whole bed is saturated.(J. Wilcox 2012)

Figure 3-2:

Schematic correlation between adsorbed amount on the solid of the
adsorption bed with its moving mass-transfer area 2a) and corresponding
breakthrough curve 2b) (adapted from (Shahkarami 2017))

The breakthrough curve plot can be further used to graphically determine the
amount of CO2 adsorbed on the solid (Equation (3.5)), and thereby the adsorption
capacity 𝑆𝐶𝑂2 of the adsorbent bed (Equation (3.6)). The blue shaded area between
the horizontal line at 𝑐𝑜𝑢𝑡 ⁄𝑐𝑖𝑛 = 1 and the S-shaped curve in Figure 3-3 is
proportional to the mass adsorbed till saturation is reached at time 𝑡𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 ,
assuming a constant flow throughout the bed. The total mass of CO2 passing through
the adsorbent bed is proportional to the total area at 𝑡𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 . (Shahkarami 2017)
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𝑚=

𝐴𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛
𝐴𝑡𝑜𝑡𝑎𝑙

𝑆𝐶𝑂2 = 𝑚

∙ 𝑚𝑡𝑜𝑡𝑎𝑙

𝑚

𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡

(3.5)
(3.6)

With 𝑚, the mass of CO2 adsorbed at 𝑡𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 , 𝐴𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 , the area above the
curve at 𝑡𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 (blue shaded area in Figure 3-3), 𝑐 , the total area at 𝑡𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛
(red shaded area in Figure 3-3), 𝑚𝑡𝑜𝑡𝑎𝑙 , the total mass of CO2 passing through the
adsorbent at 𝑡𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 , 𝑚𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 the mass of the adsorbent bed and 𝑆𝐶𝑂2, the
capacity of the adsorbent bed.

Figure 3-3:

Schematic of a breakthrough curve (adapted from (M. G. Plaza et al. 2010))

𝐴𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 can be determined graphically by integrating the blue shaded region
above the breakthrough curve from zero to 𝑡𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 . 𝐴𝑡𝑜𝑡𝑎𝑙 can be determined by
integrating the total region from zero to 𝑡𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 , respectively.
3.1.5 Mass Transfer and the Linear Driving Force Model
Since adsorption itself takes place on the surface of the solid particle, the adsorptive
agent has to be transported to the inner surface of the solid as shown in Figure 3-4.
Hence, the mass transfer in a continuously operated fixed adsorption bed can be
divided into different steps. Initially, the adsorptive agent molecule arrives through
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convection and free diffusion to the outer surface boundary layer between fluid
phase and adsorbent (step 1 - 2). From there, it is transported through the pores onto
the adsorbent’s inner surface (step 2 - 3). This transport mechanism can be described
according to the size of the pores and molecules by different diffusion mechanisms.
As the last step of the mass transfer, the actual adsorption occurs in form of energetic
interaction between adsorbent and adsorptive agent (step 3 - 4). The mechanisms or
steps take place consecutively. Depending on the rate of each step, the mass transfer
to the outer surface boundary layer, the pore diffusion, or the adsorption itself can
be the rate determining factor. If the flow conditions (low viscosity of the fluid,
sufficiently high flow velocity) and adsorber dimensions are chosen appropriately,
the rate determining part of the total adsorption process is the mass transport of the
adsorptive agent molecule into the pore system of the adsorbent (step 2 - 3). In this
case, the influence of the mass transport to the outer surface is small and the actual
physisorption step is a rather fast mechanism compared to step 2 - 3. For the
desorption process the adsorbate will be desorbed and transported out of the
adsorbent particle back into a fluid phase. (Yang 1986; Iordanidis 2002)
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Figure 3-4:

Schematic of the mass transfer of a CO2 molecule into the pore of an
adsorbent, followed by its adsorption

According to Bathen (Bathen and Breitbach 2001) the mass transport into the porous
solid system is depending on both the adsorbent and the adsorptive agent. Based on
the gas/solid system, it is possible to differentiate between four transport
mechanisms for gas phase application under low pressure, analogue to Fick's law of
diffusion approach, shown in Equation (3.7).
𝑑𝑌

𝑚̇ = −𝐷 ∙ 𝐴𝑠𝑝𝑒𝑐 ∙ 𝑑𝑥

(3.7)

With 𝑚̇ the diffusion mass flux, 𝐷 the diffusion coefficient or diffusivity, 𝐴𝑠𝑝𝑒𝑐 the
specific area and the gradient 𝑑𝑌⁄𝑑𝑥 as the driving force.
To estimate the dominant mass transfer resistance, the Knudsen number Kn can be
used (Equation (3.8)). (Bathen and Breitbach 2001)
𝐾𝑛 = 𝑑

λ𝐹

𝑝𝑜𝑟𝑒

(3.8)

Thus, the following four diffusion mechanisms can be expressed (Bathen and
Breitbach 2001):
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• Knudsen diffusion. If the pore diameter 𝑑𝑝𝑜𝑟𝑒 is considerably smaller than the
free path length 𝜆𝐹 of the molecule, impacts between pore wall and molecule
dominate the transport.
𝑑𝑝𝑜𝑟𝑒 < 0.1𝜆𝐹 corresponding to Kn > 10

• Free pore diffusion. If the pore diameter is bigger than the free path length of
the molecule, impacts between molecules dominate).
𝑑𝑝𝑜𝑟𝑒 > 10𝜆𝐹 corresponding to Kn < 0.1

• Surface diffusion. This type of mass transport occurs along the pore walls with
the concentration gradient as driving force. It is relevant for high loads, when
the molecule density in the gas phase reaches its saturation limits for the given
pressure and temperature. Condensation in the pores can then be
encountered.

• Intergranular/ micropore diffusion. It happens in pores with a pore diameter
equal to the diameter of the molecule and is hard to distinguish from the
surface diffusion.
𝑑𝑝𝑜𝑟𝑒 ≈ 𝑑𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
Depending on the predominant mechanism, a specific area and a gradient
corresponding to the diffusion driving force (e.g. concentration gradient, loading
gradient) can be used to describe the mass transfer.
For low operating pressures, typical for flue gas leaving the heat recovery steam
generator (HRSG) of combined gas power plants as considered in this thesis, and
monomolecular loading, based on the Langmuir assumption used in this thesis,
Knudsen diffusion and free pore diffusion are the relevant mechanisms.

For microporous adsorbent with Kn > 10, the mass transport is dominated by the
Knudsen diffusion with a high potential of impacts of molecules with the pore walls.
The corresponding diffusion coefficient 𝐷𝐾𝑛 is given by Equation (3.9). (Bathen and
Breitbach 2001)
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𝐷𝐾𝑛 =

4 𝑑𝑝𝑜𝑟𝑒

∙

3 𝜇𝑃,𝐾𝑛

𝑀𝐴

∙√

2𝜋∙𝑅∙𝑇

(3.9)

With 𝑑𝑝𝑜𝑟𝑒 the diameter of the pore, 𝜇𝑃,𝐾𝑛 the Knudsen tortuosity factor, 𝑅 the
universal gas constant, 𝑇 the temperature and 𝑀𝐴 the molar mass of the gas.
The tortuosity factor in general is a ratio evaluating how twisted and turned a
diffusion pathway in a porous solid is. It is the ratio of the real pathway length
between two points extended by twist, turns and branching compared to the
straight-line distance of these two points.

For adsorbent with a Knudsen number lower than 0.1, the mass transport is
characterised by impacts between the adsorptive agent molecules themselves. The
diffusion coefficient for free pore diffusion DDiff can be estimated according Equation
(3.10), with the free pore tortuosity factor 𝜇𝑃,𝐷𝑖𝑓𝑓 ,with a relation between the two
tortuosity factors given as 𝜇𝑃,𝐾𝑛 = 𝜇𝑃,𝐷𝑖𝑓𝑓 1.7, and the diffusion coefficient of a binary
gas mixture 𝐷12 (Bathen and Breitbach 2001).
𝐷12 ∙𝑀𝐴

𝐷𝐷𝑖𝑓𝑓 =

(3.10)

𝑅∙𝑇∙𝜇𝑃,𝐷𝑖𝑓𝑓

Depending on the porous system of the adsorbent and on the adsorptive agent a
superposition of the different diffusion mechanisms can take place. The transition
region between free and Knudsen diffusion, in which both diffusion effects are
relevant (Treybal 1980), is given in the literature (Kajszika 1998) as
0.1 ≤ 𝑑

λ𝐹

𝑝𝑜𝑟𝑒

≤ 10

(3.11)

The effective diffusion coefficient 𝐷𝑒𝑓𝑓 for the transition region between free and
Knudsen diffusion can be described for equimolar diffusion with Equation (3.12)
(Bathen and Breitbach 2001).
1

𝐷𝑒𝑓𝑓 = (𝐷

𝐾𝑛

+𝐷
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Due to the fact that kinetics and the prevailing mass transfer mechanism for
adsorbent and adsorptive agent are often unknown and also to save computational
time, it is convenient to approximate the mass transfer rate by a space independent
expression. This is a common approach both in industry and academia. Such an
expression is given in the Linear Driving Force (LDF) model, developed by Glueckauf
and Coates (Equation (3.13)). (Bathen and Breitbach 2001; T. L. P. Dantas et al. 2011;
Douglas M. Ruthven 1984; Ben-Mansour et al. 2016)
̅̅̅̅
𝜕𝑞
𝑘
𝜕𝑡

= 𝑘𝑒𝑓𝑓 ∙ (𝑞𝑘∗ − ̅̅̅)
𝑞𝑘

(3.13)

The underlying assumptions are (Douglas M. Ruthven 1984):

• The loading is independent from the radius of the particle.
• The mass transfer is shifted into the boundary layer.
• An effective mass transfer coefficient 𝑘𝑒𝑓𝑓 accounts for mass transport
through the boundary layer, mass transport in the pores of the adsorbent due
to diffusion (free pore diffusion + Knudsen diffusion) and mass transfer
because of adsorption.

• The driving concentration difference of the components is given by the
concentration of component 𝑘 on the outer surface of the particle 𝑞𝑘∗
(adsorption equilibrium concentration) and the average adsorbed amount of
species 𝑖 within the particle 𝑞̅ k.
For the calculation of the effective mass transfer coefficient 𝑘𝑒𝑓𝑓 in gas phase
processes, Glueckauf and Coates (Glueckauf and Coates 1947) propose a simplified
approach. They define the effective mass transfer coefficient as the quotient of the
effective diffusion coefficient divided by the second power of the particle radius r,
multiplied with a geometrical factor equal to 15, as shown in Equation (3.14).
𝑘𝑒𝑓𝑓 =

15∙𝐷𝑒𝑓𝑓
𝑟2
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Equation (3.14) is limited to cyclic processes where the dimensionless time 𝜃𝑐 is
bigger than 0.1. The dimensionless time is defined as Equation (3.15).
𝜃𝑐 =

𝐷𝑒𝑓𝑓 ∙𝑡𝑐
𝑟2

(3.15)

Where 𝑡𝑐 is defined as the cycle half time.
The proposed effective mass transfer coefficient by Glueckauf and Coates (Glueckauf
and Coates 1947) is most accurately used for packed beds. Others like Rezaei (Fateme
Rezaei and Webley 2009) look into how the optimum adsorbent for gas separation
processes needs to be structured, and propose for each structure a different effective
mass transfer coefficient approach. They evaluate the different structures based on
their pressure drop performance and their mass transfer characteristics. Generally,
they conclude that monolithic structured adsorbent are very promising for gas
separation processes, but the optimum structure is depending on cell density,
voidage and effective diffusivity.
Although the use of a monolithic structured adsorbent is proposed for the CO2
transfer wheel and the mass of solid per wheel is calculated based on such a
monolithic structure, the effective mass transfer coefficient used in the model is
simplified based on the Glueckauf and Coates (Glueckauf and Coates 1947) approach,
with a geometrical factor equal to 15. It is reasoned that no prediction about cell
density, voidage and effective diffusivity was able to be made based on the current
development stage of the rotary transfer device model. An extension of the effective
mass transfer coefficient can be considered for the further development of the
model. However, to analyse its effect on the needed amount of solid adsorbent mass
requirement, a sensitivity analysis of the geometrical factor is performed in Section
4.2.5.
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3.2 Rotary Devices in Adsorption
3.2.1 Development of Rotary Devices in Adsorption
In gas phase adsorption processes packed beds or circulating fluidised bed are
commonly used. Typical problems often associated with fixed-bed reactors are
discontinuity, due to dead time for regeneration of the fixed bed adsorption system,
or nonlinearity control problems such as exothermic reactions (Jørgensen 1986). For
circulating fluidised bed rectors, the added complexity in design, construction and
operation leads to higher capital cost (Abbas Abdulkareem Mahmood 2017; Grace,
J.R., Knowlton, T.M., Avidan 1997). Many of these problems can be overcome for the
application of selective CO2 transfer by using a rotating fixed bed configuration,
which is compact, has homogenous temperature distribution and can be operated
continuously.
One of the first descriptions of a rotary adsorption configuration is the Pennington
cycle mentioned in the patent of a rotary desiccant air conditioning cycle in 1955
(Pennington NA. Humidity changer for air conditioning. USA, Patent No. 2,700,537;
1955). Based on recent progress in adsorption and system configuration, more and
more practical applications of rotary desiccant wheels, such as ‘‘Solar Assisted Air
Conditioning of Buildings’’ in the Solar Heating & Cooling Program of the International
Energy Agency (La et al. 2010; Delorme et al. 2004), have been implemented around
the world. Another industrial application, where rotary adsorption systems can be
found, are volatile organic compounds abatement systems (Yamauchi et al. 2007).
Those rotary adsorption systems have in common that structured adsorbents either
in the form of adsorbent sheets or monoliths are used. These minimise pressure
losses of the process, maximise contact between solid adsorbent and the gas stream
and provide higher mass transfer coefficients, and therefore have a significant
economic benefit.(D. M. Ruthven and Thaeron 1996; F. Rezaei and Webley 2010;
Brandani et al. 2004)
Rotating wheel equipment have been dimensioned and operated as large-scale
industrial application as regenerative rotary gas/gas heat exchangers for large
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volume of flue gas typically generated in thermal power plans for decades (Howden
2019). Actual dimensions of the largest rotary heat exchanger manufactured,
implemented and operated by the Howden Group are 24 m in diameter and 2 m in
height (Hogg 2016). Such a regenerative rotary gas/gas heat exchangers is depicted
in Figure 3-5.
An industrial application scale-up of the rotary adsorption systems technology should
therefore be feasible from a mechanical and hydraulic perspective, however the
complexity of handling solids at large scale, and the scare data on mass-transfer
resistance and diffusion limitations, which are required to model adsorption
accurately for pre-scale-up studies, make the scale up of such a technology
challenging.

Figure 3-5:

Regenerative Heat Exchanger (Howden 2019)

In the context of carbon capture, rotary adsorption wheel configurations have been
studied in the Energy Technology Institute (ETI) funded collaboration ‘Next
Generation CCS Technology’ project between InvenTys Thermal Technologies, the
Howden Group and Doosan Power Systems (Green 2012). The investigated carbon
capture process utilises InvenTys patented thermal swing adsorption technology
VeloxoThermTM. This process, based on the design of gas/gas heat exchangers, uses
structured adsorbent laminate for CO2 capture in a steam regenerated cycle, shown
schematically in Figure 3-6, and as pilot plant device in Figure 3-7. To confirm the
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projected benefits the technology is currently being tested on a slipstream flue gas
exiting a 10 MWe coal-fired unit. (Inventys Inc. 2019)

Figure 3-6:

Schematic of the VeloxoThermTM Cycle (Inventys Inc. 2019)

Figure 3-7:

VelocoThermTM proto type (Inventys Inc. 2019)
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In the absence of global political and financial incentives to capture CO2, investments
in driving CO2 capture technologies towards commercial deployment are largely
missing. Funded by the Canadian Government, InvenTys built, in cooperation with
Husky Energy, a CO2 capture pilot plant based on the VeloxoThermTM technology. It
is planned to be deployed at Husky Energy's Pikes Peak South heavy oil thermal
project, capturing 0.01 M t of CO2/year. Commissioning was set for the end of 2018,
but public information regarding completion is still outstanding at the time of writing.
Academic research into rotary adsorption for CO2 capture was carried out in the
context of two UK Engineering and Physical Sciences Research Council (EPSRC)
funded multi-disciplinary research teams’ collaborations, ‘Adsorption Materials and
Processes for Carbon Capture from Gas-Fired Power Plants’ (AMPGas) and ‘Gas Future Advanced Capture Technology Options’ (Gas-FACTS). The results of the latter
are discussed in the previous Section 2.3 and again in Section 3.3. While Section 2.3
covers the strategies to increase CO2 concentration in the exhaust flue gases of
power plants, Section 3.3 discusses the specifics of rotary adsorption in the form of a
conceptual equilibrium model designed by (Herraiz et al. 2019). The kinetic model of
the rotary transfer adsorption wheel, developed in this thesis, adds to this conceptual
equilibrium model.
AMPGas was a collaboration between the University of Edinburgh, the University of
St Andrews and Heriot-Watt University. The objectives of this project were to develop
advanced adsorbents for carbon capture from flue gases from gas fired power plants
and to develop an efficient separation processes with rapid thermal cycles using a
rotary wheel adsorber setup. For this reason, a novel 12-tube bench-top lab-scale
rotary wheel adsorber (RWA) has been designed and built, in which developed,
strong and highly selective, palletised adsorbents have been tested in full rotary
embodiment, to produce experimental data to validate adsorption models. (Gibson
et al. 2016)
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3.2.2 Difference between Adsorbents for CO2 Capture and SEGR Application
The majority of research conducted to develop new adsorbents for post-combustion
carbon capture is less relevant for the selection of adsorbents for SEGR applications.
Both applications ideally require high-selectivity adsorbents to achieve relatively high
CO2 uptake at low partial pressures.
In contrast to post-combustion capture applications, where the separation process is
based on either strong physisorption or chemisorption with thermal regeneration,
weak physisorption is considered here for the rotary CO2 transfer wheel. This is due
to the importance of balancing the affinity for CO2 of the material to allow for the
release of CO2 into ambient air, without any external source of mechanical work or
thermal energy. Since ambient air is used, the regeneration of the adsorbent is
achieved by the difference between the amount of CO2 adsorbed on the adsorbent
and the partial pressure of CO2 in the ambient air. Breaking the strong interaction
between the CO2 molecules and the adsorbent, such as a chemical bond, would need
a separate energy input, either in the form of heat or mechanical work to create a
vacuum. Thus, any material using strong physisorption or chemisorption for
adsorption is not suitable.
Thermal energy is obviously not available at ambient air. Yet, there is a concentration
gradient between flue gases and the air of two orders of magnitude, with respect to
the partial pressure of carbon dioxide. Weak adsorbate-adsorbent bonds are thus
suitable in this context.
Although they lead to lower achievable selectivity of CO2 over N2 compared to
materials using chemisorption or strong physisorption, the small gradient of N2
partial pressure between flue gas and air limits the driving force, and a low N2
transfer rate is expected for SEGR application (Herraiz et al. 2019).
It is also important to note that selectivity is not a critical parameter, since the
consequence of transferring nitrogen into combustion air are essentially a marginal
dilution of the other gases.
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Another important design consideration is the absence of drivers for maximum
regeneration of the adsorbent in order to achieve maximum working cycle capacity,
unlike common practice used in adsorption for post-combustion CO2 capture.
A certain amount of CO2 remains adsorbed on the solid during the regeneration
phase, which is also the phase where CO2 is transferred to combustion air.
Therefore, sizing the system requires optimisation based on several parameters:
•

The recycling ratio, i.e. the amount of CO2 that is transferred into the air
stream.

•

The amount of solid mass.

•

The rotational speed.

•

The partition of the cross-sectional area of different sectors of the wheel,
between the adsorption and the desorption side.

So, in contrast to the large ongoing effort in adsorbent development for
post-combustion CO2 capture, this work proposes the use of weaker physical
adsorption with CO2 selective porous materials in a rotary wheel device for SEGR
application, using ambient air for regeneration and achieving selective CO2 recycling.
This combines the principle of a large scale rotating adsorption unit with continuously
regeneration, with the advantages SEGR can provide for CCGTs with post-combustion
CO2 capture.

3.3 Previous Conceptual Design
In this section, the process of the conceptual design of structured adsorbents in a
regenerative adsorption wheel configuration for the application of SEGR is presented
in connection with the developed mathematical equilibrium model of the rotary
transfer wheel developed by Herraiz (Herraiz 2016; Herraiz et al. 2019). The
sensitivity analysis of this model is discussed in Section 3.3.2, the SEGR configurations
are discussed in previous Section 2.3.4. A more detailed assessment and performance
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analysis of the conceptual design of structured adsorbents in a regenerative
adsorption wheel configuration for SEGR application can be found in (Herraiz 2016).

3.3.1Equilibrium Model
The process of the regenerative adsorption CO2 transfer wheel can be described as a
continuous adsorption/desorption cycle and the design is illustrated in Figure 3-8.
CO2 is adsorbed when the flue gas enters into contact with the solid material located
in a rotor operating at low rotational velocity in the adsorption section, and then gets
desorbed into an ambient air stream under counter current flow condition to the flue
gas stream in the desorption section. This replicates in size large scale regenerative
rotary gas/gas heat exchangers used in pulverised coal boilers.

Figure 3-8:

Schematic diagram of a rotary adsorbent for selective CO2 transfer (Herraiz
2016)

This design is then transferred by Herraiz (Herraiz 2016; Herraiz et al. 2019) into a
process model based on mass transfer and thermal equilibrium performance, using
gPROMS Model Builder (PSE Enterprise 2016b), which enables to investigate the
adsorption process and solid properties. To do so, the wheel design is discretized into
NH x Nτ equilibrium stages, using finite difference method, as illustrated in Figure
3-9(a). Nτ is the number of stages in rotational direction, whereas NH represents the
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number of stages in longitudinal or height direction. For simplification of the process
simulation, it is assumed that stream variables and flue gas, air and solid properties
are constant along the radial direction, so that the system can be transferred into a
two dimensional mathematical cell model, as depicted in Figure 3-9(b). The relative
flow condition of gas and solid adsorbent in the rotor is cross-flow. (Herraiz et al.
2019)
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Figure 3-9:

Performance model of the rotary adsorber showing (a) the division of the
equilibrium model into cells, (b) the cross-flow arrangement, (c) the
equilibrium stages, and (d) the operation lines and the equilibrium
curve. (Herraiz et al. 2019)
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For each cell/ stage it is assumed that thermal and mass transfer equilibrium is
achieved. Consequently, the adsorption equilibrium isotherm, the Langmuir isotherm
in this case, correlates the partial pressure of CO2 in the flue gas with the adsorbed
amount of CO2 for each cell at its corresponding temperature. This is shown
representatively in Figure 3-9(d) for the four cells depicted in Figure 3-9(c). The partial
pressure of CO2 in gas phase and the adsorbed amount of CO2 in solid phase entering
and leaving each equilibrium stage are connected via red and orange operation lines
in Figure 3-9(d). The green and grey dashed lines connect two consecutive
equilibrium stages. (Herraiz et al. 2019)

A set of partial differential equations is used to describe the mass and energy
balances in the rotary adsorber. The mass balance for each component k is given by
Equation (3.16) and can as well be written in terms of the molar flow rate of the
component k, Equation (3.17). The energy balance is given by Equation (3.18) and
again can be written in terms of the molar flow rate of the component k, Equation
(3.19). Axial dispersion is neglected and steady state and equal affinity of the
adsorbent to CO2 and N2 is assumed. (Herraiz et al. 2019)
𝜕(𝑢𝑔 ∙𝐶k )
𝜕𝑥
1
𝐴𝑐

𝐶𝑡 ∙

𝜕(𝑢𝑔 ∙ℎ𝑔 )
𝜕𝑥

= (1 − 𝜀𝑏 ) ∙ 𝜌𝑝 ∙ 𝐶𝑠 ∙
𝑛̇ 𝐺 ∙

𝜕ℎ𝑔
𝜕𝑥

= −(1 − 𝜀𝑏 ) ∙ 𝜌𝑝 ∙
∙

𝜕(𝑛̇ k )
𝜕𝑥

𝜕𝑇𝑠
𝜕𝜏

𝑚𝑠

=𝐴

𝑐 ∙𝐻

∙

𝜕𝑞̅k

(3.16)

𝜕𝜏

𝜕𝑞̅k

(3.17)

𝜕𝜏

+ (1 − 𝜀𝑏 ) ∙ 𝜌𝑝 ∑𝐶𝑘=1(−∆𝐻𝑎𝑑𝑠 𝑘 ) ∙

+ ∑𝐶𝑘=1(∆𝐻𝑎𝑑𝑠 𝑘 ) ∙

𝜕(𝑛̇ 𝑘 )
𝜕𝑥

=

Where:
𝐶k : concentration of the k component
𝑢𝑔 : superficial velocity
𝑞̅k : average amount adsorbed of the k component
𝜀𝑏 : bed void fraction
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(3.19)
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𝜌𝑝 : particle density
𝜕𝑥 : change in longitudinal direction
𝜕𝜏 : change in rotational direction
𝑛̇ k : molar flow rate of the k component
𝑚𝑠 : total mass of solid
𝐶𝑡 : total gas phase concentration
ℎ𝑔 : molar enthalpy of the gas
𝐶𝑠 : solid specific heat
𝑇𝑠 : temperature of the solid
(-∆𝐻𝑎𝑑𝑠 𝑘 ) : heat of adsorption of component k
𝐴𝑐 : cross sectional area
H : height of the structured adsorbent

Thermal and mass transfer equilibrium conditions for each cell are given by Equation
(3.20) and (3.21). Gas/air and adsorbent will leave correspondent stage (i,j) at the
same temperature. The adsorption equilibrium isotherm correlates the partial
pressure of the adsorbate (𝑃k∗ ), with the adsorbed amount of component k on the
adsorbent (𝑞k∗ ). (Herraiz et al. 2019)
𝑇𝑔 (I,j) = 𝑇 𝑠 (I,j)

(3.20)

𝑞k∗ (I,j) = 𝑓 (𝑃k∗ (I,j) , 𝑇𝑔 (I,j) )

(3.21)

3.3.2 Sensitivity Analysis
This section presents the sensitivity analysis conducted by Herraiz and co-workers
(Herraiz et al. 2019). For more details into the assessment and the performance of
the conceptual design, estimating the amount of solid material, sizing the wheel rotor
and evaluating the number of rotary devices for a CCGT plant, please refer to (Herraiz
2016).
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The sensitivity analysis is performed on the following properties of the solid
adsorbent:
•

Its saturation capacity 𝑞𝑠 .

•

Its equilibrium constant 𝐾𝐿 .

•

Its enthalpy of adsorption (−∆𝐻𝑎𝑑𝑠 ) .

Air inlet temperature and flue gas inlet temperature are evaluated in a second step.

The governing equation for the solid properties in the conceptual equilibrium model
is the extended Langmuir adsorption isotherm (Equation (3.2)), as described in
Section 3.1.2. The dependence of the equilibrium constant 𝐾𝐿 on the enthalpy of
adsorption and the pre-exponential factor is given by the Van’t Hoff equation
(Equation (3.3)), repeated below for convenience.

𝐾𝐿, 𝑘 = 𝐾𝐿0, 𝑘 𝑒𝑥𝑝 (

−∆𝐻𝑎𝑑𝑠,𝑘
)
𝑅𝑇

𝑘 = 𝐶𝑂2 , 𝑁2 , 𝑂2

To evaluate the effect of both solid properties and operating conditions, the term
working cycle capacity needs to be introduced. The working cycle capacity of the
adsorbent is defined as the difference between the adsorbed amount of CO2 at the
beginning (t = 0) and at the end of the adsorption cycle (t = tadsorption), with 𝑁𝐿 is the
number of stages in the longitudinal direction of the wheel, as shown in Equation
(3.22).
𝑁𝐿
𝑁𝐿
Working cycle capacity = ∑j=1
𝑞𝐶𝑂2,t=t𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 − ∑j=1
𝑞𝐶𝑂2,t=0 ; for j = 1 … 𝑁𝐿

(3.22)

It is the amount of CO2 taken up by the solid adsorbent per mass unit during one
adsorption cycle of the wheel. The time tadsorption is depending on how the whole
wheel is divided between the area for adsorption and the area for desorption and the
rotational speed. It can be either divided equally, or, if either the adsorption or
desorption process is time limiting, it can be optimized proportionally. Herraiz and
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co-workers (Herraiz 2016; Herraiz et al. 2019) assume for the conceptual design an
equal division between the adsorption and desorption part of the wheel, leading to
tadsorption being half the total rotational time (tadsorption = t1/2).

Sensitivity analysis of solid properties
Herraiz and co-workers (Herraiz et al. 2019) showed that increasing the adsorbed
saturation capacity leads to a reduction of mass of solid necessary to achieve a
selective CO2 transfer efficiency of 97% for the configuration of SEGR in parallel. This
is shown in Figure 3-10 for the activated carbon under consideration. Increasing the
saturation capacity around 1 mol/kg leads to a reduction in adsorbent inventory of
42 tonnes. This trend continues up to an adsorbent saturation capacity of 8 mol/kg,
which leads to a corresponding reduction in adsorbent mass of 40%. However, due
to the asymptotic behaviour beyond 10 mol/kg, a further increase of the saturation
capacity of 1 mol/kg results in a marginal reduction of adsorbent mass requirement
of less than 5%.
30

Activated carbon (Dantas et al. 2011)
qs = 3.084 mol/kg
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Figure 3-10:

Sensitivity of adsorbent mass and working cycle capacity to the adsorbed
saturation capacity. Configuration parallel SEGR at 70% recirculation ratio,
97% selective CO2 transfer efficiency and 96% post-combustion CO2 capture
efficiency (Herraiz et al. 2019)
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The effect of equilibrium constant on the adsorbent mass is studied by varying the
enthalpy of adsorption and the pre-exponential factor across ranges typical of
activated carbon materials. Herraiz and co-worker (Herraiz et al. 2019) performed
this study for three adsorbed saturation capacities of 3, 6.2 and 12.3 mol/kg and the
results are presented in Figure 3-11. They concluded that, for a given saturation
capacity, there is a combination of enthalpy of adsorption and pre-exponential factor
of the equilibrium constant resulting in a minimum mass of adsorbent. Although large
pre-exponential factor and large enthalpy of adsorption indicate that CO2 adsorption
is favourable, they are detrimental to desorption in ambient air. This reduces the
working cycling capacity of the adsorbent and therefore increase the mass of
adsorbent for a given CO2 transfer efficiency. In contrary small CO2 adsorption
equilibrium constants are detrimental for the CO2 adsorption, by increasing the
adsorbent mass requirement. Typical heat of adsorption values of activated carbon
are currently in the range of 17 to 22 kJ/mol (Abanades et al. 2015). This analysis
indicate however, that an adsorbent material with a saturation capacity of 3 mol/kg,
an enthalpy of adsorption in the range of 24 to 28 kJ/mol and a pre-exponential
factors in the range of 2·10-6 to 9·10-6 kPa-1, would reduce the adsorbent amount
requirement to under 200 kg, and therefore nearly halve the required mass. (Herraiz
et al. 2019)
Herraiz and co-workers (Herraiz 2016; Herraiz et al. 2019) only assess the effect of
the adsorption parameters with respect to CO2. However, to improve the adsorption
process in general it is also important to have advantageous properties with regard
to N2 and O2, e.g. selectivity and non-competing adsorption to CO2.
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Adsorbent mass (t)

(a) Saturation capacity, qs = 3.084 mol /kg
 Activated carbon (Dantas et al. 2011)
(-Hads)= 21.98 kJ/mol CO2
qs = 3.08 mol/kg
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Figure 3-11:
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(c) Saturation capacity, qs = 12.336 mol/ kg
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Sensitivity of adsorbent mass to the enthalpy of adsorption and the preexponential factor of the equilibrium constant, for a adsorbed saturated
capacity of (a) qs= 3.08 mol/kg, (b) qs= 6.17 mol/kg, (c) qs= 12.34 mol/kg.
Configuration: SEGR in parallel at 70% recirculation ratio, 97% selective CO2
transfer efficiency. (Herraiz et al. 2019)
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Sensitivity analysis of operating conditions
It is possible to increase the temperature of the air inlet stream used for desorption
by using available sensible heat from the HRSG. Herraiz and co-workers (Herraiz et al.
2019) predict that a 10 ºC increase in the air temperature results in an marginal
increase of adsorbent mass of approximately 5.5 tonnes, as shown in Figure 3-12(a).
Although a higher temperature is favourable for the desorption process, the cooling
capacity of the air stream decreases, and therefore the adsorbent enters the
adsorption section at a higher temperature resulting in a lower CO2 adsorption, as
shown in Figure 3-12(b). That results in a lower working cycle capacity of the
adsorbent. However, the tendency towards higher adsorbent mass requirements are
marginal when put into the context of total mass requirement and amount to 1.5%
adsorbent mass increase.
In addition (Herraiz et al. 2019) points out that the higher air inlet temperature
increases the CO2-enriched air outlet temperature over the investigated range by 2
ºC, derating the gas turbine by 2 MW. However, this corresponds to a 0.25% change
of absolute change in power output to the relative net power output.
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Figure 3-12:

Effect of the air inlet temperature on (a) the adsorbent mass and the working
cycle capacity and (b) on the CO2-enriched air and the solid temperatures.
Configuration: SEGR in parallel at 70% recirculation ratio (Herraiz et al. 2019)

The flue gas inlet temperature can be controlled by a cooling system, since low
temperatures are thermodynamically favourable to increase CO2 adsorption. Yet, the
lowest achievable temperature is, in practice, limited by the type of cooling system
and the temperature of cooling water or air available.
However, the main impact is not on the reduction of amount of adsorbent, which is
rather marginal, as illustrated in Figure 3-13, but on maintaining the lowest
temperature possible for the CO2-enriched air entering the gas turbine compressor.
It depends on achieving a as low as possible CO2-enriched air outlet temperature of
the rotary wheel. This is necessary since the inlet air temperature has an impact on
the density of the working fluid. With increasing temperature, the density of the air
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increases and more work is required to compress the warmer inlet air. (Herraiz et al.
2019)
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Figure 3-13:

Effect of the flue gas inlet temperature on (a) the air and flue gas outlet
temperatures and (b) the adsorbent mass and the working cycle capacity.
Configuration: parallel SEGR at 70% recirculation ratio (Herraiz et al. 2019)

3.3.3 Knowledge Gaps
The conceptual design assessment done by Herraiz and co-worker (Herraiz et al.
2019) shows that the use of structured adsorbents in a rotary adsorber is technically
feasible for selectively transferring CO2 from a flue gas stream into an ambient air
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stream fed to the gas turbine compressor. Nevertheless, the sensitivity analysis of
key adsorbent properties indicates that a development of new materials is required
to minimise the amount of solid required and, ultimately, the size and number of
rotary wheels within practical limits. (Herraiz et al. 2019)

Some important questions remain unanswered.

