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Abstract

Carbon capture and storage (CCS) technologies are considered the most cost-effective

means of curbing anthropogenic carbon dioxide (CO2) emissions from both the power

and industrial sectors at a system level. Indeed, several studies consider CCS essential

to limit global warming below 1.5 °C by 2050 and curb the impacts of climate change.

However, this technology is prohibitively expensive without government subsidies rel-

ative to unabated plants.

In this thesis, oxy-fuel combustion was used as a model CCS technology to develop cost-

reduction frameworks. Process inefficiencies were analysed using the first and second

laws of thermodynamics and the process was improved via a heat integration strategy.

This strategy improved the efficiency of an oxy-combustion process whilst reducing its

capital cost.

A solvent-based capture unit was proposed to substitute the gas processing unit (GPU)

and its key performance indicators were compared with the traditional GPU. However,

cryogenic methods to process the flue gas from oxy-combustion are still superior, pro-

viding comparable capture rates and CO2 purity at lower costs.

A framework to value negative emissions from bioenergy with CCS (BECCS) was pro-

posed to simultaneously decarbonise the power and industrial sectors. However, the

high CO2 price required to generate profits from auctioning negative emission credits

makes this framework unlikely to be implemented.

Lastly, the flexible operation of a CCS plant to take advantage of the daily electricity

price variation was evaluated. The flexible operation of a plant with liquid oxygen stor-

age depends upon the region it operates as electricity price fluctuation plays a critical

role in its profitability.

There is potential to significantly reduce CCS costs by the concurrent application of

several approaches. The general nature of most of the framework developed in this

thesis means that they can be applied in other CCS processes, such as post- or pre-

combustion capture.
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CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

1.1 Background on climate change
Anthropogenic carbon dioxide (CO2) emissions from fossil fuel use have consistently

increased since the industrial revolution, currently standing at 36 GtCO2
/year[1–5].

Despite being but a small fraction of the natural carbon cycle, this extra amount is

sufficiently higher than the possible uptake from natural CO2 sinks, leading to its atmo-

spheric accumulation over the last centuries[6]. Currently, atmospheric CO2 concentra-

tions surpassed 400 parts per million (ppm), 40 % higher than the maximum recorded

during the natural swings between ice ages1[7, 8].

Fossils corresponding to fauna and flora typically found in warm climates were ex-

cavated at high altitudes, suggesting warmer, more homogenous global temperatures

during the Eocene epoch, which occurred between 33 and 55 million years ago[9]. Fur-

thermore, some studies suggest that there was over 1000 ppm of CO2 in the atmosphere

during this period[7, 8], showing a possible link between global average temperature

and atmospheric CO2.

A cooling event that spanned 40 million years started to occur during this epoch, ac-

companied by a reduction of atmospheric CO2 concentration[7]. Glaciers began to

appear in the poles during this period, culminating with the earth in a similar state as

today[7]. Afterwards, temperatures stabilised into the natural swing accompanied with

similar patterns of atmospheric CO2 concentrations[7].

Whilst we must be aware of the statisticians’ maxim that correlation does not neces-

sarily mean causation, we should also not ignore the overwhelming evidence linking

atmospheric CO2 concentrations with global average temperature[10–12]. Indeed, the

scientific community reached a consensus on the causal effect of anthropogenic CO2

emissions to climate change through models developed in the 19th century, which have

1Atmospheric composition from these pre-record ages were obtained by analysing gas bubbles trapped
in ice cores from the accumulation of new snow layers. The natural atmospheric CO2 was analysed from
these bubbles, and a natural swing between 180 and 280 ppm was observed.
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since been improved, based on the physical properties of CO2[10–13]. On a particular

study, Stips et al. [14] used information flow to conclude that anthropogenic CO2 emis-

sions have a one-way causal effect in increasing global average surface temperatures,

corroborating the consensus.

Human activity had such an immense impact on the climate, ecosystem, and earth’s

geology since the industrial age that some authors name the current epoch as the

"Anthropocene"[15]. The global average temperature has been increasing at such high

rates that fears of drastic climate change led to 154 nations sign the Kyoto protocol in

1997, pledging an 80 % greenhouse gas (GHG) reduction by 2050[16]. However, Aylett

et al. [17] suggested that the Kyoto protocol may be insufficient to maintain the global

average temperature rise below the 1.5 °C target agreed during the 21st Conference of

Parties (COP21)[18].

The extreme heat experienced in the UK during March 2017 and July 2018, with max-

imum temperatures of 3 °C higher than the 1961 – 1990 period highlighted climate

change into the news broadcasts[19]. A similar situation was observed in Norway dur-

ing the winter of 2000 – 2001, where the media attributed several flooding events and

a two-month delay in snowfall to climate change[20]. Whether these occurrences are

indeed due to climate change is challenging to prove; however, these phenomena fall

well within scientific predictions, making them "feel" real both by media outlets and

by the population[20]. Such events are indeed alarming, especially considering that

the consequences of climate change are already manifesting at an average temperature

increase of only 1 °C above pre-industrial levels[8].

The Intergovernmental Panel on Climate Change (IPCC) special report on global warm-

ing of 1.5 °C stresses that we are not reducing GHG emissions fast enough to prevent

the adverse effects of climate change[21]. Meeting this temperature target will require

deep reductions in GHG across all sectors[22]. The launch of this report coincided with

worldwide protests to make climate change part of governments’ agenda, culminating

with 18 European countries2 pledging a complete decarbonisation by 2050[23, 24].

Increasing the share of variable renewable energy sources has been a significant con-

tributor to decarbonise the power sector whilst phasing out fossil fuels[25, 26]. Indeed,

renewable energy has been displacing fossil fuel energy from the grid at a rate of 0.2

%/year[25]. At these penetration rates, the International Energy Agency (IEA) pre-

dicts a 30 % share of renewable energy sources in the electricity grid by 2023 divided

between hydropower, wind, solar PV, and bioenergy[27].

Achieving the 1.5 °C target will require a further expansion of the renewable fleet,

with China planning to reach 61 % of total renewable share by 2040, where 60 %

2The countries that intend on backing the 2050 net-zero GHG emissions are France, Spain, the Nether-
lands, Belgium, Sweden, Portugal, Denmark, Luxembourg, Latvia, UK, Germany, Italy, Finland, Slovenia,
Austria, Greece, Malta and Cyprus.
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of this fleet accounts for solar PV and wind[22]. The Committee on Climate Change

(CCC) suggests that a 50 – 60 % share of renewable power generation technologies in

the United Kingdom is achievable by 2030[28–30]. Indeed, the UK’s prime minister

pledged a legally binding target in June 2019 to entirely cut its GHG emissions by 2050

and lead the world towards clean growth[31–34]. The CCC suggested that the UK must

remove 45 – 50 Mt of atmospheric CO2 to achieve its proposed target[29].

However, expanding the renewable fleet alone will unlikely be enough to decarbonise

the power sector. Fossil fuels will still be essential to satisfy the global energy demand[2]

and maintain a firm power supply because coal-fired plants generate 38 % of global

electricity[35–40]. Indeed, the premature decommission of thermal power plants is

likely to be a costly endeavour[41] and might raise questions about job security[42]

and electricity prices[43]. It is then paramount to evaluate the deployment of multiple

low carbon technologies and have a diverse portfolio of power-generating technologies

instead of looking at each technology separately[35, 37, 38]. Therefore, fossil fuels

are expected to maintain a considerable share in future electricity markets[2, 44–46].

Hence, carbon capture and storage (CCS) technologies are essential[47–49] to achieve

the "rapid and unprecedented decarbonisation" pledged by some governments[21, 50].

1.2 Carbon capture and storage
Carbon capture and storage can be used in the power and industrial sectors to signif-

icantly reduce their CO2 emissions[47–49, 51–54], offering the opportunity for a just

transition to a low carbon economy[55]. Most integrated assessment models (IAMs)

feature CCS deployment in their pathways to limit global warming below 1.5 °C[21,

54]. Furthermore, this group of technologies may also provide a low-carbon, flexible

operation required from the increasing share of variable renewable energy technolo-

gies in the grid[44–46]. Consequently, timely deployment of CCS seems sensible, re-

ducing our dependency on a unicorn technology3 to solve all issues in the electricity

grid[21, 50].

There are three categories of CCS technologies, which depend upon the capture pro-

cess: Pre-combustion, post-combustion, and oxy-combustion[48, 53]. These categories

will be explained for the context of capturing CO2 from a flue gas originated from a

thermal power plant.

1.2.1 Pre-combustion CO2 capture

This category is based on the gasification of a solid fuel into syngas, consisting mainly

of carbon monoxide (CO), hydrogen (H2) and CO2. The integrated gasification com-

bined cycle (IGCC) is the most studied pre-combustion capture technology for power

3A unicorn technology is a currently non-existing technology that is renewable, carbon-free, and able
to operate flexibly.
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generation[53, 56–58]. Here, fuel reacts with controlled amounts of oxygen (O2) at

1300 – 1600 °C and 30 – 40 bar to maximize CO and H2 production[53, 56–58].

This mixture then reacts with steam in a water-gas shift reaction, converting CO and

H2O into a mixture of CO2 and H2 that requires further separation[51, 53, 56–58].

Physical solvents at high pressure are used to capture CO2 from this stream, whilst H2 is

either stored for later use or burned to satisfy the energy demand of the process[51, 59].

1.2.2 Post-combustion CO2 capture

Post-combustion capture separates CO2 from flue gas using an aqueous alkanolamine,

typically monoethanolamine (MEA), at atmospheric pressure and 30 – 60 °C[48, 49,

51, 53, 60, 61]. Here, the lean-solvent stream4 is introduced at the absorber’s top and

flows down through a packing material whilst absorbing CO2 from the flue gas[48,

49, 51, 53, 60, 61]. The rich-solvent stream exiting the absorber regenerates in a

stripper column by removing the absorbed CO2, which is dispatched to a storage site

via pipeline[48, 49, 51, 53, 60, 61].

Solvent regeneration is an energy-intensive process, often requiring steam from the

power plant[48], reducing the plant’s gross power generation. Afterwards, the regen-

erated solvent is recycled to the absorber to absorb more CO2[48, 49, 51, 53, 60, 61].

A CO2-clean gas, mainly consisting of nitrogen (N2) and water (H2O) is vented to the

atmosphere[48, 49, 53], significantly reducing the emissions of thermal power genera-

tion using fossil fuels.

Post-combustion is considered an "end-of-pipe" technology and suitable to retrofit exist-

ing power plants because it marginally affects the plant’s operation[48]. Furthermore,

this technology can be readily accepted by the power sector due to its similarities to

technologies already implemented to mitigate sulphur oxides (SOx) emissions[48].

1.2.3 Oxy-fuel combustion CO2 capture

Burning fuel with medium-purity oxygen (O2)5 produces a flue gas with high CO2 con-

centration, increasing combustion efficiency and flame temperatures[48, 49, 51, 62].

Recycling flue gas (RFG) to the furnace reduces these high combustion temperatures

to manageable levels, thus preventing equipment damage[1, 48, 49, 51, 62–65]. The

high CO2 concentration in the flue gas simplifies CO2 purification via condensation on

a gas processing unit (GPU)[1, 48, 49, 51, 62, 64, 66].

It is also possible to retrofit this technology into existing power plants by managing the

amount of RFG to obtain temperatures similar to air-firing; however, concerns about air

ingress might discourage this practice[48, 67–69]. Although test units were operated

4A lean-solvent stream refers to a stream with a small amount of CO2 absorbed by the solvent. Con-
trastingly, a rich-solvent stream has high amounts of CO2 absorbed.

5Medium-purity oxygen is 85 – 95 % pure, high-purity oxygen is above 95 % pure, whilst low-purity
oxygen is below 85 % pure.
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by retrofitting existing plants, such as the Callide Oxyfuel project[70], this CCS category

may have a higher acceptance if the power plant is designed for oxy-combustion.

1.2.4 Bioenergy with CCS

Capturing atmospheric CO2 emissions is essential to achieve the 1.5 °C target by 2050

in what is termed negative emissions[71–73]. Negative emission technologies (NET)

encompass a group of technologies that can perform this task through photosynthesis or

chemical processes. Examples of photosynthetic processes are bioenergy with carbon

capture and storage (BECCS) and afforestation/ reforestation (AR); whilst direct air

capture (DAC) is an example of chemical processes[71, 73–75].

1.2.5 CO2Storage

Regardless of the chosen capture technology, CO2 must be compressed to pipeline

pressure6 before being safely stored in a deep saline aquifer or some other suitable

reservoir[76–79]. Enhanced oil recovery (EOR), the current primary use for CO2[1],

provided experience in transport and storage of small CO2 quantities; however, there is

lack of experience regarding the permanent storage of sizeable CO2 quantities in these

reservoirs[80]. Furthermore, the general public is reluctant of CCS[81–83], despite

being considered essential by experts to combat climate change[21]. This discrepancy

between the public and the experts indicate the requirement to conduct awareness

campaigns and instruct the general public of the benefits of CCS.

1.3 Research Goal and Structure
This thesis aims to determine the value of CCS for the power generating sector by

analysing its economic attractiveness and environmental benefits. More specifically,

oxy-combustion will serve as a model CCS technology to develop frameworks that make

it cost-competitive with other power generation sources.

A thorough description of the oxy-combustion process is presented in Chapter 2, identi-

fying the main advantages and disadvantages of this CCS category. The current means

of producing O2 using cryogenic separation and membrane technologies under devel-

opment are summarily discussed in this chapter. Cryogenic GPU technologies are also

reviewed in this chapter, noting the differences in CO2 capture rates and purity between

each of them. Both the air separation unit (ASU) and the gas processing unit (GPU)

are critical to the successful operation of oxy-combustion because of these units’ large

power consumption[49]. Hence, these units should be designed carefully to satisfy

both O2 and CO2 demand at the requested conditions whilst minimising their power

consumption. Following this, the design equations and operating parameters used to

simulate the unit operations of an oxy-combustion process are described in Chapter 3.

6Commonly 110 – 120 bar, however, this is dependant upon the CO2 transport infrastructure design.
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A second-law efficiency analysis is used in Chapter 4 to identify opportunities to im-

prove the net efficiency of an oxy-combustion process. This analysis was conducted by

calculating the exergy destruction of each unit operation in the process. Afterwards, a

heat integration exercise between several units of the process was proposed to reduce

these losses, and its thermodynamic benefit was assessed by re-examining the exergy

destruction of the new process. This method culminated into a simple procedure to aid

project selection via a graphical analysis that charts the proposed projects regarding

two key performance indicators (KPI).

The second-law analysis identified the GPU as being the least thermodynamically effi-

cient unit of the simulated oxy-combustion process. Ergo, a novel solvent-based GPU

design is evaluated in Chapter 5. The thermodynamic improvement of the capture

unit was analysed using the methodology proposed in Chapter 4, enabling a simple

comparison with an oxy-combustion process with a cryogenic GPU.

Biomass can be used as fuel to generate negative emissions because it is carbon-neutral

and renewable[84]. After all, atmospheric CO2 is consumed during a plant’s growth

process[84]. Theoretically, the same amount of CO2 is released to the atmosphere

by burning this type of fuel to generate heat or power, thus closing the carbon cycle.

In practice, this carbon neutrality is unlikely to be achieved without any sort of CO2

capture technology due to CO2 leakages across the supply chain[73, 85–89]. There-

fore, atmospheric CO2 can be reduced if sufficient biogenic CO2 is captured via CCS,

generating the so-called negative emissions. However, bioenergy with carbon capture

and storage (BECCS) is more expensive than using fossil fuels, since it suffers from

the same disadvantages of CCS whilst consuming a fuel with lower heat capacity[84].

Nonetheless, this venture has the opportunity to value negative emissions.

The potential benefits of generating negative emissions from an oxy-BECCS process is

analysed in Chapter 6. Auctioning these emissions in the form of credits can enable

the simultaneous decarbonisation of the power and industrial sectors whilst providing

sufficient revenues to reduce the penalties associated with BECCS.

A deep penetration of variable renewable energy sources changes the supply pattern

of the power grid[29, 30, 37, 38], which can be manifested through sharp increases in

electricity prices during periods that cannot be satisfied using renewable sources. This

price fluctuation may come from several causes, the most commons being an increased

demand that cannot be met by the current renewable fleet, or that no renewable re-

source is available during that particular period. Consequently, flexible sources must

be readily available to satisfy the electricity demand during these periods[30, 37, 38].

Currently, only thermal power generation can operate in a sufficiently flexible way to

satisfy the electricity demand reliably; however, this practice emits CO2 and other GHG

to the atmosphere[30, 38, 90–93]. Photovoltaic (PV), wind, or hybrid systems[94–
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96] coupled with pumped hydro or batteries to store electricity[29] provide another

means of flexible power generation, particularly beneficial for remote areas[95, 97].