The effect of water:

• How does a water concentration in the flue gas for a range of up to 10 vol%
affect the adsorption on activated carbons?
The effect of flue gas conditions on the adsorbent:

• How do adsorbents behave under expected flue gas conditions for SEGR? Do
other flue gas components such as N2 or O2 change the adsorption behaviour,
and if so how?
Regeneration with air:

• Is the assumption of regeneration with ambient air possible? Is the partial
pressure difference of CO2 on the adsorbent and in ambient air enough as a
driving force to regenerate the adsorbent?
The effect of mass transfer resistance:

• Will the kinetics of the adsorption process be a dominant resistance for the
system? Which process variables could be limiting mass transfer?
The effect of heat resistance:

• Which is the influence of heat transfer in contrast to the thermal equilibrium
assumption in the conceptual design?
Verification:

• Can data from isothermal fixed-bed tubular reactor tests – an experimental
method of characterising adsorbents - be used to verify the rotary CO2 transfer
wheel model?
Process optimisation:
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• How do equilibrium and kinetic parameters, and other properties, feed back
into process simulations of large scale selective CO2 transfer rotary adsorption
systems?

The systematic approach to answer these questions is listed in Table 3-2.
Table 3-2:

Remaining knowledge gaps in the development of regenerative rotary wheel
devices for SEGR application

Knowledge gap
Effect of water content on the
adsorption

Method
Experimental observation; testing how
water changes mass transfer
characteristics
Experimental observation; testing how
desorption with air changes the mass
transfer characteristics of following
adsorption processes
Experimental observation and
expansion of the conceptual equilibrium
model with mass transfer resistance
Expansion of the conceptual equilibrium
model with heat transfer resistance

Desorption with ambient air

Effect of the kinetics of adsorption

Effect of heat transfer resistance
Identifying limiting parameters

Expansion of the conceptual equilibrium
model to include kinetics, rotational
speed, partition of the cross sectional
area of the wheel, height to diameter
dependency of the adsorption
Experimental observation; using those
experiments to verify the extended
model simulations
Process model of the integrated system
for a new build CCGT; process model of
the integrated system for a retrofitted
CCGT

Verification

Feedback loop
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3.4 Methodology
3.4.1 Experimental Methodology
The methodology relies on experiments conducted by the author, using the facilities
of the University of Saskatchewan, Canada, research group Bioenergy and
Environmentally Friendly Chemical Processing of Prof. Ajay Dalai. It uses an activated
carbon developed by Shahkarami in 2015 (Shahkarami 2017; Shahkarami, Dalai, et al.
2015; Shahkarami, Azargohar, et al. 2015) at the University of Saskatchewan.
The material chosen in this work is used to prove the concept of the regenerative
rotary wheel. However, in general any ideal adsorbent materials should present: a
large capacity for CO2 adsorption for a CO2 partial pressure ranging from 0.04 to 0.2
bar, and good selectivity of CO2 over nitrogen and oxygen, but moderate affinity for
CO2, allowing CO2 desorption into air, low sensitivity to moisture for water
concentrations up to 10 vol%, and large availability at relatively low cost.
The activated carbon is chosen based on two points. First, as an activated carbon it
presented a less likelihood, in contrast to MOFs and zeolites, to be affected by the
water vapour content in the feed gas, simulating the flue gas conditions expected in
CCGTs with SEGR. And second, the reported equilibrium properties (Shahkarami
2017) match a predicted reduction in needed adsorbent mass provided by the
sensitivity analysis of Herraiz equilibrium model (Herraiz et al. 2019) presented in
Section 3.3.2 Figure 3-11 (c). Its equilibrium properties are presented in Table 3-6
next to its kinetic parameters. With a saturation capacity of 10.82 mol/kg, a
pre-exponential equilibrium constant of 7.30E-06 1/kPA and an enthalpy of
adsorption of 17.44 kJ/mol the equilibrium model predicts a reduction of adsorbent
mass requirement of nearly 50% for all by (Herraiz et al. 2019) studied SEGR
configurations in comparison with the previous studied commercially available
activated carbon (Dantas et al. 2011). The comparison for the adsorbent mass
requirement of the equilibrium model for both activated carbons (AC), the
commercially available AC and the novel AC, later referred to as KOH activated
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carbon, for different SEGR configuration studied by (Herraiz et al. 2019) is presented
in Table 3-3.
Table 3-3:

Comparison of the adsorbent mass requirement of the equilibrium model
for two activated carbons for the SEGR configurations proposed by (Herraiz
et al. 2019)

Configuration

S-EGR Parallel
97/96

S-EGR Series 95/31

S-EGR Series 90/48

70

N/A

N/A

97

95

90

96

31

48

SEGR ratio
[%]
Selective CO2
transfer
efficiency/
recovery rate
[%]
PCC
efficiency/
capture rate
[%]
Solid
Mass x 1000
[kg]
Volume [m3]

Commercial Novel Commercial Novel Commercial Novel
AC
AC
AC
AC
AC
AC
326

161

959

461

388

194

287

170

843

484

341

204

Carbon activation method
The activated carbon is generated out of whitewood carbonized through fast
pyrolysis and activated with the activating agent potassium hydroxide KOH. The
carbonization eliminates most non-carbon elements and is carried out at high
temperature and inert atmosphere. The resulting product is a char with porous
structure and therefore a large internal surface area. (Shahkarami 2017)
The detailed steps of the activation of the char used as activated carbon in the
breakthrough adsorption experiments can be seen in Table 3-4.
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Table 3-4:

Activation of the biochar by Shahkarami (Shahkarami 2017)

Step
Procedure
1
Sieving of biochar (150-355 μm).
2
Impregnation with KOH in 100 ml of water
with biochar to KOH mass ratio of 0.81 on a
dry basis and mixing at room temperature for
15 h.
3
Drying of the mixture in an oven at 110 °C for
15 h.
4
Loading sample into a tubular reactor under a
nitrogen flow of 240 SmL/min and heated to
300 °C, hold temperature for 1 h.
5
Increasing temperature of the reactor to 775
°C with a heating rate of 3 °C/min and hold
this temperature for 2 h.
6
Cooling sample down to room temperature.
7
Washing sample with hot water, followed by
0.1M HCl, and distilled water.
8
Drying sample in an oven overnight at 110 °C.
9
Sieving activated carbon (150-355 μm).
Characterization of the adsorbent and the adsorption bed
Table 3-5 provides the characteristic physical properties of the activated carbon
obtained experimentally and the properties of the fixed-bed.
Table 3-6 shows the parameters of the adsorption equilibrium, obtained through
fitting, and the kinetic parameters for adsorption on activated carbon. The
equilibrium data are taken from Shahkarami (Shahkarami 2017) for 15 mol% CO2 in
N2 adsorption on the activated carbon and are measured at different temperatures
at atmospheric pressure in the fixed bed reactor system. (Shahkarami 2017)
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Table 3-5:

Properties of the used activated carbon sample and the adsorption bed
(Shahkarami 2017)

m2/g
m3
m
m
ml/min
kg/m3
kg/m3
kg/m3
[-]
[-]
[-]
m
m

Specific surface area
Pore volume
Bed length
Bed diameter
Total flowrate
Skeletal density
Particle density
Bulk density
Bed porosity
Particle porosity
Total porosity
Mean particle radius
Mean pore radius

Table 3-6:

1461
5.80E-04
0.030
0.022
50
2111
952
435
0.543
0.549
0.794
1.10E-04
6.54E-09

Adsorption equilibrium and kinetic parameters for adsorption on activated
carbon (Shahkarami 2017)

Saturation capacity (qs)
Equilibrium constant (KL)
Enthalpy of adsorption
(-∆Hads)
Temperature
independent preexponential constant
(Dci0/rc2)
Diffusion activation
energy (Eai)

mol/kg
1/kPa
kJ/mol

10.82
7.30E-06
17.44

s-1

12.995

kJ/mol

18.05

Breakthrough CO2 adsorption setup
The breakthrough curve experiments are conducted by passing the gas mixtures
through a 25 mm fixed-bed Inconel tubular reactor, the adsorber column. A dual
channel micro-gas chromatograph (490 micro-GC, Agilent Technologies Inc., USA)
equipped with a micro-thermal conductivity detector is used for chemical analysis.
As carrier gases argon and helium are used. During the breakthrough adsorption
experiments inlet and outlet flow rates are controlled using mass flow controllers
(MFC) (5850E A/B, Brooks Instrument, USA). The water amount is controlled and
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injected by a syringe pump, injecting water in liquid form into the dry N2 flow stream.
It is made sure that all the water is evaporated before the combined stream of N2
and H20 reaches the adsorber column. The temperature is monitored by K-type
thermocouples inside the column and controlled by heating tape around the tubular
reactor connected to a Eurotherm temperature controller (2416, Eurotherm, USA).
All the breakthrough experiments are repeated twice, and the average values are
reported. The schematics of the experimental set-up is shown in Figure 3-14. The GC
is calibrated using mixtures of known composition. The calibration curves of the MFCs
are provided in Appendix A, the measurement accuracies and the uncertainty
methodology are provided in Appendix B.

Figure 3-14:

Schematic of the measurement set-up for dynamic adsorption measurement

An activated carbon amount of 5.0 g is loaded into the adsorber and pre-heated at
160 °C for 2 h under N2 prior to the adsorption experiments to desorb any previous
adsorbed gases. Then, the system is cooled down to 30 °C, before the experimental
feed gas composition is switched on and passed through the reactor. The total feed
flow rate is kept constant at 50 mL/min and passed through the fixed-bed until
saturation is achieved, shown by the outlet concentration of CO2 reaching the inlet
concentration of CO2. Afterwards the saturated adsorbent is regenerated by
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switching from the experimental feed gas composition to pure N2 flow and the
temperature is raised again to 160 °C for 2 h. Only for the desorption test with air this
regeneration step between the adsorption breakthrough experiments is skipped and
replaced by regeneration with air under ambient condition.

Description of conducted measurements
In this section the adsorption curve measurements for different flow conditions are
reported. The feed flow compositions are listed in Table 3-7. Parallel SEGR (97/96)
(70%RR) refers to a CCGT flow composition of a SEGR in parallel configuration with a
selective CO2 transfer efficiency of 97%, a PCC efficiency of 96% and a recirculation
ratio of 70%. Series SEGR (95/31) refers to CCGT flow composition of a SEGR in series
configuration with a selective CO2 transfer efficiency of 95% and a PCC efficiency of
31%, respectively. The molar amount of Ar [mol%] of both configurations is added
proportionally to the molar amount of N2, since, due to Ar being one of the carrier
gases in the dual channel micro-GC, the adsorption behaviour of Ar would not be able
to be detected. For the flow compositions CO2/N2 and CO2/N2/O2, the CO2 and O2
concentration are chosen to be the same as in the case Parallel SEGR (97/96)
(70%RR). These compositions are chosen so that a conclusion on their competing
adsorption behaviour on the tested activated carbon can be drawn. For each of these
compositions two repeated breakthrough adsorption tests were carried out at
different temperatures. The tested temperatures were chosen in a range of possible
occurring temperatures of CCGT flue gases. The different temperatures which were
tested are listed in Table 3-8.

Table 3-7:

Feed flow compositions for the conducted breakthrough adsorption tests

CO2 [%mol]
14.12
14.12
14.12

CO2 / N2
CO2 / N2 / O2
Parallel SEGR
(97/96) (70%RR)
Series SEGR
12.83
(95/31)

N2 [%mol]
85.88
76.87
67.36

O2 [%mol]
9.01
9.01

H2O [%mol]
9.51

68.36

9.64

9.17
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Table 3-8:

Temperatures for the conducted breakthrough adsorption tests.

CO2 / N2
CO2 / N2 / O2
Parallel SEGR
(97/96) (70%RR)
Series SEGR
(95/31)

Temperature [◦C]
50
40
50

30
30
30
30

-

50

To understand the feasibility of regeneration of the adsorbent with air at ambient
conditions multi-cycles adsorption/desorption are carried out to then examine the
adsorption behaviour after desorption with air. Therefore, after the adsorbent is
saturated under Parallel SEGR (97/96) (70%RR) feed flow composition conditions, the
gas flow is switched from feed gas to air flow. The ratio of desorption air to flue gas
mass flow is 1.12, identical to the values reported by Herraiz (Herraiz 2016) for SEGR
(97/96) (70%RR). Corresponding desorption conditions, air mass flow and desorption
time are listed in Table 3-9. The adsorbent is subjected to three continuous
adsorption–desorption cycles and the performance for each cycle is compared.
Table 3-9:

Desorption test conditions for parallel SEGR (97/96) (70%RR)

Temperature [◦C]
Desorption time [h]
Air mass flow [mL/min]

18
1
43.29

3.4.2 Mathematical Kinetic Model
This section contains the development of a kinetic mass transfer model for CO2
adsorption of a rotating regenerative CO2 transfer wheel under real possible CCGT
flow composition of SEGR, as well as the convective heat transfer model and their
numerical solution. Figure 3-15 illustrates the process flow diagram of the rotating
regenerative CO2 transfer wheel.
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Figure 3-15:

Process flow diagram of the rotating regenerative CO2 transfer wheel

The kinetic model of the adsorption and the desorption processes is developed using
the model builder function of gCCS (PSE Enterprise 2016a). To design the CO2
separation process, the development of a mass transfer model to describe the
transport of CO2 from a gas mixture to the adsorption sites of the activated carbon
and the adsorption process onto the solid in the rotary wheel is essential. The model
can be used to understand the dynamic process, predict breakthrough curves, assess
process variables, investigate the solid kinetic properties and can be used to explore
a more detailed design, without extensive experimental work.
The system domain is discretized into NH x Nτ equilibrium stages using a finite
difference method, as shown in previous Section 3.3.1, with Nτ the number of stages
in rotational direction and NH the number of stages in longitudinal or height direction
(Figure 3-16(a)). The radial gradient of stream variables and flue gas, air and solid
properties are assumed to be constant, transferring the 3-dimensional system into a
2-dimensional mathematical cell model (Figure 3-16(b)). The relative flow condition
of gas and solid adsorbent in the rotor is assumed to be cross-flow. In each stage

88

CHAPTER 3 REGENERATIVE ROTARY CO2 TRANSFER WHEEL

steady state thermal transfer and mass transfer is achieved. The adsorption
behaviours are described by the extended Langmuir isotherm model. The
mathematical kinetic mass transfer model is based on the linear driving force model,
by which the adsorption rate is calculated. To calculate the effective mass transfer
coefficient the simplified approach by Glueckauf and Coates (Glueckauf and Coates
1947) is used, as discussed in Section 3.1.5.

The assumptions on which the kinetic model is build are summarized in Table 3-10.
Using these assumptions and simplification, the complexity of the governing
equations can be reduced to find a solution for the system of partial differential
equations describing the mass and energy balances in the rotary adsorber.

Figure 3-16:

Performance model of the rotary adsorber showing (a) the division of the
model into cells and (b) the cross-flow arrangement. (adapted from (Herraiz
2016))
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Table 3-10:

Summary of model assumptions

Assumption/ Simplification
Radial gradient of the variables and
properties are constant
2 D model
Uniform bed

Axial dispersion is neglected

No pressure drop implemented

Co-adsorption of N2, O2 and H2O is
neglected

Dominant mass transfer resistance is
the micropore resistance
Constant velocity

Rational
Simplification based on
assumption of no interaction
with the wall
Based on neglecting the radial
component
Based on equally and ideally
constructed monolithic
structure
Based on ideal plug flow, low
viscosity, and research on
dispersion in monoliths
pointing towards a control by
mass transfer resistance
Simplification at the
development stage of the
model; energy penalty of the
booster fan is calculated on
constant pressure drop
assumption
No equilibrium or kinetic
parameters are available for
the components other than
CO2
Based on the findings of
(Shahkarami 2017) for the AC
used to verify the model
Approximation based on high
velocity, no friction and steady
state assumption

Mass and energy balance
Large regenerative rotary gas/gas heat exchangers, as those designed by Howden,
are usually installed with thermal insulation and leakage sealing (see leakage
consideration under Section 3.4.3). As such the energy and mass exchange between
the wheel and environment can be assumed neglectable in most cases. This will be
also assumed for the case of large regenerative rotary CO2 transfer wheels.
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The overall mass balance for each component is given by Equation (3.23), where 𝜀𝑏
is the bed void fraction, 𝐶k is the gas phase concentration of the component k, 𝑡 is
the time, 𝜌𝑝 is the particle density, 𝑞̅k is the average amount adsorbed of the
component k, 𝑢𝑔 is the superficial velocity, x is the axial direction in which the gas is
flowing and 𝐷𝑎𝑥 axial dispersion.
𝜀𝑏

𝜕𝑐𝑘
𝜕𝑡

+ (1 − 𝜀𝑏 )𝜌𝑝

𝜕𝑞̅𝑘
𝜕𝜏

=

𝜕𝑢𝑔 𝑐𝑘
𝜕𝑥

𝜕

+ 𝜀𝑏 𝜕𝑥 (𝐷𝑎𝑥

𝜕𝑐𝑘
𝜕𝑥

)

(3.23)

The first term describes the change of concentration of component k with time, the
second term the change of average adsorbent amount of component k with the
rotational time, the third term the change of concentration of component k in axial
direction and the forth term the change of concentration of component k in axial
direction because of axial dispersion.
Assuming steady state is reached in the wheel and ideal plug flow, the first term as
well as the axial dispersion term can be neglected (Douglas M. Ruthven 1984), which
simplifies Equation (3.23) to Equation (3.24).
𝜕𝑢𝑔 𝑐𝑘
𝜕𝑥

= (1 − 𝜀𝑏 )𝜌𝑝

𝜕𝑞̅𝑘
𝜕𝜏

(3.24)

The term (1 − 𝜀𝑏 )𝜌𝑝 relates to the mass of the adsorbent and can be written as the
ratio between the solid mass 𝑚𝑠 and total volume of the bed 𝑉𝑇 , which in turn can
be written as the product of the cross sectional area 𝐴𝑐 and the height of the
structured adsorbent 𝐻 (Equation (3.25)).
(1 − 𝜀𝑏 )𝜌𝑝 =

𝑚𝑠
𝑉𝑇

𝑚𝑠

=𝐴

𝐶 ∙𝐻

(3.25)

The concentration of the component k can be expressed in terms of the molar flow
rate 𝑛𝑘̇ of component k, with 𝑉̇ being the volume flow, given by the product of cross
sectional area and superficial velocity (Equation (3.26)).
𝑐𝑘 =

𝑛𝑘̇
𝑉̇

=𝐴

𝑛𝑘̇

𝑐 ∙𝑢𝑔
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With substituting Equation (3.25) and (3.26) in Equation (3.24) we get an expression
for the molar flow rate of the component k based on the total mass of solid material
and the change in average adsorbed amount of component k, as indicated in Equation
(3.27).
𝜕𝑛̇ 𝑘
𝐴𝑐 ∙𝜕𝑥

𝑚𝑠 𝜕𝑞̅𝑘
𝑐 ∙𝐻 𝜕𝜏

=𝐴

(3.27)

With the Linear Driving Force model introduced in Section 3.1.5 in form of Equation
(3.28), where 𝑞𝑘∗ is the adsorbed phase concentration in equilibrium, calculated based
on the extended Langmuir isotherm (Equation (3.2)-(3.3)), the mass transfer system
can be solved.
𝜕𝑞̅𝑘
𝜕𝜏

=

15𝐷𝑐,𝑘
𝑟𝑐2

∙ (𝑞𝑘∗ − 𝑞̅𝑘 )

(3.28)

For the effective diffusion coefficient 𝐷𝑒𝑓𝑓 , the crystal diffusivity/ crystal diffusion
coefficient of component k 𝐷𝑐,𝑘 and the crystal radius 𝑟𝑐 is used, based on (Rodrigues
and A. 2005) approach on the Darken-type model.
Here the crystal diffusivity at any loading is a function of surface diffusion at zero
loading multiplied by the thermodynamic correction factor” (Shahkarami 2017),
which is shown in Equation (3.29).
𝑑𝑙𝑛(𝑝 )

∞
𝐷𝑐,𝑘 = 𝐷𝑐,𝑘
∙ 𝑑𝑙𝑛(𝑞𝑘)|
𝑘

𝑇

(3.29)

∞
With 𝐷𝑐,𝑘
the temperature dependent diffusivity at high temperatures of component

k. It can be understood as an activation energy for the adsorbed molecules in the
pores to reach an energetic state high enough to overcome the adsorption energy
barrier. The latter is typically expressed in the form of Equation (3.30), where 𝐷𝑐,𝑘 0
is the temperature independent pre-exponential constant of component k, 𝐸𝑎𝑖 is the
activation energy, R is the universal gas constant and 𝑇𝐺 is the gas temperature.
(Grande, Gigola, and Rodrigues 2003; Rodrigues and A. 2005; Khalighi, Farooq, and
Karimi 2012; Shahkarami 2017)
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−𝐸

∞
𝐷𝑐,𝑘
= 𝐷𝑐,𝑘 0 exp ( 𝑅∙𝑇𝑎𝑖 )

(3.30)

𝐺

The factor

𝜕𝑙𝑛(𝑝𝑘 )
𝜕𝑙𝑛(𝑞𝑘 )

can be determined for a Langmuir isotherm according Equation

(3.31), where 𝜃 is the loading of the adsorbent. 𝜃 can be expressed as a quotient of
𝑞𝑘∗ , the amount of component k adsorbed in equilibrium at a given partial pressure
and 𝑞𝑠 , the saturation capacity. (Do and Do 2001; Khalighi, Farooq, and Karimi 2012)
𝑑𝑙𝑛(𝑝𝑘 )
|
𝑑𝑙𝑛(𝑞𝑘 ) 𝑇

=

1
1−𝜃

=

1
𝑞𝑘∗
1− ⁄𝑞𝑠

(3.31)

The heat and mass transfer within the adsorbent are coupled and should be therefore
considered simultaneously when developing an adsorption model.
The energy balance without heat transfer resistance can be written as a change of
the molar enthalpy of the gas ℎ𝑔 in the axial direction x equalling the change in the
molar enthalpy due axial dispersion 𝜆𝑎𝑥 (axial dispersion coefficient), plus the change
of the temperature of the solid 𝑇𝑠 in rotational direction 𝜏, plus the released heat of
adsorption (−∆𝐻𝑎𝑑𝑠 𝑘 ) of the components adsorbed by the adsorbent, as shown in
by Equation (3.32).

𝐶𝑡 ∙

𝜕(𝑢𝑔 ∙ ℎ𝑔 )
𝜕(ℎ𝑔 )
𝜕𝑇𝑠
= 𝜀𝑏 ∙ 𝜆𝑎𝑥 ∙
+ (1 − 𝜀𝑏 ) ∙ 𝜌𝑝 ∙ 𝐶𝑝𝑠 ∙
+ (1 − 𝜀𝑏 ) ∙
𝜕𝑥
𝜕𝑥
𝜕𝜏
𝜌𝑝 ∑𝐶𝑘=1(−∆𝐻𝑎𝑑𝑠 𝑘 ) ∙

𝜕𝑞̅k

(3.32)

𝜕𝜏

With the total gas phase concentrations 𝐶𝑡 and the solid specific heat 𝐶𝑝𝑠 .
As before, neglecting the change due to axial dispersion Equation (3.32) simplifies to
Equation (3.33).
𝐶𝑡 ∙

𝜕(𝑢𝑔 ∙ℎ𝑔 )
𝜕𝑥

= (1 − 𝜀𝑏 ) ∙ 𝜌𝑝 ∙ 𝐶𝑝𝑠 ∙

𝜕𝑇𝑠
𝜕𝜏

+ (1 − 𝜀𝑏 ) ∙ 𝜌𝑝 ∑𝐶𝑘=1(−∆𝐻𝑎𝑑𝑠 𝑘 ) ∙
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The energy balance can be written in form of molar flow rate, leading to Equation
(3.34), by substituting the total gas phase concentrations 𝐶𝑡 by the molar flow of the
total gas 𝑛̇ 𝐺 , similar to Equation (3.26), implementing Equation (3.25) and (3.27) and
rearranging the equation to describe the heat transfer on the gas side as equal to the
heat transfer on the solid side, resulting in 𝑇𝐺 = 𝑇𝑠 .
𝑛̇ 𝐺 ∙

𝜕ℎ𝑔
𝜕𝑥

+ ∑𝐶𝑘=1(∆𝐻𝑎𝑑𝑠 𝑘 ) ∙

𝜕(𝑛̇ 𝑘 )
𝜕𝑥

=

𝑚𝑠 ∙𝐶𝑝𝑠
𝐻

∙

𝜕𝑇𝑠
𝜕𝜏

(3.34)

This equation is only utilised for the equilibrium model used in Section 4.2.3.
In case of a convective heat transfer resistance between the gas and solid side, the
heat transfer for the gas side is given by Equation (3.35), and for the solid side by
Equation (3.36) respectively, where ℎ𝑐𝑣 is the convective heat transfer coefficient,
𝐴𝑠 is the total surface heating area and ∆𝑇 the temperature difference between the
gas temperature 𝑇𝐺 and the solid temperature 𝑇𝑆 (Equation (3.37)).
𝑛̇ 𝐺 ∙

𝜕ℎ𝑔
𝜕𝑥

+ ∑𝐶𝑘=1(∆𝐻𝑎𝑑𝑠 𝑘 ) ∙
𝑚𝑠 ∙𝐶𝑝𝑠
𝐻

∙

𝜕𝑇𝑠
𝜕𝜏

𝜕(𝑛̇ 𝑘 )
𝜕𝑥

= ℎ𝑐𝑣 ∙ 𝐴𝑠 ∙ ∆𝑇

= ℎ𝑐𝑣 ∙ 𝐴𝑠 ∙ ∆𝑇

∆𝑇 = 𝑇𝐺 − 𝑇𝑠

(3.35)
(3.36)
(3.37)

Numerical solution
The numerical solution for this system of equation is based on discretising the system
into NH x Nτ stages (number of stages in axial direction x number of stages in
rotational direction), where ∆𝑥 represents the incremental step in axial direction
(Equation (3.38)), and ∆𝜏 the incremental step in rotational direction (Equation
(3.39)), respectively, where 𝑓𝐴𝑟𝑒𝑎 is the fraction of the wheel available for the process
and 𝜔 is the rotational/ angular speed.
∆𝑥 =
∆𝜏 =

𝐻
𝑁𝐻

60⁄ ∙ 𝑓
𝐴𝑟𝑒𝑎
𝜔
𝑁𝜏
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The number of NH as well as Nτ stages needs to be chosen high enough, to establish
a numerical independence of the discretisation. For the results in the thesis, the
number of stages in axial direction was chosen to be 20 and in rotational direction
40. The negligible impact of the chosen number of stages is shown exemplary in
Figure 3-17 for Nτ in rotational direction. It can be seen that an increase in stages in
rotational directional above 24 changes the recovery rate of the wheel by less than
0.02%. For 40 stages the change in recovery rate of the wheel is less than 0.01%.
Therefore, the choice of 40 stages in rotational direction seems sufficient enough to
evaluate the impact as negligible. The same holds true for the number of stages in
axial direction, where an increase in number of stages above 20 effects the results of
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The gas/air molar flow rate 𝐺̇ in each time increment/ rotational section can be
described by Equation (3.40) and the rate of solid adsorbent 𝑆̇ in each longitudinal
section by Equation (3.41). The cycling time of the process 𝑡cycle is dependent on the
rotational speed and the cross sectional area of the partition of the wheel available,
as shown in Equation (3.42).
𝑛̇
𝐺̇ = 𝐺

(3.40)

𝑁𝜏

𝑚 ∙𝑓
𝑆̇ = 𝑠 𝑁𝐴𝑟𝑒𝑎 ∙ 𝑡
𝐻

𝑡cycle =

60
𝜔

1

(3.41)

𝑐𝑦𝑐𝑙𝑒

∙ 𝑓𝐴𝑟𝑒𝑎

(3.42)

Based on Equation (3.38)-(3.42), the mass balance on the gas side of each component
k at each stage (i,j) is solved according to Equation (3.43). The mass balance on the
solid side is solved according to Equation (3.44).
𝜕𝑛𝑘
𝐴𝑐 ∙ 𝜕𝑥

=

𝑛̇ 𝑘 (i,j−1) −𝑛̇ 𝑘 (i,j)
𝐴𝑐 ∙ ∆𝑥

𝑚𝑠
𝐴𝑐

∙
∙𝐻

𝜕𝑞̅𝑘
𝜕𝜏

=

[𝑛̇ 𝐺 (i,j−1) ∙𝑦k (i,j−1) −𝑛̇ 𝐺(i,j) ∙𝑦k (i,j) ]∗𝑁𝜏
𝐴𝑐 ∗𝐻⁄𝑁

𝑚𝑠

=𝐴

𝑐

∙
∙𝐻

=

[𝐺̇(i,j−1) ∙𝑦k (i,j−1) −𝐺̇(i,j) ∙𝑦𝑘(𝑖,𝑗) ]
𝐴𝑐 ∙𝐻

𝐻

[𝑞𝑘(𝑖,𝑗) −𝑞𝑘(𝑖−1,𝑗) ]
60⁄ ∙ 𝑓
𝜔 𝐴𝑟𝑒𝑎
𝑁𝜏

𝑁

∙ 𝑁𝐻 = 𝑓
𝐻

𝑆̇
𝐴𝑟𝑒𝑎

∙

[𝑞𝑘(𝑖,𝑗) −𝑞𝑘(𝑖−1,𝑗) ]
𝐴𝑐 ∙𝐻

∙ 𝑁𝜏 ∙ 𝑁𝐻

(3.43)

∙ 𝑁𝜏 ∙ 𝑁𝐻

(3.44)

With:
k = 1 … C (no. of components);
j = 1 … 𝑁𝐻 (no. of stages in axial direction);
i = 1 … 𝑁𝜏 (no. of stages in rotational time direction);
𝑦k : molar fraction of component k

Combining Equation (3.43) and (3.44) into an overall mass balance leads to the
expression of 𝑛̇ k adsorbed as the molar flow rate of adsorbed amount of component
k. It is expressed as the transfer of mass from the gas side onto the solid for each cell
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of the adsorption process, and as a transfer of mass from the solid into the air stream
for the desorption process (Equation (3.45)).
𝐺̇(i,j−1) ∙ 𝑦k (i,j−1) − 𝐺̇(i,j) ∙ 𝑦k (i,j) = 𝑓

𝑆̇
𝐴𝑟𝑒𝑎

∙ (𝑞k (i,j) − 𝑞k (i−1, j) ) = 𝑛̇ k adsorbed(i,j)

(3.45)

Applying the same discretisation into the NH x Nτ stages to the Linear Driving Force
model Equations (3.28) – (3.30) leads to Equations (3.46) – (3.48), which are the last
equations needed to solve the set of equations for the mass balance.
𝜕𝑞̅𝑘
𝜕𝜏

=

[𝑞𝑘(𝑖,𝑗) − 𝑞𝑘(𝑖−1,𝑗) ]
60⁄ ∗ 𝑓
𝜔
𝐴𝑟𝑒𝑎
𝑁𝜏

=

15𝐷𝑐,𝑘(𝑖,𝑗)
𝑟𝑐2

∞
𝐷𝑐,𝑘(𝑖,𝑗) = 𝐷𝑐,𝑘(𝑖,𝑗)
∙

∗
∙ (𝑞𝑘(𝑖,𝑗)
− 𝑞̅𝑘(𝑖,𝑗) )

1
∗
𝑞𝑘(𝑖,𝑗)
⁄
1−
𝑞𝑠
−𝐸𝑎𝑖

∞
𝐷𝑐,𝑘(𝑖,𝑗)
= 𝐷𝑐,𝑘 0 exp (𝑅∙𝑇

𝐺(𝑖,𝑗)

(3.46)

(3.47)

)

(3.48)

Applying the same principle to the energy balance leads to Equation (3.49) for the
case of no heat transfer resistance.
𝐺̇(i,j−1) ∙ ℎ𝑔 (𝑇(i,j−1) ) − 𝐺̇(i,j) ∙ ℎ𝑔 (𝑇(i,j) ) + ∑

𝐶
𝑘=1

∆𝐻𝑎𝑑𝑠

k

∙ 𝑛̇ k adsorbed(i,j)

(3.49)

= 𝑆̇ ∙ 𝐶𝑝𝑠 ∙ (𝑇𝑠(i,j) − 𝑇𝑠(i−1,j) )
In the case of convective heat transfer, the resistance to heat transfer of Equation
(3.35) and (3.36) can be expressed in form of Equation (3.50) and (3.51).
𝐺̇(i,j−1) ∙ ℎ𝑔 (𝑇(i,j−1) ) − 𝐺̇(i,j) ∙ ℎ𝑔 (𝑇(i,j) ) + ∑
= ℎ𝑐𝑣(𝑖,𝑗)
𝑆̇ ∙ 𝐶𝑝𝑠 ∙ (𝑇𝑠

𝐶
𝑘=1

∆𝐻𝑎𝑑𝑠

k

∙ 𝑛̇ k adsorbed(i,j)

(3.50)

𝐴𝑠
∙ ∆𝑇(𝑖,𝑗)
N𝐻 ∙ Nτ
(I,j)

− 𝑇𝑠

(i−1,j) )

= ℎ𝑐𝑣(𝑖,𝑗) N

Boundary and Auxiliary conditions
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𝐴𝑠
𝐻

∙ Nτ

∙ ∆𝑇(𝑖,𝑗)

(3.51)
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In order to close the partial difference equations boundary conditions, inlet
conditions and adsorption equilibrium correlations are necessary.

Thermal and mass transfer equilibrium conditions:
For a system without resistance to heat transfer Equation (3.52) is applied to each
cell. Gas/air and adsorbent solid leave correspondent stage (i,j) at the same
temperature. If the system shows a resistance to heat transfer Equation (3.53) needs
to be applied instead.
Equation (3.54) is the adsorption equilibrium isotherm and correlates the partial
pressure of the adsorbate (𝑃k∗ ), with the adsorbed amount of component k on the
adsorbent (𝑞k∗ ).
𝑇𝑔 (I,j) = 𝑇 𝑠 (I,j)

(3.52)

∆𝑇(𝑖,𝑗) = 𝑇𝑔(𝑖,𝑗) − 𝑇𝑠(𝑖,𝑗)

(3.53)

𝑞k∗ (i,j) = 𝑓 (𝑃k∗ (i,j) 𝑇𝑔 (i,j) )

(3.54)

Inlet conditions:
Considering the counter-current flow arrangement of the inlet streams flue gas and
air, the inlet mass flow rate, composition, temperature and pressure for the flue gas
are defined at the top of the wheel (𝑗 = 𝑁𝐻 ) and for the air at the bottom of the
wheel (𝑗 = 0), as shown in Equations, (3.55) - (3.57).

Gas (adsorption)

Air (desorption)

𝐺̇(i,𝑁𝐿 ) = 𝐺̇IN ⁄𝑆

𝐺̇(i,0) = 𝐴̇IN ⁄𝑆

(3.55)

𝑦k (i,𝑁𝐿) = 𝑦k flue gas,

IN

𝑦k (i,0) = 𝑦k air,

IN

(3.56)

𝑇g,

IN

𝑇g,

IN

(3.57)

(i,𝑁𝐿 )

= 𝑇flue gas,
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Boundary conditions:
Due to the continuity of the closed cycle between adsorption and desorption, the
adsorbed amount of CO2 and the solid temperature is given at the boundaries
between those two processes, i.e. i = 0 and i = 𝑁𝜏 , by Equations (3.58) - (3.61).
[𝑞k (0,j) ]

Adsorption

= [𝑞k (𝑁𝜏,

𝑁𝐿 −j) ]Desorption

(3.58)

[𝑇𝑠 (0,j) ]

Adsorption

= [𝑇𝑠 (𝑁𝜏,

𝑁𝐿 −j) ]Desorption

(3.59)

[𝑞k (0,

𝑁𝐿 −j) ]Desorption

= [𝑞k (𝑁𝜏,j) ]

(3.60)

[𝑇𝑠 (0,

𝑁𝐿 −j) ]Desorption

= [𝑇𝑠 (𝑁𝜏,j) ]

(3.61)

Adsorption

Adsorption

3.4.3 Design Consideration of the Rotary Wheel
Structural considerations
To determine the number of wheels (𝑛wheel ), the exact distribution of the solid needs
to be considered, once material properties are considered.
Two different structures need to be taken into account: The rotary wheel structure,
including its internal supporting structure and the structure of the adsorbent in the
wheel.
By knowing 𝑉wheel , the volume available for the solid in the wheel, and 𝑉bed , the
volume taken up by the solid, the numbers of wheels can the calculated according to
Equation (3.62).
𝑛wheel = 𝑉bed ⁄𝑉wheel

(3.62)

The volume of the bed can be determined using the volume of the solid 𝑉s , and the
bulk void fraction 𝜀bulk of the structured adsorbent (Equation (3.63) - (3.65)), where
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𝑚s is the mass of the solid adsorbent, 𝜌s is the density of the solid, 𝜀p is the porosity
of the particle and 𝜌p is the density of particle. The bulk void fraction is a ration of the
void volume 𝑉void , which is the empty space in the rotor, and the total volume 𝑉total ,
which equals in the case of the rotary adsorbent the volume available for the solid in
the wheel.
𝑉

𝑉bed = (1−𝜀 s

bulk )

𝑉s = 𝜌

𝑚s

𝑚

s (1−𝜀p )

𝑉

= 𝜌s
p

𝑉

𝜀bulk = 𝑉 void = 𝑉 void
total

wheel

(3.63)
(3.64)
(3.65)

The void volume is evaluated by taking the structure of the adsorbent into account.
A honeycomb-monolithic structured adsorbent is proposed to reduce pressure drop
(Fateme Rezaei and Webley 2009). It consists of a large number of parallel channels
providing high contact efficiencies and is characterised by a high void fraction.
Parameters defining the structure are the wall thickness 𝑑𝑤𝑎𝑙𝑙 and the pitch 𝑝, which
is defined as the length from the centre of the honeycomb to the wall of the
honeycomb including the wall thickness, as shown in the plan view of a honeycomb
structure in Figure 3-18.
Honeycomb structures are used in Selective Catalytic Reduction (SCR) systems. In
these systems nitrogen oxides present in atmospheric pressure combustion gases are
removed. In such NOx reduction systems, the gases containing NOx are pushed
through a monolithic structured catalyst to reduce NOx to N2 and H2O. The
difference between monoliths for adsorption and catalytic reaction is based on the
need for high adsorption capacity for adsorption technologies. Therefore, the
monolithic structure for adsorption processes is mainly based on entirely adsorbent
material, while monoliths for SCR processes normally consist of a coating of the active
catalyst on a monolithic matrix. For both technologies the optimal value of wall
thickness and pitch length are generally a trade-off between maximising surface area
and minimising pressure drop and avoiding obstruction by particular matter
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presented in the treated flue gas. For optimal mass transfer in monolithic adsorbents,
the pitch and the wall thickness should be as small as possible. This leads to higher
cell densities, higher surface areas and hence solid loading. However, small pitch and
wall thickness have been reported to lead to higher manufacturing costs due to its
complexity. (F. Rezaei and Webley 2010)
Typical values reported for wall thickness and pitch length in monolithic structures
for SCR technologies are between 1-3 mm and 3-5 mm, respectively (United States
Environmental Protection Agency 2002). Similar values are used in this thesis to
evaluate the void volume of structured adsorbent in the rotary wheel.

Figure 3-18:

Plan view of a honeycomb structure

The void volume consists of the free space of the whole honeycomb structure and is
therefore the volume of the empty space of one honeycomb 𝑉hc multiplied by the
amount of honeycombs 𝑛hc that fit in the given rotor area (Equation (3.66) - (3.68)).
𝑉void = 𝑉hc ∙ 𝑛hc

(3.66)

𝑉hc = 𝐴hc ∙ 𝐻wheel

(3.67)
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𝑛ℎ𝑐 = 𝐴𝑤ℎ𝑒𝑒𝑙 ⁄𝐴hcwall

(3.68)

With 𝐻wheel the height of the wheel, 𝐴hc the cross section area of the empty space
of one honeycomb, 𝐴hcwall the cross section area of one honeycomb including half of
the surrounding wall and 𝐴𝑤ℎ𝑒𝑒𝑙 , as given in Equation (3.72), the cross section area
of the rotor. The surface of the empty space of one honeycomb can be calculated
based on the geometry of the honeycomb structure, which consists of the surface of
six equilateral triangles and leads to Equation (3.69).
𝐴hc = 3 ∙ 2⁄ ∙ ℎhc 2
√3

(3.69)

With the height of the equilateral triangle ℎhc being the difference between pitch and
wall thickness. 𝐴hcwall can be calculated accordingly (Equation (3.70)).
𝐴hcwall = 3 ∙

2
√3

∙ (ℎhc +

𝑑𝑤𝑎𝑙𝑙 2
2

)

(3.70)

The volume in the wheel available for the solid is defined by Equation (3.71), where
𝐷wheel is the diameter of the rotor, 𝐻wheel is the height of the rotor, and 𝑓𝐻𝑜𝑤𝑑𝑒𝑛 is
an effective cross section factor. A value of 0.89 is used, based on the available space
for heat exchanger plates in Howden’s commercially available large rotary gas/gas
heat exchangers. (Hogg 2016)
𝜋

𝑉wheel = 4 ∙ 𝐷wheel 2 ∙ 𝐻wheel ∙ 𝑓𝐻𝑜𝑤𝑑𝑒𝑛
𝜋

𝐴wheel = 4 ∙ 𝐷wheel 2 ∙ 𝑓𝐻𝑜𝑤𝑑𝑒𝑛

(3.71)
(3.72)

The largest heater size within the standard range designed by Howden is 24 m
diameter and about 2 m height, with a rotating weight of 1,360 tonnes.
Taking into account that the largest standard bearing can support around 2,000
tonnes rotating weight, and taking into account the lower density of CO2 adsorbent
material (~1000-1200 kg/m3) compared to steel (~8000 kg/m3) typically used for
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heat transfer applications, leaves potentially scope to supply larger heater diameters
in the future. Limitation would be unlikely caused by the bearing, but would be given
by balancing the gas mass flow and gas velocity against the pressure differentials
through the rotor and the resulting pressure loss over the rotor. From a practical
point of view, a rotor larger than 30 m diameter would not be reasonable. (Hogg
2018)

One important consideration in the manufacturing of the monolithic structured
adsorbent is their structural integrity, and the practicality and feasibility to
manufacture such monolithic structures.
Designing the monolithic adsorbent as one large unit is not practical or feasible.
However, it would be possible to replicate the design of rotary gas/gas heat where
series of baskets, with a maximum weight of approximately 1000 kg, containing the
metal heating elements are used. These baskets would additionally provide
protection to the adsorbent structure.
There are different ways to manufacture such monoliths. It is common practice to
create a monolith consisting entirely of active adsorbent by extruding, which directly
delivers the desired geometry. This is done for several carbon monoliths. (Lim et al.
2010; Moreno-Castilla and Pérez-Cadenas 2010; Betancur Arroyave et al. 2013; F.
Rezaei and Webley 2010)
If a supporting structure is necessary, an active film can be grown onto a support
structure or matrix by either dip-coating, wash-coating, or slip-coating it onto the
support structure. (F. Rezaei and Webley 2010)
3D printing is a method to provide great flexibility to manufacture monoliths with
exact and flexible geometric parameters. It has been recently demonstrated by
Thakkar (Thakkar et al. 2016) for zeolites, that this technology can be used to create
monolithic structures with a active adsorbent content of around 90wt% compared to
the supporting material.
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Yet, both the added cost of manufacturing high cell density monoliths, with large
active adsorbent loading, and not yet available commercial quantities need to be
accounted for. (F. Rezaei and Webley 2010)

Leakage considerations
The unwanted flow from one partition to another is called leakage. Since leakages
lead to higher fan power consumption, they needs to be accounted for in the
proposed rotational regenerative CO2 transfer systems.
Two types of leakages are typically encountered in gas/gas heaters: Direct leakage
and entrained leakage. (Kitto and Stultz 2005)

• Direct or gap leakages occur between stationary and rotating unit, from higher
pressure side to the lower pressure side through gaps between the seal and
the solid surface. For the rotary regenerative wheel those gap leakages can be
subdivided in radial, axial and circumferential leakages between the rotating
and stationary parts as shown in Figure 3-19. They depend on pressure
difference, air density, rotor size and geometry and perimeter of sealing and
gaps. (Kitto and Stultz 2005)
In practice, they can be minimised by operating both gas streams the smallest
pressure difference practically achievable.

• Entrained or carryover leakages occur due to the gas trapped in the rotor
sectors being carried through from the adsorption side to the desorption side,
and vice versa, during operational rotation. It is directly proportional to the
void volume of the monolithic adsorbent/rotor and the rotational speed. (Kitto
and Stultz 2005)
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Figure 3-19:

Schematic of direct leakages in the wheel design

During operation, the rotary wheel faces a temperature difference between the
desorption and adsorption side, due to a fraction of the heat of adsorption being
released to the flue gas, and a fraction of the heart of desorption being taken from
ambient air. This leads to a certain expansion and distortion of the rotor, which in
turn leads to opening gaps between the rotor and stationary parts and therefore to
increased direct leakage. Automatic sealing system adapting to such changes can
nearly eliminate leakage rises, by monitoring and adjusting rotating and stationary
seals during operation as shown exemplary in the cross section view through an air
heater rotor in Figure 3-20. (Kitto and Stultz 2005)
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Figure 3-20:

Cross section through air heater rotor and seal plates. (Kitto and Stultz 2005)

To reduce entrained leakages a purge gas can be used to push and trap off the in the
sectors remaining trapped gas, similar to the concept shown by Cooper (Cooper
1991) in Figure 3-21.

Figure 3-21:

Leakage reduction by using purge and scavenge gas (Cooper 1991)

Due to seal wear and tear, leakage level will increase over time and should be
therefore monitored. This can be either done by measuring the inlet and outlet flows
based on velocity measurements, which is challenging for large duct cross sections,
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or by calculating oxygen gas weights based on gas analysis of the inlet and outlet
flows of the flue gas section. (Kitto and Stultz 2005)

For rotary regenerative CO2 transfer wheels, multiple sealing (double up to sextuple)
axial and radial on the fixed sector plates/ baskets and cold end sensor controlled
sealing could be implemented to minimise leakage. For rotating air heaters these
combinations have demonstrated leakage levels lower than 1%. (Cooper 2013)
Further advanced concepts like the extension of Howden’s purge and scavenge
principles are under development and are promising applications for carbon capture,
where even low leakage levels can lead to lower CO2 purity downstream. The
benefits of the different concepts can be used additively and make a Near-Zero
Leakage Concept feasible, and can be directly transferred from rotary heaters to
regenerative rotary CO2 transfer wheels as leakage prevention. (Cooper 2013)

As it is unlikely that all leakages between the flow streams can be eliminated, an
important aspect to be considered is the preferential direction of leakage. To reduce
leakage levels, the pressure differential between the flue gas and the air streams
should be as low as possible. However, to direct the leakage a slight pressure
difference between the two sides is favourable, to generate a flow from the higher
pressure to the lower pressure side.
On the on hand, leaks from the flue gas to the air stream lead to a slightly higher air
flow rate and might lower the oxygen level in the combustor, since the remaining flue
gas mixture has a lower oxygen concentration than ambient air. The oxygen level
needs to be high enough to ensure ignition, flame stability and complete combustion.
Therefore, oxygen levels in the combustor below acceptable minimum limits of 16
vol%, reported in literature for combustion tests performed on a bench-scale lean
pre-mixed burner used in Dry Low-NOx combustor systems, employed in General
Electric F-class gas turbine technology (ElKady et al. 2009a; Evulet et al. 2009), need
to be avoided.
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Leaks from the air stream to the CO2-depleted flue gas stream going to the stack on
the other hand are acceptable.
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Chapter 4 Results and Discussion of the Wheel
Design
In this chapter an activated carbon material, with suitable equilibrium properties, is
experimentally assessed on its adsorption behaviour under flue gas conditions,
expected in CCGT with SEGR application. The so generated kinetic data are used to
validate the kinetic model of a regenerative rotary CO2 transfer wheel and provide
experimental data for further scale up of this kind of technology. This is then followed
by a sensitivity analysis of kinetic adsorbent properties and operating conditions, to
identify optimal ranges. Finally, the preferred direction for leakages is assessed and
recommendation for the location of booster fans are provided.

4.1 Experimental Results of a Promising Material
The results of breakthrough adsorption measurements of the activated carbon
introduced in Section 3.4.1 are presented in this section.
First the adsorption behaviour of different gases on the activated carbon will be
assessed in Section 4.1.1, followed by the assessment of desorbing the activated
carbon with air at ambient conditions in Section 4.1.2. The results of these
experiments will be discussed in Section 4.1.3.

4.1.1 Adsorption of CO2 from Different Gas Compositions
In this section the adsorption behaviour of different feed gas compositions will be
evaluated.
There is a discrepancy between the aimed CO2 concentrations specified in the
experimental methodology (see Table 3-7) and the achieved CO2 concentration in
the experiments results, as reported in Table 4-1 to Table 4-3. This difference is due
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to uncertainty associated with the experimental apparatus, most probably the
uncertainty of the MFCs, which ranges in the magnitude of 2% Table 4-2.

Adsorption of the gas components starts at the inlet to the adsorbent bed. After the
material at the inlet is saturated, the mass-transfer zone moves through the bed
steadily and leaves behind fully saturated adsorbent material. With increasing time
the CO2 concentration in the outlet increases gradually until it reaches the inlet
concentration. At the point where the ratio of the outlet CO2 concentration to the
inlet concentration Cout/Cin is equal to one, the whole bed is saturated and no more
adsorption can take place.

Figure 4-1 shows the effect of different gas compositions on the breakthrough curve
and breakthrough time 𝑡𝑏 at 30◦ for the KOH activated carbon presented in Chapter
3. The different gas compositions are chosen according to the flue gas composition
for the SEGR configuration in parallel (97/96), adding for each breakthrough curve
measurement another gas component, substituting N2.
For the investigated conditions, the breakthrough curves coincide. Adding O2 and
H2O does not seem to affect the breakthrough curve shape or the breakthrough time
greatly. The breakthrough time for CO2/N2 is 10 min and 28 sec, for CO2/O2/N2 10
min and 31 sec and for CO2/O2/H20/N2 10 min and 30 sec. Saturation is reached at
37 min and 42 sec for the CO2/N2 composition, at 37 min and 36 sec for the
CO2/O2/N2 composition and at 37 min and 36 sec for the CO2/O2/H2O/N2
composition. That leads to a time difference for the breakthrough time of 0.3% and
for the saturation for 0.2%. Corresponding calculated adsorption capacities, using the
methodology detailed in Section 3.1.4, are presented in Table 4-1.
Although, it seems reasonable to assume the difference in CO2 adsorption capacity
is caused by the varying CO2 inlet concentration, rather than the influence of the
other gas components, it cannot be coherently concluded that O2 and H2O have no
influence on the adsorption of CO2 onto the KOH activated carbon, since the CO2
inlet concentration was not constant over the set of measurements.
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Figure 4-1:

Breakthrough curves of the KOH activated carbon performed at 30◦C in
14.12%mol CO2 in N2, at 30◦C in 14.12 %mol CO2 and 9.01%mol O2 in N2
and, as parallel SEGR configuration (97/96) case, at 30◦C in 14.12%mol CO2,
9.01%mol O2 and 9.51%mol H20 in N2

Table 4-1: Calculated adsorption capacity based on the breakthrough curve measurements

Configuration

T [°C]

S-EGR Parallel (97/96)
CO2/O2/N2
CO2/N2

30
30
30

CO2 in the feed gas
[%mol]
14.14
13.8
13.1

Adsorption capacity
[mgCO2/gadsorbent]
42.67 ± 2.41
42.21 ± 2.40
38.42 ± 2.41

Figure 4-2 shows the effect of different gas temperatures on the breakthrough curve
and breakthrough time 𝑡𝑏 for the KOH activated carbon under SEGR parallel
configuration (97/96) flue gas compositions at 30◦C, 40◦C and 50◦C. The temperature
affects the shape and breakthrough time of the adsorbent. Keeping the concentration
of the gas components constant (within the experimental uncertainty), shows that
the higher the temperature, the shorter breakthrough time and the narrower the
mass transfer zone, by increasing the slope of the breakthrough curve. The effect on
the slope of the breakthrough curve is marginal in the studied temperature range.
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Figure 4-2:

Breakthrough curves of the KOH activated carbon performed for the SEGR
parallel configuration (97/96) in 14.12%mol CO2, 9.01%mol O2 and
9.51%mol H20 in N2 at 30◦C, 40◦C and 50◦C

The breakthrough behaviour of the KOH activated carbon for a gas compositions of
the SEGR parallel configuration (97/96) at 30◦C and 50◦C, for a gas compositions of
the SEGR series configuration (95/31) at 30◦C and 50◦C, and for a gas composition of
CO2/O2/N2 (14.12 %mol CO2 and 9.01%mol O2 in N2) at 30◦C and 50◦C, are
presented in Figure 4-3. Temperature and CO2 concentration affect the shape and
breakthrough time of the adsorbent. Yet, the CO2 concentration difference between
the two SEGR configurations is only 1.3 %mol.
As previous shown in Figure 4-2, the higher the temperature, the shorter the
breakthrough time and the higher the slope of the breakthrough curve. A higher CO2
concentration does not affect the breakthrough time, but it increases the slope of the
breakthrough curve. However, this is less significant as the effect of the temperature
on the slope.

112

CHAPTER 4 RESULTS AND DISCUSSION OF THE WHEEL DESIGN
1.2

1

Cout/Cin [-]

0.8

0.6
CO2/N2/O2; T=30gradC
CO2/N2/O2; T=50gradC

0.4

Parallel config. 97/96; T=30gradC
Parallel config. 97/96; T=50gradC

0.2

Series config. 95/31; T=30gradC
Series config. 95/31; T=50gradC
0
0

10

20

30

40

50

60

Time [min]

Figure 4-3:

Breakthrough curves of the KOH activated carbon performed for the
CO2/N2/O2 case in 14.12 %mol CO2 and 9.01%mol O2 in N2 and performed
for the SEGR parallel configuration (97/96) in 14.12%mol CO2, 9.01%mol O2
and 9.51%mol H20 in N2 and for the SEGR series configuration (95/31) in
12.83%mol CO2, 9.64%mol O2 and 9.17%mol H20 in N2, at 30◦C and 50◦C

Following the methodology detailed in Section 3.1.4., the calculated adsorption
capacity of the breakthrough curve experiments for both SEGR configurations at
different temperatures are presented in Table 4-2. As expected, the capacity of the
KOH activated carbon decreases with increasing temperature. This is due to the
adsorption process being exothermic and having lower adsorption capacities at
higher temperatures. An increase in CO2 concentration increases the CO2 adsorption
capacity. The highest adsorption capacity is achieved at 30◦C for the SEGR
configuration in parallel (97/96) where the CO2 concentration is 14.25 %mol, the
lowest adsorption capacities is achieved at 50◦C for the SEGR configuration in series
(95/31) where the CO2 concentration is 12.84 %mol, respectively.
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Table 4-2:

Calculated adsorption capacity based on the breakthrough curve
measurements for the SEGR configurations parallel (97/96) and series
(95/31)

Configuration
S-EGR Parallel
(97/96)

S-EGR Series
(95/31)

Temperature
[°C]
30
30
40
40
50
50
30
30
50
50

CO2 in the feed gas
[%mol]
14.14
14.25
14.21
14.19
14.33
14.12
12.81
12.82
12.84
12.96

Adsorption capacity
[mgCO2/gadsorbent]
42.67 ± 2.41
45.49 ± 2.74
32.97 ± 2.35
32.77 ± 2.31
28.99 ± 2.71
27.98 ± 1.58
37.85 ± 2.26
37.10 ± 2.10
24.89 ± 1.69
26.14 ± 1.98

4.1.2 CO2 Desorption with Air
In this section, the feasibility of regenerating the adsorbent with air at ambient
conditions is assessed. The aim is to proof the concept that to a certain degree
regeneration is possible. It is not scope of this thesis to provide data for the simulation
of desorption with air.
The KOH activated carbon is cycled multiple times to examine the adsorption
behaviour after desorption with air. The adsorbent is saturated under SEGR in parallel
(97/96) feed flow composition conditions before the gas flow is switched from feed
gas to air flow desorption gas. The ratio of desorption air to flue gas mass flow is 1.12,
according to the values reported by Herraiz (Herraiz 2016) for SEGR (97/96). The time
for desorption was chosen to be 1 h based on the run time for adsorption.

Figure 4-4 shows the effect of a desorption with air, at 18◦C for 1 h with a
corresponding air volumetric flow rate of 43.29 mL/min, on the breakthrough curve
and breakthrough time 𝑡𝑏 for the KOH activated carbon. The breakthrough curves
generated are compared to the breakthrough curve of the KOH activated carbon after
regeneration with N2 at 160◦C for 2 h, which corresponds to a fully regenerated
adsorbent.
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The breakthrough curve measured after desorption with N2 reaches the
breakthrough time at 10 min and 25 sec and saturation at 35 min and 54 sec. The
breakthrough curve measured after the first desorption run with air reaches
breakthrough time at 9 min and 6 seconds and saturation at 31 min and 54 sec. The
breakthrough curve measured after the third desorption run with air reaches
breakthrough time at 7 min and 40 sec and saturation at 27 min and 18 sec.
The shape and slope of the breakthrough curves are only marginal affected by
desorption with air for 1 h. However, the breakthrough time is shortened and
saturation of the KOH activated carbon is reached earlier. Furthermore, the
breakthrough curve after regeneration with air is moving progressively up, indicating
a non-complete regeneration. It could mean that the cyclic steady state for a
regeneration with air is not yet reached. However, the breakthrough curve of the 2nd
and the 3rd cycle are starting to coincide and might therefore indicate that steady
state is approaching.
1.2

1.0

Cout/Cin [-]

0.8

0.6

0.4

Adsorbtion on solid desorbed with N2, 160°C, 2h
Adsorbtion on solid desorbed with air, 18°C, 1h, 1st run

0.2

Adsorbtion on solid desorbed with air, 18°C, 1h, 2nd run
Adsorbtion on solid desorbed with air, 18°C, 1h, 3rd run

0.0
0

5

10

15

20

25

30

35

40

45

50

Time [min]

Figure 4-4:

Breakthrough curves of the KOH activated carbon performed for the SEGR
parallel configuration (97/96) in 14.12%mol CO2, 9.01%mol O2 and
9.51%mol H20 in N2 at 30◦C; desorption condition N2/160 ◦C/2h in blue, and
air/18◦C/1h in yellow (1st run), brown (2nd run) and green (3rd run)
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Table 4-3:

Calculated adsorption capacity based on the breakthrough curve
measurements for the adsorbent regenerated with air

Configuration

T [°C]

S-EGR Parallel (97/96)
conventional regenerated
S-EGR Parallel (97/96) air
1st run
S-EGR Parallel (97/96) air
2nd run
S-EGR Parallel (97/96) air
3rd run

30

CO2 in the feed gas Adsorption capacity
[%mol]
[mgCO2/gadsorbent]
14.10
41.31 ± 2.47

30

13.92

35.72 ± 2.12

30

13.80

31.86 ± 1.96

30

13.78

31.51 ± 1.92

4.1.3 Discussion
The CO2 adsorption performances of KOH activated carbon is tested under different
temperatures and gas composition. Both, H2O and O2 are important in the context
of SEGR application. Flue gas enters the transfer device for SEGR application with a
water content at saturation at 30◦C. Consequently, a sensitive to water would
negatively impact the performance of the adsorbent. Many adsorbent materials like
Zeolites and MOFs are very sensitive. Therefore, the use of an activated carbon is
proposed. Furthermore, a transfer of O2 from the air stream, used for desorption,
needs to be avoided in the context of SEGR, since this would reduce the amount of
O2 available in the comburent for combustion downstream of the SEGR device. The
KOH activated carbon presents, in the range of tested parameters, the same
adsorption behaviour for a constant CO2 concentration seemingly independent of
the other gas components. The highest adsorption capacity is achieved at 30◦C for
the SEGR configuration in parallel (97/96). The presence of O2 and H2O seem not to
change the CO2 adsorption behaviour significantly. For the measured flue gas, this
might indicate that the presence of O2 and H2O are not significant factors on the
performance of the KOH activated carbon under selective CO2 transfer conditions.
However, it cannot be coherently concluded that O2 and H2O have no influence on
the adsorption of CO2 onto the KOH activated carbon, since the CO2 inlet
concentration was not constant over the set of measurements. The measured CO2
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concentration variation lie in the boundaries of the uncertainty of the MFCs. Even if
H2O did not interfere with the adsorption of CO2, there is still the possibility that it
accumulates and interferes with the performance of the adsorbent, especially for a
continuous process.

For a desorption with air, 18°C for 1 h with a corresponding air mass flow of 43.29
mL/min, the shape and slope of the adsorption breakthrough curves measured
afterwards are not significantly affected, in contrast to the breakthrough time. The
breakthrough time in the 3rd cycle with air is reduced by 26% in comparison with the
breakthrough time of the adsorbent regenerated with heat. In addition, the
breakthrough curve is moving progressively upwards, indicating a non-complete
regeneration. The adsorption capacity reduces by 24%. This indicates further, that
some CO2 is remaining on the activated carbon, so a full regeneration is not achieved.
However, due to a starting overlap of the breakthrough curves of the 2 nd and the 3rd
cycle it seems that the cycle is reaching a steady state for a regeneration with air
It can therefore be concluded that a full regeneration of the KOH activated carbon is
not achieved with the limitation of a ratio of desorption air to flue gas mass flow of
1.12. However, a full regeneration of the adsorbent is not necessary for the
regenerative rotary CO2 transfer wheel. The case study with air for desorption, at
18°C for 1 h shows in general, that a regeneration with air for SEGR might be possible,
but the capacity will be lower. This is acceptable for the regenerative rotary CO2
transfer wheel as the reduced adsorption capacity can be overcome with a higher
mass of solid adsorbent.

4.2 Modelling Results
In this section the kinetic model of the regenerative rotary CO2 transfer wheel is
validated (Section 4.2.2) and a comparison with the equilibrium model prediction is
performed (Section 4.2.3). Performance and operating profiles for a chosen solid
adsorbent are generated to understand the processes in the wheel better (Section
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4.2.4). This is followed by a sensitivity analysis of kinetic adsorbent properties
(Section 4.2.5) and operating conditions (Section 4.2.6), to identify optimal ranges.

4.2.1 System Boundaries
Based on the results of the leakage considerations (Section 4.3) the following
boundaries are given:

• Air: The regenerative air, used downstream in the gas turbine as combustion
air, is supplied to the regenerative rotary CO2 transfer wheel by a fan located
upstream the desorption part of the rotary wheel. The maximum amount of
air mass flow is given by the fixed geometry of the compressor. A fan is used
to overcome the pressure drop caused by the wheel and the ducts towards the
gas turbine compressor. The temperature of the air will therefore rise above
ISO conditions (15◦C).

• Flue gas: Flue gas temperature and vapour content are depending on the
operation of the direct contact cooler upstream of the regenerative rotary
wheel device. Low flue gas temperature favours the adsorption process
thermodynamically. This will also limit a possible transfer of sensible heat from
the adsorbent baskets into the CO2-enriched air stream. The temperature of
the flue gas going into the regenerative CO2 transfer wheel is therefore set at
30◦C.

4.2.2 Validation
In this section the breakthrough curves of the KOH activated carbon obtained for a
feed gas composition similar to the flue gas composition of SEGR in parallel (97/96)
at 30◦C, are used to validate the kinetic model of a regenerative rotary CO2 transfer
wheel.
To allow the results obtained by breakthrough measurements of an adsorbent in an
isothermal fixed bed tubular reactor to be used to validate and verify the mass
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transfer model of the rotary regenerative CO2 transfer wheel, the time dimensions
of the two systems need to be aligned. Since the wheel, as a rotating system, has two
dimension connected to time - one is connected to the rotation of the wheel and the
other to the adsorption kinetics - the rotary wheel needs to be forced to behave like
a fixed bed adsorber by slowing the rotation of the wheel down. When this happens,
the simulated outlet concentration divided by the inlet concentration Cout/cin for the
cells on the top of the rotary wheel will replicate a full breakthrough curve. This is
shown in Figure 4-5. Each top cell of the wheel represents hereby a time step of the
fixed bed adsorber outlet for a suitably chosen rotational speed of the wheel.
Connecting those data points will replicate the kinetic behaviour of the adsorbent
tested in the fixed bed adsorber. To translate the rotational time of the rotary wheel
for each cell Equation (4.1) can be used.
𝑡𝑖𝑚𝑒 = 60⁄𝜔 ∙ 𝑓𝐴𝑟𝑒𝑎 ∙ 𝑁
𝑖

𝜏

(4.1)

With 𝑁𝜏 being the maximum cells in rotational direction and 𝑖 the cell count of the
cells in rotational direction.

119

CHAPTER 4 RESULTS AND DISCUSSION OF THE WHEEL DESIGN

Figure 4-5:

Illustration of the correlation of fixed bed adsorption (a), breakthrough curve
measurements (b) and the simulations data of the regenerative rotary CO2
transfer wheel (c)
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For validation of the model, simulation results, corresponding to a flue gas
composition of SEGR in parallel configuration (97/96), are compared with
breakthrough CO2 adsorption experiments on KOH activated carbon with a feed
composition of 14.12%mol CO2, 9.01%mol O2 and 9.51%mol H20 in N2 at 30°C and
at 40◦C. The ratio of the adsorbent mass to feed flow is kept in both cases.