Indeed, specific authors identified the combination of renewable energy with storage

as offering the lowest cost solution for a flexible and carbon-free electricity[95, 97–99].

Energy storage options already exist for rapid- and long-term storage[100]. However,

this depends on the local climate wherein some cases it may still be more economi-

cal to use fossil fuels, such as diesel generators, in combination with renewable energy

sources[95, 96]. Furthermore, climate change may impact the operational performance

of renewable energy sources, increasing the uncertainty of these technologies[101],

leading to increased political motivation to rely on fossil fuels for power generation.

Hence, CCS applied to thermal power plants can significantly reduce these processes’

emissions whilst allowing a flexible operation to satisfy the electricity demand. How-

ever, opponents state that CCS is a costly technology with significant economic, en-

vironmental, and social risks, questioning its ability to reduce CO2 and the need of

continuous management for generations to prevent leakages[98, 99].

The challenges of operating a flexible oxy-combustion process with and without liquid

oxygen (LOX) storage is addressed in Chapter 7. Here, the plant reduces its capacity

during low electricity prices, stores LOX if there is a storage tank, and operates at full

capacity, discharging stored oxygen during high electricity prices. The net present value

of a flexible oxy-combustion plant is calculated, and the attractiveness of this option

discussed for a range of regions that follow different daily electricity price profiles.
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Chapter 2

Literature Review

2.1 Oxy-combustion overview
Oxy-combustion follows the idea of burning a fuel with medium-purity oxygen (O2),

increasing combustion efficiency and flame temperature compared to air-firing[47–49,

62–64, 102–104]. Obtaining high flame temperatures by burning a fuel with pure O2

was first introduced in 1903 by French engineers Edmond Fouché and Charles Picard

to weld and cut metals[105].1 It was not until 1982 that Abraham et al. proposed oxy-

combustion to produce carbon dioxide (CO2) for enhanced oil recovery (EOR)[105–

107]. However, this EOR strategy was considered uneconomical owing to the relatively

low oil prices during the 1980s and 1990s[49, 64, 102]. Recently, oxy-combustion has

been the target of increased interest to curb anthropogenic CO2 emissions as one of

many climate change mitigation options[49, 64, 102].

The high flame temperature originated from burning a fuel with O2 is controlled by re-

cycling part of the flue gas to the furnace[102, 108]. Removing nitrogen (N2) from the

combustion media results in a flue gas with a high CO2 concentration and the remain-

der being mostly water[47–49, 62, 64, 102–104]. Hence, a high-purity CO2 stream can

be obtained by condensing water, simplifying the CO2 capture process. However, recy-

cling flue gas will increase the number of sulphur species and chlorine which, combined

with the high CO2 concentrations, enhances the corrosion rates in materials typically

used for ultra-supercritical (USC) plants[64, 108]. Applying this strategy to take ad-

vantage of the higher efficiencies of USC plants requires materials that can withstand

higher temperatures and are more resistant to corrosion[64, 108].

Medium- to high-purity O2 with composition between 95 and 98 mol% is obtained

by separating the air constituents using an air separation unit (ASU). This O2 stream

is subsequently mixed with recycled flue gas (RFG) and used as the oxidant during

combustion[47–49, 62–64, 102–104]. The flame temperature and CO2 concentration

1This technology can be referred to as oxy-fuel, oxyacetylene, oxy, or gas welding/cutting.
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in the flue gas are regulated by varying the amount of RFG; however, CO2 must still be

upgraded to pipeline specifications using a gas processing unit (GPU)[49, 63, 65, 66,

77–79, 103, 109, 110]. A process flow diagram (PFD) representing the main compo-

nents of oxy-combustion can be observed in Figure 2.1.

The ASU and GPU require considerable amounts of energy and resources, which in-

crease the cost of electricity[49, 103, 111–115].2 Thus, reducing this parasitic energy

consumption has been the target of several research projects.[103, 111–116].

Several demonstration projects have been performed due to the increased interest in

this technology, such as the Callide Oxyfuel Project[70, 117, 118] in Australia, Lacq

pilot plant[119] in France, Compostilla OXYCFB[120] in Spain, and Vattenfall[121,

122] in Germany. These projects gathered much needed physical data along with both

technical and operational experience.

This chapter offers an overview of the oxy-combustion process. It starts by analysing

the ASU, discussing cryogenic units and the developments of membrane technology

to produce oxygen. A brief introduction to the operation of thermal power plants is

subsequently presented, followed by the changes and opportunities provided by oxy-

combustion. Lastly, two different GPU are discussed to demonstrate that CO2 purity

depends on the chosen process.

2.2 Air Separation Unit
Air separation began around 1870 with Carl von Linde’s experiments to develop a cool-

ing unit to crystallise paraffin[123]. Liquid air was first produced in 1885 from an air

liquefaction apparatus at a rate of three L/h after three days of operation[123, 124].

Further developments led to the rectification of air to produce pure N2 at reduced

costs, catching the fertiliser industry’s attention[123, 124]. The process was patented

in 1902[125], and the first cryogenic ASU sold in 1905[123, 124, 126].

A rapid technological development gave rise to a two-column design in 1910, reduc-

ing production costs by simultaneously producing O2 and N2[123, 126]. Pure N2

experienced high demand to produce explosives and fertilisers during the first world

war[123, 126]. The ASU’s roles shifted to produce synthetic rubber and fuel from

coal during the second world war[123, 126]. Afterwards, the petrochemical industry

became the primary consumer of cryogenic ASU, promoting large-scale plants[123].

Nowadays, O2 can be produced on-site or delivered by a specialist company and stored

on-site in cryogenic tanks. Delivery and storage of cryogenic O2 have the lowest cap-

ital requirements; however, this O2 is more expensive, and the amount is limited by

storage capacity[127]. On-site production is obtained via vacuum swing adsorption

or cryogenic air separation. Vacuum swing adsorption processes are more competitive

2For a power plant. The idea is similar for any other process, where the cost of product increases.

32



2.2. AIR SEPARATION UNIT CHAPTER 2. LITERATURE REVIEW

Figure 2.1: Process Flow Diagram (PFD) of oxy-coal combustion consisting of a double column
cryogenic ASU for O2 production, a pulverised coal boiler with flue gas treatment plant, and a
cryogenic GPU, as published by Cabral and Mac Dowell [103].
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Figure 2.2: Specific power consumption of oxygen production via pressure swing adsorption
(PSA) and cryogenic distillation. PSA consumes less power than cryogenic distillation up to 200
tpd of O2, equating to a 14 MW net electrical output from an oxy-combustion process. Power
plants with higher capacity demand more O2, making cryogenic distillation more cost-effective.

than cryogenic ASU for O2 production rates between 10 and 100 tonnes per day (tpd);

however, the maximum allowable vessel size limits this technology[127–129]. Cryo-

genic air separation units have a more comprehensive range of product flowrate, with

state-of-the-art single train sizes operating up to 5000 tpd achieving O2 purity from 90

to 99.9 vol%[68, 114, 123, 124, 126, 127, 130–135].

Cryogenic units can produce streams with lower O2 purity; however, the cost reduction

does not justify this practice[127]. Instead, it is more cost-effective to achieve the

required purity by mixing air with a medium- to high-purity O2 stream[127].

Oxy-combustion for electricity production requires3 600 kgO2
/MWh, making cryogenic

distillation the most cost-effective technology to satisfy this demand, as can be seen in

Figure 2.2[68, 135–140]. However, it is challenging to obtain detailed costs and perfor-

mance data for cryogenic distillation units due to this industry’s high competitiveness

and confidentiality[114].

3A 500 MWnet power plant requires 7200 tpd of oxygen.
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Figure 2.3: PFD of a double column cryogenic ASU for gaseous oxygen production. The flow
path of air is represented in red; Black represents the flow path of oxygen-enriched air; Green
represents the flow path of nitrogen-rich streams; Blue represents the flow path of oxygen-rich
stream. MAC – Main air compressor; Booster - Booster compressor; Exp - Expander; HX1 and
HX2 - Coolers; MHX - Main heat exchanger; HX3 - Subcooler; HP - High pressure column; LP -
Low pressure column.

2.2.1 Cryogenic air separation units

Cryogenic air separation starts with air compression from atmospheric pressure to 3.5

– 6.9 bar, depending on the desired product specifications[103, 114, 124, 126, 127].

Axial flow compressors with inter- and after-coolers are required to satisfy the large

air demand from cryogenic ASU[114, 124]. These coolers are introduced to condense

some humidity whilst reducing air temperature to operating levels[127]. A PFD of a

typical double column cryogenic ASU is presented in Figure 2.3.

Trace impurities with high freezing temperatures were initially removed with reversing

heat exchangers by regularly switching the hot and cold streams inlet side[114, 127].

This strategy was designed to prevent damage to the cryogenic equipment but gener-

ated a significant strain on the heat exchanger, reducing its lifetime[114, 127]. Nowa-

days, most plants with high O2 production capacity, termed in the field as tonnage

plants, use temperature swing adsorption (TSA) units with 13X molecular sieves to re-

move these trace impurities[141–146]. This molecular sieve is a sodium zeolite with

high water and adequate CO2 adsorption capacity[141–146]. There are usually several

adsorption vessels (known as beds) simultaneously operating between adsorption and

regeneration modes[141–146]. Impurities from the air are removed in vessels operat-

ing in adsorption mode, whilst hot waste gas with a mass flow between 10 and 20 % of

air regenerates the remaining vessels[127, 141–146].

TSA vessels can be built either horizontally or vertically with a maximum diameter

of 4.2 m, allowing them to be shop fabricated and shipped to the site[127]. This
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thesis will not focus on the specifics of this technology, but a typical operating sequence

is[127, 146]:

1. Parallel flow, where both beds are online for a short period of time.

2. Depressurisation, where the spent bed is depressurised to waste gas pressure.

3. Heating, where waste gas flows through a heater and increases bed temperature.

4. Cooling with cold waste gas, starting after sufficient heat has been added.

5. Pressurisation, where the regenerated bed is pressurised and brought online.

If both O2 and large quantities of N2 are required, the air is pre-cooled against boiling

Freon in a heat exchanger using an inline mechanical refrigeration unit[127]. Alter-

natively, air can be pre-cooled in a direct contact cooler (DCC) using chilled water,

obtained using cold waste gas in a humidification tower, when O2 and small or no

amounts of N2 are required[127]. This practice has the advantage of removing water-

soluble acid gases[127].

Compressed air (cooling stream) is cooled to cryogenic temperatures against the cold

distillation products (warming stream) inside aluminium brazed plate-fin heat exchang-

ers, allowing heat exchange between more than two fluids[114, 126, 127, 131, 134].

Stainless steel must be used instead of aluminium if O2 is vaporised at high pressure to

prevent explosive reactions between aluminium and O2[114]. These heat exchangers

are composed of corrugated fins sandwiched between plates, allowing heat transfer ar-

eas as high as 1500 m2/m3, held together using sidebars[114, 126]. The fins create 5 –

9.5 mm height channels at a density of 7 fins/cm, where cooling and warming streams

alternate between each layer allowing average temperature differences of 2 to 3 °C at

the warm end[114, 126, 127]. Due to these plants’ large size, it is common to use an

assembly of plate-fin heat exchangers located inside a cold box. These assemblies are

typically 1.4 m wide by 1.4 m stack height by 8 m long manifolded together[126, 127].4

A cold box encases the equipment operating at cryogenic temperatures and provides

structural support and insulation using perlite or rock wool[126, 127]. This material

avoids heat leaks to ambient air by eliminating heat convection through the material’s

small voids[126, 127]. Perlite can be blown in from the top of the cold box and offers

a more even insulation, but it must be removed entirely to access the site in case of a

leakage[127]. Rock wool is more labour intensive as it must be manually packed, but

it allows easy access by tunnelling through the frozen material if a leak occurs[127]. It

is essential to dry this insulation material with N2 before the operation starts to avoid

ice formation inside the cold box[126, 127].

4Actual dimensions of these heat exchangers are a function of process and operating conditions.
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Table 2.1: Boiling temperature (Tb) of air components at 1.01 bar and 5 bar.

Component Tb (°C) at 1.01 bar Tb (°C) at 5 bar
O2 -184 -164
N2 -196 -179
Ar -186 -167

A sub-cooler unit made of brazed aluminium is commonly used to cool down N2 from

the high pressure (HP) column using the waste gas from the low pressure (LP) column,

minimizing flash losses[127, 147]. This unit can also sub-cool liquid products before

storage and avoid gas formations during transport[127, 147].

Maintaining cryogenic temperatures inside the cold box is essential for the successful

operation of the ASU[126, 127, 131]. These temperatures are obtained by expanding a

fraction of incoming air, determined by performing an enthalpy balance to the cold box

(typically assuming a heat leak of 47 kJ/kmol), using a turboexpander[127]. This gas

expansion generates the required refrigeration due to the Joule-Thomson effect[127].

The refrigeration required inside the cold box increases if liquid oxygen (LOX) is pro-

duced, creating an enthalpy change that requires a higher fraction of air dispatched to

the turboexpander[127].

Advances in expander technology improved the isentropic efficiency of turboexpanders

above 90 %[127, 148, 149]. The power generated from these units can be either

recovered by geared generators or directly connecting the shaft to a compressor, known

as a compander when high-pressure O2 is required[127, 148, 149]. Choosing the most

suitable power recovery method must consider the trade-off between higher reliability

and flow range for generators, and fewer parasitic losses for companders[127]. Another

benefit of companders is the possibility of having an adjustable speed to maintain high

plant efficiencies due to flowrate variations[127].

The difference between each component’s boiling point allows their separation via dis-

tillation, albeit at cryogenic temperatures. As shown in Table 2.1 and Figure 2.4, it is

easier to separate O2 from N2 than O2 from argon (Ar) due to the difference in boiling

points between each component[126, 127, 131].

Cryogenic distillation columns generally use an aluminium-based structured packing.

This packing is composed of corrugated metal sheets that are arranged to optimize fluid

flow, inducing three kPa pressure drop across the LP column[114, 127]. Surface areas

ranging from 250 m2/m3 to 1000 m2/m3 of packing volume are obtained by perforating

and folding the packing into a V-shaped geometry[114, 127]. Sieve trays can also be

used but they inflict a substantial pressure drop across the column[114, 127].

The LP column is stacked on top of the HP column, reaching up to 45 m and 6 m

diameter[114, 126, 131, 134, 147]. These columns are thermally linked by a con-

denser/ reboiler. Here, N2 condensing at the top of the HP column vaporizes O2
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Figure 2.4: Variation of liquid and vapour compositions for the O2/N2 and O2/Ar at 1.01 and
5 bar.

from the bottom of the LP column[114, 126, 131, 134, 147]. Typical operating pres-

sures for the HP and LP columns for oxy-combustion are 5 and 1.1 bar, respectively.

This unit achieves O2 purities between 95 and 97 wt% whilst consuming 190 -– 240

kWh/tO2
[48, 49, 51, 62, 103, 111, 114, 115, 136, 137, 150, 151]. However, higher

pressures must be used if the O2 is supplied to a natural gas combined cycle (NGCC),

which operates at 40 bar[114].

This operation mode takes advantage of the fact that a component’s boiling point in-

creases with pressure (Table 2.1)[114, 126, 131, 134, 147]. Hence, the HP column’s

pressure must produce N2 with a higher boiling point than the boiling point of O2 in

the LP column[114, 126, 131, 134, 147].

There are two types of condenser/ reboilers used in cryogenic distillation:

• Thermosiphon reboiler – where the equipment is submerged in a pool of LOX at

the bottom of the LP column. Here, N2 condenses inside closed passages whilst

the O2 passages are open at the top and bottom of the equipment so that it freely

flows. LOX is boiled outside of the core and this liquid’s height determines the

required recirculation rate.

• Downflow reboiler – where LOX enters the top of the equipment and both liquid

and vapour exit at the base.

A constant purge is required in both condenser/ reboiler types to prevent a build-up of

hydrocarbons with a high boiling point in the LP’s sump. Failing to purge hydrocarbons
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Figure 2.5: PFD of cryogenic oxygen storage, adapted from McGuinness and Kleinberg [127],
and Hu et al. [152] The LP storage tank has an inner tank where liquid oxygen (LOX) is stored
and kept at low temperatures by the gaseous nitrogen (GAN) injected in the outer tank.

from the LP’s sump can lead to combustion[127].

ASUs have an excellent service record, with the vast majority of historical plant outages

being from scheduled compressor maintenance and defrosting, occurring every four

years[114, 127, 152]. It is then possible to coincide the ASU’s shutdown with the

power plant’s routine annual maintenance[114, 127, 152]. However, it is possible to

implement backup O2 storage using the equipment outlined in Figure 2.5 to cover any

planned or unplanned outage[114, 127, 152].

The backup unit’s pump and vaporiser start when production stops. This process takes

up to 20 minutes to be operational, but an instantaneous backup system can be installed

if process continuity is an issue[127]. The LP storage tank is made of steel with an outer

layer of carbon steel to hold perlite as an insulating material between those layers[127].
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These tanks are generally designed to provide 24 hours of product backup. These

backup units can alleviate the burden associated with planned and unplanned plant

outages; however, the ASU suffers from a refrigeration penalty during LOX storage,

increasing its specific power consumption[127].

When required, LOX is discharged from the storage tank and vaporised. If small

amounts of LOX are required, it passes through an ambient vaporiser; otherwise, large

amounts of LOX are vaporised in steam, electric, or natural gas vaporisers[127].

Material selection must consider the auto-ignition temperature at the operating con-

ditions when using high O2 concentrations[131]. Whenever cryogenic fluids are in-

volved, materials that lose their ductility at these operating conditions should also be

avoided[131]. The equipment must be cleaned before introducing O2 to remove any

combustible source such as organic materials, inorganic materials, rust, and dirt[131].

Improvements to cryogenic ASU technology are mainly obtained by adding more ther-

mally integrated columns, such as a triple column process, improved process integra-

tion, and increasing the single plant train size, thus reducing the energy to produce

O2[112, 114, 153]. These changes are expected to reduce the ASU’s specific energy

consumption by 17 %[137].

Despite their technical maturity, the high power consumption of cryogenic ASU pro-

moted alternative technologies for air separation, such as adsorption[143, 144, 154],

ion transport membranes (ITM)[155–159], and chemical looping[160–162]. However,

the lack of technical maturity or high costs of these alternative technologies make cryo-

genic ASU the only current viable technology to satisfy the O2 demand of an oxy-

combustion process[68, 133].

2.2.2 Adsorptive Air Separation

Adsorptive air separation is typically achieved by preferentially adsorbing N2 in a pres-

surised zeolite bed whilst the O2-rich stream escapes the bed[68, 131, 132]. This is

a semi-continuous operation termed pressure-swing adsorption (PSA)[68, 131, 132].

Afterwards, the bed is regenerated by reducing the pressure, desorbing N2 from the ze-

olites and preparing the bed for a new adsorption cycle[68, 131, 132]. A vacuum pump

can be used to enhance N2 desorption from the zeolite bed in a process known as vac-

uum pressure swing adsorption (VPSA). However, more power is required to produce

this vacuum, increasing O2 production costs[68, 131, 132].

The most straightforward PSA unit comprises two zeolite beds with a system control-

ling a set of valves that define the adsorption-desorption sequence[68, 131]. One of

the beds is adsorbing N2, creating an O2-rich air stream, whilst the other is being re-

generated by depressurisation[68, 131]. The valves switch once the first bed is full and

the second bed is regenerated, reversing their operating modes[68, 131].

More beds can be introduced to approximate this technology to a continuous process
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and reduce the pressure pulses obtained from opening and closing the valves[131].

However, this increases the valve switching sequence’s complexity[131]. Buffer tanks

are typically used to dampen the pressure pulses from the bed switching and maintain

a constant product supply[131]. Introducing more beds is also the only method to

increase these units’ production capacity past the maximum vessel sizes[131].

PSA can achieve O2 concentrations up to 93 – 95 vol%, making this an ideal technol-

ogy when low quantities of medium-purity O2 is required[68, 131, 163]. However,

capital costs significantly increase with product quantity[68], making this technology

unsuitable for the high O2 demand from oxy-combustion (Figure 2.2).

2.2.3 Membrane technology

Developing membranes for oxygen production has been researched to reduce the en-

ergy consumption of air separation[155–159, 164–167]. Polymeric membranes operate

based on the different diffusion rates of O2 and N2 across the membrane, driven by a

pressure difference between the feed and the permeate (stream with the components

that penetrated the membrane)[68, 131]. Flux through the membrane depends on this

pressure difference and its thickness, establishing the required surface area to separate

the components[68, 131]. However, these membranes are limited to O2-enriched air

production with concentrations between 25 wt% and 50 wt%[68].

Polymeric membranes only require an additional blower to provide adequate pressure

through the membrane, making this technology exceptionally simple with swift start-up

times[68]. However, the low O2 purity and production rates make them most suitable

for applications where H2O and CO2 in the product are not a problem[68].

A promising use for polymeric membranes is to produce oxygen-enriched air before a

cryogenic ASU[112, 131] to reduce equipment size and energy consumption. Skorek-

Osikowska et al. [112] simulated this hybrid process for an oxy-combustion process.

The author observed that the new ASU consumed 13 % less power than the base case,

reducing the electricity’s break-even price by 4 %[112]. Further improvement of these

two key performance indicators is expected as the process is optimised[112].

Ion transport membranes (ITM) have been developed to address polymeric membranes’

limitations by producing high-purity O2[68, 114, 155–159, 164–167]. These ITMs are

made of solid oxide ceramic materials and require high temperatures to allow the pas-

sage of oxygen ions through the ceramic crystal lattice[68, 114, 155–159, 164–167].

This operation’s driving force can be obtained by applying an electric voltage to the

membrane material (for small O2 amounts) or by O2 partial pressure difference (for

large O2 amounts)[68, 114, 131, 155–159, 164–167]. This last method is known as

mixed conducting membranes because both oxygen ions and electrons are conducted

through a pressurised membrane, as seen in Figure 2.6[68, 131, 157].

Oxygen ions have very high flow rates across the ITM, and either high-purity O2 is
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Figure 2.6: Schematic representation of an ITM, adapted from Hashim et al. [157]. Oxygen
present in air at the high pressure side of the membrane is ionised by electrons at the surface
and transported through the membrane to the sweep gas with low O2 concentration.

produced on the membrane’s permeate side or directly mixed with a sweep gas that

creates the pressure difference to drive the process[68, 131, 155–159, 164–167]. Oxy-

combustion benefits from this last method, as recycled flue gas sweeps O2 from the

membrane. This method creates the required mixture composition whilst improving

operational safety by avoiding the circulation of high-purity O2. However, current mem-

brane materials are not compatible with flue gas, requiring alternatives to operate this

membrane. Therefore, the only option to create the driving force required to separate

O2 from the air is to apply vacuum, increasing production costs and reducing the net

efficiency of the oxy-combustion process[68].

An ITM for oxy-combustion starts by compressing air to 10 bar and heating the mem-

brane and incoming air above 730 °C through a combination of air compression, heat

from the boiler, and flue gas recycle[68, 131, 155–159, 164–167]. The high flux rates

and selectivity of these membranes can reduce costs by 50 % relative to cryogenic dis-

tillation, making this technology particularly suitable for oxy-combustion[114].
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2.2.4 Chemical production of oxygen

Chemical oxygen production was patented in 1867 by du Motay and Maréchal [168],

where oxides or silicates of certain metals react with atmospheric oxygen in the pres-

ence of sulphurous acid to produce sulphuric acid. The reaction is reverted by adding

heat, re-forming sulphurous acid and releasing O2, thus regenerating the mixture[168]

according to reaction 2.1.

M+H2SO3 +
1
2

O2
Air−−⇀↽−−−
Heat

M+H2SO4 (2.1)

Where M is the metal oxide/ silicate; H2SO3 is sulphurous acid; O2 is oxygen; and

H2SO4 is sulphuric acid. Reaction 2.1 is a simplification of the actual reaction pathway.

In reality, the metal reacts with sulphuric acid to generate a metal sulphite and release

O2[168]. This sulphite is then decomposed under heat, regenerating sulphurous acid,

and the cycle is ready to begin again[168].

Another method of producing oxygen is by alternating air and steam in a closed re-

tort over a metallic acid or oxide[168]. The incoming air oxidises this compound and

subsequently releases the chemically bound oxygen by contacting with steam[168–

170]. The initial idea developed by du Motay and Maréchal [168] resulted in low

oxygen production rate whilst also requiring large amounts of steam[169, 170]. Fur-

thermore, the mixture deteriorated rather quickly, rendering the process uncompetitive

with other oxygen production technologies[169, 170]. Hence, Brimm [169] proposed

to capture atmospheric oxygen using hot alkali manganate in the form of a double

manganate-meta aluminate salt[169], a double manganate-metasilicate salt[170], or a

similar compound, following reaction 2.2.

Na2MnO4 +H2O
Steam−−−⇀↽−−−
Air

2NaOH+MnO2 +
1
2

O2 (2.2)

Where Na2MnO4 is sodium manganate; H2O is water; NaOH is sodium hydroxide; and

MnO2 is manganese dioxide.

Simulations using Aspen HYSYS suggested that chemical looping consumes 0.041 –

0.053 kWh/m3
O2

[171]. The simplicity of this process, which only requires two reactors,

coupled with its low power consumption, makes it a promising alternative to traditional

oxygen producing methods[160, 171]. Flue gas can be recycled to reduce the metal

without using an external energy source for steam generation, traditionally used for

this purpose[160]. This recycle is favourable for oxy-combustion by also controlling

the flame temperature[160]. Using flue gas from the power plant to decouple oxygen

can reduce the air separation’s energy footprint compared to a traditional chemical

looping process[160]. Furthermore, this integrated process can also reduce capital
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costs by simplifying the hardware and integrating both units more effectively[160].

However, the presence of impurities such as sulphur oxides (SOx), nitrogen oxides

(NOx), halides, mercury, and excess O2 can deteriorate the air separation performance

of the chemical looping process[160]. Indeed, these components can deactivate the

oxygen carrier particles[160]. Therefore, impurities present in the flue gas must be

reduced to allowable levels, which increases costs and forces operating at lower flue

gas temperatures[160]. This lower temperature reduces the amount of heat available

to decouple oxygen from the carrier, thus reducing this unit’s efficiency[160].

Chemical looping for O2 production is currently not a mature technology, with only a

few pilot-scale studies performed[171]. Hence, the uncertainty surrounding this tech-

nology makes it less likely for deployment in the near-future despite showing a better

performance than cryogenic air separation units[171].

2.3 Power plants
This thesis only covers the combustion aspects of coal and biomass with an oxygen

stream (oxy-firing), providing only a brief introduction on unabated pulverised-coal

power plants. More detailed information on power plant fundamentals and air-firing

operation can be found in the work of Kunzemann [172].

2.3.1 Unabated coal power plants

Coal is an organic sedimentary rock formed from different types of fossilised vegeta-

tion over 400 million years by different temperatures and pressures[1, 69]. It is ex-

tracted either in deep mines or close to the surface and is primarily used to provide

energy[1, 69]. This material is a complex amorphous mixture of carbon (C), hydrogen

(H), oxygen (O), nitrogen (N), sulphur (S), moisture, ash, and trace metals, divided

into several ranks depending on carbon content[1, 69]. The most significant coal ranks

are lignite, subbituminous, bituminous, and anthracite ordered from youngest to older

and with increasing carbon content[1, 69]. Blending different coal ranks is common

practice to manage the fuel’s heat capacity based on availability and cost[1, 69].

Coal power plants generate electricity by converting the enthalpy of steam into rotary

motion in a turbine connected to an alternator[173]. These plants are defined as ther-

mal power plants, or steam power plants because steam is generated from water[173].

In a pulverised-fired (PF) power plant, coal is pulverised to 50 – 100 µm diameter,

ensuring rapid and efficient combustion in the furnace[173–175]. The mills used to

pulverise coal are a very mature, off-the-shelf technology[173].

Coal is transported to the furnace using primary air, or a mixture of flue gas and O2

for oxy-combustion, preheated to 300 – 400 °C[173, 174]. Here, combustion occurs

in burners mounted on either the corners or the walls of the furnace, depending on

configuration, producing hot flue gas, which is a mixture of N2, CO2, water vapour,
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fly and bottom ash, amongst others[173, 176]. Bottom ash (10 – 30 % of total ash)

is collected at the bottom of the furnace whilst fly ash (70 – 90 % of total ash) flows

with the flue gas and is collected on electrostatic precipitators (ESP) or fabric filters

(FF)[173, 175]. Ash with less than 2 % carbon content can be used as an abrasive for

sandblasting, a cement aggregate, or filler material in construction projects[173, 175].

However, changes in ash composition can affect its potential to be used[177].

The burners have high heat flux and operate substoichiometrically[178]. Here, hy-

drogen sulfide (H2S) is formed, creating a highly corrosive environment[178]. Solid

particles containing iron sulfates (FeS/FeS2), alkali sulfates, and alkali chlorides in con-

junction with hydrogen sulfide can corrode the tubes at a rate of up to 2 mm/year[178].

Hence, it is common practice to apply a coating with more than 20 % chrome for mod-

erately corroding conditions, and coatings with more than 40 % chrome for severely

corrosive conditions to protect the tubes[178].

The combustion temperature depends on the fuel’s composition but generally peaks

around 1200 – 1500 °C[173]. At this temperature range, heat is transferred to the

furnace walls covered with water tubes via radiation[173]. Hot flue gases rise to the

superheater and reheater where more heat is transferred through convection, generat-

ing superheated steam[173].

Furnace exit temperature is a crucial design choice as this determines the ratio between

radiative and convective heat transfer in this unit[173]. This ratio influences ash slag-

ging in the furnace, ash fouling on the convective heat transfer sections, and boiler

size[173]. For example, if the furnace exit temperature is too high, molten ash flows

to the convective sections, increasing severe ash deposition in the superheater and re-

heater sections[173]. On the other hand, if the furnace exit temperature is too low,

the size of both the furnace and the convective heat transfer sections would have to

increase, consequentially increasing capital costs[173].

Coal quality defines the plant’s design, and it affects its performance during opera-

tion, such as combustion efficiency, boiler efficiency, ash deposition, corrosion issues,

and emissions[177]. Generally, lower rank coals require larger boilers to optimise the

plant’s efficiency[177]. However, coals with higher quality are more expensive, so a

trade-off between cost and performance must be obtained[177]. Blending coals is rou-

tinely done to manage this trade-off, sometimes with biomass or waste[177].

Performance issues can be expected when biomass is used as a fuel due to its high

moisture content, low heating value, and low bulk density[177]. Furthermore, the

biomass mineral content, particularly potassium and chlorine, exacerbates deposition

and corrosion. This issue reduces the heat transfer coefficient, leads to additional

maintenance, and reduces heat exchange surfaces’ lifetime[177, 179]. However, us-

ing biomass as a fuel reduces SOx and NOx emissions due to its lower sulphur and
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Table 2.2: Effect of fuel properties on plant’s performance, adapted from Miller [177].

Property Performance impact
Heating value Determines fuel mass flow. Affects plant capacity, pulverisers,

burners, feeding systems, fans, pollution control equipment, and
coal and ash handling.

Moisture content Affects coal and ash handling and storage. Influences excess air
required, thermal efficiency, and pollution control equipment.

Volatile matter content Affects storage, pulveriser outlet temperature, fuel particle
diameter, and combustion.

Ash Affects coal and ash handling, pulverisers, furnace, heat
exchange sections, unburnt carbon in ash, slagging, fouling,
erosion, corrosion, and pollution control equipment.

Sulphur Affects slagging, corrosion, and pollution control equipment.
Higher content increases SOx, which increases acid dew point
temperature.

Nitrogen Affects pollution control equipment. Nitrogen from the fuel
generates 75 – 95 % of total NO.

nitrogen content[177, 179]. Biomass is also considered a carbon-neutral fuel because

it emits the same amount of CO2 during combustion as it captured from the atmosphere

during growth[179].

Changing fuel quality from the design coal impacts the plant’s performance[177]. This

fuel quality issue is expected to happen during the plant’s lifetime due to several factors

such as mine closures, price fluctuations, and environmental regulations[177]. The

effect of fuel properties on plant performance is detailed in Table 2.2.

The amount of heat released from combustion depends on the fuel’s heating value[177].

There are generally two heating values: the lower heating value (LHV), which is com-

monly used in Europe, and the higher heating value (HHV), which is commonly used in

the United States and Canada[180]. The HHV is greater than the LHV and the water’s

heat of vaporisation provides the difference between these values[180], following the

relationship

LHV = HHV −hg

(︃
9H
100

+
M

100

)︃
(2.3)

where hg is the latent heat of steam (2260 kJ/kg); H is the fuel’s hydrogen content

(%); and M is the fuel’s moisture content (%). Hence, higher efficiencies are calculated

when using the fuel’s LHV.

Pulverised-coal power plants follow the Rankine cycle, a thermodynamic cycle where

heat is converted into work[173]. Water is the fluid of choice in the loop because of

its thermodynamic properties, availability, and cost; however, organic compounds can

also be used in what is called the organic Rankine cycle (ORC)[173, 181].

A Rankine cycle differs from a Carnot cycle by pressurising a liquid, obtained by con-
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Figure 2.7: A simple Rankine cycle exemplified as a schematic of the cycle (a) and a tempera-
ture entropy diagram (b), adapted from Zhang [173].

densing steam, instead of pressurising steam using a compressor, resulting in 1 – 3 %

of the power consumption of a Carnot cycle[173]. Pressurising liquid water is what

makes the Rankine cycle a practical Carnot cycle[173]. On the downside, this cycle

requires that heat is spent vaporising water, thus reducing the amount of heat available

to increase the steam’s temperature[173].