Since the wheel model consists of the combination of the adsorption part and the
desorption part of the wheel, the cyclic simulation results are not a representation of
an isothermal process. The resulting temperature in the wheel will be a steady state
temperature distribution between the exothermic adsorption and the endothermic
desorption part of the rotary wheel, ranging from 30°C to 40◦C. Furthermore, based
on the simulation results being at a steady state between adsorption and desorption
process, the adsorbent entering the adsorption section of the wheel will have an
initial loading, since it is not fully regenerated in the desorption part of the wheel.
Hence, to test for reproducibility of the experimental results, the desorption and
adsorption sides in the model need to be disconnected. The resulting breakthrough
CO2 adsorption curves of the disconnected simulations for a rotational speed of 0.01
rpm (solid dotted line) at 30°C and at 40◦C are compared to the CO2 breakthrough
adsorption measurement for a feed composition corresponding to SEGR in parallel
(97/96) at 30°C and at 40◦C in Figure 4-6. The results show a reproducibility of the
experimental results with the simulation results for a rotational speed of 0.01 rpm
and therefore confirming the assumptions in this model under the operational
conditions.
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Figure 4-6:

Comparison of model predictions with disconnected desorption (solid
dotted line) with experimentally measured breakthrough curves of CO2
adsorption on KOH activated carbon performed for the SEGR parallel
configuration (97/96) in 14.12%mol CO2, 9.01%mol O2 and 9.51%mol H20 in
N2

4.2.3 Comparison of the Prediction of the Kinetic Model to the Equilibrium Model
The equilibrium model and the kinetic model are compared to understand the impact
kinetics have on the adsorbent mass requirement on the basis of an SEGR
configuration in parallel (97/96), using the adsorption equilibrium and kinetic
parameters of the KOH activated carbon (Table 3-6). The results are presented in
Table 4-2.
For a recovery ratio of 97% the prediction of adsorbent mass requirement of the
kinetic model is higher by the factor 3.7 than the predicted adsorbent mass
requirement of the equilibrium model. An explanation for this significant increase can
be seen in Figure 4-7.
The kinetic model predicts already for a recovery ratio of 80% an adsorbent mass
requirement double as high than the equilibrium model. That is due to the higher
initial CO2 loading of the adsorbent entering the adsorption section of the wheel after
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regeneration. In general the desorption predicted in the kinetic model seems to
regenerate the adsorbent less than predicted by the equilibrium model. That could
be due to the distribution of the heat of adsorption and on a larger mass of adsorbent,
leading to a cooler adsorbent in the kinetic model. The cooler adsorbent will
consequently be less regenerated.
Starting from a recovery ratio of 80%, the equilibrium model predicts a steady
increase in adsorbent requirement up to a recovery ratio of 99.6 % and then
transitions into a sudden exponential increase in adsorbent requirement. The kinetic
model on the other hand predicts a steady increase up to 95 % of recovery ratio and
transitions then slowly into an exponential increase of adsorbent mass requirement.
That explains the large difference in adsorbent requirement predicted by the kinetic
model for a 97% recovery rate, which is already in the transition area to the
exponential adsorbent requirement prediction. This effect could be explained again
by the difference in solid temperature affecting the loading of the adsorbent. In some
of the cells the difference in solid temperature between the kinetic model and
equilibrium model is as high as 14◦C, with the equilibrium model being warmer.
Furthermore, this also affects the flue gas temperature in the rotary wheel, and the
flue gas temperature has an effect on the diffusion coefficient in the kinetics, as
shown in Equation (3.28) to (3.30). The lower the gas temperature the lower the
diffusion coefficient and subsequently the higher the resistance to mass transfer.
Consequently, increasing the required amount of adsorbent further. The effect of the
diffusion coefficient on the solid mass requirement is later in the thesis assessed in
form of a sensitivity analysis (see Figure 4-14).
Therefore, it might seem intuitively to avoid such high recovery ratios as 97% for the
SEGR device, however, these high recovery ratio need to be achieved to achieve an
overall capture rate of 90%, as defined by Equation (2.5) in Section 2.3.4., since flue
gas, and therefore CO2 emissions, can leave the power plant boundaries through two
streams under SEGR application.
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The number of needed wheel devices are calculated based on a honeycomb wall
thickness of 1 mm and a pitch of 4.5 mm, leading to a bulk void fraction of 0.77 for
both models. Two different approaches are used to predict the number of wheel
devices needed. The classic approach uses the standard maximum diameter (24m) of
rotary heat exchangers supplied by Howden and adapts the height of the rotor to fit
in the bulk volume. That leads for the adsorbent mass predicted by the equilibrium
model to one wheel device of 24 m in diameter and 1.85 m in height. For the
predicted adsorbent mass of the kinetic model the same approach leads to three
wheel devices of 24m in diameter and 2.26 m in height needed. Since a height
increase comes with an energy penalty for a higher pressure drop, a second approach
is used adapting the diameter of the wheel to the maximum diameter from a practical
point of view, as discussed in Section 3.4.3. That leads for the predicted mass of
adsorbent of the kinetic model to two wheel devices of 30m in diameter and 2.17 m
in height.
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Table 4-4:

Adsorbent requirement for SEGR configuration in parallel (97/96) based on
different models applied

Configuration
Recirculation ratio
Recovery rate
PCC efficiency
Prediction method
Mass x 1000
Mean loading at the
adsorption inlet
Mean loading at the
adsorption outlet
Particle and Bulk
Particle density
Particle Volume
Bulk void fraction
Bulk volume

S-EGR Parallel 97/96
%
%
%
kg
mol
CO2/kg
solid
mol
CO2/kg
solid
kg / m3
m3
m3

Rotary wheel
External diameter
Height
Basket Factor
(Hogg 2016)
Rotor volume
No. of devices

70
97
96
Equilibrium model
161

Kinetic model
598

0.096

0.315

1.026

0.525

952
170
0.77
737

952
628
0.77
2727

classic

adapted
diameter

classic

adapted
diameter

m
m

24
1.85

-

24
2.26

30
2.17

-

0.89

-

0.89

0.89

m3

746
1

-

911
3

1367
2
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Figure 4-7:

Comparison of the predicted adsorbent mass requirement of the different
models used depending on the recovery rate

4.2.4 Performance and Operating Profiles
To get a better understanding of the adsorption and desorption processes in the
regenerative rotary CO2 transfer wheel, performance and operating profiles are
plotted for adsorption on the KOH activated carbon, for a SEGR configuration in
parallel (97/96) with a rotational speed of 1 rpm.
The profile lines represent the vertical and horizontal sections of the wheel model as
illustrated in Figure 4-8. The vertical sections represent the flue gas and air
properties, the horizontal sections the solid adsorbent properties.
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Figure 4-8:

Vertical slices represent flue gas and air profiles and horizontal slices
represent the profile of the solid in the wheel (adapted from (Herraiz et al.
2019))

Profiles of gas streams
The adsorption rate is a function of the difference in partial pressure of CO2 in the
gas phase and of CO2 adsorbed onto the adsorbent. High adsorption rates are
correlated to high differences.
The partial pressure gradient is a function of the change in partial pressure of the gas
phase over the adsorbent height increment ∆𝑥 as given by Equation (4.2). High
gradients are represented by horizontal lines in the vertical profiles.
−

𝜕𝑃𝐶𝑂2
𝜕𝑥

=

𝑃𝐶𝑂2 𝑖,𝑗=+1 −𝑃𝐶𝑂2 𝑖,𝑗
∆𝑥

𝑗 = 0 … 𝑁𝐻

(4.2)

Figure 4-9 shows the vertical CO2 partial pressure profiles of the flue gas in the
adsorption section of the wheel (Figure 4-9 (a)) and of the air stream in the
desorption section of the wheel (Figure 4-9 (b)). The highest CO2 adsorption rate
correspond to the largest CO2 partial pressure gradient in the profiles. Since, the ratio
of marginal change of partial pressure of CO2 for a given change of adsorbent height
(∆x) corresponds to the partial pressure gradient, nearly horizontal sections
represent the largest change and therefore the highest partial pressure gradient.
These horizontal visualisation might seem counter intuitive. For example in Figure 4-9
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(a), when the flue gas enters at the top of the wheel and gets into contact with the
fresh solid, there is a steep partial pressure gradient (green line), reducing the partial
pressure from 15 kPa to 10 kPa in the top part of the wheel from a height of 2 m to
1.8 m, as the flue gas flows from top to bottom. When the flue gas enters the
adsorption wheel at the top, it gets in contact with regenerated/ fresh adsorbent,
entering from the desorption part of the wheel. Due to the high difference in partial
pressure a high amount of CO2 gets adsorbed. Therefore, the CO2 partial pressure
decreases rapidly (i = 1) as the flue gas travels along the unit cells of the wheel
towards the outlet at the bottom. The cell closest to the inlet of the flue gas, i.e. near
the top, get rapidly loaded and the mass transfer zone moves horizontal with the
rotation of the wheel, while the highest partial pressure difference in the gas phase
moves towards the flue gas outlet, the bottom of the wheel (i = 𝑁𝜏 ).
The partial pressure of CO2 in the air increases when air gets in first contact with the
adsorbent loaded with CO2, as shown in Figure 4-9 (b) by the green line for i = 1. It
becomes gradually steeper (lower partial pressure difference) as it moves towards
the outlet of the air, before it again slows down reaching the outlet of the air. While
the adsorbent rotates, the bigger gradient moves towards the inlet of the air, as
indicated by the blue line i = 𝑁𝜏 .
For comparison the resulting partial pressure profiles of the gases produced by the
equilibrium model are plotted in the Appendix C, Figure C-1.

The temperature of the flue gas and air stream are given by Figure 4-10.
When the flue gas enters into contact with the regenerated and cooled down
adsorbent the temperature drops rapidly (green line) (Figure 4-10 (a)). For the first
slide (s = 1), green line) the temperature of the flue gas drops for the first 0.2 m of
the wheel height by 8◦C, while over the remaining 1.8m the temperature only drops
by 6◦C. In these sections the released heat of the adsorption process is transferred to
the solid. This temperature drop is then reduced and stopped as the heat storage
capacity of the solid is reached. In contrast to the flue gas temperature in the first
slide (s = 1), the flue gas temperature in the last slide of cells (s = 𝑆), represented by
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the blue line, does not change significantly for the first 0.1m of the wheel height from
the top. From there a reduction by 8◦C is achieved over a height difference 0.7m of
the adsorbent wheel (from 1.9m to 1.2m).
Air enters at slightly higher temperature than 15°C, as the temperature of the air is
increased by the fan to overcome the pressure drop of the wheel (Figure 4-10 (b)).
Initially the temperature increases slowly, due to the endothermic effect of CO2
desorption. After most of the CO2 desorption took place, the air takes the heat stored
from the flue gas in the solid adsorbent. This leads to an increase of the air outlet
temperature.
For comparison the resulting temperature profiles of the gases produced by the
equilibrium model are plotted in the Appendix C, Figure C-2.
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CO2 partial pressure profiles of (a) the flue gas (adsorption) and (b) the air (desorption) in height direction for each vertical section. Rotation speed
of 1 rpm, SEGR parallel configuration (97/96), Adsorbent: KOH activated carbon
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Profiles of the adsorbent
The CO2 adsorption rate is a function of the change in the amount of adsorbed CO2
over the incremental change ∆𝜏 in rotational direction, as given by Equation (4.3).
𝜕𝑞𝐶𝑂2
𝜕𝜏

=

𝑞𝐶𝑂2 𝑖+1,𝑗 −𝑞𝐶𝑂2 𝑖,𝑗
∆𝜏

𝑖 = 0 … 𝑁𝜏

(4.3)

Figure 4-11 illustrates the horizontal CO2 adsorption profiles of the solid adsorbent
in the adsorption section of the wheel (Figure 4-11 (a)) and in the desorption section
of the wheel (Figure 4-11 (b)). The amount of CO2 adsorbed by the solid increases as
the wheel rotates and gets in contact with the flue gas high in CO2 partial pressure
(Figure 4-11 (a)). The solid volume close to the flue gas inlet (l=L) gets fully loaded,
due to the larger driving force for the CO2 mass transfer, while the adsorbent located
in the volumes closer to the flue gas outlet (l=1) gets partially loaded at the end of
the adsorption cycle. Loading varies from 0.08 mol/kg to 1.08 mol/kg across the
wheel. For the top slice, it changes from 0.78 to 1.08, leading to a working capacity
of 0.3. For the bottom slice, it changes from 0.04 to 0.08, leading to a working
capacity of 0.04.
When the adsorbent enters the regeneration part of the wheel (Figure 4-11 (b)), CO2
desorbs into the air. Due to the driving force (low partial pressure of CO2 in the fresh
air and high loading of CO2 on the solid) CO2 desorbs faster at the inlet of the air
(l=1). As the driving force decreases, the desorption rate decreases. Since the
adsorbent is not fully regenerated at end of the cycle, it re-enters the adsorption
section partially loaded.
For comparison the resulting CO2 adsorption profiles of the solid adsorbent produced
by the equilibrium model are plotted in the Appendix C, Figure C-3.

The temperature profiles of the solid are shown in Figure 4-12. In the adsorption
section the temperature of the solid increases (Figure 4-12 (a)). This is due to two
mechanism. The release of heat of adsorption during adsorption, and the transfer of
sensible heat from the flue gas to the adsorbent. The highest temperature increase

132

CHAPTER 4 RESULTS AND DISCUSSION OF THE WHEEL DESIGN

is located at the same area as the highest rate of CO2 adsorption, represented by the
brown line in the first 5 seconds.
In the regeneration section (Figure 4-12 (b)), the endothermic desorption of CO2
decreases the solid temperature and sensible heat is transferred from the solid to the
air stream, therefore the temperature of the solid drops. For the top cross section
(brown line), the solid with the highest amount of CO2 adsorbed, the temperature
drops by 10◦C.
For comparison the resulting temperature profiles of the solid adsorbent produced
by the equilibrium model are plotted in the Appendix C, Figure C-4.

The difference between the amount of CO2 adsorbed at the beginning of the
adsorption process (t=0) and the end of the adsorption process (t=tadsorption) is called
working cycle capacity of the solid adsorbent. It is given by Equation (3.22) and
repeated below for convenience.
𝑁𝐿
𝑁𝐿
Working cycle capacity = ∑j=1
𝑞𝐶𝑂2,t=t𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 − ∑j=1
𝑞𝐶𝑂2,t=0 ; for j = 1 … 𝑁𝐿

The adsorption time is given by half of the rotational speed t𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 𝑡1/2 . The
amount of CO2 adsorbed accumulates along rotational direction and therefore the
cumulative working cycle capacity is shown for the horizontal sections in rotational
direction in Figure 4-13. The solid adsorbent in the first half of the full height of the
rotary wheel, so 50% of the solid adsorbent, presents a working cycle capacity higher
than 0.2 mol/kg. The working cycle capacity of the second half of the solid adsorbent
is less than 0.2 mol/kg. The reduction in working cycle capacity at the flue gas outlet
is due to the already reduced partial pressure of CO2 in the flue gas passing through
the rotary regenerative CO2 transfer wheel.
For comparison the resulting working cycle capacity of the adsorbent produced by
the equilibrium model are plotted in the Appendix C, Figure C-5.
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parallel configuration (97/96), Adsorbent: KOH activated carbon
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Working cycle capacity of the adsorbent along the height of the rotary wheel
in height direction. Rotation speed of 1 rpm, SEGR parallel configuration
(97/96), Adsorbent: KOH activated carbon

4.2.5 Sensitivity Analysis of Adsorbent Properties
The objective of this section is to assess adsorbent properties contributing to the
kinetic of adsorbent and to identify, via a top down approach, the optimal range of
those properties for the regenerative rotary CO2 transfer device.
This has two mutually exclusive objectives:

• Minimise the adsorbent mass requirement.
• Increase the recovery rate of the rotary transfer wheel, to push the limits of
process intensification.
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For the parameters of the Langmuir isotherm the properties of the KOH activated
carbon are used in the simulation. Adsorbent properties related to the Langmuir
isotherm are not further investigated here, as this was previously done by (Herraiz et
al. 2019) and is presented under Section 3.3.2.

Diffusion coefficient
The mass transfer in the kinetic model is given by the Linear Driving Force model
(Equation (3.28)), repeated here for convenience.
𝜕𝑞̅𝑘
𝜕𝜏

=

15𝐷𝑐,𝑘
𝑟𝑐2

∙ (𝑞𝑘∗ − 𝑞̅𝑘 )

Two parameters determine the rate of mass transfer: the concentration gradient of
the component (𝑞𝑘∗ − 𝑞̅𝑘 ) and the diffusion coefficient 𝐷𝑐,𝑘 , which is an adsorbent
dependent property. As shown through Equation (3.29) - (3.31), the diffusion
coefficient depends on the loading of the adsorbent, temperature of the gas, an
activation energy and on the temperature independent pre-exponential diffusion
constant 𝐷𝑐,𝑘 0 . Changes in 𝐷𝑐,𝑘 0 directly affect the diffusion coefficient and
therefore the mass transfer in the regenerative rotary wheel.
(Shahkarami 2017) reports for the KOH activated carbon, used in this thesis, the
temperature independent pre-exponential constant 𝐷𝑐,𝑘 0 in form of 𝐷𝑐,𝑘 0 /rc2.
Therefore, the crystal radius in not assessed separately in this thesis, but through the
change of 𝐷𝑐,𝑘 0 .

The effect of increasing the temperature independent pre-exponential diffusion
constant on the adsorbent mass requirement of the regenerative rotary wheel, is
shown in Figure 4-14 for different temperature independent pre-exponential
diffusion constants. The green line represents the mass requirement in equilibrium
for different recovery rates. The other lines represent different temperature
independent pre-exponential diffusion constant values, starting from the value of
12.99 m2/s reported by (Shahkarami 2017) for the KOH activated carbon used in this
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thesis. Each increase in 𝐷𝑐,𝑘 0 leads to a significant decrease in adsorbent mass
requirement. By increasing 𝐷𝑐,𝑘 0 from originally 12.99 m2/s to 20 m2/s the adsorbent
mass requirement for a recovery ratio of 97% could be reduced by nearly 30%.
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Figure 4-14:
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Sensitivity of adsorbent mass requirement to temperature independent preexponential constant DcCO2 0; flue gas composition for SEGR configuration
in parallel

The effect of increasing the temperature independent pre-exponential diffusion
constant on the recovery rate for CO2 of the regenerative rotary wheel and the
working cycle capacity, is shown in Figure 4-15 for a constant mass of adsorbent. An
increase in 𝐷𝑐,𝑘 0 leads to an increase in recovery rate. Especially in the range of 5 to
30 m2/s the corresponding increase in recovery rate is 18% point. Above a value of
𝐷𝑐,𝑘 0 =40 m2/s, the recovery rate plateaus 99%. An increase from 40 up to 100 m2/s
leads to a marginal increase of 0.4% point of the recovery rate.
The working cycle capacity follows a similar trend. For a range of 5 to 20 m2/s of the
pre-exponential diffusion constant 𝐷𝑐,𝑘 0 , the working cycle capacity increases rapidly
from 3.5 to 4.36 but plateaus at 4.4 for any further increase. The asymptotic
behaviour of the recovery rate and the working cycle capacity are due to the fact,
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that the rate of mass transfer is not any longer limited by the value of the diffusion
coefficient, but by the low driving force in form of the concentration gradient. The
model starts to operate close to equilibrium and the limit is therefore a
thermodynamic limit.
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Sensitivity of recovery ratio and working cycle capacity to temperature
independent pre-exponential constant DcCO2 0; flue gas composition for SEGR
configuration in parallel; adsorbent mass = 598t

Figure 4-16 shows the effect of increasing the temperature independent preexponential diffusion constant on the adsorbent mass requirement and the working
cycle capacity, while keeping the recovery rate constant at 97% (SEGR in parallel
(97/96)). An increase in 𝐷𝑐,𝑘 0 leads to a decrease in adsorbent mass needed to
achieve a recovery rate of 97%. An increase of 𝐷𝑐,𝑘 0 up to 30 m2/s leads to a decrease
in adsorbent mass required of over 85%. Above a value of 𝐷𝑐,𝑘 0 =30 m2/s an increase
leads to further reduction in mass, but those are marginal compared to the initial
reduction. The working cycle capacity increases as before with increasing 𝐷𝑐,𝑘 0 . In
the range of 5 to 80 m2/s it increases rapidly from 1.1 to 11.9. For higher 𝐷𝑐,𝑘 0 values
the increase in working cycle capacity slows down until it approaches an asymptotic
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behaviour reaching nearly the mol% of CO2 in the flue gas and therefore full working
cycle capacity.
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Sensitivity of adsorbent mass and working cycle capacity to temperature
independent pre-exponential constant DcCO2 0; flue gas composition for SEGR
configuration in parallel; recovery rate 97%

Geometrical factor
As stated in the section before, the mass transfer in the kinetic model is given by the
Linear Driving Force model (Equation (3.28)), repeated here for convenience.

𝜕𝑞̅𝑘
𝜕𝜏

=

15𝐷𝑐,𝑘
𝑟𝑐2

∙ (𝑞𝑘∗ − 𝑞̅𝑘 )

In this form of the equation the geometrical factor at a value of 15 was used to be
able to use the isothermal packed bed experimental results to verify the rotary wheel
model.
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The geometrical factor is different for different characteristic sizes of the monolith
(i.e. cell density and pore volume). That implies that the size should be optimized for
each application. Based on the current development stage of the rotary transfer
device model, no reasonable prediction about the heterogeneity of the adsorption
material, nor the expected pore volume could be made. However, to evaluate the
effect of the geometrical factor on recovery ratio and on solid mass requirement a
sensitivity analysis is performed in the range of reported geometrical factors reported
in literature (Rezaei 2011)

Illustrated in Figure 4-17 (for a constant mass of adsorbent) is the effect of increasing
the geometrical factor on the recovery rate of CO2 and the working cycle capacity of
the regenerative rotary wheel. An increase in geometrical factor leads to an increase
in recovery rate and cycle capacity. An increase in the geometrical factor from 15 to
20 corresponds to an increase in recovery rate of 1.2% point and an increase in
working cycle capacity of 1.1%. A further increase of 5 points to a geometrical factor
of 25 leads only to an increase in recovery rate of less than 0.56% points and 0.55%
in working cycle capacity respectively. An increase of the geometrical factor in
increments of 5 points beyond 25 has only a marginal effect on the recovery rate, as
well as on the cycle capacity. Hence, the sensitivity of both recovery rate and cycle
capacity seems for a constant adsorbent mass minimal, especially in the range of a
geometrical factor beyond 35, where the increase in both amounts to less than
0.1%points/1%.
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Figure 4-17:

Sensitivity of recovery ratio and working cycle capacity to the geometrical
factor of the adsorbent structure; flue gas composition for SEGR
configuration in parallel; adsorbent mass = 598t

The effect of increasing the geometrical factor of the adsorbent structure on the
adsorbent mass requirement and the working cycle capacity, while keeping the
recovery rate constant at 97% (SEGR in parallel (97/96)), is shown in Figure 4-18. An
increase in geometrical factor from 15 to 20 leads to a large decrease of 20.2% in
adsorbent mass requirement to achieve a recovery rate of 97%. An increase of the
geometrical factor from 15 up to a value of 70 leads to a significant decrease in
adsorbent mass by 60.7%. For each increase in geometrical factor in increments of 5
beyond 70 the gain in reduction reduces to less than 2%. The working cycle capacity
increases, for a constant recovery rate, with increasing geometrical factor. For an
increase from 15 to 70 the increase in cycle capacity amounts to 60.7%, as previous
the reduction in adsorbent amount. An increase further than 70 leads only to a
marginal increase in cycle capacity.
From the sensitivity analysis of the effect of the geometrical factor it can be
concluded that it has a much larger effect on the adsorbent mass reduction, than it
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has on the recovery ratio. In the context of an improvement of adsorbent mass
requirement for SEGR application a focus has definitely to be on the development of
the optimal structured adsorbent for this kind of application.
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Figure 4-18:

Sensitivity of adsorbent mass and working cycle capacity to the geometrical
factor of the adsorbent structure; flue gas composition for SEGR
configuration in parallel; recovery rate 97%

Specific heat capacity
The heat transfer on the solid side in the kinetic model is given by Equation (4.4), as
previously described in Equation (3.36).
𝑄𝑠 = 𝑚𝑠 ∙ 𝐶𝑝𝑠 ∙ ∆𝑇𝑠

(4.4)

With, the mass of the solid 𝑚𝑠 , the specific heat capacity 𝐶𝑝𝑠 and the temperature
difference in the solid ∆𝑇𝑠 .
In all the simulation results reported in this thesis, the specific heat capacity was
assumed to be constant. The specific heat capacity is a property of the adsorbent.
Since the 𝐶𝑝𝑠 value for the utilised KOH activated carbon was not reported by
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(Shahkarami 2017), it was chosen based on in the literature reported specific heat
capacity values for various activated carbons to be 1000 J/kg K (Chua, Chakraborty,
and Wang 2004; Mohn 2012).

The effect of varying the specific heat capacity on the recovery rate for CO2 of the
regenerative rotary wheel and the working cycle capacity, is shown in Figure 4-19 for
a constant mass of adsorbent. An increase in 𝐶𝑝𝑠 leads to an increase in recovery
rate. However, in the range of 400 to 800 J/kg∙K the corresponding increase in
recovery rate is less than 0.4% point. An increase from 800 up to 1400 J/kg∙K leads to
a marginal increase of 0.14% point of the recovery rate.
The working cycle capacity follows a similar trend of a marginal increase of 0.5% over
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Figure 4-19:

Sensitivity of recovery ratio and working cycle capacity to specific heat
capacity 𝑪𝒑𝒔 ; flue gas composition for SEGR configuration in parallel;
adsorbent mass = 598t
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Figure 4-20 shows the effect of increasing the specific heat capacity of the adsorbent
on the adsorbent mass requirement and the working cycle capacity, while keeping
the recovery rate constant at 97% (SEGR in parallel (97/96)). An increase in 𝐶𝑝𝑠 leads
to a decrease in adsorbent mass needed to achieve a recovery rate of 97%. An
increase of 𝐶𝑝𝑠 from 400 up to 700 J/kg∙K leads to a decrease in adsorbent mass
required of 4.9%. From a value of 700 up to 1400 J/kg∙K an increase in 𝐶𝑝𝑠 leads to
further reduction in mass of 3.2%. The working cycle capacity increases with
increasing specific heat capacity. Over the whole investigated range the increase in
𝐶𝑝𝑠 from 400-1400 J/kg∙K results in an increase of the working cycle capacity of 8.2%
points.
In comparison of the results of the sensitivity analysis of Figure 4-19 and Figure 4-20
it can be concluded that the specific heat capacity has a larger influence on the solid
mass requirement than on the recovery ratio. However, the effect is in comparison
to other adsorbent properties less significant.
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Sensitivity of adsorbent mass and working cycle capacity to specific heat
capacity 𝑪𝒑𝒔 ; flue gas composition for SEGR configuration in parallel;
recovery rate 97%
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Surface heating area
The heat transfer in the regenerative rotary CO2 transfer wheel is limited by a
convective heat transfer resistance, as described in Section 3.4.2 by Equation (3.35) (3.37). The heat 𝑄̇ that can be transferred is given by Equation (4.5).
𝑄̇ = ℎ𝑐𝑣 ∙ 𝐴𝑠 ∙ ∆𝑇

(4.5)

With, as previously described, the convective heat transfer coefficient ℎ𝑐𝑣 , the total
surface heating area 𝐴𝑠 and the temperature difference ∆𝑇 between the gas and the
solid. Typical values of heat transfer coefficients for gases and vapours are in the
magnitude of 5 to 150 W/m2K. In the simulation it is assumed to be around 50 W/m2K.
Since the surface heating area is a property of the adsorbent, it can be estimated
based on the specific surface area of the adsorbent and the amount of adsorbent
used.
The specific surface area for the KOH activated carbon has only been measured on
an adsorbent sample in powder form as per BET method, therefore the value is not
representative of a regenerative rotary CO2 transfer wheel filled with a honeycomb
monolith. The value is not available for a honeycomb structure at the time of writing.
Therefore, an approximation is made on the basis of literature values for the specific
surface area of honeycomb-monolithic activated carbons. The specific surface area
typically ranges from 483 m2/g in (Ribeiro et al. 2008) to 1818 m2/g in (Querejeta et
al. 2017).
The effect of an increasing surface heating area 𝐴𝑠 , i.e. the product of adsorbent mass
𝑚𝑠 and specific surface area 𝑆𝐵𝐸𝑇 (Equation (4.6)), on the recovery ratio, the flue gas
outlet temperature and the CO2-enriched air outlet temperature is shown in Figure
4-21.
The red dotted lines represent, as reference, the surface heating areas given by
different specific surface areas reported in literature. For the range of values
investigated here, the surface heating area does not have an impact on the recovery
rate of the regenerative rotary wheel, the flue gas outlet temperature, or the CO2-
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enriched outlet temperature. They match the same values predicted by the model
without a resistance to heat transfer. The results suggest that the surface heating
area is high enough to not limit heat transfer for honeycomb-monolithic structured
activated carbon in the range considered.
𝐴𝑠 = 𝑆𝐵𝐸𝑇 ∙ 𝑚𝑠

(4.6)
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4.2.6 Sensitivity Analysis of Operating Conditions
The objective of this section is to assess operational conditions of the regenerative
rotary CO2 transfer device, to either minimise the adsorbent mass requirement, or
to push the limits of the recovery rate achievable.

Rotational speed
An increase in rotational speed, while keeping the adsorbent mass constant, leads to
an increase in recovery rate in the regenerative rotary CO2 transfer wheel, as
illustrated in Figure 4-22. Particularly low recovery rates can be pushed up. An
increase from 0.1 to 0.3 rpm increases the recovery ratio by 45%. Each cell, filled with
adsorbent, has to treat less flue gas amount, since the contact time is decreased,
therefore there is more capacity for CO2 left. That effect can be seen in the
comparison of Figure 4-23, showing the adsorbed amount of CO2 per adsorbent cell
for a rotational speed of 0.5 rpm, and Figure 4-24, showing the adsorbed amount of
CO2 per adsorbent cell for a rotational speed of 1.5 rpm. At recovery rates over 96%
the increase in recovery rate with increasing rotational speed reduces significantly
(Figure 4-22). The higher the initial design point, based on adsorbent mass, recovery
rate and rotational speed, the harder it is to push the recovery rate up by increasing
the rotational speed. At the same time the working cycle capacity decreases with
increasing rotational speed, due to more adsorbed amount of CO2 remaining on the
solid for the same horizontal section.
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Figure 4-22:

Sensitivity of recovery ratio and working cycle capacity to rotational speed
of the rotor; flue gas composition for SEGR configuration in parallel;
adsorbent mass = 598t
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Figure 4-23:

Adsorbed amount of CO2 on the solid for a rotational speed of 0.5 rpm; flue gas composition for SEGR configuration in parallel; adsorbent mass =
598t; recovery rate 95.5%
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Figure 4-24:

Adsorbed amount of CO2 on the solid for a rotational speed of 1.5 rpm; flue gas composition for SEGR configuration in parallel; adsorbent mass =
598t; recovery rate 97.3%
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The impact of increasing the rotational speed, while keeping the recovery rate
constant, shows an asymptotic decrease in adsorbent mass requirement, as shown
in Figure 4-25. The initial design point for the SEGR in parallel configuration with a
recovery rate of 97%, is a rotational speed of 1 rpm. Therefore, pushing beyond that
point by increasing the rotational speed is challenging, especially at already high
recovery rates. The working cycle capacity follows the trend of the adsorbent mass
requirement.
The amount of CO2 absorbed per adsorbent cell for two different rotational speeds
(0.5 and 1.5 rpm) are illustrated in Figure 4-26 and Figure 4-27. It can be seen, that
even though there is more solid per time step available for a rotational speed of 0.5
rpm, the solid is getting into contact with more moles of CO2 in the same time step,
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Figure 4-26:

Adsorbed amount of CO2 on the solid for a rotational speed of 0.5 rpm; flue gas composition for SEGR configuration in parallel; recovery rate 97%;
adsorbent mass = 710t

153

CHAPTER 4 RESULTS AND DISCUSSION OF THE WHEEL DESIGN

Figure 4-27:

Adsorbed amount of CO2 on the solid for a rotational speed of 1.5 rpm; flue gas composition for SEGR configuration in parallel; recovery rate 97%;
adsorbent mass = 564t
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Air and flue gas inlet temperature
An impact assessment of air inlet and flue gas inlet temperature on the regenerative
rotary CO2 transfer wheel, was done previously by Herraiz and co-workers (Herraiz
et al. 2019), using the equilibrium model presented under Section 3.3. Since the
energy balance was extended by a convective heat transfer resistance term, the
impact of air and flue gas inlet temperature need to be re-evaluated.
The effect of a higher air inlet temperature used for regeneration on the adsorbent
mass requirement for a constant recovery rate of 97% is shown in Figure 4-28. The
adsorbent mass requirement follows a nearly exponential trend, by doubling the
required increase in adsorbent mass for each 10°C increase, starting by 5 tonnes
more needed mass, or 0.8% of the original mass, for the first 10°C increase. The
equilibrium model previously reported a linear trend of adsorbent mass dependency
on the air inlet temperature.
Although a higher air temperature assists the regeneration part of the process, it does
not lead to a higher recovery rate. The recovery rate, as illustrated in Figure 4-29,
drops about 0.6% over the investigated temperature range. This is due to the increase
in temperature of the solid entering the adsorption process (Figure 4-30), which is
unfavourable for adsorption and therefore decreases the recovery rate. This
decrease in recovery rate is minor compared to the range of the investigated
temperature, indicating an insensitivity of the recovery rate to the air inlet
temperature (Herraiz et al. 2019) and an insensitivity of performance for changing
ambient conditions.
The impact of air inlet temperature on the CO2-enriched outlet temperature is shown
Figure 4-30. Herraiz (Herraiz et al. 2019) showed an increase of 2°C in CO2-enriched
air temperature predicted by the equilibrium model for the range of investigated
temperatures. As a consequence, the gas turbine power output is derated by
approximately 2MW of ca. 820 MW of total output.
In contrast to that, the kinetic model predicts an increase of 12°C over the
investigated temperature range. This would be unacceptable, as the gas turbine
compressor inlet temperature needs to be maintained as low as possible. Therefore,
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it is even more important to limit any increase in air inlet temperature, to limit an
overall detrimental effect on the net power output.
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The impact of a change in flue gas inlet temperature on the adsorbent mass
requirement and on the temperatures of CO2-enriched air outlet and flue gas outlet
are illustrated in Figure 4-31 and Figure 4-32. The change in required adsorbent mass
remains marginal. The flue gas outlet temperature does not change in the
investigated temperature range, and the CO2-enriched air outlet temperature
increases linear with increasing flue gas inlet temperature. For an optimised system,
it remains recommended to keep the flue gas inlet temperature as low as possible to
minimise the impact on the CO2-enriched air temperature and therefore on the gas
turbine compressor.