A schematic diagram of a simple Rankine cycle is presented in Figure 2.7 (a) where

water is pumped to high pressure (1 → 2) using power WP, then heat QH is absorbed

in the furnace at constant pressure (2 → 3) to generate a dry saturated steam[173].

In practice, steam is superheated before entering the turbines[173]. This steam is

then expanded in a series of turbines (3 → 4) generating power WT[176], decreasing

temperature and pressure with some condensation[173]. In practice, steam is bled at

several stages in the turbines to increase the feedwater temperature before entering the

furnace[173]. Then, steam is condensed to saturated water (4 → 1) releasing heat QL

to the environment and pumped again, thus closing the cycle[173].

The feedwater heating train is composed of shell-and-tube heat exchangers designed

to increase feedwater’s temperature to near boiling before entering the furnace[173,

174]. Nowadays, up to nine feedwater pre-heaters are used in coal power plants[174].

The feedwater’s temperature is increased this way against hot steam bled from the

turbines, which will be mixed with the feedwater after transferring its heat in the heat

exchangers and pumped to the operating pressure[173, 174]. Higher temperatures will

enable higher live steam pressures, improving the heat rate inside the boiler, ultimately

improving the steam cycle’s efficiency[173, 174].

It is possible to improve the Rankine cycle efficiency by increasing the superheater

temperature and pressure[173]. Changing the operating conditions from subcritical

to supercritical operation improves the plant’s efficiency. This improvement is accom-
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plished by using steam above 221 bar and 374 °C[182, 183]. No boiling occurs when

operating above this point, and as such, there is no distinction between liquid water

and steam[182, 183]. This lack of boiling lead to the replacement of drum-type boil-

ers (where liquid water is separated from steam) to once-through units in supercritical

plants[183]. Hence, these plants should technically be termed steam generators, but

are still commonly referred to as boilers[182].

Increasing the operating temperature and pressure requires the use of more advanced

and expensive equipment, which delayed the widespread implementation of ultra-

supercritical technology for power generation[173]. An evolution of ferritic steels used

in boilers is exemplified in Figure 2.8. In general, tungsten (W), molybdenum (Mo),

and cobalt (Co) are primary solid-solution strengtheners; vanadium (V) and niobium

(Nb) are precipitation strengtheners; nickel (Ni) increases toughness and reduces creep

strength, and carbon (C) forms carbide precipitates which must be optimised to achieve

adequate weldability[173].

The distinction of four types of pulverised coal combustion (PCC) power plants are

based on their thermodynamic cycles and operating parameters[173]:

• Sub-critical power plant

The first generation of PCC power plants are built with creep-resistant ferritic

steels, low-alloy CMn and Mo ferritic steels to enable safe operation at high tem-

perature during long periods[178, 182, 184]. They are usually operated with

subcritical steam at 14 – 17 MPa and up to 566 °C[183, 185]. These plants gener-

ally achieve 25 – 37 % lower heating value (LHV) efficiency[183, 184], although

higher efficiencies can be achieved[185].

• Supercritical power plant

Steam pressure and temperature are increased to the supercritical region, above

22.1 MPa and 374 –593 °C, increasing the plant’s efficiency to 35 – 40 % LHV[182–

185]. However, this requires the use of higher quality materials, generally low

alloy CrMo steels and 9 – 12 % chromium martensitic steels[178, 182, 184].

• Ultra-supercritical power plant

This type of power plants operate with steam conditions between 580 and 620 °C

at 22 – 25 MPa increasing the power plant’s efficiency to 40 – 45 % LHV[182–

184, 186]. This led to the development of new alloys, with improved 9 – 25%

chromium martensitic steels and austenitic steels[178, 182, 184, 186]. State-of-

the-art ultra-supercritical plants can achieve net efficiencies of 47 % LHV[184].

• Advanced ultra-supercritical power plant

This type of power plants operate between 700 and 760 °C at 30 – 35 MPa. They
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are able to achieve 50 % LHV efficiency, reducing CO2 emissions per MWh[173,

182–184, 186, 187]. The extreme operating conditions of these plants demand

the use of high technical construction materials based on nickel alloys for the

steam generator, critical steam piping and turbines[178, 182, 184, 186, 187]. Re-

ducing equipment costs should consider new plant arrangements whilst enabling

adequate operability and maintainability[184, 186, 187]. Plant Barry Unit 4 in

Bucks, Alabama successfully operated a prototype of this type over 17 thousand

hours in 2014, proving its feasibility[184, 186, 187].

A comparison between these power plants can be seen in Figure 2.9, demonstrating

a significant efficiency improvement of the newer technologies. Increasing the power

plant’s net efficiency by 20 % will decrease the CO2 emissions per MWh by more than

30 %[175]. Hence, adopting ultra- and advanced ultra-supercritical power plants, even

without carbon capture, can reduce the electricity’s carbon intensity. Furthermore, the

lower amount of flue gas per MWh will likely decrease the relative capital costs of the

flue gas processing equipment[188].

Boilers can be designed to operate under constant- or sliding-pressure[183]. However,

once-through ultra-supercritical plants are usually operated at sliding-pressure as this

configuration requires lower start-up times and minimum load[183].

All new plants must come equipped with a flue gas desulphurisation (FGD) system,

post-combustion NOx treatment and in-furnace NOx control before the flue gas is sent

to the stack[172, 184]. Ultra-supercritical plants show improved environmental per-

formance compared with their sub-critical counterparts, showing reduced CO2, NOx,

and SOx emissions per unit of electric power generated[173]. Water must be cooled

before being discharged to the environment to reduce thermal pollution, which affects

the ecosystem by decreasing dissolved O2 in water[172, 184].

The most common FGD used in coal power plants is wet-scrubbing[175]. Wet-scrubbing

is generally done by adsorption in a spray tower using a slurry of lime (CaO) or lime-

stone removing up to 99 % of sulphur from the flue gas[175]. This system operates

below 100 °C and also removes other acid gases such as hydrogen chloride (HCl)[175].

Wet gypsum formed in this unit can be sold for plasterboard manufacture[175].

Nitrogen oxides are formed in three different pathways[175]. The first is thermal NO,

occurring when N2 and O2 dissociate at higher temperatures and re-associate at lower

temperatures[175]. The second, considered less significant for pulverised coal plants, is

prompt NO, where N2 dissociates at higher temperatures and reacts with hydrocarbon

radicals until NO is formed[175]. The third and most significant NOx source comes

from the fuel and is commonly referred to as fuel NOx[175]. However, only part of

fuel-N converts to NOx, with the remainder being converted to elemental nitrogen (N2)

since both oxidation and reduction reactions occur in the flame[175]. Nitrogen oxide

49



2.3. POWER PLANTS CHAPTER 2. LITERATURE REVIEW

Fi
gu

re
2.

8:
Ev

ol
ut

io
n

of
fe

rr
it

ic
st

ee
ls

fo
r

bo
ile

rs
,a

da
pt

ed
fr

om
Zh

an
g

[1
73

].

50



2.3. POWER PLANTS CHAPTER 2. LITERATURE REVIEW

Figure 2.9: Net efficiency for each pulverised-coal power plant technologies. The plot was
constructed using data from Nicol [184], Weitzel et al. [186].

emissions can be reduced by controlling fuel combustion, through air staging or low

NOx burners, or using a post-combustion treatment such as selective catalytic reduction

(SCR), usually using vanadium supported on a titanium base[175].

2.3.2 Oxy-fuel combustion

The number of binary collisions per combustion volume increase at higher oxygen

concentrations[47, 69, 131, 172, 189] according to Equation 2.4.

ZO2−Fuel =

√︄
8πkBT

µO2− f uel
d2

O2− f uel
nO2

V
n f uel

V
(2.4)

Where ZO2−Fuel is the total rate of collisions of oxygen and fuel per unit volume (m3/s);

kB is Boltzmann’s constant, equal to 1.38× 10−23 (J/K); T is the absolute temperature

(K); µ is the reduced mass of oxygen and fuel, equal to
mO2

m f uel

mO2
+m f uel

; dO2− f uel is the collision

diameter between O2 and the fuel molecules (m); nO2
and n f uel are the number of moles

of oxygen and fuel, respectively; and V is the combustion volume (m3). Equation 2.4

assumes that the gas behaves ideally and that molecules are solid spheres, and serves

as an approximation of the physical interactions between oxygen and fuel. Hence, we

can use the ideal gas law from Equation 2.5

pV = nRT ⇔ n
V

=
p

RT
⇔ n

V
=

p
kBNAT

(2.5)
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where p is pressure (Pa); R is the ideal gas constant, equal to 8.314 (J/(K.mol)); and NA

is the Avogadro constant, equal to 6.022×1023 molecules per mole. Substituting Equa-

tion 2.5 into Equation 2.4 demonstrates that the number of binary collisions between

oxygen and fuel molecules is proportional to their partial pressure.

ZO2−Fuel =

√︄
8πkBT

µO2− f uel
d2

O2− f uel
pO2

kBNAT
p f uel

kBNAT
(2.6)

Assuming that the total pressure remains constant, reducing the partial pressure of

nitrogen in the oxidant will increase the partial pressure of oxygen and fuel in the com-

bustion volume. Hence, the number of collisions between oxygen and fuel will increase

according to Equation 2.6, increasing the amount of heat released per combustion vol-

ume, which increases flame velocity and temperature[131]. These characteristics led

to the use of oxy-combustion in steel-making processes, welding, and metal cutting, as

mentioned earlier[105, 131].

Coal combustion

During pulverised-fuel combustion, the first step is the release of volatile matter trapped

in the particle, called devolatilisation. Afterwards, the combustion of solid matter, or

char, takes place. The combustion of solid matter is the limiting step because the kinetic

rates of heterogeneous combustion are much lower than the gas-phase reactions[190].

The combustion of solid carbons involves a series of reactions where oxygen forms

complex surface oxides before the loss of carbon[191]. Thermal decomposition of

these carbon-oxygen complexes is characterised by their activation energy, usually in

the range of 160 and 420 kJ/mol[192, 193]. The structure of the solid carbon, which

varies according to its type, affects the kinetic rate of the combustion reactions[191,

193, 194]. This structure impacts thermal annealing, which relates the structural mod-

ification of carbon during combustion, or gasification, at high temperature with the rate

of heterogeneous reactions[194].

The mechanism of complex formation was first evaluated using coal and pure-carbon

sources at low temperatures (below 500 °C)[191, 194]. The chemical nature of the sur-

face complexes has been identified using wet chemical methods, electron spectroscopy

(XPS), infrared spectroscopy, and temperature-programmed desorption[192]. Oxygen

carbon moieties identified through these methods include acid anhydride, alcohol, car-

boxylic acid, ether, ketene, lactone, phenol, and quinone[195]. First, a metastable

oxide complex is obtained following Equation 2.7[191, 194].

−C∗
s +O2 −−→−C(O2)

#
s (2.7)

Continuous exposure to oxygen further stabilises the complex with the release of gaseous
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carbon oxides following Equation 2.8[191, 194].

−C(O2)
#
s +O2 −−→−C(O)s +CO2, CO (2.8)

Thermal decomposition of the metastable oxide occurs following Equation 2.9[191,

194].

−C(O2)
#
s −−→−C(O)s +CO2, CO (2.9)

The stable complexes are desorbed at higher temperatures following Equation 2.10[191,

194].

−C(O)s −−→−C∗
s +CO2, CO (2.10)

The presence of steam or CO2 was found to reduce the formation of carbon-oxygen

complexes, demonstrating that substitution of N2 for CO2 or steam, such as in oxy-

combustion, was not trivial[192, 194]. This CO2 presence also affects the heat capacity

of the gas, radiant transport, and other gas transport properties[190, 193, 194, 196].

The reactivity between CO2 and char was found to be one order of magnitude lower

than N2-char[194]. Also, the different evolution of microstructure and porosity under

oxy-combustion changes the thermal annealing process[194]. This microstructure and

porosity change implies that char combustion rates are different in oxy-combustion

than in air-fired[194]. Thus, using kinetic parameters obtained for air-fired conditions

to simulate oxy-combustion will predict results that deviate from the actual values.

The gasification rates of carbonaceous materials under CO2 and steam were investi-

gated using thermogravimetric analysers[193, 197]. Insights gained from these new in-

vestigations motivated researchers to propose two new gasification mechanisms, Equa-

tions 2.11 and 2.12, to account for the high concentrations of CO2 and steam under

oxy-combustion conditions.

−C∗
s +CO2 −−→ 2CO (2.11)

−C∗
s +H2O −−→−C(O)s +H2 (2.12)

The water gas-shift reaction can also occur under these conditions following Equation

2.13[197].

CO+H2O −−⇀↽−− CO2 +H2 (2.13)

The rates of reaction are obtained using a Langmuir-Hinshelwood kinetic expression

with a first-order concentration dependence[193, 197]. Karlström et al. [197] used the
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global reactions shown in Equations 2.14 to 2.18 to model the char-C reactions by O2,

CO2, or H2O.

2C(s)+O2 −−→ 2CO(g) (2.14)

C(s)+CO2(g)−−→ 2CO(g) (2.15)

C(s)+H2O(g)−−→ CO(g)+H2(g) (2.16)

2CO(g)+O2(g)−−→ 2CO2(g) (2.17)

CO(g)+H2O(g)−−⇀↽−− CO2(g)+H2(g) (2.18)

Then, the reaction rate constants (mol/(m3.s)) for heterogeneous reactions (Equations

2.14 to 2.16) can be calculated according to Equations 2.19 to 2.21[197].

KO2
=

CO2
kads,O2

1+
kads,O2
kdes,O2

CO2

(2.19)

KCO2
=

CCO2
kads,CO2

1+
kads,CO2
kdes,CO2

CCO2

(2.20)

KH2O =
CH2Okads,H2O

1+
kads,H2O

kdes,H2OCH2O

(2.21)

Where Ci is the concentration of component i in mol/m3, and ki is an Arrhenius rate

calculated using Equation 2.22.

k = Ae
−Ea
RT (2.22)

Where A is the pre-exponential factor in s-1 for adsorption and mol/(m3.s) for desorp-

tion; Ea is the activation energy in kJ/mol; R is the gas constant in kJ/(mol.K); and T

is the temperature in K.

The homogeneous reaction rates (mol/(m3.s)) of CO oxidation (Equation 2.17) and

water gas shift (Equation 2.18) can be calculated according to Equations 2.23 and

2.24, respectively[197].

KCO = kCOCCO

√︂
CO2

CH2O (2.23)
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Table 2.3: Kinetic parameters of gasification of short rotation coppice, extracted from Karlström
et al. [197].

Parameter Value
Aads,CO2

7.33×1011

Eaads,CO2
226

Ades,CO2
3.38×1012

Eades,CO2
234

Aads,H2O 4.26×1012

Eaads,H2O 223
Ades,H2O 1.31×1011

Eades,H2O 192
Aads,O2

+∞

Eaads,O2
1

Ades,O2
+∞

Eades,O2
1

KCO+H2O = kCO+H2O

(︃
CCOCH2O −

CCO2
CH2

Keq (T )

)︃
(2.24)

Where Keq(T ) is the equilibrium constant of the reaction shown in Equation 2.18 at a

given temperature T .

Karlström et al. [197] determined the kinetic parameters listed in Table 2.3 for a short

rotation coppice, a type of biomass, by minimising the least-squares difference of the

residuals between the computed and experimental char conversions. The experiments

were performed using an electrically-heated single-particle reactor of quartz glass at

800, 900, and 1050 °C and 34 mol% CO2 or 34 mol% H2O with N2 balance[197]. How-

ever, the variability of adsorption between each fuel type makes the kinetic parameters

listed in Table 2.3 limited to this type of fuel.

The experiments used to determine the kinetic parameters were performed at lower

temperatures than commonly encountered during pulverised-fuel conditions. Indeed,

Haynes [192] reported that using these parameters at temperatures above 1000 °C

leads to a significant deviation of the simulated gasification rates due to the higher

oxygen chemisorption predicted by the model at higher temperatures. This deviation

makes the kinetic parameters obtained from these experiments of limited value for the

simulation of pulverised-fuel conditions.

Another consequence of reducing the amount of nitrogen in the oxidant lies in increas-

ing the concentration of combustion products in the flue gas, mostly carbon dioxide

and water[47, 64, 102]. Separating CO2 from the flue gas would then be done by con-

densing water, providing a cheaper separation than post-combustion capture for dilute

systems (i.e. air-fired combustion)[47].

This simple, low cost of separating CO2 from the flue gas made it an attractive option
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to retrofit coal-fired utility boilers and use the captured CO2 for enhanced oil recovery

(EOR)[105–107, 198]. However, the heat transfer characteristics of the flue gas from

oxy-combustion are distinct from air combustion, impacting the steam cycle[64]. This

impact can be minimised by recycling a fraction of flue gas back to the furnace to

achieve similar heat transfer characteristics to that of an air fired plant[64, 102, 198].

Payne et al. [198] also observed changes in the heat flux distribution inside the boilers.

These changes occur because the high concentration of steam in the flue gas increases

the convective heat transfer in the low-temperature heat exchangers[198]. This issue

is controlled by varying burner tilt, load distributions, or excess O2 amount[198].

Burning a fuel with a medium- to high-purity O2 stream instead of air improves combus-

tion efficiency and emits less NOx to the atmosphere[47, 62, 63, 69, 131]. These bene-

fits are attained because N2 present in air, which acts as a ballast gas and uses the heat

of combustion to increase its temperature and produce small amounts of thermal NOx in

air-fired plants, is removed from the combustion media[63, 131, 174]. Nitrogen oxides

evolve during combustion of fossil fuels following three different mechanisms[174]:

• Thermal NOx, which accounts for approximately 20 % of total NOx in coal-fired

combustion using air as oxidant.

• Prompt NOx.

• Fuel NOx, if the fuel contains nitrogen.

Thermal NOx forms above 1300 °C from the reaction between N2 from air and atomic

oxygen[174]. This atomic oxygen results from breaking the molecular O2 bonds at

high-temperature[174]. Most of the NOx formed in the furnace (90 %) are in the form

of NO, so the reaction mechanisms will follow only NO formation. The reaction follows

the Zeldovich mechanism[174], shown in Equations 2.25 – 2.27.

N2 +O −−⇀↽−− NO+N (2.25)

This reaction is proportional to the concentration of atomic oxygen, and its conversion

rate increases exponentially with temperature[174]. The nitrogen atom then reacts

with an oxygen molecule according to Equation 2.26.

N+O2 −−⇀↽−− NO+O (2.26)

If combustion occurs during fuel-rich conditions, then NOx formation primarily occurs

via reaction with existing hydroxide ions following Equation 2.27.

N+OH −−⇀↽−− NO+H (2.27)
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Prompt NOx is of minor importance during pulverised coal combustion[174]. Here,

nitrogen from air reacts with hydrocarbon radicals in an early phase in the flame front

following Equation 2.28.

CH+N2 −−⇀↽−− HCN+N (2.28)

The intermediate product (HCN) later oxidises to form NOx[174].

The conversion of nitrogen present in coal to NO is approximately 30 %[174]. The

actual amount depends on the properties of coal, the nitrogen content, air ratio, and

combustion temperature[174]. It is possible to reduce the conversion to as low as 5 %

by using efficient air- and fuel-staging during combustion[174].

Nitrogen from a fuel can be released during devolatilisation in the form of amines and

cyanogens[174]. The rest of the nitrogen remains in the char, where only a small

fraction converts to NOx[174].

The removal of N2 reduces the oxidant’s volumetric flow by ca. 80 %, thus reducing the

size of the furnace required to obtain the same amount of thermal energy when using

pure O2 instead of air[63, 131].

Oxy-combustion only requires 3 – 5 % excess oxidant to obtain similar O2 fractions in

the flue gas to air-fired, typically operating with 20 % excess air[47, 69, 131, 172]. The

high costs associated with O2 production is another reason to reduce excess O2 com-

pared with air-fired, where the oxidant is essentially free[47, 69, 131, 172]. Reducing

excess oxidant also reduces the boiler’s size and, consequently, reduces the capital costs

to erect the plant, opening opportunities to use advanced steam technologies at reduced

costs per MWh[47, 69, 131, 172].

High flame temperatures (over 2400 °C) can be reduced to air-firing levels by recycling

60 – 70 % of the flue gas to the furnace, creating an oxidant with 30 vol% of O2,

avoiding the use of expensive materials for pure O2[47–49, 51, 62, 63, 65, 69, 77, 103,

110, 131, 150, 199]. These higher O2 concentrations in the oxidant, relative to air, are

required to obtain a similar flame temperature due to the higher gas emissivities of CO2

and H2O relative to N2[47, 69, 199]. Corrosive species such as sulphur oxides (SOx)

must be removed to prevent build-up in the system from recycling flue gas when coal

is used as fuel[47, 69, 199–201].

Indeed, SOx in the flue gas from oxy-combustion (724 to 866 ppm) can be up to five

times higher than during air-combustion (176 to 218 ppm) because of the recycled flue

gas and lack of N2 dilution[200, 202]. Higher SOx concentrations in the flue gas from

oxy-combustion increase the acid dew point from 116 °C to 141.6 °C[200, 201]. This

issue can be avoided using a suitable method to remove SOx from the flue gas before

recycling. Limestone appears to be particularly useful in oxy-combustion[202]. Stanger

and Wall [202] suggest that this enhanced effect may be due to the inhibition of the
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CaCO3 −−→ CaO reaction from the high partial pressure of CO2.

Sulphur exists in coal mostly as organic sulphur and pyrite (a sulphide), although some

amounts of sulphates and elemental sulphur can also be present[174]. Most of this

sulphur converts to SO2, with reported conversions as high as 90 %[174].

Sulphur oxides can be captured in ash if it contains alkaline earth components, which

is more common in brown coals[174]. Higher levels of sulphur were found in fly ash

particles below 0.1 µm during oxy-combustion compared to air-firing[202]. Otherwise,

there appears to be no significant difference in sulphur deposition between oxy- and

air-fired conditions[202].

A mass balance on pilot plant studies indicated a sulphur build-up in the recirculation

pipework[202]. Hence, this section should be constructed using suitable corrosion-

resistant materials.

Ash is also an issue when using coal as a fuel because it can damage the recirculating

fans, so removing at least part of it is recommended by using either electrostatic pre-

cipitators (ESP) or baghouse filters[201, 203]. A careful selection of the materials that

can operate under these conditions must be performed to avoid reducing this equip-

ment’s lifetime because it is necessary to operate at higher temperatures than air-firing

to avoid acid dew point.

Oxy-combustion power plant

The first oxy-combustion pilot plant was built in the 1980s to test the process’s viability

and operated at 537 °C and 106 bar with a 50 MWe capacity[198]. Payne et al. [198]

observed adequate combustion characteristics at the recycle ratios of CO2/O2 = 2.7

and (CO2 + H2O)/O2 = 3.2 when using dry or wet recycle, respectively. These recycle

ratios result in an overall flue gas recycle between 65 and 75 %[102].

There are usually two flue gas recycles in an oxy-coal combustion process, termed pri-

mary and secondary recycle and taken at different locations[64, 70, 77, 102, 114, 198].

These locations vary according to coal type, rank, impurities, warm or cold recycle, and

whether a dry or wet recycle is chosen[102]. A warm recycle, for low S coals, and a cold

recycle process, for high S coals, are illustrated in Figure 2.10 a) and b) respectively.

Coal combustion takes place in the burners using a mixture of the secondary RFG with

the O2 supplied by the ASU, creating a hot flue gas rich in CO2 (60 – 70 vol%) and H2O

(20 – 25 vol%) with some amount of O2 (3 – 4 vol%) and N2 (0 – 10 vol%) depend-

ing on coal rank and process design[63]. This flue gas enters the boiler and heats the

working fluid, typically water, creating high-pressure steam that generates power via

expansion inside the turbines[63]. Flue gas is cooled against the primary and secondary

RFG at the boiler’s exit using a regenerative heat exchanger[63]. Afterwards, approx-

imately 50 wt% is recycled as the secondary RFG and fly ash removed in a suitable

equipment, avoiding build-up inside the boiler and damage to other equipment[63].
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Figure 2.10: Simplified PFD of a pulverised coal oxy-combustion power plant for a) low S coals,
and b) high S coals[102] complete with coal mill, boiler, turbine, feedwater heating train, ash
collection and flue gas desulphurisation. The boiler is divided into two sections: the furnace,
where combustion takes place, and the boiler, where heat increases the temperature of feedwa-
ter and generate supercritical steam. HP turb - High pressure turbine; IP turb - Intermediate
pressure turbine; LP turb - Low pressure turbine; Cond - Condenser; Econ - Economiser; Evap -
Evaporator; SH1 and SH2 - Superheater 1 and 2; RS - Radiant superheater; RH1 and RH2 - Re-
heater 1 and 2, FWH1 to FWH9 - Feedwater heater 1 to 9; RHX - Regenerative heat exchanger;
SD - Spray dryer for desulphurization.
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Ash-free secondary RFG is then mixed with O2 and dispatched to the furnace[63].

The remainder of the flue gas may need to be treated using a desulphurisation unit to

avoid corroding the downstream equipment due to acid condensation when firing high-

sulphur content coal[63]. Fly ash is also removed from this stream using another ash

removal equipment, and flue gas is subsequently cooled using a direct contact cooler

(DCC) if dry RFG is required before recycling 37 wt% as primary RFG[1, 49, 64, 70]. On

a wet recycle, only the fraction dispatched to the GPU passes through a DCC[70, 102].

This stream is not mixed with O2, regardless of using dry or wet recycle, but it is used

to pulverise ground coal from the mill to the furnace[70, 102].

One of the challenges of this technology is to design a plant that can supply low cost

electricity that is robust and able to ramp up or down in production according to

demand[47, 69, 199]. Smaller units have been identified as more economical to oper-

ate flexibly than larger units due to their lower capital investment[204]. The increasing

importance of flexible operation of fossil-fired power plants comes from the increasing

penetration of variable renewable energy into the grid[90, 205, 206]. As more renew-

able sources are introduced to the grid, the more fossil-fired power plants will require

to operate in a flexible, load-following manner, with increasingly larger periods of part-

load operation[90, 205, 206]. Indeed, this shift is causing the electricity prices to fluc-

tuate so that zero or even negative prices become a regular occurrence[206]. Power

plant operators will be faced with no other option than to run the plant at a loss[206].

This price variation poses additional challenges for CCS because these plants will likely

be required to operate flexibly at faster start-up and load changing rates[205, 206].

Assuming that CCS is implemented, simulations using the Merit Order Stack with Step

Investments (MOSSI) and Unit Commitment Capacity Optimisation (UCCO) models

showed that the first coal-CCS plants would operate at baseload capacity alongside nu-

clear plants due to their low variable costs[206]. However, these units must ramp

and shut down if there is a spike in renewable energy output during low demand

periods[206]. The authors then evaluated the hourly operational pattern from three

coal CCS units at different positions in the merit order[206]. The flexible operation

of a supercritical coal-fired power plant with an amine-based post-combustion CO2

capture process was simulated in gPROMS to obtain the maximum profits from such

operation[206]. A 2 % efficiency penalty was observed when the plant operated at min-

imum stable capacity due to lower temperatures of the flue gas in the steam-generating

sections, which reduced the driving force for heat transfer in these sections[206]. The

authors noted that as more renewable energy sources penetrate the grid, these spikes

will become more frequent and lengthier, forcing some baseload units to become mid-

merit and follow the electricity demand[206]. This switch to mid-merit will change

unit availability from 93 % down to 46 %, thus increasing the levelised cost of elec-
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tricity (LCOE) from $141/MWh to $219/MWh, making these units less economically

attractive[206]. However, the authors note the relatively low marginal costs of these

units, ranging from $60/MWh to $73/MWh and point out that these units could still be

exploited for additional electricity generation, heat generation, or contribute to energy

storage systems[206].

This work explores the oxy-combustion of coal-fired power plants for carbon capture

and sequestration. This work differs from the analysis performed by Mac Dowell and

Staffell [206] by changing the oxidant from air to 95 vol% O2 mixed with recycled flue

gas. Using this mixture results in a higher CO2 purity during combustion, reducing the

energy demand to separate the resulting CO2 from the flue gas stream compared to a

typical post-combustion capture process[47, 69, 199].

2.3.3 Opportunities for improvement

Integrating the ASU, power plant, and the GPU can lead to cost benefits by using low-

grade heat of compression from the ASU and GPU to pre-heat the feedwater, thus reduc-

ing the number of feedwater heaters and turbine bleeds[111, 114]. New power plants

designed for oxy-combustion do not require an alternative air-firing capability because

the ASU can be started using power from the grid[114]. Then, the power plant can be

started once the ASU produces adequate amounts of O2 at the required purity[114].

Currently, an oxy-combustion process can ramp up at rates of 2 %/min, but this tech-

nology’s successful operation requires it to ramp up at rates of 5 %/min[114, 135].

Achieving these rates is a challenge that can be supported by storing 0.5 % of the total

oxygen produced as liquid oxygen with only a 0.75 % increase in power consumption

and by creating more reliable dynamic simulations and control systems[114, 135].

2.4 Gas Processing Unit
Oxy-combustion increases CO2 concentration in the flue gas; however, this stream

is not at the purity required for pipeline transport, usually set as 95 wt% for en-

hanced oil recovery activities[49, 63, 66, 77–79, 110, 114, 207, 208]. Flue gas from

an oxy-combustion process must still be compressed and upgraded in what is com-

monly known as a gas processing unit (GPU)5 to remove impurities, mainly water and

excess oxygen to obtain the requirements for pipeline transport[49, 49, 63, 66, 77–

79, 110, 114, 207, 208]. Because this GPU does not rely on a solvent-based system,

the upstream emissions of oxy-CCS are greatly reduced by eliminating the CO2 emis-

sions associated with solvent production and supply chain[209]. A schematic repre-

sentation of a GPU can be observed in Figure 2.11, where flue gas departing from

the power plant is cooled after compression to extract water and remove traces of ash

5Also referred to as CO2 compression and purification unit (CO2 CPU).
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and soluble gases. This technology is known as sour gas compression and consists of

a two-stage compressor with inter- and after-cooler operating at 25 °C using water as

a coolant[49, 49, 63, 66, 77–79, 110, 114, 202, 207, 208]. This technology enables

the removal of SOx and NOx present in the flue gas by taking advantage of the faster

reaction rates to form acid condensates (H2SO4 and HNO3, respectively) at higher pres-

sures with a pH of 0.8[202, 210]. Removing SOx and NOx this way has the potential

benefit of removing, or at least reducing the size, of traditional flue gas desulphuri-

sation and NOx control systems, but this will come at the expense of using suitable

materials to withstand the highly acidic conditions[202, 210]. Indeed, high NOx con-

centrations in the flue gas may be beneficial in this technology to act as a catalyst for

SOx removal[202, 210].

Flue gas is directed to a dehydration unit to remove water vapour and avoid ice forma-

tion inside the first multiple stream heat exchanger operating at −27 °C[66, 208, 210].

Compressed flue gas is then sent to a flash unit where a CO2 rich liquid stream is ob-

tained and subsequently expanded to be used as a cooling agent in the first multiple

stream heat exchanger[66, 208, 210]. A gaseous product with lower CO2 concentra-

tion is extracted at the flash unit’s top and cooled in a second multiple stream heat

exchanger to −54 °C before further separation in another flash unit[211].

A CO2-rich liquid stream is extracted from the flash unit and used as a cooling agent

in the second multiple stream heat exchanger[211]. This stream is subsequently ex-

panded to 8 bar, recycled back to the second multiple stream heat exchanger, and used

as a cooling agent in the first multiple stream heat exchanger[211]. The gas with low

CO2 concentration obtained from the second flash unit is used as a cooling agent in the

first multiple stream heat exchanger and then vented[211]. The CO2 rich streams are

mixed, obtaining a 97.5 wt% CO2 product, compressed to 80 bar using a two-stage com-

pressor with inter-cooling at 25 °C, and then pumped to pipeline design pressure[211].

Different GPU types can be designed depending on the required CO2 purity with a

power consumption of 100 – 180 kWh/tCO2
[51, 66, 103, 115, 136, 150, 151]. A com-

prehensive analysis of the effects that each GPU type has in the power requirement,

cooling duty, separation efficiency, and CO2 purity was performed by Posch and Haider

[208]. Kolster et al. [66] evaluated the capital and operating costs of each GPU type.

This thesis will only review two GPU types: the double flash gas processing unit, already

discussed during the process description and represented in Figure 2.11; and the GPU

with distillation, represented in Figure 2.12, where the second multiple-stream heat

exchanger is replaced with a distillation column to obtain high purity CO2.

A high-purity CO2 (> 99.9 wt%) is discharged from the bottom of the distillation col-

umn and is subsequently compressed to pipeline pressure and cooled to 30 °C[66, 211].