45
40

Temperature [°C]

35
30
25
20
15
10

CO2-enriched air temperature

5

Flue gas outlet temperature

0

30

Figure 4-31:

35

40
Flue gas inlet temperature [°C]

45

50

Sensitivity of CO2-enriched air and flue gas outlet temperature to flue gas
inlet temperature; flue gas composition for SEGR configuration in parallel;
adsorbent mass = 598t

158

CHAPTER 4 RESULTS AND DISCUSSION OF THE WHEEL DESIGN

4.30

610

Adsorbent mass

608

Working cycle capacity

4.29
4.28
4.27

606

4.26

604

4.25

602

4.24
4.23

600

4.22

598

4.21

596

Working cycle capacity [molCO2/kgsolid]

Adsorbent mass requirement x1000 [kg]

612

4.20
30

Figure 4-32:

35

40
45
Flue gas inlet temperature [°C]

50

Sensitivity of adsorbent mass and working cycle capacity to flue gas inlet
temperature; flue gas composition for SEGR configuration in parallel;
recovery rate 97%

Partitioning of the wheel
The objective is to investigate the effect of balancing adsorption and desorption by
adjusting the partitioning of the wheel. By changing the partitioning, more solid will
be available for one of the two process part. This is schematically visualised in Figure
4-33. This allows to evaluate which part of the rotary regenerative CO2 transfer
process is the time limiting part of the whole process.
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Figure 4-33:

Schematic of the different wheel partitions

‘Partition of the wheel’ refers to the size of the wheel available for the adsorption
side. Consequently, the desorption size of the wheel amounts to one minus the value
reported.
The sensitivity analysis is carried out to investigate if the overall system would benefit
in form of either an increase in recovery rate for a constant adsorbent mass (Figure
4-34), or in form of a decrease in overall adsorbent mass requirement for a constant
recovery rate of 97% (Figure 4-35).
Figure 4-34 shows the effect of partitioning on the recovery rate and working cycle
capacity at three different rotational speeds. Partitioning the wheel either to have
more area available for adsorption and less for desorption, or less area for adsorption
and more for desorption, reduces for all the studied cases the recovery rate nearly
equally. This leads to a bell-shaped dependency of the recovery rate on the
partitioning of the wheel. A slightly better recovery rate is achieved for a reduced
adsorption area and a larger desorption area, than the other way round. However,
the difference between both sides is less than 0.2% recover rate. The effect of
partitioning the wheel on the working cycle capacity is marginal. The sensitivity of
adsorbent mass requirement to partitioning is shown in Figure 4-35. Changing the
partitioning from 0.5 (50% adsorption / 50% desorption) increases the adsorbent
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mass requirement in all rotational speed cases investigated. The working cycle
capacity is at its optimum for an equally partitioned wheel. The bell shaped trend of
Figure 4-34 and Figure 4-35 can be explained by the fact, that for both, adsorption
and desorption, the Langmuir isotherm is used to describe the adsorbed amount as
a function of the partial pressure of the gas phase, with the Langmuir isotherm
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4.3 Results of Leakage Considerations
The direction of leakage in the regenerative rotary CO2 transfer wheel can be
controlled by choosing the most favourable location for the fans to overcome the
pressure drops across the system. The preferred direction for the gap leakages is from
the air to the flue gas side. Other important aspects to consider for the positioning of
the fans are power consumption and temperature rise due to compression. For the
flue gas stream the pressure drop depends on the HRSG, the gas/gas heat exchanger,
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the gas conditioning system in form of a direct contact cooler, the regenerative rotary
CO2 transfer wheel, the stack and the ducts. For the air stream the pressure drop
depends on the regenerative rotary CO2 transfer wheel and the ducts.
In configuration with regenerative rotary CO2 transfer wheels, the booster fan for the
flue gas side can be located at three different positions (Position A, B and C), the air
fan for the ambient air side can be located at two different positions (Position 1 and
2). All possible locations are illustrated in Figure 4-36 accordingly.

For the flue gas stream these are:

• Downstream of the gas/gas heater and upstream of the DCC. Position A in
Figure 4-36.

• Downstream of the DCC and upstream of the regenerative rotary CO2 transfer
wheels. Position B in Figure 4-36.

• Downstream of the regenerative rotary CO2 transfer wheels and upstream of
the stack. Position C in Figure 4-36.

For the air stream these are:

• Downstream of the regenerative rotary CO2 transfer wheels. Position 1 in
Figure 4-36.

• Downstream of the gas turbine and upstream of the regenerative rotary CO2
transfer wheels. Position 2 in Figure 4-36.
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Figure 4-36:

Block flow diagram showing all possible locations for the fans

The discussion below is summarized in Table 4-5.
Since lower gas temperatures lead to smaller volumetric flow rate for a given mass
flow rate, locating the fan downstream of the DCC (Position B) offers the advantage
of a smaller fan size and lower power consumption. However, overcoming the
pressure drop of the downstream elements would lead to a higher pressure of the
flue gas stream in the wheel leading to higher leakages into the air stream than
alternative locations. Additionally, the flue gas inlet temperature into the
regenerative rotary CO2 transfer wheel would be more challenging to control. As
previously shown in Figure 3-13, the flue gas inlet temperature has a direct effect on
the CO2-enriched air temperature. Increasing the CO2-enriched air temperature
derates the gas turbine and reduces the gas turbine power output. Therefore, it is
important to maintain the lowest temperature possible for the CO2-enriched air
entering the gas turbine compressor.
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Locating the fan upstream of the DCC (Position A) would allow for better temperature
control at the regenerative rotary CO2 transfer device inlet. Likewise for option B, a
location upstream of the wheel leads to higher pressure on the flue gas side in the
CO2 transfer device and thus leads to leakages from the flue gas to the air stream.
Position C creates a leakage from the air stream to the flue gas stream. Due to a
reduced mass flow rate, as a result of the transferred CO2, the power consumption
of the fan is lower. However, the CO2-depleted flue gas stream temperature is
increased after the adsorption process and would lead to a higher volumetric
flowrate and higher power consumption of the fan. Furthermore, operation below
atmospheric pressure of the adsorption part of the transfer wheel would marginally
counteract the adsorption process itself.
Therefore, Positon A is recommended as the preferential location for the flue gas fan.
It results in a better controlled flue gas inlet temperature into the CO2 transfer device
and does not affect the adsorption process.

For the air stream there are two possible positions for the fan.
Position 2 is not the preferential option. As a result of the higher temperature of the
CO2-enriched air stream, the volumetric flow is higher and leads to a higher power
consumption. Due to the CO2 transfer, a higher mass flow rate has to be driven to
the gas turbine inlet, leading to a possible larger fan requirement. By creating a subatmospheric pressure in the CO2 transfer device, the leakage direction created would
be from the flue gas stream to the air stream.
Locating the fan in Position 1 leads to a higher than atmospheric pressure in the
regenerative rotary CO2 transfer wheel, creating a leakage direction from the air
stream to the flue gas stream. The lower mass flow of the air stream compared to
location 2 results in a smaller size of fan. An increase in air temperature is
unavoidable, which positively effects the desorption process of the regenerative
rotary CO2 transfer wheel and increases the power consumption in the compressor
of the gas turbine by increasing the inlet CO2-enriched air temperature.
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Table 4-5:

Comparison of the advantages and disadvantages of possible fan locations

Fan position
A
(downstream
of the gas/gas
heater)

Advantages
- Flue gas temperature rises
before the DCC because of
compression, which allows
for a better temperature
control for the inlet
temperature at the CO2
transfer device

B
(downstream
of the DCC)

- Lower temperature and
volumetric flow

C
(downstream
of the CO2
transfer
device)

- Leakage from air stream to
flue gas stream

1
(upstream of
the CO2
transfer
device)

- Lower mass flow rate
before CO2 transfer
- Leakage from air stream to
flue gas stream
- Higher temperature assists
desorption

Disadvantages
- Higher temperature and
volumetric flow
- Leakage from flue gas to air
stream
- Due to the compression
the flue gas temperature
rises. Since the rise occurs
after the cooler control at
the CO2 transfer device
inlet is worse
- Leakage from flue gas to air
stream
- Below atmospheric
operation of the CO2
transfer device has an
effect on the adsorption
- Higher temperature and
volumetric flow after
adsorption

- Higher temperature at CO2
transfer device inlet

- Higher temperature and
volumetric flow after CO2
transfer
- Leakage from flue gas to air
stream
- Higher mass flow rate after
CO2 transfer

2
(downstream
of the gas
turbine)

Assumed values for pressure drops through the different elements within the control
volume analysis, as shown in Table 4-6, are used as an initial guess of the pressure
rise to be provided by the booster fan. The qualitative representation of the pressure
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drop profile within the controlled volume for the preferred flue gas fan position is
illustrated in Figure 4-37.
Table 4-6:

Assumed pressure drops of the different elements

Element
HRSG

Assumed pressure drop
2-3 kPa

Direct contact cooler

1 kPa

Rotary heat exchanger

2 kPa

Rotary regenerative CO2
transfer wheel

3 kPa

Ducts

2 kPa

ΔP HRSG
2-3 kPa (typ.)

Gas from GT
P discharge
104.4 kPa

Dependencies
Typical values of pressure
drop in a HRSG.
Depending on volumetric
flow.
Depending on mass flow,
velocity and element
length. Gas/gas heater up
to 2 kPa/side
Depending on bed height,
gas velocities and liquid
flow rates.
Depending on length,
overall assumed value.

ΔP ROTARY
ΔP CO2
HEAT
TRANSFER
ΔP DUCT EXCHANGERΔP FAN ΔP PCC DEVICE

Location A
Fan
HRGS Pout
101.3 kPa

ΔP ROTARY
HEAT
ΔP DUCTEXCHANGER ΔP DUCT

Gas to Stack
P apm

Pressure
control set
point

Figure 4-37:

Illustrative pressure profile within the analysed control volume for preferred
fan Position A
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4.4 New Insights
The breakthrough curve measurements for a gas composition similar to the SEGR
configuration in parallel (97/96) validate the assumptions made in the kinetic model
for the operational conditions. It further shows that kinetic data, obtained through
breakthrough measurements of an adsorbent in a laboratory isothermal fixed bed
tubular reactor setup and equilibrium parameters can be used to predict the
behaviour of the adsorbent in a rotary regenerative CO2 transfer wheel. This makes
screening for promising adsorbent material for this kind of technology possible.

The kinetic model shows that the equilibrium model under-predicts the required
adsorbent mass for a needed recovery rate of 97% for SEGR in parallel by factor of
3.7. A total mass of KOH activated carbon of 598t per GT-HRSG train will be needed
to achieve a recovery rate of 97% at a rotational speed of 1 rpm. It highlights the
importance of further development in adsorbent material. Especially in the region of
high recovery rates, where the kinetic model predicts an exponential increase in
adsorbent mass, better adsorbent materials are needed, to get to a number of wheels
that are practical and financially reasonable.
Several adsorbent properties determine the final adsorbent mass requirement. These
are:

• Saturation capacity
• Enthalpy of adsorption
• Equilibrium constant
• Temperature independent pre-exponential constant / Diffusion coefficient
• Geometrical factor of the adsorbent structure
To show exemplary in which direction the adsorbent development would need to go
to achieve a 20% reduction in adsorbent mass requirement, starting from the
activated carbon used to verify the rotary wheel model, the different property values,
that would achieve a reduction of 20%, while the others stay constant, are listed in
Table 4-7. An increase in saturation capacity by 26%, or an increase in the enthalpy
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of adsorption by 3%, an increase in the temperature independent pre-exponential
constant by 28%, or an increase in the geometrical factor from 15 to 20 would all be
sufficient to achieve the 20% of solid mass reduction. The equilibrium constant in the
case of the KOH activated carbon is already at a value achieving a maximum in
reduction, so it is not possible to achieve a further reduction of 20% in adsorbent
mass requirement by changing the equilibrium constant without changing any other
properties.

Table 4-7:

Prospective adsorbent property values to achieve a reduction in adsorbent
mass requirement; *the geometrical factor is not specific the used adsorbent

Adsorbent properties

KOH
activated
carbon
mol/kg 10.82
KJ/mol 17.44

13.62
18.03

S-1

12.995

16.695

-

15*

20

Unit

Saturation capacity (qs)
Enthalpy of adsorption (-∆Hads)
Temperature independent
pre-exponential constant (DcCO2 0)
Geometrical factor

20%
Reduction

In a bottom-up approach the predicted mass by the kinetic model is used to size the
regenerative rotary CO2 transfer wheel and determine the number of wheels
needed. Two different approaches, are used to calculate the number of wheel
devices needed. The classic approach uses the standard maximum currently available
diameter of rotary heat exchangers supplied by Howden and adapts the height of the
rotor to fit in the bulk volume. It leads to three wheel devices of 24m in diameter and
2.26 m in height needed. The second approached, a design optimisation, assumes a
maximum diameter of the wheel based on the practicality of the diameter size, in an
attempt to lower the number of wheel devices and the pressure drop, associated
with a height increase. This results for the mass of adsorbent predicted by the kinetic
model in two wheel devices of 30m in diameter and 2.17 m in height.
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The kinetic model is used to assess kinetic adsorbent properties and operational
conditions, which have an impact on adsorbent mass requirement and the recovery
rate of the regenerative rotary CO2 transfer device, in an attempt to push the limits
of process intensification.
The sensitivity analysis shows an optimum value for the temperature independent
pre-exponential diffusion constant at 40 m2/s. Further increases are marginal for both
recovery rate increase and adsorbent mass reduction.
The evaluation of the effect of an increased specific heat capacity of the adsorbent
on the mass requirement shows only a low to moderate effect.
The optimisation study of the surface heating area, given by the surface of the
adsorbent, indicates that a further increase in this adsorbent property is not
necessary. It appears to be high enough, to not add any further resistance to heat
transfer. This has been shown for a variety of different honeycomb-monolithic
activated carbon adsorbents, reported in the literature.
The operation parameter rotational speed can be used to push recovery rate and
adsorbent mass reduction. It can be interpreted similar to an increase in L/G ratio in
liquid CO2 scrubbing technologies. The increase in rotational speed leads to a higher
mass rotation, therefore higher mass flow of adsorbent. Consequently each kg of
adsorbent mass has to treat less flue gas and hence has to adsorb less mol of CO2 per
time unit. It is however, depending on the previous design point (recovery rate and
rotational speed). If the system is built for a high recovery rate of 95% and higher, the
effect of an increase in rotational speed on the recovery rate will be marginal, since
the driving force of the process limits the recovery rate. In general rotational speeds
of 0.5-2 rpm are acceptable and should be considered during design development.
The results of the assessment of flue gas and air inlet temperature remain similar to
previous assessment results performed with the equilibrium model. However, the
effect of either temperature increase shows a larger impact on the CO2-enriched air
outlet temperature, then predicted by the equilibrium model. Since a higher air inlet
temperature into the compressor derates the gas turbine power output, measures
need to be taken to limit the heat transfer into the CO2-enriched air stream. This can
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be achieved by keeping the air inlet and the flue gas outlet temperature as low as
possible.
Changing the partitioning of the rotary wheel in either way, towards or away from
more adsorbent for adsorption, leads to a loss in recovery rate and an increase in
adsorbent mass. This can be explained by the fact that adsorption and desorption in
the simulation are using the same parameters for the adsorption equilibrium
isotherms and the kinetics. Therefore the trend shown in the sensitivity analysis for
partitioning of the wheel would be looking different, if the isotherm for adsorption
and isotherm for desorption would look different, which would be the case for
example with a desorption hysteresis in the isotherm.
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Chapter 5 Integrated System Design and
Performance Modelling
To assess the performance of a SEGR devices using adsorption technology on new
build CCGTs with integrated PCC and on existing CCGTs with integrated PCC and
retrofitted SEGR devices, a rigorous integrated model of the different parts of the
power plant, flue gas conditioning system, selective CO2 transfer unit, capture plant
and compression train is necessary. The models are developed in gCCS v1.1.0
(Process Systems Enterprise) (PSE Enterprise 2016a), an add-on built on the wider
gPROMS modelling platform, using provided model libraries, or the gPROMS
language interface in gCCS for model developers.
The developed rotary regenerative CO2 transfer wheel model, used as SEGR unit, is
covered in the previous Section 3.4 and the results of the optimisation of the model
are described in Chapter 4.
This section focuses on models used to evaluate the overall power plant
performance. A schematic overview of the overall process model is given in Figure
5-1. The overview follows the flow of the CO2 through the different models. The page
number in the figure indicate the position of the detail process flowsheet of the submodels. Other variables, which are not shown in the overview, are process water,
steam and power. For illustrative reasons parallel trains are not shown in the
diagram.
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page 188
page 180

page 88

page 191

page 200
Figure 5-1:

Schematic overview of the integrated power plant, SEGR unit, capture plant unit and compression train of the modelled CCGT with CCS and SEGR
power station. Parallel trains are not shown in the diagram. Considered configurations consist of two parallel GT, HRSG, PCC and compression
trains. The steam turbines are shared between both trains
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5.1 Overview of the Base Case Configurations
The considered base case configurations consist of two parallel GTs, HRSGs, flue gas
conditioning systems and compression trains, sharing one set of steam turbines
between both trains. The capture plant unit consists either of:

• One absorber and stripper column per gas turbine train, illustrated in the block
flow diagram in Figure 5-2 and referred to as the case Full Scale Capture Plant
(Full Scale CP).

• Two absorber and two stripper columns per gas turbine train, illustrated in the
block flow diagram in Figure 5-3 and referred to as the case Half Scale Capture
plant (Half Scale CP). The case Half Scale CP features the possibility to
interconnect the solvent flows of the system, making it possible to switch one
absorber off, while supplying the full amount of available solvent flow rate to
one absorber and regenerating the solvent using both strippers.
The assumption regarding the number of capture plants for the base cases is based
on two FEED studies. The FEED study by Gassnova to retrofit CCS to the existing CCGT
at Kårstø power plant, Norway, assumes two absorber to treat the flue gases
(Gassnova 2019). The study by the UK Energy Technology Institute for new build
thermal power with CCS on five different locations in the UK, assumes one absorber
per GT train to treat the flue gases (ETI 2017).
The rotary regenerative CO2 transfer device is fitted to both configurations to study
the option of retrofitting CO2 recycling and the associated limitations in Chapter 7.
The configurations are then referred to as Full Scale Capture Plant with SEGR and Half
Scale Capture Plant with SEGR.
In the assessment of the effect of the rotary regenerative CO2 transfer device on a
new build CCGT with PCC, the SEGR device is fitted to the Full Scale Capture Plant
configuration and is then referred to as New Build.
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The net power output of the CCGT with post-combustion capture 𝑊̇𝐶𝐶𝐺𝑇,𝑛𝑒𝑡 depends
on the electrical power generated in the gas turbine 𝑊̇𝐺𝑇 and steam turbine 𝑊̇𝑆𝑇 , the
auxiliary power consumption of all the elements of the power plant 𝑊̇𝑎𝑢𝑥 and the
efficiency of the generator 𝜂𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 , as shown in Equation (5.1). The auxiliary power
consumption is given by water pumps for process and cooling water 𝑊̇𝑤𝑎𝑡𝑒𝑟 𝑝𝑢𝑚𝑝𝑠 ,
the fuel compressor 𝑊̇𝑓𝑢𝑒𝑙 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 , fans 𝑊̇𝑓𝑎𝑛𝑠 , the energy needed in the postcombustion capture plant 𝑊̇𝑎𝑢𝑥 𝑃𝐶𝐶 and the compression of the CO2 for transport
𝑊̇𝐶𝑂2 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 (Equation (5.2)).
𝑊̇𝐶𝐶𝐺𝑇,𝑛𝑒𝑡 = (𝑊̇𝐺𝑇 + 𝑊̇𝑆𝑇 − 𝑊̇𝑎𝑢𝑥 ) ∙ 𝜂𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟
𝑊̇𝑎𝑢𝑥 = 𝑊̇𝑤𝑎𝑡𝑒𝑟 𝑝𝑢𝑚𝑝𝑠 + 𝑊̇𝑓𝑎𝑛𝑠 + 𝑊̇𝑓𝑢𝑒𝑙 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 + 𝑊̇𝑎𝑢𝑥 𝑃𝐶𝐶 + 𝑊̇𝐶𝑂2 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛

(5.1)
(5.2)

The energy consumption of the drive for the regenerative rotary transfer wheel has
to be added to the auxiliary power consumption. However, the drive’s power
consumption is with 20-25kW negligible.
The thermal efficiency of the CCGT with PCC 𝜂𝑡ℎ,𝐶𝐶𝐺𝑇 can be evaluated according to
Equation (5.3) and (5.4).
𝜂𝑡ℎ,𝐶𝐶𝐺𝑇 =

𝑊̇𝐶𝐶𝐺𝑇,𝑛𝑒𝑡
𝑄̇𝑖𝑛,𝐿𝐻𝑉

𝑄̇𝑖𝑛,𝐿𝐻𝑉 = 𝑚̇𝑓𝑢𝑒𝑙 ∙ 𝐿𝐻𝑉

(5.3)
(5.4)

With 𝑄̇𝑖𝑛,𝐿𝐻𝑉 , the heat input into the CCGT with PCC and 𝑚̇𝑓𝑢𝑒𝑙 , the mass flow rate
of the fuel and 𝐿𝐻𝑉, the low heating value of natural gas.

The interfaces of the CCGT with integrated post-combustion carbon capture and
SEGR are:

• Flue gas to capture plant, flue gas to SEGR unit, flue gas out of the capture
plant and flue gas out of the SEGR unit

175

CHAPTER 5 INTEGRATED SYSTEM DESIGN AND PERFORMANCE MODELLING

• Low pressure steam extraction to supply reboiler of the capture plant and
recycling into the steam cycle.

• Air for combustion in the GT passing through the SEGR unit.
• CO2-depleted gas of the SEGR unit and the capture plant to the flue gas
conditioning system.
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Figure 5-2:

Block flow diagram of case Full Scale CP, an integrated CCGT with flue gas conditioning, capture plant and compression train
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Figure 5-3:

Block flow diagram of case Half Scale CP, an integrated CCGT with flue gas conditioning, capture plant and compression train
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5.2 Combined Cycle Gas Turbine Power Plant
5.2.1 Process Description
The investigated large CCGT plant, with a net power output of 800 MWe, follows the
configuration proposed by IEAGHG (IEAGHG 2012). It is a 2-in1 configuration of two
General Electrics (GE) Class F (GE9371) gas turbines producing exhaust gas for their
HRSGs. The gas turbine at 100% load has a pressure ratio of 18, a turbine inlet
temperature of 1370◦C and an air fuel ratio (AFR) of 40.5 on mass basis at ISO ambient
condition (Herraiz et al. 2018). In the two HRSGs, steam for the bottoming cycle is
jointly generated. Parallel trains are shown in the previous block flow diagrams in
Figure 5-2 and Figure 5-3.
The process flow diagram of the CCGT is illustrated in Figure 5-4. For illustrative
reasons parallel trains are not shown in the flow diagram.
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Figure 5-4:

Process flow diagram of the CCGT (adapted from (Herraiz et al. 2018))
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5.2.2 Model Description
The CCGT power plant model, consisting of customised models for each piece of
equipment, was built by (Herraiz 2016) in gPROMS Model builder. It is integrated, for
this work, in gCCS with a flue gas conditioning system, the CO2 capture plant, the CO2
compression train and the rotary regenerative CO2 transfer wheel. A detail
description of the CCGT plant model can be found in (Herraiz 2016). In the following,
the most relevant aspects of the model are summarised.
Additional technical data and assumption to perform the simulations are included in
Appendix D.

Gas Turbine
The gas turbine is validated by (Herraiz 2016) to match reported technical
specifications for GE F-class engines (General Electric Power Generation 2016).
Exhaust gas composition and flow rates are gas turbine engine specific, since design
parameters, such as turbine inlet temperature, define excess of air (Herraiz 2016).
However (Herraiz 2016) assessed the performance of the gas turbine at off-design
operation based on a dimensionless analysis to provide results extendable to other
gas turbine technology. Details can be found in (Herraiz 2016) and (Herraiz et al.
2018).

The gas turbine consists of three parts. The air compressor, the combustor, and the
turbine. The net power output of the gas turbine 𝑊̇𝐺𝑇,𝑛𝑒𝑡 depends on the difference
between the power generated in the turbine section 𝑊̇ 𝑡 and the work input to
compress the air 𝑊̇𝑐 for the combustion of the fuel and for the cooling of the blades
in the turbine section as shown in Equation (5.5). Where, 𝜂𝑚𝑒𝑐ℎ is the mechanical
efficiency of the compressor.
̇

𝑊
𝑊̇𝐺𝑇,𝑛𝑒𝑡 = (𝑊̇ 𝑡 − 𝜂 𝑐 )
𝑚𝑒𝑐ℎ
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In the compression section the total pressure of air entering the combustor of the GT
is increased to achieve a design pressure ratio, through a series of stages.
The compressor work 𝑊̇𝑐 is calculated based on the mass flow of air 𝑚̇𝑎𝑖𝑟 swallowed
by the compressor and the change in enthalpy of the air between the inlet ℎ0 𝑎𝑖𝑟,𝑖𝑛
and the outlet ℎ0 𝑎𝑖𝑟,𝑜𝑢𝑡 𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐 , divided by the isentropic efficiency 𝜂𝑐 (Equation
(5.6)). The isentropic efficiency of the compressor is calculated according to Equation
(5.7).
ℎ
−ℎ
𝑊̇𝑐 = 𝑚̇𝑎𝑖𝑟 ∙ 0 𝑎𝑖𝑟,𝑜𝑢𝑡 𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐 0 𝑎𝑖𝑟,𝑖𝑛
𝜂𝑐

𝜂𝑐 =

ℎ0 𝑎𝑖𝑟,𝑜𝑢𝑡 𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐 −ℎ0 𝑎𝑖𝑟,𝑖𝑛
ℎ0 𝑎𝑖𝑟,𝑜𝑢𝑡 −ℎ0 𝑎𝑖𝑟,𝑖𝑛

(5.6)
(5.7)

In the combustor the fuel is burned under lean conditions (pre-mixed Dry Low NOx).
The air in the combustor is controlled to have an optimal air-fuel-ratio.
Two design parameters are used in the gas turbine model. The combustor outlet
temperature (COT) and the turbine inlet temperature (TIT).
The maximal turbine inlet temperature is given by the GT manufacturer and is the
temperature resulting after the combustion gases are mixed with cooling air to limit
the turbine inlet temperature. Assumptions applied in the model by (Herraiz 2016)
are based on literature (Eldrid, Kaufman, and Marks 2001; Walsh and Fletcher 2004).
Those assumption are a TIT of 1370◦C, a constant combustion efficiency of 99.8% and
an exhaust gas composition based on a complete combustion.
The combustion gases drive, at a high temperature and pressure, the turbine blades,
supplying power to drive the compressor and the electrical generator. The turbine
work 𝑊̇ 𝑡 is described as the difference in stagnation enthalpy as the exhaust flue
gases expand, multiplied by the mass flow of the exhaust flue gases 𝑚̇𝐸𝐹𝐺 (Equation
(5.8)). The actual work and outlet temperature are evaluated based on the isentropic
efficiency 𝜂𝑡 of the turbine, as indicated in Equation (5.8).
𝑊̇ 𝑡 = 𝑚̇𝐸𝐹𝐺 ∙ (ℎ𝐸𝐹𝐺,𝑜𝑢𝑡 − ℎ𝐸𝐹𝐺,𝑖𝑛 )
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𝜂𝑡 = ℎ

ℎ𝐸𝐹𝐺,𝑜𝑢𝑡 −ℎ𝐸𝐹𝐺,𝑖𝑛

𝐸𝐹𝐺,𝑜𝑢𝑡 𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐 −ℎ𝐸𝐹𝐺,𝑖𝑛

(5.9)

Further considered in the model by (Herraiz 2016) are turbine blade cooling and
pressure loss. The swallowing capacity of the turbine is calculated based on the
pressure drop in the combustion chamber.
For a fixed compressor geometry, as assumed by the model, the mass flowrate
swallowed by the compressor will change with changing density, temperature or
composition of the CO2-enriched air. The inlet air mass flow rate is therefore
calculated in the model as a function of the density of CO2-enriched air. Fuel mass
flow and cooling air flow rate will be matched to maintain the same combustor outlet
temperature and turbine inlet temperature.

Steam cycle
The steam cycle consist of two three pressure level HRSGs with double reheat and a
turbine train with high (HP), intermediate (IP) and low pressure (LP) cylinders,
connected to a 50Hz fixed-speed generator. The arrangement of the heat transfer
banks and design parameter are according to (Herraiz 2016) modelled and sized to
IEAGHG standard.
The steam generated in both HRSGs are fed to one steam turbine. The design inlet
temperature of the steam is 600◦C and is kept constant. Admission and discharge
pressure are defined by the pressure levels in the HRSG. The temperature difference
between the HP superheated and reheated steam and the flue gas entering the
high-pressure superheater and reheater, the so called approach temperatures, will
vary with changing flue gas outlet temperature coming from the GT. The inlet
pressure to the HP steam turbine is 170 bar. The inlet temperature to the IP steam
turbine is 40 bar. The pressure in the IP-LP crossover and in the LP steam turbine
matches the requirement in the reboiler of the capture plant, which is saturated
steam 3 bar, plus 1 bar pressure loss along the pipe.
̇ is calculated according to
The power generated in the steam cycle 𝑊𝑆𝑇
Equation (5.10), as the sum of the power of each steam turbine (j ϵ HP,IP,LP), which
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is given by the change in enthalpy of the steam at the inlet ℎ𝑠𝑡𝑒𝑎𝑚,𝑖𝑛 and outlet
ℎ𝑠𝑡𝑒𝑎𝑚,𝑜𝑢𝑡 , multiplied by the mass flow of steam in each turbine 𝑚̇𝑠𝑡𝑒𝑎𝑚,𝑗 . The
isentropic efficiency of the steam turbines is given by Equation (5.11).
̇ = ∑𝑗 𝑚̇𝑠𝑡𝑒𝑎𝑚,𝑗 ∙ (ℎ𝑠𝑡𝑒𝑎𝑚,𝑖𝑛 − ℎ𝑠𝑡𝑒𝑎𝑚,𝑜𝑢𝑡 )𝑗
𝑊𝑆𝑇
𝜂𝑆𝑇 = ℎ

(5.10)

ℎ𝑠𝑡𝑒𝑎𝑚,𝑖𝑛 −ℎ𝑠𝑡𝑒𝑎𝑚,𝑜𝑢𝑡

(5.11)

𝑠𝑡𝑒𝑎𝑚,𝑖𝑛 −ℎ𝑠𝑡𝑒𝑎𝑚,𝑜𝑢𝑡 𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐

Both base case power plants lead to the same technical and operational parameters
for the CCGT plant. The CCGT power outputs and thermal efficiencies are shown in
Table 5-1. The gas turbine technical and operational parameters are listed in Table
5-2. The parameters of the HRSG are shown in Table 5-3, and Table 5-4 lists the
technical and operational parameters of the steam turbine.
The net power output of the CCGT with PCC is 795 MWe with a net thermal efficiency
of 53%. The gas turbine has an air to fuel ratio of 40.5 at 100% load, leading to a net
power output of 285.8 MWe with a net thermal efficiency of 38.2%.

Table 5-1:

CCGT power output and thermal efficiencies for Case Full Scale CP and Case
Half Scale CP

CCGT

Units

Gas turbine net power per GT-HRSG train
Gas turbine net power
Open Cycle thermal efficiency
Steam turbine power
Fuel heat input per GT-HRSG train
CCGT gross power
CCGT gross thermal efficiency
CCGT net power output
CCGT net thermal efficiency
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MWe
MWe
%LHV
MWe
MWth
MWe
%LHV
MWe
%

285.8
571.6
38.2
257.4
748.4
834.6
55.8
795.0
53.1
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Table 5-2:

The gas turbine technical and operational parameters for Case Full Scale CP
and Case Half Scale CP

Gas turbine
Model
Air mass flow rate
Fuel mass flow rate

Units
kg/s
kg/s

GE 9371FB
641.8
16.1

Compressor
Inlet pressure drop
Pressure ratio
Compressor isentropic efficiency

kPa
%

1
18.1
79.5

%
%
bar
◦C

5.01
99.80
27.20
117

bar
◦C
%

1.039
1371
92.1

Combustor
Pressure drop
Combustor efficiency
Pressure fuel in
Temperature fuel in
Turbine
Turbine back pressure
Turbine inlet temperature
Turbine isentropic efficiency
Exhaust flue gas
Pressure
Temperature
Exhaust flue gas flow rate
Exhaust flue gas flow rate
Composition:
CO2
H2O
N2
O2
Ar
Molar mass
Gas turbine performance
Net power
Net thermal efficiency
Net heat rate

kPa
◦C
mol/s
kg/s

1.039
643
23178.5
657.9

%vol
%vol
%vol
%vol
%vol
g/mol

4.21
8.82
74.21
11.87
0.89
28.38

MW
%
kJ/kWh
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Table 5-3:

Heat recovery steam generator technical and operational parameters for
Case Full Scale CP and Case Half Scale CP

Heat Recovery steam generator
Flue gas mass flow
Gas inlet temperature
Gas stack temperature
Feed water temperature
Gas inlet pressure
Gas outlet pressure

Table 5-4:

Units
kg/s
◦C
◦C
◦C
bar
bar

657.9
643
114.
32
1.039
1.013

Steam turbine technical and operational parameters for Case Full Scale CP
and Case Half Scale CP

Steam turbine

Units

HP steam turbine
Live steam molar flow
Live steam mass flow
Pressure in
Temperature in
Pressure out
Temperature out
Isentropic efficiency
IP steam turbine
Hot reheated molar flow
Hot reheated mass flow
Pressure in
Temperature in
Pressure out
Temperature out
Isentropic efficiency
LP steam turbine
Turbine exhaust molar flow
Turbine exhaust mass flow
Pressure in
Temperature in
Pressure out
Exhaust steam quality
Isentropic efficiency
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mol/s
tn/h
bar
◦C
bar
◦C
%

9586.6
621.6
170.0
600
45.2
394
88.1

mol/s
tn/h
bar
◦C
bar
◦C
%

10445.1
677.2
40
600
3.8
267
92.4

mol/s
tn/h
bar
◦C
bar
%
%

6205.1
402.3
3.8
267
0.048
91.9
88.0
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5.3 Flue Gas Conditioning System
5.3.1 Process Description
The flue gas exiting the HRSG is entering the flue gas conditioning system. The
conditioning system is needed to adjust flue gas conditions, namely water content
and temperature, to the operation of the capture plant and to the power plant stack.
It consists of a gas/gas rotary heat exchanger and two booster fans and direct contact
coolers (DCC) operating in parallel, one for the flue gas stream entering the capture
plant and one for the flue gas stream entering the CO2 transfer unit. This is illustrated
in Figure 5-5.