A low-purity CO2 stream is obtained from the top of the distillation column and cooled
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Figure 2.11: Simplified PFD of a double-flash GPU adapted from Posch and Haider [208] and
Kolster et al. [66]. LP Comp1 to LP Comp3 - Low pressure compressors 1 to 3; HX1 to HX6 -
Coolers; MHX - Multiple heat exchanger; Flash-1 to Flash-5 - Flash separator 1 to 5; P-1 - Pump.

in the multiple stream heat exchanger until partly liquefied[66, 211]. The CO2-lean

vapour phase is expanded and used as a cooling agent in the multiple stream heat ex-

changer and either vented or used somewhere where cryogenic cooling is required[66,

211]. The CO2-rich liquid phase is expanded and used as a cooling agent in the multi-

ple stream heat exchanger and subsequently compressed and recycled to the distillation

column to improve the separation efficiency[66, 211].
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Figure 2.12: Simplified PFD of a cryogenic distillation GPU adapted from Posch and Haider
[208] and Kolster et al. [66]. LP Comp1 to LP Comp3 - Low pressure compressors 1 to 3; HX1
to HX6 - Coolers; MHX - Multiple heat exchanger; Flash-1 to Flash-4 - Flash separator 1 to 4;
Cryo Dist - Distillation column; P-1 - Pump, as published by Cabral and Mac Dowell [103].

2.5 Negative emission technologies
Negative emission technologies (NET) can complement the residual emissions from

hard-to-decarbonise sectors by capturing and storing atmospheric CO2 underground[71,

73, 74]. Bioenergy with CCS (BECCS), afforestation/reforestation, soil carbon seques-

tration, biochar, and ocean fertilisation are negative emission technologies that require

photosynthesis to capture atmospheric CO2[71, 73–75, 85]. Negative emissions can

also be obtained by capturing atmospheric CO2 through chemical processes via di-

rect air capture (DAC) and enhanced weathering/ocean alkalinisation[71, 73, 74].
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Aforestation/reforestation (AR) has the same potential as BECCS to remove 0.5 – 7

GtCO2
/yr in 2050; however, BECCS can provide other services, such as generating dis-

patchable electricity or heat[73, 74]. BECCS also offers the potential to retain ex-

isting jobs in thermal power generation units whilst bolstering employment in oper-

ations, manufacturing, forestry and transport/logistics, promoting a just transition of

the power sector[55, 212].

Atmospheric CO2 removal through BECCS requires a careful evaluation of the biomass

supply chain by applying a full cradle-to-grave life-cycle assessment (LCA)[75, 85, 87,

213, 214]. Carbon leakages on the order of 10 – 30 % across the biomass supply chain

have been known to occur[73, 85–89]. Thus, continuous monitoring and recertifica-

tion of biomass supply chains would be required to guarantee biomass sustainability

throughout the project’s lifetime.

BECCS is currently a controversial technology from fears of competing with food pro-

duction and promoting deforestation[74]. It is a renewable energy source that could

use waste biomass from agricultural residues or municipal solid waste (MSW) to reduce

demand from virgin biomass, avoiding the competition mentioned above[215, 216].

Waste biomass is already being incinerated in some power plants, such as the Drax

plant in North Yorkshire, UK using wood pellets,[217] and in Shenzhen, China, using

MSW[218], implying that BECCS has potential to be socially accepted[216]. Indeed,

Drax considers BECCS a critical technology and is currently pursuing this mitigation

option in collaboration with C-Capture[219].

The choice of biomass requires careful investigation regarding its heating value[84]

whilst maintaining high environmental and economic sustainability. Indeed, high CO2

capture cost of $45/tCO2
– $250/tCO2

[73, 74] have been documented, mostly from a

combination of its heating value with wide fuel costs of $100/tpellet – $210/tpellet[220].

Other important factors affecting pellet cost are the pelletisation method, drying, trans-

port, land use, and water consumption[85, 87, 216, 220].

The amount of global sustainable biomass has been reported between 60 and 300

EJ/yr[73, 221, 222] (Table 2.4), similar to the existing global coal fleet capacity[40].

This fact shows the potential to retrofit existing coal-fired power plants to biomass in-

stead of building entirely new infrastructure, incurring only the costs of adapting the

plant to this new fuel[223]. Retrofitting existing plants would drastically reduce their

carbon intensity because biomass is a carbon-neutral fuel[224]. After all, it uses atmo-

spheric CO2 for growth during photosynthesis[224]. These units could even become

carbon-negative if the resulting CO2 from combustion is captured and stored[224].

2.5.1 Oxy-combustion of biomass

Oxy-combustion of cereal co-product[225, 226], wood pellets[226], olive waste[227],

miscanthus pellets[226], sugarcane bagasse[228], pine sawdust[228–230], and munic-
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Table 2.4: Amount of global primary energy from sustainable biomass, extracted from Fuss
et al. [73]. A 30 % efficient BECCS plant was used to convert between primary energy and
electricity generated.

Parameter Pessimistic Median Optimistic
Primary energy (EJ/yr) 60 130 – 160 350
Electricity (103 TWh/yr) 5 11 – 13 29
Contribution (%) 20 42 – 52 120

ipal solid waste (MSW)[218] were successfully performed at test conditions. Therefore,

commercial-scale oxy-biomass combustion processes are expected to behave like oxy-

coal combustion processes, albeit at higher maintenance costs from increased slagging,

agglomeration, and corrosion[231].

2.6 Exergy
Exergy is defined as the amount of work obtained by a system when brought to equilib-

rium with the environment via reversible processes[232]. Therefore, exergy considers

the state of the system and the environment[232].

The concept of exergy combines the first and second law of thermodynamics to de-

termine the quality and degradation of energy in real processes[233]. Exergy can be

calculated using Equation 2.29 [232, 233].

Ex = (H −H0)−T0 (S−S0) (2.29)

Where Ex is the exergy, in J; H and H0 are a stream’s enthalpy at the operating condi-

tions and at ambient conditions, respectively, in J; S and S0 are the stream’s entropy

at the operating conditions and at ambient conditions, respectively, in J/K; and T0

is the ambient temperature. The above Equation resembles the Gibbs free energy or

Helmholtz free energy[234], described by Equations 2.30 and 2.31.

∆G = ∆H −T ∆S (2.30)

F =U −T S (2.31)

Where ∆G is the Gibbs free energy, in J; F is the Helmholtz free energy, in J; T is the

operating temperature, in K; and U is the internal energy, in J. Equations 2.29 – 2.31

represent the amount of available energy that is free from entropy restrictions[234].

When applied to a unit operation, exergy calculations can determine the minimum, or

maximum, amount of energy required, or generated, by the unit operation. Identifying

this ideal energy allows the calculation of energy losses by comparing with the actual

energy consumption or generation of the unit operation. These inefficiencies can then
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be compared to evaluate the least efficient units and focus the researchers’ attention on

either improving those units or finding alternatives to improve the overall efficiency of

a process.

2.7 Summary
The lack of air-nitrogen allows the purification of carbon dioxide in the flue gas through

condensation, thus avoiding solvent use which could spill to the environment. This lack

of solvent makes oxy-fuel combustion a more environmentally friendly CCS technology

than post-combustion capture. This technology’s main drawback is the high-energy re-

quirement to separate oxygen from the air. Currently, cryogenic ASU is the only possible

technology that can satisfy both the purity and amounts required by oxy-combustion

technologies for power production. The parasitical energy consumption is exacerbated

by the necessity to purify CO2 using a cryogenic GPU[149]. Exergy analysis will be used

in this work to evaluate process inefficiencies. Afterwards, reducing these inefficiencies

via process integration and intensification will be proposed, and the new inefficiencies

will be evaluated and compared with the initial process.

This work will also evaluate the use of a solvent to capture CO2 from the flue gas of the

oxy-combustion process as an alternative to cryogenic processes. Several process con-

figurations and operating conditions will be evaluated and compared with a cryogenic

gas processing unit.

BECCS is currently being pursued as a mitigation option with high potential to decar-

bonise the power and heating sectors whilst capturing atmospheric CO2. More specif-

ically, oxy-BECCS is expected to be viable from several test studies but still requires a

large demonstration project to assess its potential. This work will evaluate the oppor-

tunities and obstacles of using biomass in an oxy-combustion process.

Lastly, this work will evaluate the flexible operation of oxy-combustion. Opportunities

and obstacles from using liquid oxygen storage to improve flexibility and using biomass

as a fuel will also be evaluated.
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Chapter 3

Methodology

The previous chapter reviewed current knowledge on carbon capture and storage (CCS)

technologies, specifically oxy-combustion for power generation using coal and biomass.

This chapter will analyse the methods used to simulate the unit operations encountered

in an oxy-combustion process. The model was developed based on the Callide Oxyfuel

project’s configuration[70], and it was simulated using Aspen HYSYS and gPROMS.

3.1 Air Separation Unit
This work only evaluated oxygen (O2) production from cryogenic air separation units.

The following subsections will provide an overview as to how the unit operations were

simulated. Unit operations common in all processes will be detailed in this section.

3.1.1 Compressors and pumps

Compressors are essential components in air separation units (ASU) and gas processing

units (GPU) to increase gas pressure, which has a low compression ratio[235]. Simi-

larly, pumps increase the pressure of a liquid, which has high compression ratios[235].

Expanders are the opposite of a compressor and are used to reduce the pressure of a

gas by converting its internal energy to shaft work that can be used elsewhere[235].

Aspen HYSYS solves the unknown variables of these unit operations as a function of

flow, pressure change, applied energy, and efficiency[235]. The solution depends on the

given specifications and whether the compressor’s characteristic curves are used[235].

The isentropic line from inlet to outlet pressure is first determined, followed by us-

ing the specified efficiency to calculate the fluid’s actual outlet enthalpy, providing its

temperature[235]. The work of a process can be determined using Equation 3.1.

W =
∫︂

V d p (3.1)

Where W is the work required to drive the compressor; V is the volume of the fluid;

and p is its pressure.
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3.1.2 Heat Exchangers

Heat exchangers allow heat transfer between two or more streams where a hot fluid

increases the temperature of a cold fluid[126, 130, 134]. Temperature differences

between 1 and 10 °C at one end of the heat exchanger are allowed depending on its

type, with smaller differences requiring more expensive equipment[126, 130, 134].

High-efficiency heat exchangers with low-temperature differences are essential compo-

nents in cryogenic processes[126, 130, 134]. Heat exchangers made from aluminium

alloys are chosen for these processes because they are ductile and have an excellent

thermal conductivity at the equipment’s operating conditions[126, 130, 134].

Two material balances (Equation 3.2) and one energy balance (Equation 3.3) can be

written for heat exchangers[236]

Fhot out = Fhot in

Fcold out = Fcold in

}︄
(3.2)

Hhot in Fhot in +Hcold in Fcold in = Hhot out Fhot out +Hcold out Fcold out (3.3)

where Fi is the mass flow of stream i and Hi is the mass enthalpy of stream i. Inter-

nal temperature crosses are avoided by analysing the heat exchanger across several

points[126, 134]. A typical calculation to determine the required area of heat exchang-

ers is given by Equation 3.4[126, 134]

dQ =U AdT (3.4)

where Q is the heat rate transferred (J/s); A is the heat exchanger’s surface area (m2);

and dT is the temperature difference (K). The heat transfer coefficient U (Jm-2.K-1.s-1)

can be collected from the literature[126, 134]. This heat transfer coefficient can also

be calculated by first determining the amount of heat transfer using Equation 3.5.

Q = Fi∆Hi (3.5)

Where Fi is the flowrate of stream i, and ∆Hi is the enthalpy variation of stream i.

Then, a logarithmic mean temperature difference (LMTD) is determined by Equation

3.6 and is calculated, along with UA in Equation 3.7, for each interval of the heat

exchanger[126, 134, 235]

∆TLM =
∆T1 −∆T2

ln(∆T1
∆T2

)
(3.6)

where:
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∆T1 = Thot out −Tcold in

∆T2 = Thot in −Tcold out

UA =
Overall Duty

∆TLM
(3.7)

3.1.3 Multiple-Stream Heat Exchangers

Multiple-stream heat exchangers (MHX) allow heat transfer between more than two

streams, reducing the number of a plant’s heat exchangers[126, 130, 134]. Plate-

fin heat exchangers are used in cryogenic plants and designed either as cross flow or

counter flow with small temperature differences and pressure drops[126, 130, 134].

Materials with high thermal expansion should be chosen for cryogenic equipment to

prevent damage from the high-temperature difference between the cryogenic fluid and

the environment[126, 130, 134].

The energy balance on the hot and cold fluids is performed using Equation 3.8[235]

F (Hin −Hout)+Qinternal +Qexternal = ρ
d (V ×Hout)

dt
(3.8)

where F is fluid flow rate on the specified layer; H is the fluid’s enthalpy; ρ is the fluid’s

density; Qinternal is the heat gained from the surrounding layers; Qexternal is the heat

gained from the external surroundings; and V is shell volume or tube holdup.

3.1.4 Distillation

Distillation is a widely used method to separate a mixture based on the different boiling

points of its components[126, 134, 237, 238]. This process is simulated in most com-

mercial packages by simultaneously solving mass and energy conservation balances for

each phase present in each stage, generally assuming thermodynamic equilibrium at

the interface[126, 134, 237, 238]. Rate equations and transfer coefficients are used at

the interface to simulate the mass and energy transfer[126, 134, 237, 238].

The mass balance for component i on stage j (mi j) is given by Equation 3.9 for the

vapour phase (V ), liquid phase (L), heat flow (Q), and enthalpy (H) going into and out

of the stage.

mi j ≡
(︁
1+ rV

j
)︁

vi j +
(︁
1+ rL

j
)︁

li j − vi, j+1 − li, j−1 − fi j = 0 (3.9)

Where vi j, li j, and fi j are the mass flow rates of the vapour, liquid, and feed of compo-

nent i in stage j; and

rV
j =

SV
j

V j
; rL

j =
SL

j

L j
(3.10)
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where

SV
j =

C

∑
i=1

yI
i j −1 = 0; SL

j =
C

∑
i=1

xI
i j −1 = 0 (3.11)

where yI
i j is the vapour composition at the interface; xI

i j is the liquid composition at the

interface; and C is the number of components. The energy balance for each stage is

determined through Equation 3.12.

E j ≡
(︁
1+ rV

j
)︁

V jHV
j −V j+1HV

j+1 +
(︁
1+ rL

j
)︁

L jHL
j −L j−1HL

j−1 +Q j −FjHF
j = 0

(3.12)

These equations are the basis for distillation column modelling, and a more complete

description of the equations used is given by Krishnamurthy and Taylor [237].

3.1.5 Double Column Design

The double column design was modelled in Aspen HYSYS (Figure 2.3 and Figure B.2)

according to the work developed by Raibhole and Sapali [147] and Sapali and Raibhole

[239] with 40 stages in the HP column and 56 stages in the LP column.

Air is compressed to 4.2 bar using a five-staged isothermal compressor known as the

main air compressor (MAC) with inter-coolers to keep air temperature at 28 °C[126,

130, 131, 134, 239]. Compressed air is cooled to 45 °C using a heat exchanger (HX1),

and 25 % of this stream is compressed to 50 bar using a booster compressor partly

powered by an expansion turbine, and then cooled down to 45 °C in HX2[126, 130, 131,

134, 239]. Nine per cent of this stream is cooled to 10 °C in the main heat exchanger

(MHX) and expanded to 1.25 bar and −171.4 °C in the expander (Exp) before being fed

to the LP column[126, 130, 131, 134, 239]. The remaining 91 % of this stream is cooled

to −179 °C in the MHX[126, 130, 131, 134, 239]. Afterwards, it is expanded using a

Joule-Thomson valve to 1.25 bar and −192 °C before entering the LP column[126, 130,

131, 134, 239]. The stream bypassing the Booster is cooled to −178 °C and partially

condensed in the MHX before being fed to the high pressure (HP) column for the pre-

separation of oxygen (O2) and nitrogen(N2) [126, 130, 131, 134, 239]. Table 3.1

presents the operating parameters of the ASU.

An O2 enriched air stream exiting the HP column’s bottom (with 38.8 wt% of O2) at

4.1 bar is expanded to 1.25 bar and sent to the LP column for further separation[126,

130, 131, 134, 239]. High purity N2 is condensed at the top of the HP column using a

condenser/ reboiler against boiling O2 from the LP column’s sump with a temperature

difference as low as 0.4 °C[132]. The condenser/ reboiler was simulated by connecting

the HP column’s condenser with the LP column’s reboiler[126, 130, 131, 134, 239].

Liquid N2 from the HP column is subcooled (HX3) using waste N2 from the LP column
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Table 3.1: Feed composition and operating parameters of the ASU.

Parameter Unit Value
Inlet air temperature °C 10
Inlet air pressure bar 1.01
Air composition
N2 mol% 79
O2 mol% 20
Ar mol% 1
MAC compression ratio 2.04
MAC adiabatic efficiency % 90
Intercoolers outlet temperature °C 28
Air sent to booster compressor % 25
Air sent to expander % 9
Expander outlet pressure bar 1.06
HP column pressure bar 4.1
CO2 in bottom of HP column mol% 39
LP column pressure bar 1.1

and subsequently expanded to 1.25 bar and introduced to the LP column as reflux[126,

130, 131, 134, 239]. Waste N2 from the LP column is used as a cooling agent in the

MHX and subsequently vented[126, 130, 131, 134, 239]. High-purity O2 (97 wt%) is

produced from the bottom of the LP column and heated to 38 °C in the MHX against

incoming air before being dispatched to the power plant[126, 130, 131, 134, 239].