In work conducted by (Herraiz et al. 2015) a gas/gas rotary heat exchanger is
introduced as a heat integration option for reducing cooling water requirements.
Therefore, a gas/gas heat exchanger is also utilised in the process simulation
presented in this work. In the gas/gas rotary heat exchanger, sensible heat from the
flue gas is transferred to the CO2-depleted gas. Booster fans to overcome the
pressure loses of the system upstream and direct contact coolers are implemented
to condition the flue gas to the process inlet condition requirements of the systems
upstream, capture plant and CO2 transfer unit.
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Figure 5-5:

Process flow diagram of the flue gas conditioning system
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5.3.2 Model Description
The model for the rotary gas/gas heat exchanger in the overall process flow
simulation was developed by (Herraiz et al. 2015) in gPROMS and is implemented for
this work in gCCS as a simplified heat exchanger, using a pinch approach of 20°C.
After the rotary gas/gas heat exchanger the flue gas is split according to the SEGR
ratio to leave either for the capture plant or the SEGR unit.
The flue gas leaving for the capture plant is conditioned to 1.05 bar and 40°C by
booster fan and DCC.
The flue gas leaving for the rotary regenerative CO2 transfer wheel is conditioned to
1.03 bar and 30°C by the booster fan and the DCC. This part is switched of for the
base case configurations.
This system partly contributes to the auxiliary plant losses in form of 𝑊̇𝑓𝑎𝑛𝑠 , the work
required to operate the booster fans.

5.4 Post-Combustion Capture Plant
5.4.1 Process Description
As reference system, a benchmark post-combustion solvent capture system of a
conventional 30%wt MEA based chemical absorption process is utilised, as illustrated
in Figure 5-6.
Flue gas from the flue gas conditioning system downstream the HRSG is entering the
capture plant through the absorber. In the absorber the flue gas gets into contact
with the solvent and CO2 is chemically bond to the solvent and leaves the absorber
as CO2 loaded solvent/ CO2 rich solvent at the bottom. The CO2-depleted flue gas
leaves the capture plant through the top of the absorber. The CO2 loaded solvent is
heated up in the lean/rich solvent heat exchangers before entering the stripper
section. In the stripper the solvent is regenerated with the heat provided in the
reboiler. The energy is needed to provide sensible heat required to heat up the
solvent, heat to desorb the CO2 from the solvent and latent heat to evaporate the
water. To provide the heat necessary in the reboiler, low-pressure steam is extracted
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after the intermediate-pressure turbine of the steam turbine cycle and returned into
the cycle after the condenser. A stream mixture of CO2 and water vapour leaves the
top of the stripper. The vapour is then condensed in the condenser, separated from
the gas phase and recycled back into the top of the stripper. The CO2-rich stream
leaves the capture plant in the direction of the compression train. The regenerated
lean solvent is pumped back to the absorber top, passing through the lean/rich
solvent heat exchanger, and being conditioned in the lean solvent cooler.
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Figure 5-6:

Process flow diagram of the post-combustion CO2 capture plant
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5.4.2 Model Description
The capture plant is modelled using the gCCS library models. The thermodynamic
package used for predicting the physical properties of CO2 in MEA is gSAFT (PSE
Enterprise 2016c).
Absorber and stripper are rate-based separation models, taking resistance to mass
and heat transfer into account. The structured packing chosen is Mellapak 250Y. The
capture plant design has been validated against a design examined by (IEAGHG 2012).
The methodology applied for sizing absorber and stripper follows (Herraiz et al. 2018;
Oexmann 2011; González Díaz 2016; Sanchez Fernandez et al. 2016; Freguia and
Rochelle 2003) and is presented in Section 5.4.3.
Reboiler and condenser temperatures and pressures were adopted from (Herraiz et
al. 2018).
The capture plant contributes to the auxiliary plant losses in form of the work
required to pump the solvent around (𝑊̇𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑝𝑢𝑚𝑝𝑠 ) and in form of the reboiler
duty 𝑊̇𝑟𝑒𝑏𝑜𝑖𝑙𝑒𝑟 𝑑𝑢𝑡𝑦 to regenerate the solvent (Equation (5.12)).
𝑊̇𝑎𝑢𝑥 𝑃𝐶𝐶 = 𝑊̇𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑝𝑢𝑚𝑝𝑠 + 𝑊̇𝑟𝑒𝑏𝑜𝑖𝑙𝑒𝑟 𝑑𝑢𝑡𝑦

(5.12)

The specific reboiler duty is defined as the thermal energy required to regenerate the
solvent per unit of mass of CO2 recovered, as shown in Equation (B.1).
𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑟𝑎𝑡𝑒
𝑊̇𝑟𝑒𝑏𝑜𝑖𝑙𝑒𝑟 𝑑𝑢𝑡𝑦 = 𝐶𝑂2 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤
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5.4.3 Sizing and Optimisation
As previously mentioned, the methodology applied for sizing absorber and stripper
follows (Herraiz et al. 2018; Oexmann 2011; M. E. Diego, Bellas, and Pourkashanian
2018; González Díaz 2016; Sanchez Fernandez et al. 2016; Freguia and Rochelle
2003).

The absorber diameter is established for a flue gas velocity corresponding to 75% of
the flooding-point velocity. The flooding point is reached, when the mass flow of the
gas is high enough to carry away upwards all the solvent liquid.
To determine the optimum absorber height, the established diameter of the absorber
and the capture rate (90%) are kept constant, while the packing height is increased
in increments. Increasing the packing height leads to a higher contact area between
the flue gas and the solvent, which in return leads to a higher CO2 solvent loading at
the bottom of the absorber. This results in an increased solvent capacity and
therefore to a reduction in solvent amount for the same CO2 capture rate. The
reduced amount of solvent flow leads to a reduction in reboiler duty. The maximum
in CO2 loading corresponds to the equilibrium value of the partial pressure of CO2 in
the flue gas. The optimum height is reached when a further increase in adsorbent
height leads to an only marginal gain in solvent loading (<0.2%). The results of such
an optimisation for the large absorber in Case Full Scale CP can be seen in Figure 5-7.
The black dotted line marks the optimum height of the absorber. The optimised
absorbent height for the large absorber in Case Full Scale CP and the two smaller
absorbers in Case Half Scale CP is 14 m, with an absorber diameter of 19.6 m in Case
Full Scale CP and 13.8 m in Case Half Scale CP.
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Figure 5-7:

Height optimisation of the absorber of Case Full Scale CP for a constant
capture rate of 90%

Sizing of the stripper follows the same approach as for the absorber. First the
diameter is established corresponding to 75% of the flooding-point velocity, followed
by the height optimisation based on the change in lean solvent loading reaching less
than 0.2% change in loading with increasing height of the stripper, for a constant
capture rate of 90%. This leads to a stripper height of 8 m and stripper diameter of 8
m for the capture plant of Case Full Scale CP and to a stripper height of 8 m and
stripper diameter of 5.7 m for the capture plant in Case Half Scale CP.

Reboiler duty and compression work are sensitive to the stripper pressure. The
energy penalty of the capture plant is however more sensitive to the energy
requirement to regenerate the solvent, linked to the reboiler duty than to the work
requirement to compress the CO2 up to transportation and storage pressure.
Therefore, although a higher outlet pressure at the top of the stripper reduces the
compression work, the maximum power output of the overall CCGT with PCC is
achieved for a minimum reboiler duty. (Sanchez Fernandez et al. 2016)
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Hence, to determine the minimal reboiler duty, a sensitivity analysis of the stripper
pressure is performed. The stripper pressure is increased in increments, while the
solvent mass flow is adjusted to the design capture rate of 90%, leading to a change
in liquid solvent to flue gas ratio, which is called L/G ratio. (Freguia and Rochelle 2003;
Herraiz et al. 2018)
The results of this sensitive analysis for the capture plant of Case Full Scale CP are
depicted in Figure 5-8. The minimum reboiler duty is achieved for a stripper pressure
of 1.94 bar, corresponding to a L/G ratio of 1.3. The same results are achieved for
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3.46

0.40

3.44

0.35

3.42
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3.40
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Reboiler duty
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Solvent loading [molCO2/molMEA]

Reboiler duty [MJ/kgCO2]

Case Half Scale CP.

0.20

3.36
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1.1

1.2

1.3

1.4

1.5

L/ G ratio [kg/s / kg/s]

Figure 5-8:

Optimisation of the reboiler duty of Case Full Scale CP for a constant capture
rate of 90%

Table 5-5 provides a summary of the relevant process conditions and design
parameters associated with the capture plants of Case Full Scale CP and Case Half
Scale CP.
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Table 5-5:

Technical and operational parameters of the CO2 capture plants of Case Full
Scale CP and Case Half Scale CP, per GT-HRSG train

Case
Flue gas temperature to absorber
Flue gas pressure to absorber
Flue gas mass flow rate per absorber
CO2 concentration in the flue gas
Capture rate
Absorber flooding fraction
Absorber packing height
Absorber diameter
No. of absorbers
Total packing volume per train
Lean solvent temperature to absorber
Stripper flooding fraction
Stripper packing height
Stripper diameter
No. of strippers
Total packing volume per train
Stripper pressure
Reboiler solvent temperature
Reboiler pressure
Reboiler duty
Lean loading
Rich loading
L/G ratio
Overhead condenser temperature

Units
°C
bar
kg/s
mol%
%
%
m
m
m3
°C
%
m
m
m3
bar
°C
bar
MJ/kgCO2
molCO2/molMEA
molCO2/molMEA
°C

Full Scale
CP

Half
Scale CP

40
1.05
649.9
4.29
90
75
14
19.6
1
4207
40
75
8
8
1
402
1.94
120
3
3.40
0.264
0.475
1.30
40

40
1.05
324.9
4.29
90
75
14
13.8
2
4188
40
75
8
5.7
2
401
1.94
120
3
3.40
0.264
0.475
1.30
40

5.4.4 Operating Parameters and Strategies for SEGR Retrofitting
Operating parameters and strategies need to be established in the context of a
reduced flue gas flow towards the capture plant for SEGR retrofits in parallel.

Loading point
The operating parameter loading point of the absorber needs to be considered for
lower gas mass flow rates. The loading point of an absorber is reached, when the gas
velocity is high enough to restrict the flow of the solvent liquid. This can be
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established by observing the pressure drop in the absorber. When the loading point
is reached, the pressure drop increases at a higher rate until it reaches a further
increase in pressure drop corresponding to the flooding point. Both points mark the
start and end of the entrainment regime of a column. Hence, the absorber needs to
be operated between those two points. The corresponding plots of F-Factor vs
pressure drops per height of packing for Mellapak 250Y for different head pressures
is provided by Sulzer (Sulzer Chemtech 2016) and is illustrated in Figure 5-9.

Figure 5-9:

F-Factor of the gas vs the pressure drop per m height of packing for Mellapak
250 Y and 250 X (Sulzer Chemtech 2016)
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The F-factor is defined as the product of gas velocity 𝑣𝑔 and the square root of the
gas density 𝜌𝑔 as shown in Equation (5.14).
𝐹 = 𝑣𝑔 ∙ √𝜌𝑔

(5.14)

The F-factor corresponding to the loading point for Mellapak 250Y is 1.5 (Sulzer
Chemtech 2016).

Operating mode
To operate the capture plant during a reduced gas mass flow encountered with SEGR
in parallel, an operating mode for retrofitted capture plants needs to be chosen.
Possible operating modes follow the strategies developed for operating capture
plants at part-load.
Three different strategies for part-load are proposed by (Sanchez Fernandez et al.
2016):

• Constant stripper pressure
• Constant L/G ratio in adsorber
• A combination of both above strategies
(Sanchez Fernandez et al. 2016) concludes, after assessing all three options, that the
most efficient one is to keep the stripper pressure constant. For lower pressure and
temperature in the stripper, more energy is required per kg of CO2 to achieve the
same degree of solvent regeneration. Additionally, it increases the work required by
the compression train to achieve the final transportation pressure.
Therefore, in the context of retrofitting SEGR to an existing capture plant, which
decreases flue gas mass flow rates and increases CO2 flue gas concentration, a
constant stripper pressure strategy will be followed.
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5.5 CO2 Compression Train
5.5.1 Process Description
A stream, consisting of desorbed CO2 (96 %vol) and water vapour leaves the
condenser of the stripper at 40°C and 1.9 bar and enters the compression train. The
compression train consists of a series of compressors, heat exchangers for
intercooling and knock-out drums to condition the CO2 stream up to a purity of 99%
at 110 bar for transport and storage.

5.5.2 Model Description
The model is developed in gCCS. The selected CO2 compression system configuration
consists of one train per GT-HRSG train. It is based on the European Benchmarking
Task Force (EBTF) developed common framework ‘European best practice guidelines
for assessment of CO2 capture technologies’ under the project acronym CAESAR
(EBTF 2011). It comprises three compressor stages with appendant intercooling and
water knock-out between each compression stage to lower power consumption for
the compressor drive, followed by a pump. The flow diagram of the compression train
is shown in Figure 5-10. The compressor stages increase the CO2 stream pressure up
to critical pressure, at which CO2 is liquefied (~73 bar). The pump stage delivers the
final transport pressure of 110 bar. Technical and operation parameters of the
compression system are listed in Table 5-6.
The compression train contributes to the auxiliary plant losses in form of the work
required to operate the compressors 𝑊̇𝐶𝑂2 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 .
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Figure 5-10:

Process flow diagram of the CO2 compression train
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Table 5-6:

Technical and operational parameters of the compression systems
(assumptions based on (EBTF 2011))

Pressure for transport
CO2 purity
Compression stages pressure ratios
Compressor polytropic efficiencies stage 1 and 2
Compressor polytropic efficiency stage 3
Intercooler stages
Intercooling outlet temperature
Pump efficiency
Cooling water temperature
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110
99.9
2.9 / 4.34 / 4.33
80
75
3
28
75
18

bar
%
%
%
◦C
%
◦C

Chapter 6 Integrated New-Build CCGT with PCC
and Regenerative Rotary CO2 Transfer Wheel
In this chapter a configuration for a new build CCGT power plant with postcombustion capture and regenerative rotary CO2 transfer wheel in parallel,
optimised for a 90% overall capture rate is investigated. The configuration will be
referred to as ‘New-Build’.
The aim is to assess the overall performance of the CCGT power plant and possible
energy penalty savings and equipment size reduction in the capture plant, by adding
regenerative rotary CO2 transfer devices.
To achieve an overall capture rate of 90% at a SEGR ratio of 70%, a selective CO2
transfer recovery rate of 97% and a capture rate in the capture plant of 96% need to
be achieved.
The absorber of the capture plant is optimised for the flue gas mass flow rate
corresponding to a SEGR ratio of 70% and a capture rate of 96%.
The results of the integrated simulations of a new build CCGT with PCC and
regenerative CO2 transfer device are compared to the results of a conventional CCGT
with PCC, as reported in Chapter 5 as Full Scale Capture Plant (Full Scale CP)
configuration.
A block flow diagram of both studied cases including the characteristics of the main
process streams can be found in Appendix G.

The chapter is divided into the following sections.
First, the New-Build configurations investigated is described in Section 6.1.
In Section 6.2, the adsorbent mass requirement for the SEGR unit in the New-Build
configuration is established and the design parameters of the regenerative rotary
CO2 transfer wheels for the New-Build application are reported.
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Next, effect on the gas turbine (Section 6.3) and the steam cycle (Section 6.4) are
investigated for the New Build configuration and compared to the gas turbine and
steam cycle of a conventional CCGT with PCC.
Section 6.5 investigates the effect and design changes on the capture plant for the
New-Build configuration, compared to the conventional configuration. Reductions in
absorber packing volume and reboiler duty reductions are evaluated for a chemical
absorption post-combustion capture system using an aqueous solution of 30 wt%
MEA, as benchmarking solvent.
Finally, the overall effect on the power plant in form of power output is summarised
and presented in Section 6.6.

6.1 Description of the New-Build Configurations
The considered New-Build configurations consist of two parallel trains of GT, HRSG,
flue gas conditioning system, CO2 transfer devices, capture plant and compression
trains, sharing one set of steam turbines between both trains.
The block flow diagram of the New-Build configurations is illustrated in Figure 6-1.
Exhaust gas leaving the HRSG passes through the heat recovery unit and is split
according to a SEGR ratio to either pass through a blower and DCC towards the
selective CO2 transfer device, or through a blower and DCC towards the capture
plant. The conditions for the flue gas entering the capture plant is 40◦C and 1.05 bar.
The flue gas entering the rotary regenerative CO2 transfer device is conditioned to
30◦C and 1.03 bar.
Air used for the combustion of the natural gas passes first through the selective CO2
transfer device, where it is enriched with CO2. The CO2-depleted gas streams from
the selective CO2 transfer device and the capture plant are mixed and passed through
the rotary gas/gas heat exchanger, being heated up before leaving to the stack.
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Figure 6-1:

Block flow diagram of the configuration New-Build with SEGR; an integrated CCGT with flue gas conditioning, SEGR device, capture plant and
compression train
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6.2 Design of the Rotary CO2 Transfer Wheel
The regenerative rotary CO2 transfer wheel is sized to transfer 97% of the CO2 of the
CCGT flue gas composition, for a SEGR ratio of 70%. Before entering the rotary
regenerative CO2 transfer wheels, the flue gas is conditioned to 30◦C and 1.03 bar.
The exhaust gas stream variables entering the rotary wheel device for a fully
integrated power plant with PCC and SEGR at a SEGR ratio of 70% are listed in Table
6-1.
Table 6-1:

Exhaust flue gas stream variables entering the SEGR unit

Flue gas towards SEGR unit
Temperature
Pressure
Molar flow rate
Composition:
CO2
H2O
N2
O2
Ar

°C
bar
mol/s

30
1.033
14969.3

%mol
%mol
%mol
%mol
%mol

14.8109
4.1113
70.4247
9.80896
0.84

As solid adsorbent, the KOH activated carbon of Chapter 4 is utilised.
A rotational speed of 2rpm and a wheel partitioned equally in adsorption and
desorption section are chosen for the regenerative rotary wheel to reduce the solid
mass requirement, following the analysis of Section 4.2.6. The solid mass required for
those flue gas conditions and composition for a recovery rate of 97% is 551 tonnes of
solid KOH activated carbon. Applying the procedure detailed in Section 3.4.3, the
number of needed wheel devices are calculated based on a honeycomb wall
thickness of 1 mm and a pitch of 4.5 mm, leading to a bulk void fraction of 0.77. For
a wheel diameter of 30 m and height of 2 m, two rotary wheel devices per GT/HRSG
train are necessary for the predicted mass of adsorbent. The dimensions of the rotary
CO2 transfer device are reported in Table 6-2.
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Table 6-2:

Requirements for the regenerative rotary CO2 transfer device for SEGR in
parallel for the New-Build configuration

Flue gas
SEGR ratio
CO2 conc. at SEGR unit
Recovery rate
Adsorbent
Material
Mass x 1000
Particle and Bulk
Particle density
Particle Volume
Bulk void fraction
Bulk volume
Rotary wheel
External diameter
Height
Basket Factor [Howden]
Rotor volume
No. of devices

%
mol%
%

S-EGR Parallel
70
14.8
97.0

kg

KOH activated carbon
551

kg / m3
m3
m3

952
579
0.77
2516

m
m
m3
-

30
2
0.89
1260
2

6.3 Effect on the Gas Turbine
Two GE Class F (GE9371) gas turbines are utilised in the model of the 2-in-1
configuration of a CCGT, with a compressor initially designed to operate with air.
As discussed in Section 5.1, the compressor of the gas turbine swallows a constant
volume of air at full load (531.25 m3/s), for a fixed compressor geometry. Therefore,
the mass flowrate swallowed by the compressor will change with changing density,
temperature or composition of the CO2-enriched air. At the same time the specific
heat of the working fluid decreases with higher CO2 concentration. For illustration of
the changes in specific heat and density, the sensitivity analysis on the change in
working fluid properties with increasing SEGR ratio performed by Herraiz, can be
found in the Appendix E, Figure E-1.
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The air stream variables entering the compressor of the gas turbine are listed in Table
6-3. The CO2-enriched air temperature, coming from the rotary CO2 transfer wheels,
rises by 9°C, compared to the configuration without SEGR. The CO2-enriched air has
a CO2 concentration of 9.97 %mol compared to the 0.03 %mol in the not enriched
air. Due to the changed flue gas composition the molecular weight of the gas changes,
decreasing the molar flow rate by 3%. The density of the air enriched with CO2
increases by 2% for the New-Build configuration with an SEGR ratio of 70%.

Table 6-3:

Air stream variables entering the compressor for the Full Scale CP and NewBuild configuration, per GT-HRSG train

Air swallowed by GT compressor

%
°C
bar
kg/m3
mol/s

Full Scale
CP
0
15
1.0030
1.209
1.402
22243.0

NewBuild
70
24
1.0028
1.237
1.387
21623.7

%mol
%mol
%mol
%mol
%mol

0.0315
1.0101
77.2953
20.7360
0.9270

9.9739
0.9097
69.6079
18.6737
0.8348

Configuration
SEGR ratio
Temperature
Pressure
Air density
Specific heat ration (Cp/Cv)
Molar flow rate
Composition:
CO2
H2O
N2
O2
Ar

Fuel mass flow and cooling air flow rates are matched to maintain the same
combustor outlet temperature and turbine inlet temperature. Although the CO2enriched air enters at 9°C hotter than the not enriched air, the lower specific heat
ratio, caused by the addition of CO2, results in a lower compressor outlet
temperature of 452°C instead of 464°C. This requires an increase in fuel mass flow
rate of 4.3% in the combustor of the New-Build configuration compared to the
configuration Full Scale CP. Resulting fuel mass flow rates as well as air fuel ratios in
the combustor and flue gas stream variables at the turbine inlet are shown for both
configuration in comparison in Table 6-4.
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The higher mass flow rate through the turbine increases the gas turbine net power
output by 4.3 MWe per GT-HRSG train, or 8.5 MWe for both gas turbines combined.

Table 6-4:

Fuel mass flow rates, AFR and flue gas stream variables entering the turbine
for the Full Scale CP and New-Build configuration, per GT-HRSG train

Flue gas after combustion

%

0

NewBuild
70

kg/s
◦C

1.362
16.10
24.89
1626

1.337
16.79
23.20
1626

◦C
bar
kg/m3
mol/s
kg/s

1371
17.228
3.565
1.281
22479.4
637.7

1371
17.376
3.774
1.263
21919.5
652.7

%mol
%mol
%mol
%mol
%mol

4.3419
9.0613
74.1140
11.5944
0.8885

14.1403
9.5230
66.5483
8.9907
0.7977

Configuration

Full Scale CP

SEGR ratio
Combustor
Specific heat ration at inlet (Cp/Cv)
Fuel mass flow rate
AFR
Combustion outlet temperature
Turbine inlet
Turbine inlet temperature
Inlet pressure
Inlet density
Specific heat ration (Cp/Cv)
Molar flow rate
Mass low rate
Composition:
CO2
H2O
N2
O2
Ar

6.4 Effect on the Steam Cycle
Exhaust gas, with changed composition, leaves the gas turbine at a higher mass flow
rate and a higher temperature for the New-Build configuration. This results in a larger
amount of heat available in the HRSG, leading to a higher steam mass flow rate for
the steam turbines. For both configurations the exhaust gas stream variables entering
the HRSG are listed in Table 6-5.
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Table 6-5:

Exhaust flue gas stream variables entering the HRSG for the Full Scale CP and
New-Build configuration, per GT-HRSG train

Turbine exhaust gas towards HRSG

%
◦C
bar
kg/m3
J/mol∙K
kg/s

Full Scale
CP
0
643
1.039
0.387
33.92
657.9

NewBuild
70
670
1.039
0.395
36.11
673.3

%mol
%mol
%mol
%mol
%mol

4.2119
8.8185
74.2099
11.8701
0.8896

14.0150
9.2640
66.6404
9.2819
0.7988

Configuration
SEGR ratio
Temperature
Pressure
Density
Specific heat Cp
Mass flow rate
Composition:
CO2
H2O
N2
O2
Ar

A comparison of the heat transfer diagram of the heat recovery steam generators is
presented in Figure 6-2. As illustrated, the steam turbine net power output increases
by 32 MW. Due to the limitation of the superheated high pressure steam inlet
temperature to 600°C, the approach temperature for the Full Scale CP is 43°C,
compared to 70°C for the New-Build configuration, an increase of 39%. Yet, the
Rankine efficiency increases for the New-Build configuration from 66% to 68%, due
to the higher amount of heat recovered in the case of the New-Build configuration.
The steam cycle, as it is simulated here for the New Build case, uses the same
pressure level as the steam cycle in the Full Scale CP. However, more thermal energy
in form of higher temperature and higher mass flow rate, is available. Consequently,
the steam cycle is not any longer optimised for the new process conditions. A redesign of the steam cycle adapting pressure levels and approach temperatures in the
cycle would open up the possibility to access higher Rankine efficiency for the steam
cycle. According to (González Díaz 2016) a supercritical HRSG could lead to an
increase in LHV efficiency of up to 2.5 %. This should be considered for future work.
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Figure 6-2:

100
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Heat transfer [MW]

400

500

Heat transfer versus temperature diagram for the New-Build configuration
with a SEGR ratio of 70% (green lines), compared to the Full Scale CP
configuration without SEGR (purple lines)

6.5 Design of and Effect on the Capture Plant
The capture plant of the New-Build configuration utilises a 30%wt aqueous MEA
solution as solvent, similar to the base case.
Before entering the capture plant, the flue gas is conditioned to 40°C and 1.05 bar.
The exhaust gas stream variables entering the capture plant for a fully integrated
power plant with PCC and SEGR at a SEGR ratio of 70% are listed in Table 6-6, next to
the exhaust gas stream variables of the integrated power plant without SEGR. The
CO2 concentration in the New-Build configuration is 3.3 times higher than the CO2
concentration in the base case. The mass flow rate is reduced by a factor of 3.3,
compared to the Full Scale CP configuration.
The methodology applied to size and optimise the capture plant for the New-Build
configuration follows the procedure described in Section 5.4.3.
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Table 6-7 provides a summary of the relevant process conditions and design
parameters associated with the capture plants of the configuration Full Scale CP and
New-Build.
For the New-Build configuration, the capture plant has to achieve a capture rate of
96% to achieve an overall capture rate of 90%. The capture plant of the Full Scale CP
needs to achieve a capture rate of 90%. The higher CO2 inlet concentration presents
a higher driving force, leading to a higher rich solvent CO2 loading of 0.488
molCO2/molMEA, compared to a rich loading of 0.475 molCO2/molMEA in the Full Scale
CP configuration. The lean CO2 loading for the New-Build configuration is 0.252
molCO2/molMEA, compared to 0.264 molCO2/molMEA. This results in different solvent
capacities in both cases. The solvent in the New-Build configuration has a capacity of
0.236 molCO2/molMEA, compared to the solvent capacity in the Full Scale CP
configuration of 0.211 molCO2/molMEA. The higher capacity is necessary to capture
96% of the CO2 inlet concentration. The solvent flow rate in the New-Build
configuration is reduced from 848 kg/s to 788 kg/s. However, this results in a L/G
ratio of 3.96, compared to a L/G ratio of 1.3 in the Full Scale CP configuration. The
reboiler duty is reduced by 2.7%.
The absorber for the New-Build configuration is 5 m higher. This is necessary due to
the higher absorber capture rate required for the New-Build configuration. The
diameter however can be reduced by 6.8m, due to the reduced flue gas mass flow
rate. Overall this leads to a reduction in packing volume by 42%.
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Table 6-6:

Exhaust flue gas stream variables entering the capture plant for the Full Scale
CP and New-Build configuration, per GT-HRSG train

Flue gas towards capture plant

%
◦C
bar
kg/s

Full Scale
CP
0
40
1.05
649.9

NewBuild
70
40
1.05
199.1

%mol
%mol
%mol
%mol
%mol

4.2943
7.0333
75.6629
12.1025
0.9070

14.3596
7.0333
68.2787
9.5101
0.8184

Configuration
SEGR ratio
Temperature
Pressure
Mass flow rate
Composition:
CO2
H2O
N2
O2
Ar
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Table 6-7:

Technical and operational parameters of the CO2 capture plants of
configurations New-Build and Full Scale CP, per GT-HRSG train

Configuration

Full Scale
CP

NewBuild

Units
Flue gas temperature to absorber
Flue gas pressure to absorber
Flue gas mass flow rate per
absorber
CO2 concentration in the flue gas
Capture rate
Absorber flooding fraction
Absorber packing height
Absorber diameter
No. of absorbers

◦C
bar

40
1.05

40
1.05

kg/s
mol%
%
%
m
m
-

649.9
4.29
90
75
14
19.6
1

199.1
14.4
96
75
19
12.8
1

Total packing volume per train
Lean solvent temperature to
absorber
Stripper flooding fraction
Stripper packing height
Stripper diameter
No. of strippers

m3

4207

2426

◦C
%
m
m
-

40
75
8
8
1

40
75
8
7.85
1

Total packing volume per train
Stripper pressure
Reboiler design temperature
Reboiler pressure
Solvent flow rate

m3
bar
◦C
bar
kg/s

402
1.94
120
3
848

387
1.92
120
3
788

Reboiler duty

MJ/kgCO2
molCO2/molM

3.40

3.31

Lean loading

EA

0.264

0.252

0.475
1.30
40

0.488
3.96
40

molCO2/molM
Rich loading
L/G ratio
Overhead condenser temperature

EA

◦C
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6.6 Overall Effect and Discussion
The power output of the power plant parts, the overall power output and the thermal
efficiency of the New Build and the conventional Full Scale CP configuration are
reported Table 6-8.
The increased density of the CO2-enriched air leads to less mass flow of air being
swallowed by the compressor for the New Build configuration. At the same time, the
specific heat of the working fluid decreases, leading to a lower compressor outlet
temperature. To keep the combustor exit temperature and turbine inlet temperature
constant, more full mass flow is needed. That increases the total mass flow rate
through the turbine, increasing the turbine net power output for the New Build
configuration by 8.5MW, in comparison to the conventional configuration Full Scale
CP, as discussed in Section 6.3. However, the thermal efficiency of the turbine
decreases by 1%, due to the higher heat input requirement to maintain the turbine
inlet temperature.
The exhaust flue gas enters the HRSG with a higher temperature and higher mass
flow rate. This results in more heat being available for the generation of steam, which
in turn increases the power output of the steam cycle in the New Build configuration
by 32 MW, as shown in detail in Section 6.4.
The higher CO2 concentration and lower mass flow rate (due to SEGR ratio of 70%),
reduces the required absorber packing volume by 42% and reboiler duty by 2.7%, as
evaluated in Section 6.5.
The CCGT net power output increases by 39MWe, resulting in an increase of the CCGT
net thermal efficiency from 53.1 % in the conventional configuration to 53.4% in the
New Build configuration.
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Table 6-8:

Power and thermal efficiencies for the investigated retrofit configurations

Units
Configuration
SEGR ratio
SEGR transfer rate
Capture rate
Overall capture rate
Air fan x2
Booster fan for PCC x2
Booster fan for SEGR x2
Gas turbine net power per GTHRSG train
Gas turbine net power
Open cycle thermal efficiency
Fuel heat input per GT-HRSG train
Fuel input per GT-HRSG train
Fuel LHV
Steam turbine power
CCGT gross power
CCGT gross thermal efficiency
CCGT net power output
CCGT net thermal efficiency

%
%
%
%
MWe
MWe
MWe
MWe
MWe
%LHV
MWth
kg/s
kJ/kg
MWe
MWe
%LHV
MWe
%
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Full Scale
CP
0.0
90
90
2.64
-

New Build
70.0
97
96
90
0.75
0.75
0.95

285.8

290.1

571.6
38.2
748
16.1
46476
257.4
834.6
55.8
795.0
53.1

580.1
37.2
780
16.8
46476
289.4
876.0
56.1
834.0
53.4

Chapter 7 SEGR Retrofitting Strategies for CCGTs
with PCC
In this chapter SEGR retrofit options for two different configurations of CCGT with
PCC optimised for a CO2 capture rate of 90% are investigated.
As previously stated, in the context of achieving net zero emissions, it is important to
give consideration to the marginal cost of increasing capture levels on existing CCS
facilities, beyond initial capture levels. In this chapter the possibility to achieve such
an increase in capture levels, beyond the initial design of 90% capture rate in the
capture plant, by means of SEGR, is assessed. The intent is to assess the performance
of CCGT with PCC and SEGR to get as close as possible to net-zero emissions. A cost
analysis is not part of the scope.
The objective is to identify the operational framework of existing CCGT with PCC,
utilising amine based scrubbing technology, retrofitted with regenerative rotary CO2
transfer devices. Limiting factors for retrofit deployment of SEGR in CCGTs with PCC
are investigated and CO2 concentrations in the exhaust flue gas for achievable SEGR
ratios are established. The intention is to assess possible increases in the overall
capture rate of existing CCGT with PCC by adding regenerative rotary CO2 transfer in
parallel to the capture plant and to minimise energy penalties for the capture plant.
Adding SEGR in parallel increases the CO2 concentration in the exhaust flue gas and
reduces the flue gas mass flow rate to the capture plant.
(Herraiz et al. 2018) showed through process model simulations, that the current
class of gas turbine engines can operate at higher CO2 inlet concentration without a
significant deviation in the compressor and the turbine performance from the design
conditions. Similar deviations are reported by (K. Jonshagen 2011) for F-class GE
engine, and by (Sander et al. 2011) for Alstom GT26 engine for different EGR ratios.
This will not be further assessed here.
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The structure of this chapter is as follows.
First, the two retrofit configurations investigated are described in Section 7.1,
followed by the design of the regenerative rotary CO2 transfer wheel for retrofit
application (Section 7.2).
Next, the operational limits for retrofitting SEGR to existing CCGT with PCC in a
bottom-up approach are established by observing the entrainment regime of the
absorber columns, while the CO2 concentration in the flue gas increases and the flue
gas mass flow rate decreases (Section 7.3).
In a top-down approach, the optimum SEGR ratio reported in Section 7.3 is used and
options to increase the overall capture rate further by adapting lean solvent mass
flow rate and reboiler pressure are investigated in Section 7.4. The CCGT power
output for the case is reported and compared to CCGT power output of the base case
without SEGR applying the same options to increase the capture level.
Finally, a summary and discussion of the results is presented in Section 7.5.