The properties of gases and vapours were simulated using the Peng-Robinson equation

of state, a cubic equation of state, with empirical mixing rules that relate the mixture’s

parameters with the pure components[240, 241]. This is a simple and accurate equa-

tion to estimate the properties of gases whilst providing good predictions of liquid phase

densities[240, 241]. The simulation of the air separation unit had an average absolute

deviation of 10 % from Sapali and Raibhole [239] (Table 3.2). The power consumption

of this unit was 449 kWh/tO2
[239], typical for high-pressure oxygen applications[242].

Thus, it was necessary to adapt the ASU described by Sapali and Raibhole [239] to a

configuration more suitable to oxy-combustion.

The effects of air inlet, LM1 stream’s temperature, HP and LP pressure, the number of

stages in both columns, the air fraction sent to both the booster and the turbine, and

MAC and Booster outlet pressure were evaluated. This analysis demonstrated that the

booster compressor’s outlet pressure significantly affected the power consumption of

the ASU. Indeed, a 50 % power reduction can be achieved by optimising this unit with

minimal product losses (Figure D.1).
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Another way of reducing the power consumption is by diverting more air to the ex-

pander. Power consumption decreases with an increased amount of air sent to this

unit; however, this reduces the separation efficiency (Figure B.2).

The number of stages of a distillation column can have a significant impact on product

purity. O2 purity is not sensitive to the number of stages of the HP column; however, the

number of stages of the LP column significantly affect O2 purity. These results indicate

that the HP column should be operated with 15 stages and the LP column operated

between 40 and 45 stages.

The ASU’s specific power consumption was reduced to 204 kWh/tO2
at 98 wt% purity

after this optimisation, similar to Tranier et al. [137] and Higginbotham et al. [138].

This optimisation exercise improved the ASU’s thermodynamic efficiency from 19 % to

25 % (Figure D.2).

3.2 Power plant
The theory of steam power plants and the cycles they can operate was detailed in

Chapter 2. We start by evaluating the amount of useful work extracted from the Carnot

cycle, where two isentropic changes and two isothermal changes occur to form a closed

reversible cycle, as given by Equation 3.13[174].

|W |= qin −|qout | (3.13)

The ratio of useful work to the amount of heat input into the cycle is defined as the

thermal efficiency and can be calculated using Equation 3.14[174].

ηth,Carnot =
Net work out put

Heat input
=

|W |
qin

=
qin −|qout |

qin
= 1− |qin|

qout
(3.14)

Or, substituting to evaluate temperature (T) and entropy (S), Equation 3.14 becomes

Equation 3.15[174].

ηth,Carnot =
Thot (Sboiler out −Sboiler in)−Tcold (Sboiler out −Sboiler in)

Thot (Sboiler out −Sboiler in)
=

Thot −Tcold

Thot
= 1− Tcold

Thot
(3.15)

Where Sboiler in and Sboiler out are the fluid entropy before and after receiving heat, re-

spectively. This equation shows that the efficiency of the reversible Carnot cycle de-

pends only on the hot and cold temperatures. From Equation 3.15, the cycle is more

efficient when the fluid is expanded at higher temperatures and condensed at lower

temperatures[174].

However, most supercritical power plants, including the one simulated in this work,

adopt the more practical Rankine cycle, where the working fluid is condensed after
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expansion[174]. This fluid is then compressed to high-pressure using a pump and pre-

heated before entering the steam generating section[174]. Hence, the net work output

of a Rankine cycle can be defined by Equation 3.16[174].

|W |= |Wturbines|−Wpre−heating = |∆Hturbines|−∆Hpre−heating (3.16)

The thermal efficiency of the Rankine cycle is calculated using Equation 3.17[174].

ηth,Rankine =
|W |
qin

=
|∆Hturbines|−∆Hpre−heating

∆Hsteam generator
(3.17)

To compare the Rankine cycle with the Carnot cycle, we define the hot side temperature

exiting the superheater using Equation 3.18[174].

Thot = TSuperheater =
qin

∆Ssteam generator
=

∆Hsteam generator

∆Ssteam generator
(3.18)

The cold temperature exiting the condenser is defined by Equation 3.19[174].

Tcold = Tcondenser =
|qout |

∆STurbine inlet→condenser outlet
=

∆HTurbine inlet→condenser outlet

∆STurbine inlet→condenser outlet
(3.19)

The efficiency of a reversible Rankine cycle given by Equation 3.20 is obtained by using

these temperatures[173, 174].

ηth,Rankine =
Net work out put

Heat input
=

Tsuperheater −Tcondenser

Tsuperheater
= 1− Tcondenser

Tsuperheater
(3.20)

This efficiency is limited by the steam temperature leaving the superheater (hot source)

and the condenser temperature (cold sink), as noted in Equation 3.20. The maximum

temperature is limited by the superheater’s creep temperature whilst the cooling wa-

ter reservoir’s temperature limits the condenser temperature[173]. The Carnot cycle’s

efficiency is higher than the Rankine cycle because of the inefficiencies of feedwater

pre-heating, evaporation, and superheating observed during the Rankine cycle[174].

The gross capacity (Pgross) is the power generated by the turbines and measured at

the generator[174]. The net capacity (Pnet) is the power exported to the grid after all

auxiliary load (Paux) is subtracted from the gross capacity (Equation 3.21)[174].

Pnet = Pgross −Paux (3.21)

The net efficiency of a power plant generating only electricity can be obtained by the ra-

tio between the amount of net power and the heat input to the system[174]. Assuming

a lower heating value (LHV) and the mass flow of fuel into the process, the gross and
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net efficiency on an LHV basis can be calculated using Equations 3.22 and 3.23[174].

ηgross =
Pgross

ṁ f uelLHV
(3.22)

ηnet =
Pgross −Paux

ṁ f uelLHV
(3.23)

Where Pgross is the power generated by the high-pressure (HP), intermediate pressure

(IP), and low pressure (LP) turbines; Paux is the power required from the auxiliary

equipment; LHV is the fuel’s lower heating value; and ṁ f uel is the fuel’s mass flow.

3.2.1 Coal combustion

Coal is primarily composed of carbon, hydrogen, and oxygen, and it is usually written

as CHmOn, where m < 1 and m < n[1, 69]. However, as stated previously, coal also

contains nitrogen and sulphur, leading to the formation of NOx and SOx, along with

volatile trace metals present in flue gases at ppb levels[1, 69].

Coal must be ground or pulverised before combustion takes place. The power con-

sumed for grinding the coal can be calculated according to Equation 3.24[243].

W = 10Wi

(︃
1

P80
− 1

F80

)︃
(3.24)

Where W is the work input in kWh/t; Wi is the Bond work index in kWh/t; F80 and

P80 are the 80 % size of feed and product, respectively, in µm. The Bond work index

represents the material’s resistance to crushing and grinding, given by Equation 3.25.

Wi =
44.5
P0.23

1
G0.82

(︃
10
P80

− 10
F80

)︃
(3.25)

Where P1 is the closing sieve size in µm and G is the grindability in net g/rev. The

number of mills required for this operation was determined by assuming a maximum

flow of 110 t/h per mill[244]. The values provided by Williams et al. [243] for La

Loma bituminous coal were used as a representative value for coal to estimate the

power consumption of the mill throughout this thesis (Table 3.3).

Coal combustion is a complex, heterogeneous process where pulverised porous parti-

cles with sizes ranging from 75 to 300 µm react with O2 after moisture and volatiles are

expelled and subsequently burned[1]. Combustion is caused by an ignition source ac-

companied by flame propagation on a self-supporting exothermic reaction[1, 69, 243].

This initial reaction is followed by the pyrolysis of the remaining solid, or char, lead-

ing to devolatilisation[1, 69, 243]. Devolatilisation can take place simultaneously,

sequentially, or with some overlapping with the ignition, depending on the furnace
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Table 3.3: Values for feed size (F80), target coal size (P80), coal grindability (G), and closing
sieve size (P1) for La Loma bituminous coal[243].

Parameter Value
F80 2709
P80 77
G 0.664
P1 90

conditions[1, 69, 243]. Coal pyrolysis is a complex mechanism where several chemi-

cal and transport phenomena occur in the flame, influenced by coal rank and physical

properties[1, 69, 243]. A simplified set of coal combustion reactions can be represented

by Equation 3.26[1, 69, 243].

Ccoal +O2 −−→ CO2

4Hcoal +O2 −−→ 2H2O

Ccoal +H2O −−→ CO+H2

Ncoal +
x
2O2 −−→ NOx

Scoal +
x
2O2 −−→ SOx

⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
(3.26)

The Boudouard reaction (Equation 3.27) and oxidation of sulphur and nitrogen (Equa-

tions 3.28) should also be considered when developing detailed combustion models.

CO2 +C −−→ 2CO (3.27)

Scoal +O2 −−→ SO2

2SO2 +O2 −−→ 2SO3

Ncoal +O2 −−→ 2NO

2NO+O2 −−→ 2NO2

Ncoal +O2 −−→ NO2

⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
(3.28)

This work does not consider the Boudouard reaction to simplify the combustion model.

Here, complete combustion was assumed as a simplification, resulting in a flue gas

composed of CO2, H2O, SO2, and N2. This approximation will provide more heat to

generate steam than during an actual plant’s operation. However, this should be a

reasonable approximation, as only less than 0.5 % of carbon is unburnt during actual

operations[245]. However, the operators must be aware that the amount of carbon in

the ash cannot exceed 2 % when selling it as filler for concrete[245]. This concern is

not addressed in this work, and it is assumed that the costs of removing fly ash are

covered by selling it as a cement filler.
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The stoichiometric amount of oxygen required for the complete combustion of coal was

determined via

CHxNySzOw +α

(︄
O2 +

yox
N2

yox
O2

N2 +
yox

Ar
yox

O2

Ar

)︄
−→CO2+

x
2

H2O+ zSO2 +

(︄
yox

N2

yox
O2

α +
y
2

)︄
N2 +

(︄
yox

Ar
yox

O2

α

)︄
Ar

(3.29)

where α is the molar stoichiometric amount of oxygen provided by Equation 3.30.

α = 1+
x
4
+ z− w

2
(3.30)

Then, the stoichiometric oxidant/fuel mass ratio is calculated using Equation 3.31
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where mox is the oxidant mass flow (kg/s); m f is the fuel mass flow (kg/s); and MWi is

the molecular weight of component i (kg/kmol).

The real/stoichiometric ratio (λ) allows the actual composition of flue gas to be ob-

tained according to Equation 3.32

λ =
mox/m f(︁
mox/m f

)︁
s

(3.32)

This changes the combustion reaction to
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(3.33)

The presence of S and N in the fuel leads to SOx and NOx formation during combustion.

These components react with atmospheric moisture and create sulphuric and nitric

acids, responsible for acid rains[69]. NO2 and NO formation was then included in the

simulation using Nakata et al.’s equation[246]
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Table 3.4: Typical compositions of coal ash.

Ash Component Amount (wt%)
Silica (SiO2) 40 - 90 %
Aluminium oxide (Al2O3) 20 - 60 %
Iron (ferric) oxide (Fe2O3) 5 - 25 %
Calcium oxide (CaO) 1 - 15 %
Magnesium oxide (MgO) 0.5 - 4 %
Sodium oxide (Na2O) + potassium oxide (K2O) 1 - 4 %

VNOx = N f uel
V0

MWN

104

V dry
FG

(︃
4.89

FR
N f uel

+4.57
)︃

(3.34)

where VNOx is the amount of NOx in the flue gas (ppm); N f uel is the fuel’s nitrogen

content (wt%ar); MWN is the molecular weight of atomic nitrogen (kg/kmol); V0 is the

ideal gas volume (22.4 m3/kmol at STP); and V dry
FG is the flue gas volume per kg of raw

fuel (m3/kg at STP). This equation only considers fuel NOx[246], providing a good

approximation for oxy-combustion since it is virtually free of atmospheric N2.

Ash formation can be detrimental to the plant’s operation by fouling and corroding the

material of the tubes responsible for heat exchange, decreasing boiler efficiency[247].

Coal ash typically has a composition range shown in Table 3.4.

The adiabatic flame temperature (Tad) can be determined from the first law of thermo-

dynamics by solving Equation 3.35.
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(3.35)

Where LHV m
f uel is the fuel’s molar lower heating value (LHV); xi, f uel and xi, f lue gas are

the molar fractions of component i in the fuel and the flue gas; xN2
, and xO2

are the

molar fractions of nitrogen and oxygen in the oxidant, respectively; ni, f uel and ni, f lue gas
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are the molar flowrates of component i in the fuel and flue gas, respectively; h0
i is the

molar enthalpy of formation of component i at 25 °C; Tf uel, Toxidant , and Tad are the fuel,

oxidant, and adiabatic flame temperatures, respectively; and C is the fuel’s molar flow

of carbon.

The real flame temperature peaks around 1500 °C and is lower than Tad because heat is

transferred by radiation during combustion[183, 248]. However, it is useful to analyse

Tad because both flame temperatures follow similar trends[248]. This calculation does

not consider dissociation of the products; therefore Tad achieves a maximum value

on stoichiometric combustion[248]. This assumption maximises the amount of NOx

formed during combustion[175] since it assumes that fuel-lean conditions are obtained

throughout all combustion regions.

The hot flue gases transfer heat to the working fluid (steam) through radiation, convec-

tion, and conduction[183]. Heat transfer from radiation is primarily achieved through

the triatomic gases and solid particles in the lower section of the furnace where flue

gas can be at 1500 °C and water inside the cooled walls below 400 °C[183]. Heat trans-

fer from radiation is proportional to the absolute temperature difference to the fourth

power without requiring material contact[183]. This concept is known as the Stefan-

Boltzmann law, where the total energy radiated per unit surface area of a black body, j

(W/m2), is calculated by Equation 3.36.

j = σ T 4 (3.36)

Where σ is the Stefan-Boltzmann constant (5.670373 × 10-8 W.m-2.K-4), and T is the

black body’s temperature (K).

Conduction takes place when heat from a part of a body at higher temperature flows

to a part at lower temperature, or from a body at a higher temperature to a body at

a lower temperature[183]. This heat transfer process occurs in the tube walls inside

the boiler[183]. Heat flux, q (W/m2), is calculated using Fourier’s law (Equation 3.37)

through the product of thermal conductivity, k (W/(m.K)), with the negative tempera-

ture gradient, ∇T (K/m).

q =−k ∇T (3.37)

Convective heat transfer occurs in a moving fluid through the macroscopic motion of

the fluid and the random motion of molecules[183]. Heat transfer is represented by

Newton’s law of cooling at the boundary layer close to the heat transfer surface[183].

Here, the heat transfer rate, Q (W) can be calculated using Equation 3.4. For conve-

nience, the radiative heat transfer is lumped with the convective heat transfer at the

boundary layer to simulate heat exchange from the furnace to the water walls[183].
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3.2.2 Air Pre Heater

The air preheater (APH) is installed at the end of the boiler to increase the oxidant’s

temperature, stabilise fuel ignition, and improve combustion efficiency[69, 172, 183,

249–251]. Air preheaters and economisers recover low-grade heat from the flue gas,

increasing the boiler’s efficiency by 1 % for every 20 °C that the flue gas is cooled[183].

Regenerative air heaters are generally used in supercritical power plants to preheat

air[183, 250–253]. These air heaters are generally smaller, their heat exchange surfaces

are more straightforward to replace, and they achieve lower metal temperatures in the

cold end than recuperative air heaters[183]. However, regenerative air heaters risk

failure of their moving parts, air leakage into the flue gas and vice-versa, and increased

pressure losses from solids deposition[183].

Ljungström regenerators are commonly used as APH in supercritical plants because they

provide adequate heat exchange between the hot flue gas leaving the boiler and incom-

ing cold oxidant[250–253]. These heat exchangers have a slow-moving rotor between

two sealed peripheral housings separated in the middle of the equipment[250–253].

Hot flue gas passes in one side and cold gas in the other, achieving a heating efficiency

of 85 – 90 %[250–253]. Heat is absorbed by metal plates when in contact with the hot

flue gas and subsequently released when these plates contact the cold oxidant gas, in

what is termed a regenerative process[250–253]. This equipment can have up to 6 m

in diameter and 0.2 to 0.91 m height and can withstand gas temperatures up to 982 °C

flowing at 2.5 m/s[250–253].

A plate’s residence time should be considered in this heat transfer method since they

alternate between contacting the hot and cold streams[250, 251]. However, this equip-

ment can be simulated using a simple recuperator theory by assuming a sufficiently

fast rotational speed[250, 251]. Ljungström heat exchangers can operate with small

hydraulic diameters and enable higher amounts of heat transfer between flue gas and

oxidant than other recuperative processes[250, 251].