7.1 Description of the Retrofit Configurations
The considered retrofit configurations are based on the two base cases, introduced
in Section 5.1. The retrofit configurations consist of two parallel GT, HRSG, flue gas
conditioning systems, SEGR units, capture plants (one in the Full Scale configuration,
two parallels in the Half Scale configuration) and compression trains, sharing one set
of steam turbines between both trains.
The block flow diagrams of the retrofit configurations Full Scale CP with SEGR is
illustrated in Figure 7-1, and the block flow diagrams of the retrofit configurations
Half Scale CP with SEGR is shown in Figure 7-2. The configuration Half Scale CP with
SEGR features the possibility to interconnect the solvent flows of the two parallel
capture plants, switching off one absorber, but still using both strippers to regenerate
the solvent mass flow. This feature can be applied when the flue gas mass flow, that
needs to be treated by the capture plant, reaches 50% of the flue gas mass flow
produced during full load operation without SEGR.
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The SEGR device operates in parallel to the capture plant. Flue gas coming out of the
HRSG passes through the gas/gas heater and is split according to a SEGR ratio to
either pass through a blower and DCC towards the SEGR unit, or through a blower
and DCC towards the capture plant. The SEGR ratio is defined as the ratio of flue gas
flow rate that is diverted to the SEGR unit. The flue gas entering the capture plant is,
as in the base case, conditioned to 40◦C and 1.05 bar. The flue gas entering the rotary
regenerative CO2 transfer device is conditioned to 30◦C and 1.03 bar.
Air passing through the SEGR unit is enriched with CO2. It is then swallowed by the
gas turbine compressor and used as comburent in the combustion of the natural gas.
The CO2-depleted gas streams from the SEGR unit and the capture plant are mixed
and passed through the rotary gas/gas heat exchanger, being heated up before
leaving to the stack.
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Figure 7-1:

Block flow diagram of Case Full Scale CP with SEGR, an integrated CCGT with flue gas conditioning, SEGR unit, capture plant and compression train
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Figure 7-2:

Block flow diagram of Case Half Scale CP with SEGR, an integrated CCGT with flue gas conditioning, SEGR unit, capture plant and compression train
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7.2 Design of the Rotary CO2 Transfer Wheel for Retrofit
Application
The design parameters of CCGT, HRSG, PCC, flue gas conditioning and compression
train are the same as in the base cases. The design, technical and operational
parameters of the rotary regenerative CO2 transfer wheel are described in
hereinafter.
The regenerative rotary CO2 transfer wheel is sized for the retrofit configurations to
transfer 99% of the CO2 in the CCGT flue gas composition, reported by (Herraiz et al.
2018) for a SEGR ratio of 70%. The high recovery rate was chosen to not limit the
overall capture rate by the transfer rate of the SEGR unit. The CO2 overall capture
rate of the system, as shown in Equation (2.5) in Chapter 2, depends on both, the
capture rate of the capture plant and the recovery rate of the SEGR unit. The overall
capture rate of the system is defined as the amount of CO2 captured in the overall
process in relation to the generated CO2 in the combustion. This leads to an oversized
regenerative rotary CO2 transfer device for lower SEGR rates.
As solid adsorbent, the KOH activated carbon, used to validate the system (Section
4.2.2), is utilised. The condition of the ambient air and technical parameters of the
air fan, used to size the wheel, are reported in the Appendix E. The flue gas conditions
and the dimensions of the rotary CO2 transfer device are reported in Table 7-1.
The solid amount of the KOH activated carbon necessary to transfer 99% of the CO2
concentration in the flue gas is 1063tn, for a regenerative rotary wheel partitioned
equally in adsorption and desorption section and a rotational speed of 1 rpm. The
rotational speed of 1 rpm was chosen in the case of a drop in recovery rate. A higher
rotational speed of 2 rpm would have reduced the necessary amount of solid
adsorbent, however a further increase to adapt to sudden changes in recovery ratio
would not be possible, since a higher rotational speed for such large rotating devices
is not recommended. In case of a drop in recovery rate in the integrated model, the
operational strategy to increase the rotational speed can be applied to increase the
recovery rate.
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Applying the procedure detailed in Section 3.4.3, the number of needed wheel
devices are calculated based on a honeycomb wall thickness of 1 mm and a pitch of
4.5 mm, leading to a bulk void fraction of 0.77. For a maximum diameter, from a
practical point of view, as discussed in Section 3.4.3., that leads for the predicted
mass of adsorbent to three wheel devices of 30m in diameter and 2.56 m in height.
Table 7-1:

Retrofitting requirements for the regenerative rotary CO2 transfer device for
SEGR in parallel

Flue gas
SEGR ratio
CO2 conc. at SEGR unit
Flue gas molar flow rate
Flue gas inlet temperature
Flue gas inlet pressure
Recovery rate
Adsorbent
Material
Mass x 1000
Particle and Bulk
Particle density
Particle Volume
Bulk void fraction
Bulk volume
Rotary wheel
External diameter
Height
Basket Factor (Hogg 2016)
Rotor volume
No. of devices

%
mol%
mol/s
◦C
bar
%

S-EGR Parallel
70
14.8
14904
30
1.033
99.0

kg

KOH activated carbon
1063

kg / m3
m3
m3

952
1117
0.77
4855

m
m
m3
-

30
2.56
0.89
1612
3

7.3 Operational Limits for Retrofitting SEGR
During SEGR in parallel operation, the amount of flue gases passing through the
capture plant will be decreased. This can lead to velocity and pressure drop restrains
in the capture plant. Therefore, to establish operational limits for retrofitting SEGR to
CCGT with PCC, the SEGR ratio in the integrated model is increased step wise and the
effect of the reduced flue gas flow rate coupled with the increased CO2 concentration
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on the F-factor (Equation (5.14)) over the pressure drop in the absorber column is
investigated.
For both retrofit configurations the methodology is to increase the SEGR ratio step
wise, while keeping the solvent mass flow rate (Full Scale CP solvent mass flow
rate = 848 kg/s; Half Scale CP solvent mass flow rate = 424 kg/s) and stripper pressure
(1.94 bar) in the capture plant fixed to the values for SEGR ratio = 0, except when
reported otherwise.
In cases where the solvent flow rate cannot be kept at maximum, it is adapted to
keep the constrain of a flooding fraction of 75% for absorber and stripper. If the SEGR
ratio leads to an F-factor below the loading point of Mellapak 250Y (F-factor > 1.5),
the lower limit of the entrainment regime of a column is reached. A further increase
in SEGR ratio and therefore a further decrease in flue gas mass flow rate would not
be able to be processed by the absorber column.

7.3.1 Configuration Full Scale CP with SEGR
In this section, the strategy detailed above is applied to the configuration Full Scale
CP with SEGR. Reported values are given for one GT train of the overall CCGT with
PCC and SEGR configuration.
The CO2 concentration in the exhaust flue gas entering the capture plant increases
with increasing S-EGR ratio. At the same time the flue gas mass flow rate decreases,
while the solvent flow stays constant at a mass flow rate of 848 kg/s. Corresponding
CO2 concentrations and total mass flow rates at the inlet of the absorber for different
SEGR ratios of the retrofit configuration Full Scale CP with SEGR, obtained from the
integrated CCGT with PCC and SEGR model, are given in Table 7-2. While the flue gas
concentration rises from 4.29 mol% in the base case without SEGR (SEGR ratio = 0%)
to 6.29 mol% for a SEGR ratio of 30%, the mass flow rate of flue gas decreases from
650 kg/s to 452 kg/s. This leads to a change in the gas velocity (29% change) and
density in the absorber (1% change), as shown in Figure 7-3 for the averaged gas
velocity and average gas density of the absorber column for SEGR ratios from 0-30%.
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This in turn is affecting the operational F-Factor and pressure drop in the absorber
column.
A sensitivity analysis of the pressure drop per unit of length of packing height to the
F-factor, based on the inlet CO2 concentration and flue gas mass flow rate of the
different SEGR ratios, is illustrated in Figure 7-4. Each colour represents the absorber
at a different SEGR ratio. Each point of the same colour represents one section of the
absorber height. The red region in Figure 7-4 illustrates the area where the F-Factor
falls below the value for the loading point of the packing and therefore under the
entrainment regime of the column. Figure 7-4 indicates that the pressure drop in the
absorber decreases with increasing SEGR ratio. Over the investigated SEGR ratio the
change in pressure drop amounts to 48%, the change in F-factor to 30%. For a SEGR
ratio of 30% and higher, the absorber is operated under the loading point, therefore
beyond the entrainment regime of the absorber. Consequently, it can be concluded,
for the retrofit configuration Full Scale CP with SEGR that the maximum SEGR ratio
the CCGT with PCC and SEGR can be operated in is 20%, leading to a CO2
concentration entering the absorber column of 5.39 mol%.
Table 7-2:

CO2 concentrations and mass flow rates towards the capture plant for
different SEGR ratios for the retrofit configuration Full Scale CP with SEGR

SEGR ratio
CO2 concentration
Total flue gas mass flow rate

Units
%
mol%
kg/s
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0
4.29
650

10
4.78
582

20
5.39
517

30
6.29
452

CHAPTER 7 SEGR RETROFITTING STRATEGIES FOR CCGTS WITH PCC

1.080

2.3

Aver. gas velocity

2.1

Aver. gas density

1.075

1.070

1.9
1.7

1.065

1.5
1.060

1.3

1.1

1.055

Gas density [kg/m3]

Gas velocity [m/s]

2.5

0.9
1.050

0.7
0.5

1.045
0

Figure 7-3:
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Sensitivity analysis of the absorber pressure drop depending on the SEGR
ratio for the retrofit case Full Scale CP with SEGR; the red area marks the
area where the loading point of the packing is reached
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7.3.2 Configuration Half Scale CP with SEGR
The same strategy as for the configuration Full Scale CP with SEGR is applied to the
configuration Half Scale CP with SEGR. However, this configuration has two
operational modes. When the total mass flow rate of the flue gas reaches the mass
flow rate that can be treated by one absorber (SEGR ratio = 50%), the second
absorber is switched off, and the solvent bypass is switched on. This leads to an
operation, where the flue gas is treated by one absorber and the rich solvent is
treated by two strippers. Consequently, operational higher SEGR ratios are
achievable in the configuration Half Scale CP with SEGR, compared to the
configuration Full Scale CP with SEGR. Reported values refer to one GT train of the
overall CCGT with PCC and SEGR configuration.
The change in CO2 concentrations and total flue gas mass flow rates for different
SEGR ratios for the retrofit configuration Half Scale CP with SEGR, obtained from the
integrated CCGT with PCC and SEGR model, are given in Table 7-3. The flue gas
concentration rises from 4.29 mol% in the base case without SEGR (SEGR ratio = 0%)
to 15.10 mol% for a SEGR ratio of 70%, while the mass flow rate of flue gas decreases
from 650 kg/s to 200 kg/s.
Table 7-3:

CO2 concentrations and total mass flow rates for different SEGR ratios for
the retrofit configuration Half Scale CP with SEGR

SEGR ratio
CO2
concentration
Total flue gas
mass flow rate

Units
%
0
%
4.29

10
4.78

20
5.39

30
6.19

40
7.27

50
8.81

60
70
11.20 15.10

kg/s

582

517

452

389

325

262

650

200

At a flue gas mass flow rate of 325 kg/s, corresponding to a SEGR ratio of 50%, one
absorber is switched off and the solvent flow of the switched off absorber bypasses
towards the operating absorber. The maximum solvent flow rate for the SEGR ratios
with solvent bypass is determined based on the flooding fraction constrain of 75% for
the operating absorber. Resulting flue gas and solvent mass flows per absorber/
stripper column are reported in Table 7-4.
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Table 7-4:

Flue gas mass flow rate per absorber and solvent mass flow rate per stripper
for different SEGR ratio for the retrofit configuration Half Scale CP with SEGR
Units

Capture plant
operational mode
SEGR ratio
CO2 concentration
Flue gas mass flow
rate per absorber
Solvent mass flow
rate per stripper

%
%
kg/s

two absorbers
two strippers
0
10
20
4.29 4.78 5.39
325 291 258

30
6.19
226

40
7.27
194

one absorber
two strippers
50
60
70
8.81 11.20 15.10
325 262
200

kg/s

424

424

424

220

424

424

380

424

The change in the flue gas and solvent mass flow rates are again affecting the
operational F-Factor and pressure drop in the absorber column. The sensitivity
analysis of the pressure drop per m packing height to the F-factor, for SEGR ratios of
0% to 30% ratios, for the operation of two absorber and two strippers, is depicted in
Figure 7-5. The sensitivity analysis of the pressure drop per m packing height to the
F-factor, based on SEGR ratios of 50% to 70%, for the operation of one absorber and
two strippers, is shown in Figure 7-6. Each colour represents the absorber at a
different SEGR ratio. Each point of the same colour represents one section of the
absorber height. The red region in both figures illustrates the area where the F-Factor
falls below the value for the loading point of the packing and therefore under the
entrainment regime of the column.

Figure 7-5 indicates that the pressure drop in each of the two absorbers decreases
with increasing SEGR ratio. Over the investigated SEGR ratio (0-30%), the change in
pressure drop amounts to 48%, the change in F-factor to 30%. For a SEGR ratio of
30% and higher the absorber is operated under the loading point, thus beyond the
entrainment regime of the absorber. Therefore, a SEGR ratio of 40% is as well under
the loading point of the packing, but at the same time the flue gas mass flow rate is
too high to be treated in the operation of one absorber. As a result, the operational
SEGR ratio of 40% cannot be operated at all in the retrofit configuration Half Scale CP
with SEGR.
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Sensitivity analysis of the absorber pressure drop depending on the SEGR
ratio (0%-30%) for the retrofit case Half Scale CP with SEGR; two absorber
and stripper are in operation; the red area marks the area where the loading
point of the packing is reached

The sensitivity analysis of the absorber pressure and F-factor, presented in Figure 7-6,
for the operation of the configuration Half Scale CP with SEGR under the operation
of one absorber and two stripper for the investigated SEGR ratios of 50-70%, shows
a change in pressure drop of 60% and a change in F-factor of 38%. The highest SEGR
ratio achievable in the limits of the entrainment regime of the absorber is 60%.
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For the retrofit configuration Half Scale CP with SEGR two different maximum SEGR
ratios are possible, depending on the total amount of flue gas. If the flue gas flow rate
is above the flow rate treatable in one absorber, the maximum SEGR ratio is 20%,
corresponding to a CO2 concentration of 5.39 mol% at the inlet of the absorbers. If
the flue gas mass flow rate drops under 50% of the maximum flue gas mass flow rate
(SEGR ratio=0%), one of the absorbers can be switched off and the solvent bypass can
be activated. In this operational mode the maximum SEGR ratio for the retrofit
configuration Half Scale CP with SEGR is 60%, corresponding to a CO2 concentration
of 11.2 mol% at the absorber inlet.
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7.3.3 Effect on the Overall System
For a given SEGR recovery rate the CO2 generated in the combustion increases, at
the same time, the absolute amount of CO2 leaving the power plant with the CO2depleated stream increases. To increase the overall capture rate, the capture rate of
the PCC has to increase. Therefore, the efficiencies of both, capture plant and SEGR
device, are limiting the overall capture rate.

The performance of a regenerative rotary CO2 device, designed to transfer 99% of
CO2 for a recirculation ratio of 70%, changes drastically when lower recirculation
ratios and therefore lower flue gas mass flows rates with lower CO2 inlet
concentration as the design point are applied. The corresponding technical and
operational variables for the transfer device at design and at the maximal operational
SEGR ratio for retrofit operation (20% and 60%) are listed in Table 7-5.
The cyclic capacity of the CO2 transfer wheel drops for a SEGR ratio of 20% by 89%
and for a SEGR ratio of 60% by 32%. This can be explained by the ratio of solid
adsorbent to available adsorbat. This however, also means that most of the solid is
not utilised in a process where SEGR is used as a retrofit option to chase residual CO2
emissions.
Table 7-5:

Technical and operational variables for the regenerative rotary CO2 transfer
device at design point and at the maximal operational SEGR ratio of 20% and
60%

SEGR ratio
Flue gas molar flow
rate
CO2 concentration
SEGR recovery rate
Cyclic capacity

Units
%

70

60

20

mol/s

14904

12882

4356

mol%
%

14.8
99.00

11.5
99.50

5.6
99.45

molCO2/kg solid

2.464

1.668

0.272

Corresponding technical and operational variables for the CO2 capture plants at
design and the overall capture rate are reported in Table 7-6 for the configuration
Full Scale CP and in Table 7-7 for the configuration Half Scale CP. Design parameters
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are a flooding fraction for absorber and stripper of 75%, a stripper pressure of 1.94
bar and a maximum solvent flow rate given by the base case configuration, except
for cases where flooding fraction constrains are reached.

The implementation of a rotary regenerative CO2 transfer device with a SEGR ratio
of 20% (with a recovery rate above 99% due to oversizing) leads, in the case of the
Full Scale CP, to an increase in the overall capture rate of 2% and a marginal reboiler
duty reduction of below 1%. The same results are presented for the implementation
of a rotary regenerative CO2 transfer device with a SEGR ratio of 20% in the case of
the Half Scale CP. That increase may not constitute a sufficiently large increase to
justify the additional costs of retrofitting SEGR.
In the case of the implementation of a CO2 transfer wheel with a SEGR ratio of 60%
for the configuration Half Scale CP with SEGR, the overall capture rate decreases to
84%. There are two reasons for the decrease in overall capture level. First, the overall
solvent mass flow rate is decreased for 10% due to flooding fraction limitations of the
one absorber in operation. And secondly, the absorber gets pinched for the operation
at a SEGR ratio of 60%, as shown in Figure 7-7. The temperature of the gas leaving
the absorber at the top is relatively high. The absorption process itself depends on
the thermodynamics and kinetics of the process and therefore on the solvent. The
heat of absorption reaches a maximum, leading to a bulging in the gas temperature
profile. The cool lean solvent entering at the top of the absorber cools the gas down,
leading to an increase in mass transfer at the top, which is exponential, since the CO2
concentration is still high at the top. For a SEGR ratio of 60% the effect of SEGR is
limited by the equilibrium of the solvent used, which is 30 %wt MEA.
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Table 7-6:

Technical and operational variables for the CO2 capture plant for the
configuration Full Scale CP and Full Scale CP with SEGR at the maximal
operational SEGR ratio of 20% , using a 30% MEA aqueous solution

Units
Configuration
SEGR ratio
CO2 concentration
Total flue gas mass
flow rate
Capture rate of the
PCC
SEGR recovery rate
Overall capture rate
Total solvent mass
flow rate
Stripper pressure
Reboiler duty
Lean solvent loading
Rich solvent loading
Table 7-7:

Full Scale CP
%
mol%
kg/s

0
4.29
650

Full Scale CP
with SEGR
20
5.39
517

%

90.0

92.2

%
%
kg/s

90.0
848

99.4
92.0
848

bar
MJ/kgCO2
molCO2/molMEA
molCO2/molMEA

1.94
3.40
0.264
0.475

1.94
3.37
0.264
0.478

Technical and operational variables for the CO2 capture plant for the
configuration Half Scale CP and Half Scale CP with SEGR at the maximal
operational SEGR ratio of 20% and 60%, using a 30% MEA aqueous solution

Units
Half
Scale CP
0
4.29
2

Half Scale CP with SEGR
20
5.39
2

60
11.20
1

325

258

262

90.0

92.2

85.0

90.0

99.4
92.0

99.5
84.3

kg/s

424

424

760

Stripper pressure

bar

1.94

1.94

1.94

Reboiler duty
Lean solvent loading

MJ/kgCO2
molCO2/molMEA

3.40
0.264

3.37
0.264

3.26
0.264

Rich solvent loading

molCO2/molMEA

0.475

0.478

0.488

Configuration
SEGR ratio
CO2 concentration
No. of absorber
Flue gas mass flow
rate per absorber
Capture rate of the
PCC
SEGR recovery rate
Overall capture rate
Solvent mass flow
rate per absorber

%
mol%
kg/s
%
%
%
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Figure 7-7: Mass transfer (continuous line) and temperature profile of the gas phase
(dashed line) in the absorber of the configuration Half Scale CP with SEGR at a SEGR ratio
of 60%, using a 30% MEA aqueous solution

The effect on the power output of the power plant parts and overall power output is
reported Table 7-8. However, for the SEGR ratio of 60% in the configuration Half Scale
CP the results are not generic, since the solvent used is limiting the effect of the
increased CO2 concentration.
The gas turbine swallows a constant volume of air at full load. Therefore, the density
of the air at the compressor inlet defines the mass flow through the GT. With
increasing SEGR ratio the CO2 concentration and air temperature increase at the inlet
of the GT compressor. Higher temperatures decrease the working fluid density, while
higher CO2 concentrations increase working fluid density. The resulting density will
be a mixture of both these effects. At the same time the specific heat of the working
fluid decreases at higher CO2 concentration, which however is counteracted by the
increase in CO2-enriched air inlet temperature. Overall the turbine inlet temperature
can be maintained constant for a large range of SEGR ratios with only little changes
in fuel mass flow rates. For illustration of the changes in specific heat and density, the
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sensitivity analysis on the change in working fluid properties with increasing SEGR
ratio performed by Herraiz, can be found in the Appendix E, Figure E-1.
For marginal lower density for a SEGR ratio of 20% in both retrofitted configurations
(Full Scale with SEGR and Half Scale with SEGR) and a marginal change in specific heat
compared to the increase in CO2-enriched air inlet temperature of 3◦C, the fuel mass
flow needs to be slightly decreased to keep the turbine inlet temperature constant
at 1371◦C. This leads to a slight reduction in mass flow rate through the turbine and
therefore a reduction in gas turbine net power by 6 MWe, compared to the base case
without SEGR. However, due to a reduced reboiler duty in in the capture plant, the
steam turbine power output is increased by 2 MWe. The net power output of the
CCGT in both retrofit configurations for a SEGR ratio of 20% is reduced by 7MWe,
leading to a reduction in net thermal efficiency of 1%.
For the retrofit configuration Half Scale with SEGR at a SEGR ratio of 60% the CO2enriched air inlet temperature increases by 7◦C. However, the increased CO2
concentration has a bigger effect on the density of the CO2-enriched leading to an
overall increase in density at the compressor inlet. Therefore, the mass flow at
compressor inlet is reduced to keep the volume flow rate constant. The increase in
CO2-enriched air is counteracted by the decrease in specific heat, so that more fuel
mass flow is needed to keep the turbine inlet temperature constant. This leads to a
higher mass flow rate through the turbine, increasing the gas turbine net power by
1MWe. Since the reboiler duty in the capture plant is further decreased for a SEGR
ratio of 60%, the steam turbine power outlet is increased by 27 MWe, leading to a
CCGT net power output increase of 29MWe. However, this increase needs to be seen
in the context that the CO2 overall capture level is decreased to 84% of previously
90%, emitting more CO2 to the environment than before.
The auxiliary power consumption increases with SEGR 20% and decrease again with
SEGR 60%, due to the fact that only one capture plant per CCGT train is used for the
SEGR case 60%. Therefore, several pumps and fans can be switched off for the unused
capture plant.
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Table 7-8:

Power and thermal efficiencies for the investigated retrofit configurations

Units
Configuration
SEGR ratio
Fuel mass flow rate
Gas turbine net power per
GT-HRSG train
Gas turbine net power
Open cycle thermal
efficiency
Steam turbine power
Fuel heat input per GTHRSG train
CCGT gross power
CCGT gross thermal
efficiency
CCGT net power output
CCGT net thermal
efficiency

%
kg/s
MWe

Full Scale
0
20
16.10 16.00
285.8 282.5

Half Scale
0
20
16.10 16.00
285.8 282.5

60
16.46
286.4

MWe
%LHV

571.6
38.2

564.9
38.0

571.6
38.2

564.9
38.0

572.7
37.4

MWe
MWth

257.4
748.4

259.1
743.7

257.4
748.4

259.1
743.7

284.5
765.1

MWe
%LHV

829
55.8

824
55.8

829
55.8

824
55.8

857
56.4

MWe
%

795.0
53.1

788.4
53.0

795.0
53.1

788.4
53.0

823.6
53.8

7.4 Increasing the Overall Capture Rate
To reduce CO2 emissions in future CO2 capture plants beyond the initial design of
90% capture rate, different strategies can be applied, which only imply marginal
increase in operational costs.
Possible operational changes to increase the capture rate and the overall capture rate
respectively, as discussed under Section 5.4.4, further include:

• Allowing flooding fractions in absorber and stripper to reach up to 80%, and
thereby being able to increase the solvent mass flow rate.

• Decreasing the stripper pressure, allowing a leaner solvent loading entering
the absorber.
These strategies could also be applied together, however an independent assessment
of the effect would then not be possible.
The effect of these operational changes on the technical and operational variables of
the capture plant and the CCGT net power output for the base case configuration Half
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Scale CP are provided in Table 7-9. Corresponding analysis of the mass transfer and
the gas temperature in the absorber to an increased solvent mass flow rate and
decreased stripper pressure is illustrated in Figure 7-8. It shows, that the CO2 capture
rate of the capture plant can be increased by up to 7% with only a marginal decrease
in CCGT net thermal efficiency of around 1%.

Table 7-9: Technical and operational variables of the capture plant and CCGT net power
output for the configuration Half Scale CP for different operational strategies
Unit
Configuration
SEGR ratio
Intensification strategy

%

Solvent mass flow rate

kg/s

424

Stripper pressure
Reboiler duty
Lean solvent loading

bar
MJ/kgCO2
molCO2/molMEA

1.94
3.40
0.264

1.94
3.48
0.264

1.89
3.67
0.236

Rich solvent loading

molCO2/molMEA

0.475

0.468

0.465

Capture rate of the PCC

%

90.0

95.5

97.0

CCGT net power output
CCGT net thermal
efficiency

MWe

795.0

787.6

781.9

%

53.1

52.6

52.2

original
design
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460

lower
stripper
pressure
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Figure 7-8: Mass transfer (continuous line) and temperature profile of the gas phase (dashed line) in the absorber of the configuration Half Scale CP, using a 30%
MEA aqueous solution, for different operational changes
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It still needs to be determined, if those operational changes including applying SEGR
would increase the overall capture levels even further than the operational changes
alone for the base case.
Based on the hydraulic limitation two different SEGR ratios for retrofitting SEGR have
been established in Section 7.3.1 and 7.3.2:

• SEGR ratio of 20% for the retrofit configuration Full Scale CP with SEGR.
• SEGR ratio of 20% for the retrofit configuration Half Scale CP with SEGR, both
capture plants per GT train in operation.

• SEGR ratio of 60% for the retrofit configuration Half Scale CP with SEGR, one
capture plant with solvent bypass of the second capture plant per GT train in
operation.
As shown in Section 7.3.3, there is no significant benefit in doing SEGR for a SEGR
ratio of 20%, which only increases the CO2 concentration in the flue gas entering the
capture plant by 1%. Especially in the context that this CO2 concentration can be
achieved with EGR and therefore without the need of a further transfer device.
A SEGR ratio of 60%, hydraulically achievable in the configurations Half Scale CP with
SEGR, since one absorber can be switched off, showed, that MEA is limiting the
beneficial effect SEGR could have due to the higher concentration of CO2 in the flue
gas entering the capture plant. The high enthalpy of adsorption of MEA leads to high
gas temperatures limiting the mass transfer of CO2. The change in operational
conditions might however have an optimising effect on the performance of MEA. This
will be assessed here. Yet, the results will be solvent specific.

A summary of the results for the configuration Half Scale CP with SEGR and without
SEGR for comparison is provided in Table 7-10.
The illustrated results in Figure 7-9, show a comparison of the changes in solvent
mass flow rate, reboiler duty and overall capture rate for the operational strategy
‘increased solvent mass flow rate’ as changes to the base case without SEGR in
percentages.
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The solvent flow rate in the configuration Half Scale CP (base case) can be increased
by 9% before reaching a flooding fraction of 80%, which increases the overall capture
rate to 96% from originally 90%. The higher solvent flow results in an increased
reboiler duty of 2%.
For the retrofit configuration Half Scale CP with SEGR at a SEGR ratio of 60%, the
solvent mass flow rate can be increased by 17%, which increases the overall capture
rate to 94%, from originally 84%. Compared to the base case, this results in an
increase in the overall capture rate of 4%. Yet, the reboiler duty decreases in
comparison to the base case by 1% for the configuration with SEGR at a SEGR ratio of
60%.
The decrease in net thermal efficiency of the CCGT is linked to the change in reboiler
duty. For the Half Scale configuration without SEGR the net efficiency decreases by
0.5%, for an overall capture level of 96%. For the retrofit configuration with SEGR at
a SEGR ratio of 60% the decrease is 0.1%, for an overall capture level of 94%.
18

16

Procentual change [%]

14
12
10
8
6
4
2
0
-2

Half Scale CP

Solvent mass flow rate
Figure 7-9:

With a SEGR ratio of 60%

Reboiler duty

Overall capture rate

CCGT net efficiency

Changes in solvent mass flow rate, reboiler duty, overall capture rate and
CCGT net thermal efficiency to the base case without SEGR, due to the
intensification strategy ‘increased solvent mass flow rate’, for the
configuration Half Scale CP
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The effect of the intensification strategy ‘decreased stripper pressure’ is illustrated in
Figure 7-10 as changes to the base case in percentages. A decrease in the stripper
pressure for the base case from 1.94 bar to 1.89 bar, increases the overall capture
rate to 97%. For the retrofitted configuration at a SEGR ratio of 60%, the same
decrease in stripper pressure leads to an increase of the overall capture rate to 94%.
The reboiler duty increases for the configuration without SEGR compared to the base
case by approximately 8%. For the configuration with SEGR at a SEGR ratio of 60%
the reboiler duty does not increase at all, compared to the base case. The CCGT net
thermal decrease for the Half Scale configuration without SEGR is 0.9%, for an overall
capture level of 97%. For the retrofit configuration with SEGR at a SEGR ratio of 60%
the decrease is 0.1%, for an overall capture level of 94%.
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Reboiler duty

Overall capture rate

CCGT net efficiency

Changes in stripper pressure, reboiler, overall capture rate and CCGT net
thermal efficiency to the base case without SEGR, due to the intensification
strategy ‘decreased stripper pressure’, for the configuration Half Scale CP’

Figure 7-11 is illustrating the effect of the different operational strategies on the mass
transfer and the gas temperature in the absorber for the configuration Half Scale CP
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with SEGR at a SEGR ratio of 60%. The results show, that a change in the operational
strategy can optimise the mass transfer performance of MEA for flue gas conditions
under SEGR in parallel at a SEGR ratio of 60%, increasing the overall capture rate up
to 94%. However, the gas temperatures in the absorber are getting even hotter and
therefore are limiting the achievable mass transfer even further.
The difference in CCGT net efficiency between the configurations Half Scale CP
without SEGR to the configuration Half Scale CP with SEGR, under all investigated
operational strategies to increase the capture level of the power plant, is 1%.
However, the maximal achievable overall capture rate in the cases without SEGR is
97%, compared to the 94% in the cases with SEGR.
Though, the net thermal efficiency of the configuration cases with SEGR is higher, the
overall CO2 emissions increase drastically for all the investigated SEGR configuration
cases (see Table 7-10). Considering the configuration CCGT with PCC without any
intensification strategy applied as base case, the CO2 emission increase for the
configuration cases with SEGR and intensification strategy applied by nearly 30%.
That leads to a CO2 emission per net power output of the CCGT of 0.012 tCO2/MWh
(CCGT with PCC and SEGR and intensification strategy applied) in comparison to 0.010
tCO2/MWh for a conventional CCGT with PCC.
In contrast to the intensification strategy ‘higher solvent mass flow rate’ without
SEGR, the CO2 emissions drop by 55% and for the intensification strategy ‘lower
stripper pressure’ by even 70%, respectively, leading to a CO2 emission per net power
output of the CCGT 0.004 and 0.003 tCO2/MWh.
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Table 7-10:

Technical and operational variables of the capture plant and CCGT net power output for the configuration Half Scale CP and Half Scale CP with
SEGR at a SEGR ratio of 60% for different operational strategies
Unit
Configuration
SEGR ratio
Intensification strategy

%

Half Scale CP
0
original
higher
design
solvent
mass flow
rate

Solvent mass flow rate

kg/s

424

460

424

760

884

760

Stripper pressure
Reboiler duty
Lean solvent loading

bar
MJ/kgCO2
molCO2/molMEA

1.94
3.40
0.264

1.94
3.48
0.264

1.89
3.67
0.236

1.94
3.26
0.264

1.94
3.37
0.263

1.89
3.39
0.236

Rich solvent loading

molCO2/molMEA

0.475

0.468

0.465

0.489

0.479

0.486

Capture Rate of the PCC
Overall CO2 emissions
CO2 emissions per net power output
SEGR recovery rate
Overall capture rate

%
tCO2/h
tCO2/MWh
%
%

90.0
7.7
0.010
90.0

95.5
3.5
0.004
95.5

97.0
2.3
0.003
97.0

85.0
24.7
0.030
99.5
84.3

94.4
10.0
0.012
99.5
93.7

94.4
10.0
0.012
99.5
93.7

CCGT net power output
CCGT net thermal efficiency

MWe
%

795.0
53.1

787.6
52.6

781.9
52.2

823.6
53.8

811.9
53.1

811.3
53.0
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Figure 7-11: Mass transfer (continuous line) and temperature profile of the gas phase (dashed line) in the absorber of the configuration Half Scale CP with SEGR
for a SEGR ratio of 60%, using a 30% MEA aqueous solution, for different operational changes
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7.5 Summary and Discussion of the Results
Results obtain from the assessment of the capture plant and overall capture rate of
process simulations of CCGT power plants with PCC, using MEA aqueous solution, and
retrofitted regenerative rotary CO2-transfer devices, for SEGR in parallel application,
are summarised and discussed in this section.

An important parameter for SEGR retrofit configurations is the overall capture rate
of the power plant. Since CO2 will not only leave the system boundary at the capture
plant, but as well at the SEGR unit, the capture rate of the PCC is not any longer the
only parameter to be considered when reporting CO2 emissions.
To mitigate detrimental effects of the efficiency of the SEGR unit, the retrofitted
regenerative rotary CO2 transfer device needs to be oversized in means of adsorbent
mass requirement.
For the reported retrofit configurations that leads to a mass requirement of
1063 tonnes for the used KOH activated carbon. This mass can be distributed in four
wheels of 30m diameter and 2.6 m height, per CCGT train.
This large mass requirement and associated costs for a transitioning towards SEGR
need to be justified in the context of a higher overall capture level, a smaller penalty
in net thermal efficiency of the CCGT and reduced overall CO2 emissions.
There are several further points to be considered in this context.
The 99% transfer efficiency approach does not take into account the large footprint
such a large amount of solid would generate in form of several rotary devices per
CCGT train. CCGT power plants are designed to fit on a rather small piece of property.
To accommodate eight wheels of 30 m in diameter might be more than challenging
on an existing side.
Moreover, a large amount of the solid adsorbent is not utilised efficiently in a process
where SEGR is used as a retrofit option to chase residual CO2 emissions. Since the
flue gas variables and properties at a SEGR ratio of 20% as well as 60% are off design,
this leads to an inefficient CO2 transfer process.
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Furthermore, the current rotary transfer model does not consider pressure drop.
Taking into account that the flue gas mass flow rate would be distributed over four
very large wheels per CCGT train, reducing the effective flue gas flow rate to a
quarter, the effect of pressure drop increase over the adsorbent bed would increase
the energy penalty significantly. Those associated the auxiliary losses are not
accounted for at the in current version of the regenerative CO2 transfer wheel model.
Hence, it seems not justifiable to apply adsorption based SEGR as a retrofit to existing
CCGTs.

In general, the operation of the absorber column at reduced gas velocity is shown to
be detrimental to retrofitting selective CO2 recycling to existing CCGT plants with
solvent-based capture.
Possible operational SEGR ratios for the two different retrofit configurations are:

• For a retrofit configuration Full Scale CP with SEGR, SEGR ratios of up to 20%
can be achieved in the limitation of the entrainment regime of the absorber
column.

• For a retrofit configuration Half Scale CP with SEGR, SEGR ratios of up to 20%
can be achieved in the limitation of the entrainment regime of the absorber
column when both capture plants are operated separately.

• For a retrofit configuration Half Scale CP with SEGR, SEGR ratios from 50% up
to 60% can be achieved in the limitation of the entrainment regime of the
absorber column, when the absorber column of one capture plant is switched
off and the solvent bypass is activated.
An increase of the overall capture level beyond the initial design of 90% capture is
achievable for some SEGR ratios at constant design and operation parameters.
For design variables kept constant (flooding fraction 75% and stripper pressure
1.94bar), an increase in overall capture rate to 92% for both retrofit configurations
for a SEGR ratio of 20% is possible. The resulting CO2 concentration at absorber inlet
is just around 1% point higher than in the configurations without SEGR. This increase
may not constitute a sufficiently large increase to justify the additional costs of
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retrofitting SEGR, especially in the context that these CO2 concentrations are
achievable with EGR instead of SEGR.
The retrofit configuration Half Scale CP with SEGR at a SEGR ratio of 60% is only
achieving an overall capture rate of 84% at design point, due to reaching the flooding
constrain for the higher solvent flow rate through one absorber and the absorber
getting pinched. This clearly shows that SEGR retrofitted to post-combustion carbon
capture plants using MEA as solvent is not beneficial.

Assessing CO2 emission reductions in future CO2 capture plants beyond the initial
design of 90% capture rate, by different intensification strategies, lead to higher
overall capture rates for all investigated configurations with only marginal increase
in operational costs.
The mass transfer limitation for MEA for a SEGR ratio of 60% in the retrofit
configuration can be partially overcome. However, the maximal achievable overall
capture rate with SEGR is 94%, compared to the 97% in the cases without SEGR. A
difference in CCGT net efficiency of 1% between the configurations Half Scale CP
without SEGR to the configuration Half Scale CP with SEGR is not sufficient to justify
the additional cost associated with SEGR. Yet, these results are MEA specific due to
the high enthalpy of adsorption associated with MEA.
However, the purpose of retrofitting SEGR to an existing CCGT with PCC is to chase
residual CO2 emission. Therefore, the most important factor considered should be
the overall CO2 emissions in each case. In all considered SEGR cases the CO2
emissions increase drastically, with the best considered intensification strategy
(higher solvent mass flow rate) increasing CO2 emissions by 30% in comparison to an
existing CCGT with PCC and no further intensification strategy applied. Therefore, it
seems that applying SEGR as retrofit to existing CCGTs with PCC is not justifiable.
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Chapter 8 Conclusions and Recommendations
This thesis aims at improving the understanding of the implications and effects of
adding selective CO2 transfer devices to combined cycle gas turbines with postcombustion carbon capture technologies, in the context of process intensification of
carbon capture, by utilizing a kinetic-based model of CO2 adsorption in a honeycomb
structure, regenerative, rotary wheel. It further aims to improve the understanding
of the potential gain of retrofit SEGR to existing CCGT with PCC.

8.1 Conclusions
8.1.1 Regenerative Rotary CO2 Transfer Wheel
A new kinetic based model of CO2 adsorption in a honeycomb structure,
regenerative, rotary wheel is s developed to assess the potential of using adsorption
for selective CO2 exhaust gas recycling. The results are presented in Chapter 4. The
kinetic-based model is used to size the rotary wheel for an 800MW combined cycle
gas turbines power plant with PCC, using kinetic and equilibrium properties of an
activated carbon material (presented in Section 3.4.1), with suitable equilibrium
properties.

• The KOH activated carbon is experimentally assessed under SEGR flue gas
conditions and presents no sensitivity to water for the investigated conditions,
an important factor due to the relative high amount of water vapour in the
flue gas of CCGTs. The generated breakthrough curve measurements for a feed
gas flow similar to the expected flue gas conditions in CCGTs with SEGR in
parallel at a SEGR ratio of 70% are used to validate the kinetic model of the
rotary regenerative CO2 transfer wheel.

• The validation shows that kinetic data, obtained through breakthrough
measurements of an adsorbent in a laboratory isothermal fixed bed tubular
reactor setup and equilibrium parameters can be used to predict the
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behaviour of the adsorbent in a rotary regenerative CO2 transfer wheel. This
enables screening for promising adsorbent materials for this kind of
technology.

• An attempt to regenerate the KOH activated carbon with air is performed. The
results indicate that a full regeneration is not achieved under the limitation of
a ratio of desorption air to flue gas mass flow of 1.12. However, this is
acceptable for the regenerative rotary CO2 transfer wheel as the reduced
adsorption capacity can be overcome with a higher mass of solid adsorbent.

• The kinetic model shows that a previously developed equilibrium model of the
rotary wheel underestimates the required adsorbent mass for a needed
recovery rate of 97% for SEGR in parallel by factor of 3.7. A total mass of KOH
activated carbon of around 598 tonnes per GT train will be needed to achieve
a recovery rate of 97%.

• A rigorous design assessment concludes, that the amount of adsorbent
material required for SEGR in parallel and a SEGR ratio of 70% could be
accommodated in two wheel devices of 30 m in diameter and 2.17 m in height.
The sizing is not dissimilar to regenerative rotary heat exchanger used in large
thermal coal-fired power plants for preheating combustion air.

• Nonetheless, it highlights the importance of further research in adsorbent
material to reduce sizes, and by extension costs. Especially in the region of high
recovery rates, where the kinetic model predicts an exponential increase in
adsorbent mass, better adsorbent materials are needed to reduce the
adsorbent mass requirement and therefore the number of wheels needed.

• A sensitivity analysis of kinetic adsorbent properties and operational
conditions is performed in an attempt to push the limits of process
intensification. It shows a maximal optimum value for the temperature
independent pre-exponential diffusion constant at 40 m2/s. Further increases
improve recovery rate or adsorbent mass requirement only marginally. A
reduction of 20% in adsorbent mass requirement could, however, be already
achieved by a change in the temperature independent pre-exponential
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diffusion constant of the KOH activated carbon from 13 to 16.7 m2/s. The same
reduction can be achieved by either increasing the saturation capacity from
10.8 to 13.6 mol/kg, or by increasing the enthalpy of adsorption from 17.4 to
18.0 kJ/mol.

• The sensitivity analysis on the geometrical factor, which is simplified in the
model to the value for a packed bad, shows the importance of the
development of an optimal structured adsorbent for this kind of application.
It clearly demonstrations a large effect on adsorbent mass requirement. An
increase of the factor from 15 to 20 leads to a significant decrease in adsorbent
mass requirement of 20.2%.

• The sensitivity analysis on the specific heat capacity of the adsorbent material
shows over the investigated range of 𝐶𝑝𝑠 values (400-1400 J/kg∙K), a
moderate reduction in adsorbent mass requirement of 8.2% for a constant
recovery ratio of 97%. However, the reduction effect is limited and not
significant for values above 70.

• The sensitivity analysis of the surface heating area, given by the surface of the
adsorbent, indicates that a further increase in this adsorbent property is not
necessary. It appears to be high enough, to not add any further resistance to
heat transfer.

• The sensitivity analysis of the operational parameter rotational speed shows,
that the rotational speed can be used to push recovery rate and adsorbent
mass reduction. For the investigated case of SEGR in parallel with a recovery
rate of 97% and a SEGR ratio of 70%, the optimal rotational speed is found to
be 2 rpm. It leads to an adsorbent mass requirement of the KOH activated
carbon of around 550 tonnes per GT train. This amount of adsorbent material
could be accommodated in two wheel devices of 30 m in diameter and 2 m in
height per GT train.

• The sensitivity analysis performed on the partitioning of the rotary wheel in
adsorption and desorption shows that any change in either way of the
partitioning leads to a loss in recovery rate and an increase in adsorbent mass.
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This is true for adsorbents that follow the same behaviour in adsorption and
desorption. For the investigated case of SEGR in parallel with a recovery rate
of 97% and a SEGR ratio of 70% using the KOH activated carbon, the optimal
partitioning is given by dividing the wheel in equal sections between
adsorption and desorption.

• The sensitivity analysis performed on the temperatures of the flue gas and the
air stream shows a small effect on the adsorbent mass and the recovery rate.
However, the effect of either temperature increase shows a larger impact on
the CO2-enriched air outlet temperature. Since a higher air inlet temperature
into the compressor derates the gas turbine power output, measures need to
be taken to limit the heat transfer into the CO2-enriched air stream. This can
be achieved by keeping the air inlet and the flue gas outlet temperature as low
as possible.

• Leakage considerations show a preferred direction of gap leakages from the
air to the flue gas side. This can be achieved by choosing the position of the
booster fans accordingly, to achieve a higher pressure in the desorption
section than in the adsorption section.

8.1.2 Effects of a Regenerative Rotary CO2 Transfer Device on a new build CCGT
Power Plant with PCC
For the first time, a kinetic model of a regenerative rotary CO2 transfer wheel, using
adsorption technology to transfer CO2 in a parallel configuration, is integrated with
a model of a new build CCGT power plant with post-combustion capture. It is used to
assess the effect of SEGR on a new build CCGT plant with PCC. The results are
presented in Chapter 6.

• SEGR operated in parallel to the CO2 PCC plant increases the CO2
concentration in the flue gas of a CCGT power plant significantly, while slightly
reducing oxygen levels in the combustor of the gas turbine. The O2
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concentration drops in the CO2-enriched air used for combustion from
originally 21 vol% in ambient air to 19 vol%, for a maximal SEGR ratio of 70%.

• For a maximal SEGR ratio of 70%, the selective CO2 transfer device needs to
achieve a recovery rate of 97%, while the post-combustion capture plant
needs to operate at a capture rate of 96% to achieve an overall CO2 capture
rate of 90%. The resulting CO2 concentration at the post-combustion capture
plant is 14.4 vol%, compared to 4.3 vol% in a conventional air fired CCGT with
PCC.

• To achieve a recovery rate of 97%, a total amount of 551 tonnes of the KOH
activated carbon, introduced in Section 3.4, is required per GT train, at an
optimised rotational speed of the CO2 transfer wheel of 2 rpm. That amount
can be accommodated in two wheels of 30m in diameter and 2 m in height per
GT train as honeycomb structured adsorbent, with a wall thickness of 1 mm
and a pitch of 4.5 mm.

• The CO2-enriched air entering the gas turbine compressor has a CO2
concentration of 9.97 vol%, compared to the 0.03 vol% in the non-enriched air.
The temperature of the CO2-enriched air rises by 9°C to 24°C, and the density
increases by 2%, respectively.

• The gas turbine net power output of the new build power plant with SEGR is
increased by 4.3 MWe per GT train, or 8.5 MWe for both gas turbines
combined, due to the higher density of the CO2-enriched air. However, the
thermal efficiency of the turbine decreases by 1%. That offset can be explained
by the effect that, although the CO2-enriched air enters the compressor at 9°C
hotter, than the non-enriched air, the addition of CO2 results in a lower
specific heat ratio, leading to a lower compressor outlet temperature. To keep
the turbine inlet temperature constant, more fuel is required, resulting in an
increase in fuel mass flow rate of 4.3%.

• The exhaust flue gas enters the heat recovery steam generator at a higher
temperature and higher mass flow rate, resulting in more heat being available
for the generation of steam. Consequently, the power output of the steam

251

CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS

cycle is increased by 32 MW. However, due to the limitation of the
superheated high pressure steam inlet temperature to 600°C, the approach
temperature is increased by 39% (70°C). Yet, simultaneously more heat is
recovered leading to an increase in Rankine efficiency by 2% point up to 68%
point in total. However, more thermal energy, in form of higher temperature
and higher mass flow rate, is available. By redesigning the steam cycle to be
optimised for the new flew gas condition a further increase in Rankine
efficiency can be expected.

• SEGR in parallel with a SEGR ratio of 70 %, decreases the flue gas mass flow
rate to the capture plant by around 70%, and increases the CO2 concentration
from 4.3 vol% to 14.4 vol%. To achieve an overall CO2 capture rate of 90% the
post-combustion capture plant requires to capture 96% of the CO2 entering
the capture plant.

• For solvent-based systems, the diameter of the absorber column can be
designed 35% smaller, due to the reduced flue gas mass flow rate. However,
due to the higher required capture rate, the absorber height needs to be
increased by 35%. Yet, the overall packing volume can be reduced from 4207
m3 to 2426 m3, a saving in packing volume of 42%. The specific reboiler duty
reduces at the same time by 2.7%.

• The net power output of the new build CCGT with PCC and SEGR is evaluated
based on the electrical power generated in the gas turbines and steam turbine,
considering energy penalties due to steam extraction for the regeneration of
the solvent, due to auxiliary power consumption in the power plant and in the
capture plant, and due to power consumption for compressing the CO2 for
transport and storage. The CCGT net power output increases by 39MWe to
834 MWe, increasing the CCGT net thermal efficiency from 53.1 % to 53.4%
for a new build CCGT with PCC and SEGR, when compared to a conventional
CCGT with PCC.
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8.1.3 Effects of SEGR on a CCGT Plant with PCC Retrofitted with Regenerative CO2
Transfer Devices
For the first time, SEGR retrofit options to existing CCGTs with PCC are investigated.
The aim is to explore the possibility to increase the overall capture level beyond the
initial design of 90% capture by adding regenerative rotary CO2 transfer in parallel to
the capture plant. Two different capture plant configurations are investigated for the
retrofit studies. The results are presented in Chapter 7.

• The regenerative rotary CO2 transfer device for the retrofit configurations is
sized to transfer 99% of the CO2 in the CCGT flue gas composition for a SEGR
ratio of 70%. The high recovery rate is chosen to not limit the overall capture
rate by the transfer rate of the SEGR unit. An amount of around 1063 tonnes
of the KOH activated carbon is necessary to transfer 99% of the CO2
concentration in the flue gas. This amount can be accommodated in three
wheels of 30 m in diameter and 2.56 m in height per GT train as honeycomb
structured adsorbent, with a wall thickness of 1 mm and a pitch of 4.5 mm.

• The entrainment regime of the absorbers in the capture plant and therefore
hydraulics, is the limiting factor for achievable SEGR ratios. For very low flue
gas mass flow rates, as encountered for very high SEGR ratios, the loading
point of the absorber packing is not reached, and therefore not enough
contact between flue gas and solvent is generated.

• Achievable SEGR ratios for the two studied retrofit configuration, in
accordance with the entrainment regime of the absorber column, are:
o Retrofit configuration Full Scale CP with SEGR: A SEGR ratio of 20%,
resulting in a CO2 concentration at the absorber inlet of 5.39 mol%.
o Retrofit configuration Half Scale CP with SEGR (both capture plants per
GT train in operation): A SEGR ratio of 20%, resulting in a CO2
concentration at the absorber inlet of 5.39 mol%
o Retrofit configuration Half Scale CP with SEGR (one capture plant with
solvent bypass of the second capture plant per GT train in operation):
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A SEGR ratio of 60%, resulting in a CO2 concentration at the absorber
inlet of 11.2 mol%.

• The implementation of a rotary regenerative CO2 transfer device with a SEGR
ratio of 20% leads, in both studied configurations, to an increase of only 1
mol% in CO2 concentration. This in turn leads only to an increase in the overall
capture rate of 2% and a marginal reboiler duty reduction of below 1%. That
increase may not constitute a sufficiently large increase to justify the
additional costs of retrofitting SEGR.

• In the case of the implementation of a CO2 transfer wheel with a SEGR ratio of
60% for the configuration Half Scale CP with SEGR, the overall capture rate
decreases to 84%. This is due to a reduced overall solvent mass flow rate of
10%, limited by the flooding fraction of the one absorber in operation and by
the absorber getting pinched, limiting the CO2 mass transfer. This is a problem
specific for the solvent used, which is 30 wt% MEA.

• Analysing the cycle capacity of the wheel for an off design application at a SEGR
ratio of 20% and 60%, indicates that a large amount of the solid adsorbent is
not utilised efficiently in the SEGR retrofit option. To apply an inefficient CO2
transfer process, with possible higher pressure losses, to chase residual
emission seems therefore not justifiable.

• In general, the operation of the absorber column at reduced gas velocity is
shown to be detrimental to retrofitting selective CO2 recycling to existing CCGT
plants with solvent-based capture.

• Comparing achievable overall capture levels of a CCGT with PCC, utilizing
30 wt% MEA, and retrofitted SEGR, pushed to reduce CO2 emissions beyond
design level, with a conventional CCGT with PCC, utilizing 30 wt% MEA, pushed
to reduce CO2 emission, shows that the achievable capture levels with SEGR
do not overcome the achievable capture levels in a conventional CCGT with
PCC pushed to achieve higher capture levels. This is a solvent specific problem.
Therefore, using SEGR as retrofit to push for higher capture levels and lower
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CO2 emissions is not a suitable option for post-combustion carbon capture
plants using MEA.

8.2 Future Work
There are several ways to further improve the understanding of the implications and
effects of selective CO2 transfer on power plants, capture technologies and the
associated challenges. Some relevant recommendations and direction for further
research are listed here:

• The combustion process has been experimentally assessed in a premixed DLE
swirl burner with a CO2-enriched oxidant at 1.1 bar and 2.2 bar (Marsh et al.
2016) and the in a premixed HPGSB 2 swirl burner with a CO2-enriched oxidant
at 5.5 bar (Giles et al. 2019). However, even the experiments at 5.5 bar are still
below the operational pressure of large scale gas turbines (over 18bar), so
further experiments are necessary to investigate the effect on flame stability,
burner operation and emissions.

• Although a proof of concept for the desorption of the CO2 loaded adsorbent
with air was performed in this work, a much better understanding of the
limitations of desorption with air is necessary. These experiments need to be
performed qualitatively and quantitatively, to produce data to predict the
desorption behaviour of CO2 from adsorbents with air. Those data can then be
implemented into the kinetic model of the regenerative rotary wheel to
reassess the performed sensitivity analysis of the partitioning of the wheel.
Those experimental tests should include repeated cycling over several weeks
to assess the life time of the adsorbent and the working cycle capacity
reduction over time.

• It is recommended to proof the concept of the regenerative wheel at lab scale,
by building a demonstrator of the proposed concept.

• The operational profiles of the adsorbent in the wheel, generated in this work
using the developed kinetic model, indicate, that it may be possible to use
different adsorbent materials across the height of the rotary wheel, in order
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to maximise working capacity. This could lead to a reduction in the adsorbent
mass requirement and to the use of adsorbents with properties tailored to
their location in the wheel. This might be a further step in the optimisation of
the wheel and should be investigated.

• A rigorous screening of available adsorbent materials, applying the
methodology used for validation of the wheel is recommended. This work here
provides guidelines for adsorbent material development for SEGR application,
which currently is focused on adsorbent for CO2 capture. The guidelines allow
to screen literature for promising adsorbent materials. However, although
often equilibrium properties and data of adsorbents can be found in the
literature, diffusion data and kinetic properties are often not reported. Yet,
breakthrough curve measurements can be found. As shown by the performed
validation of the system, those breakthrough curve measurements can be
used by fitting the rotary wheel simulation to predict the behaviour of the
adsorbent material in the SEGR application, as long as equilibrium data of the
material are available.

• The assessment of the selective CO2 transfer system is performed with a
model taking mass and heat transfer resistances into account. The next step
to improve the prediction of the model and to better evaluate energy penalties
related to the operation of the wheel, is the implementation of a pressure drop
equation along the height of the CO2 transfer wheel.

• Fitting regenerative CO2 transfer devices in parallel with a SEGR ratio of 70%
to new build CCGTs with PCC show, due to the low volume of flue gas and the
increased CO2 concentration, great potential for process intensification.
However, a more detail assessment of the costs related to using adsorption
technology for SEGR application is a needed next step to evaluate its
competitiveness to other process intensification strategies.

• Limiting factors in the retrofit study, performed in this work, are the
entrainment regime of adsorber column and the absorber getting pinched.
Several further investigations are needed in this context. An assessment to
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which degree an intercooling step in the absorber column could improve the
performance of the solvent studied (30 %wt MEA) and hence the overall CO2
capture rate should be performed. Furthermore, it might be worth assessing
solvents with slower mass transfer rate, higher CO2 capacities and smaller
enthalpy of adsorption in the context of higher CO2 concentrations achievable
with SEGR.

• There is a growing consensus (IEAGHG 2017; National Grid 2019) that the
primary role of fossil fuel power stations will shift away from providing baseload power to flexible dispatchable power as well as inertia, to balance and
support the high levels of intermittent renewable penetration. Particularly, in
low carbon emission intensity scenarios power stations with PCC are required
to operate in a highly flexible manner.(IEAGHG 2017) This will affect both the
CO2 capture plant that will consequently need to capture CO2 from the varying
amounts of fossil fuel that is burned throughout the day, and the SEGR device
that will have to work with lower mass flow rates of flue gas and therefore a
lower amount of CO2. CCS systems are highly flexible systems in terms of their
design yet operating off design increases operational cost and therefore CO2
capture cost. The ability and effect of rotary regenerative CO2 transfer devices
and of integrated CCGT with PCC and SEGR to regularly operate in a flexible
manner is to date not understood or assessed. Therefore, further research in
the context of flexible operation of the regenerative rotary CO2 transfer device
is recommended.
In its current form the rotary wheel model does not provide the ability to
assess the start-up, shutdown and load following behaviour of the wheel.
Though, the performance result of the rotary regenerative wheel to operate
under different SEGR ratios for the retrofit study gives a first insight into this
topic. The results show that the system is able to function with lower flue gas
flow rates. Consequently, the CO2 concentration in the flue gas will change,
affecting the capture plant efficiency, as demonstrated for retrofit analysis.
The same holds true for the SEGR device, where the cyclic capacity shows a
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drastic reduction for lower SEGR ratios. If the power plant has to adapt its load,
the air through the rotary system would be dictated by the changing
swallowing capacity of the GT compressor. That would reduce the transfer
efficiency of the system to a lower driving force in the regeneration section of
the wheel. To increase the performance in such a situation the rotational time
of the wheel could be adapted. A longer rotational time (lower rpm) would
lead to a longer contact time of solid mass with a higher amount of
regenerating air, providing more driving force per each section of solid.

• The learnings of regenerative rotary CO2 transfer should be extended to coal
fired power plants, to assess the possibility of process intensification for the
coal power plants equipped with post-combustion capture technology.
Different integration strategies need to be developed due to changed
composition, contaminations and particle content in the flue gas

• Finally, extending the current study and methodology to other industrial
applications, where CO2 capture will be essential in the near future to mitigate
climate change, might offer great potential. A significant amount of CO2
emissions is produced in industrial processes, contributing to 25% of the global
CO2 emissions (GCCSI 2016). Utilising CCS in decarbonising the industrial
sector, with a focus on the key emitters like iron and steel production, cement
and oil refining and petrochemicals, will need to go hand in hand with different
aspects of process intensification, to keep CO2 capture penalty costs low and
thereby keeping those industries competitive on the market. Many of the
processes include several stages of burners and heaters to provide heat, steam
or energy to different process steps. Increasing in those combustors the CO2
concentration and therefore the CO2 concentration in the exhaust gases, by
means of SEGR, might reduce the cost of CO2 capture for those processes.
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Appendix A Calibration Curves of the Mass Flow
Controller and Measurement Accuracies
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Calibration data for N2 mass flow controller used in the adsorption
experiments with the KOH activated carbon at 80 psi
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APPENDIX A CALIBRATION CURVES OF THE MASS FLOW CONTROLLER AND
MEASUREMENT ACCURACIES
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experiments with the KOH activated carbon at 80 psi
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Calibration data for CO2 mass flow controller used in the adsorption
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Calibration data for Air mass flow controller used in the adsorption
experiments with the KOH activated carbon at 52 psi
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Appendix B Measurement Accuracies and
Uncertainties
Variables (a, b, c, …) have an uncertainty (σa, σb, σc, …) based on the equipment used.
The error is given by the standard deviation (σx) of a measurement. When a
calculation requires more than one variable to solve (equation (B.1)), a propagation
of error is necessary to determine the uncertainty (equation (B.1)). This propagation
of error is performed on the adsorption capacity calculation as described in Section
3.1.4 and reported in Section 4.1. The uncertainties of the measurement equipment
is provided in Table B-1.
𝑥 = 𝑓(𝑎, 𝑏, 𝑐, … )
𝛿𝑥 2

𝛿𝑥 2

(B.1)
𝛿𝑥 2

𝜎𝑥2 = (𝛿𝑎) ∙ 𝜎𝑎2 + (𝛿𝑏) ∙ 𝜎𝑏2 + ( 𝛿𝑐 ) ∙ 𝜎𝑐2 …
Table B-1:

Accuracy of the measurement equipment

Measurement
equipment
490 micro-GC, Agilent
Technologies Inc., USA
MFC 5850E A/B, Brooks
Instrument, USA
2416, Eurotherm, USA

Accuracy
0.5 ppm ± 0.5 %
ml/min ± 2%
1◦C ± 0.2%
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Appendix C Operational Profiles of the
Equilibrium Model
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APPENDIX C OPERATIONAL PROFILES OF THE EQUILIBRIUM MODEL
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CO2 partial pressure profiles of (a) the flue gas (adsorption) and (b) the air (desorption) in height direction for each vertical section. SEGR parallel
configuration (97/96), Adsorbent: KOH activated carbon, Equilibrium model
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configuration (97/96), Adsorbent: KOH activated carbon, Equilibrium model
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activated carbon, Equilibrium model
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Appendix D Technical Data of the Reference
Power Plant
Ambient Air Conditions
Table D-1:

Ambient air conditions

Pressure (ISO)
kPa
Temperature (ISO)
°C
Relative humidity, Φ
%
Composition, dry molar fraction (%)
N2
%vol
CO2
%vol
H2O
%vol
Ar
%vol
O2
%vol
Molar Mass
g/mol

101.325
15
60
78.08
0.03
0.00
0.94
20.95
28.86

Natural Gas
Table D-2:

Natural gas supply specifications

Fuel type
Supply temperature
Supply pressure
Composition, dry molar fraction (%)
CH4
C2H6
C3H8
C4H10
N2
CO2
S
Molar mass
CO2 emissions
Heating values
Low heat value (LHV) @ 25°C
High heat value (HHV) @ 25°C

290

Natural Gas
°C
MPa

10
7

%vol
%vol
%vol
%vol
%vol
%vol
ppm
g/mol
g/kWh (LHV)

89
7
1
0.11
0.89
2
<5
17.84
208.00

MJ/kg
MJ/kg

46.94
51.58

APPENDIX D TECHNICAL DATA OF THE REFERENCE POWER PLANT

Technical Parameters for the Combined Cycle Gas Turbine
Power Plant
Table D-3:

Technical parameters for the steam cycle of the CCGT plant

Heat recovery steam generator parameters
HRSG efficiency
Temperature differences
ΔT approach main steam
ΔT approach hot reheated steam
ΔT pinch gas boiling - liquid in evaporator
ΔT subcooling economiser
Pressure losses
ΔP gas side
ΔP HP SH
ΔP HP ECO
ΔP IP RH
ΔP IP SH
ΔP IP ECO
ΔP LP SH
ΔP LP ECO
ΔP system - LIVE STEAM
ΔP system - COLD RH
ΔP system - HOT RH
ΔP system - LP STEAM
Temperature losses
From superheater / reheater to turbine
(approximately 0.5 K)
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%

99.7

°C
°C
°C
°C

42
34
10
3

kPa
%
%
%
%
%
%
%
%
%
%
%

2.6
3.5
2.6
3
2
3
2
1.3
9
7
9
9

kJ/kg

1

APPENDIX D TECHNICAL DATA OF THE REFERENCE POWER PLANT

Table C-3:

Technical parameters for the steam cycle of the CCGT plant (continued)

Condenser
P condenser
Saturation temperature
Temperature pinch
Feed water temperature (after feed water pump)
Cooling water supply (CWS) temperature
Cooling water return (CWR) temperature
Condenser duty
Power to thermal duty (Electric consumption for
heat rejection of rejected thermal power)
Feed water pumps
Pump efficiency
Generator efficiency
Steam turbines
HP Steam turbine
Pressure inlet
Inlet temperature
Isentropic efficiency
IP Steam turbine
Pressure inlet
Inlet temperature
Isentropic efficiency
LP Steam turbine
Pressure inlet
Inlet temperature
Isentropic efficiency
Fuel heater
Fuel Inlet Temperature
Fuel Outlet Temperature
IP water inlet temperature
Temperature pinch
Efficiency calculations
Mechanical efficiency
Generator efficiency
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kPa
°C
°C
°C
°C
°C
MW
%

4.814
32.2
3.2
32.2
18
29
224.3
0.8

%
%

70
98.5

bar
°C
%

170
600
88.15

bar
°C
%

40
600
92.40

bar
°C
%

3.75
266.93
88.00

°C
°C
°C
°C

9.00
117.00
252.85
26.98

%
%

99.6
98.5

Appendix E Data Summary for Simulations
Table E-1:

Ambient air condition for sizing the SEGR regenerative rotary CO2 transfer
device for the retrofit cases

Ambient air
Temperature
Pressure
Humidity
Mass flow rate
Molar flow rate
Fan
Efficiency
Pressure difference

Figure E-1:

◦C
bar
%
kg/s
mol/s

15
1.033
60
562.2
19482.4

%
bar

85
0.02

Sensitivity of the deviation of the working fluid properties from the
reference configuration with air combustion at ISO conditions as a function
of the working fluid CO2 concentration at the compressor inlet.
Configuration CCGT with PCC and SEGR in parallel (Herraiz 2016)
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Appendix F Sensitivity to SEGR Ratio

Figure F-1:

(a) Sensitivity of the post-combustion CO2 capture rate and (b) Sensitivity of
CO2 concentration in the ﬂue gas at the inlet of the post-combustion capture
system and O2 concentration in the CO2-enriched combustion air to the
selective exhaust gas recirculation ratio, for a range of selective CO2 transfer
rates; SEGR in parallel for 90% overall CO2 capture level (Herraiz et al. 2018)
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Appendix G Block Flow Diagrams
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APPENDIX G BLOCK FLOW DIAGRAMS

Figure G-1:

Block flow diagram configuration New Built; CCTG with PCC and SEGR, SEGR ratio 70%
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APPENDIX G BLOCK FLOW DIAGRAMS

Figure G-2:

Block flow diagram configuration Full Scale CP; CCTG with PCC
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