3.2.3 Boiler

Feedwater enters the boiler from the economiser and exits from the second superheater

(SH2) towards the high-pressure turbine (HP turb) at 600 °C and 300 bar[254]. This

temperature and pressure are within the range of ultra-supercritical power plants[173,

178], limiting the choice of materials used in the exchanger tubes and turbines (See

Tables A.1 and A.2 in the appendix for possible materials for a range of operating

temperatures). The pressure drop of the flue gas inside the boiler was assumed to

be 2.1 mbar, whilst feedwater had a pressure drop of 24.1 bar for the economiser,

evaporator, and superheaters sections, and 5 bar for the reheater section[77]. These

units were simulated as heat exchangers with steam flowing on the tube-side and flue
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Table 3.5: Fractions and conditions of steam bled from the HP, IP and LP turbines, based on
turbine feed to reach feedwater temperature of 300 °C.

Turbine bleed no wn (%) T (°C) P (bar)
HP 1 9.30 365 75
IP 1 7.45 558 48

2 4.81 460 25
3 4.54 381 14
4 4.82 297 7

LP 1 9.60 200 2.8
2 5.60 102 0.9
3 4.64 65 0.25

gas flowing on the shell-side[183].

Steam is expanded in three turbines until it reaches low pressure, generally below

atmospheric, and condensed against liquid water[254]. The amount of steam bled

from each turbine, along with their conditions, is presented in Table 3.5.

Steam exits the boiler from the second reheater (RH2) at 620 °C into an intermediate-

pressure turbine (IP turb) followed by a low-pressure turbine (LP turb), exiting at 0.04

bar. The steam exiting the LP Turb is condensed, pumped to the boiler’s operating

pressure, and heated to 300 °C in the feedwater heating train before being recycled to

the boiler[254].

The amount of steam generated depends on the amount of fuel and oxidant fed to the

furnace[254]. A throttle valve located at the turbine’s inlet allows adjusting the amount

of electricity generated by varying the amount of steam expanded in the turbine, allow-

ing the plant to adjust its output according to demand[254].

The overall plant efficiency, ηo, can be defined as the ratio of the specific net work

produced, Wnet , to the amount of heat released during combustion (CV) of the fuel as

seen on Equation 3.38.

ηo =
Wnet

CV
(3.38)

Where CV ≡ (HR −HP)T , and HR and HP are the enthalpies of the reactants and prod-

ucts, respectively, at temperature T. The characteristics of the fuels used in this thesis,

bituminous Eastern Australian coal and clean wood chips sourced in the UK, are de-

tailed in Table 3.6. Bituminous Eastern Australian coal was chosen to use a similar

coal to Callide Oxyfuel project. The validation exercises against IECM and Kunzeman’s

work were made with the composition of an Appalachian medium sulfur bituminous

coal (Table C.1) and the composition specified in [172], respectively. Clean wood chips

were selected as a biomass feedstock to mitigate slagging and corrosion[255].
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Table 3.6: Fuel composition, heating value, supply chain emissions (SCE), grindability param-
eters, and cost.

Fuel Component (wt%)[84, 150] Coal Wood chips
C 64.6 47.6
H 4.4 5.1
S 0.9 0.05
O 7.0 40.2
N 1.4 0.3
H2O 9.5 4.8
Ash 12.2 1.95
HHVar (MJ/kg)[84, 150] 34.6 19.5
SCE (kgCO2

/MWhth)[217, 256] 307 84 - 136
F80 (µmµmµm)[243] 2709 8400
P80 (µmµmµm)[243] 77 786
G (g/rev)[243] 0.664 0.053
Cost ($/t)[84, 150] 86 117
Supply chain emissions (kgCO2

/MWhth)[217, 256] 307 110

Table 3.7: Boiler and flue gas pre-treatment operating conditions.

Parameter Unit Value
Feedwater temperature °C 300
Steam temperature at superheater exit °C 600
Reheated steam temperature at reheater exit °C 620
Steam pressure at superheater exit bar 300
Reheated steam pressure at reheater exit bar 70
Excess air ratio 1.04
Amount of ash in coal wt% 30
Amount of fly ash in total ash wt% 75
Isentropic efficiency of fans % 85
Isentropic efficiency of compressors % 75

The impact of ash in coal was evaluated by increasing its content up to 30 % of the

fuel’s mass, following a high-ash coal similar to Kunzemann [172].

The operating parameters of the power plant are presented in Table 3.7.

The assumptions for the heat transfer coefficient (U), feedwater outlet temperature

(Tout) and pressure drop (∆p) are represented in Table 3.8.

3.3 Gas processing unit
The gas processing unit (GPU) was adapted from the work of Kolster et al. [66] and

Posch and Haider [208]. The operating conditions of heat exchangers and compressors

were changed due to the different flue gas conditions obtained in this work. Flue gas

at 26 °C and 1.01 bar is compressed to 28 bar in a three-staged compressor with inter-
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Table 3.8: Operating conditions of the boiler simulated in this thesis.

Heat exchanger U (W/(m2 K)) ToutToutTout (°C) ∆p∆p∆p (bar)
Evaporator 80 401 5
Radiant superheater 50 500 5
Superheater 1 50 450 5
Superheater 2 50 600 4
Reheater 1 50 450 0.9
Reheater 2 50 620 3
Economiser 100 399 5

and after-cooling at 25 °C, removing all condensation[64, 66, 208, 210, 257].

Compressed flue gas is dehydrated before being cooled to −31 °C in a multiple-stream

heat exchanger (MHX) against cold distillation products[66, 208]. This stream is mixed

with the recycle stream and sent to the distillation column. Here, a stream with 99.96

wt% CO2 is produced, similar to the purity obtained at the Callide Oxyfuel project[70].

The gas leaving the distillation column has low CO2 concentration, warmed in the

MHX, and flashed (flash-4)[66, 208]. The CO2-rich liquid from this flash separation is

recycled to the distillation column whilst the gas phase is sent to the stack[66, 208].

The CO2 stream leaving the distillation column is warmed in the MHX and compressed

to 68 bar and 1 °C using a two-staged compressor (HP Comp1 and 2) with inter- and

after-cooling (HX5 and HX6)[66, 208]. This results in a supercritical fluid that is

pumped (P-1) to pipeline pressure, assumed to be 120 bar, and sent for storage in a

suitable reservoir (Figure 2.12)[66, 208]. The operating parameters of the GPU are

presented in Table 3.9.

The work required to separate CO2 from a gas decreases as inlet CO2 concentration

increases(Figure D.5). Indeed, high CO2 concentrations between 75 wt% and 90 wt%

exiting the power plant is an advantageous feature of oxy-combustion.

The separation efficiency can be defined using Equation 3.39.

ηsep =
mCO2,product

mCO2,in
(3.39)

Where ηsep is the separation efficiency; mCO2,product is the mass flow of CO2 leaving the

system; and mCO2,in is the mass flow of CO2 into the system.

A specific power consumption of 139.6 kWh/tCO2
with a separation efficiency of 97 wt%

was obtained for the GPU. However, a thermodynamic analysis of this unit revealed that

it operates with a 5 % thermodynamic efficiency (Figure D.5).

A sensitivity analysis was also performed on the fraction sent to the GPU and the direct

contact cooler (DCC). It was found that Tad increases when more flue gas is sent to the
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Table 3.9: Operating conditions of the GPU simulated in this thesis.

Parameter Unit Value
Flue gas inlet pressure bar 1.01
Flue gas inlet temperature °C 25
LP comp, 1st stage compression ratio 9.9
LP comp, 2nd stage compression ratio 2
LP comp, 3rd stage compression ratio 1.4
LP comp intercooling temperature °C 25
Recycle compressor discharge pressure bar 28
Recycle cooler temperature °C -35
HP comp, 1st stage discharge pressure bar 40
HP comp, 2nd stage discharge pressure bar 68
HP comp intercooling temperature °C 25
Pump discharge pressure bar 110

GPU, as can be seen in Figure D.6.

Increasing the cooling water in the DCC reduces the flue gas temperature and humidity.

Reducing the amount of water sent to the GPU improves the plant’s efficiency (Figure

D.7) by reducing the volume required to be compressed.

3.4 Determining power plant efficiency
The net power generated (Wnet) by the plant must deduct the parasitic power con-

sumption of other units (Wcons) from the gross power generated by the turbines (Wg)

according to Equation 3.40.

Wnet =Wg −∑Wcons (3.40)

The net efficiency (ηnet) (%) allows a direct comparison between power generating

technologies1 and can be calculated using Equation 3.41.

ηnet = 100× Wnet

m f uel ×HV f uel
(3.41)

Where m f uel ×HV f uel is the amount of heat available during combustion. This equation

can also be used to evaluate the plant’s gross efficiency.

1Only used for electricity generated by heat. Comparing the efficiency of a fossil-fueled process with
a renewable process (such as wind or PV) must consider other factors, such as fuel cost/availability,
amongst others.

85



3.5. TECHNO-ECONOMIC ANALYSIS CHAPTER 3. METHODOLOGY

3.5 Techno-economic analysis
Economic evaluation is a decision tool that enables the choice between mutually ex-

clusive projects[258]. The internal rate of return (IRR) is a general method employed

for project evaluation[258]. The abated plant was assumed to be an nth of a kind

(NOAK) to simplify the comparison with an unabated plant. In reality, the costs of a

first of a kind (FOAK) plant will be higher due to technology uncertainty and mate-

rial/equipment costs. The base year assumed in this study was 2015 and all costs were

scaled using the respective CEPCI values (Table E.1).

Cash flows (CF) cannot be directly compared at different years because money is time-

dependant; hence, it is necessary to translate these values to a common point in time,

typically chosen at the present in the form of present value[258]. The net present

value (NPV) is the summation of all cash flows during the project’s lifetime, according

to Equation 3.42[258].

NPV =
N

∑
n=0

CFn

(1+ i)n (3.42)

Where i is the discount rate. Coal-fired power plants are generally built for over 40

years of operation[188]. The IRR can be determined by equating the NPV to zero

via Equation 3.43[258] and following the procedure by Ward [258] and Katell and

Wellman [259].

0 =
N

∑
n=0

CFn

(1+ IRR)n (3.43)

Both capital (CAPEX) and operational (OPEX) expenditure were obtained from Aspen

HYSYS, which has a built-in library to estimate these costs. Table 3.10[150, 260] shows

the assumptions used to perform an economic evaluation of the process. The plant

was assumed to need 2 % of the total plant cost and three months of operating and

maintenance labour costs as a start-up cost, operate at 25 % capacity during the first

month, and operate at 65 % capacity during the first year[150]. During the second year,

it was assumed that the plant operates at 85 % capacity from accumulated operational

experience, and at 90 % from the third year until the project’s lifetime[150]. The oxy-

combustion model has a general nature and can be applied anywhere with an accuracy

between - 25 % to + 30 %[260].
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Table 3.10: Assumptions used for the techno-economic analysis of the proposed framework.

Parameter Value Units
Currency US Dollar $
Year 2015
Contingency[150] 10 % Fixed capital $
CO2 emissions cost[150] 25 $/tCO2

CO2 T&S costs[150] 13 $/tCO2

Economic calculation Discounted cash flows
Number of operators (NO)[260] 5 × Labourers per shift
Operating labour (OL)[150] 79800 × NO $
Supervision[150] 30 % OL costs $
Maintenance[150] 10 % Fixed capital $
Royalty[260] 1 % Sales $
Indirect expenses[260] 3 % Fixed capital $
Interest rate (r)[150] 8 %
Inflation during construction[150] 8 %
Economic lifetime[150] 25 years
Construction time[150] 3 years
Yearly operating hours[150] 7885 h
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Chapter 4

A methodological approach for

achieving $/MWh cost reduction of

CO2 capture and storage (CCS)

processes

The work detailed in this Chapter was partly published in Applied Energy[103].

4.1 Introduction
Oxy-combustion requires an air separation unit (ASU) to produce oxygen (O2) and a

gas processing unit (GPU) to capture CO2 from the flue gas, adding an 8 – 12 % effi-

ciency penalty[49]. Heat integration offers the potential to reduce this parasitic energy

consumption by minimising process inefficiencies[232]. Analysing the unit operation’s

exergy destruction (ED), or lost work (LW), will identify these inefficiencies[232, 261].

Several studies investigated different ASU and GPU types to reduce this parasitic power

consumption[111, 114, 115]. Skorek-Osikowska et al. [111] remarked that low-grade

heat of compression could be used to pre-heat the boiler’s feedwater and reduce the

number of heat exchangers in the feedwater heating train.

Increased capital costs arising from improving this process’s performance should be

avoided to prevent an unsustainable increase in the cost per MWh of the low carbon

electricity generated. This possibility creates the requirement to evaluate the efficacy

of a process modification in this context.

Hence, a methodological approach using a rational analysis of the 1st and 2nd laws of

thermodynamics linked with the project’s capital expenditure (CAPEX) was developed

to identify process improvements. The methodology proposed in this study is presented

in Figure 4.1. It is well-suited to other CCS technologies and complex industrial pro-

cesses, such as liquefied natural gas, because the analysis intends to reduce process
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inefficiencies. The user starts by proposing a process flow diagram (PFD) and simu-

lates the process. The user then performs a thermodynamic analysis and calculates the

exergy destruction (ED) of each unit operation. The user determines the capital cost

(CAPEX) and plots the first point in an efficiency (η) vs CAPEX figure.

The user then determines the minimum CAPEX, which would be an unabated ultra-

supercritical coal power plant for this case, and calculates its maximum efficiency

(ηmax). These points will serve as boundary conditions for the analysis.

Following the thermodynamic analysis, the user can then propose new PFDs until a

lower ED and CAPEX are obtained. The new point can then be added to the η vs

CAPEX plot and compared with the original PFD.

4.2 Methods

4.2.1 General model

All models in this study were implemented in Aspen HYSYS v8.4, detailed in Chapter

3, using the Peng-Robinson equation of state.

4.2.2 Power plant

The pulverised coal-fired power plant was first simulated in air-fired mode (detailed in

Appendix B.3) following the data from Spero et al. [70] and Spliethoff [174], according

to Figure 4.2. This plant is assumed to have a two-pass once-through boiler[262], a

turbine island, a feedwater heating train, and a flue gas pre-treatment unit.

4.2.3 Oxy-combustion

An oxy-combustion process was modelled following the work of Spero et al. [70] and

Stanger et al. [102] by adapting the power plant model developed previously with a

primary and secondary recycle flue gas (RFG) to the furnace. Medium-purity O2 is

mixed with the secondary RFG to maintain O2 concentration below 40 % and avoid

using construction materials specific for pure O2[77].

52 % of the total flue gas leaving the regenerative heat exchanger (RHX) flow through a

baghouse filter to remove fly ash and is recycled, mixed with medium-purity O2 in what

is generally called the secondary recycle, and sent back to the furnace[1, 49, 64, 70].

The remaining flue gas is sent to a spray dryer (SD) to remove SOx, passed through a

baghouse filter to remove fly ash, and cooled in a direct contact cooler (DCC)[1, 49,

64, 70]. 37 % of this flue gas is recycled as the primary RFG and used to pulverise coal

to the furnace[70, 102] whilst the non-recycled flue gas is purified and compressed

to transport specifications[263] on the GPU[66, 70]. The resulting PFD of the boiler

operating in oxy-mode is presented in Figure 4.2.
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Figure 4.1: Methodology proposed for process improvement using a combination of first and
second laws of thermodynamics with a CAPEX analysis, as published by Cabral and Mac Dowell
[103].
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Figure 4.2: Process Flow Diagram (PFD) of the power plant complete with coal mill, boiler,
turbine, feedwater heating train, ash collection and flue gas desulphurisation, as published by
Cabral and Mac Dowell [103]. The boiler is divided into two sections: the furnace, where
combustion takes place, and the boiler, where heat increases the temperature of feedwater and
generate supercritical steam. Solid lines represent the flow paths in air- and oxy-modes, except
for air inlet which is present in air-mode only. Dashed lines represent the extra flow paths in
oxy-mode for O2 feed and RFG. Dashed and dotted lines represent the heat integration pathways
between the feedwater heating train and the compressors from the ASU and GPU. Feedwater
heaters 1 to 4 can be bypassed with heat integration. HP turb - High pressure turbine; IP turb
- Intermediate pressure turbine; LP turb - Low pressure turbine; Cond - Condenser; Econ -
Economiser; Evap - Evaporator; SH1 and SH2 - Superheater 1 and 2; RS - Radiant superheater;
RH1 and RH2 - Reheater 1 and 2, FWH1 to FWH9 - Feedwater heater 1 to 9; RHX - Regenerative
heat exchanger; SD - Spray dryer for desulphurization.

4.2.4 Heat integration

This work did not focus on performing a full heat integration analysis, which would

be adequately conducted by performing a pinch analysis and a heat exchanger net-

work (HEN) analysis[264]. Instead, this work focuses on suggesting heat integration

opportunities based on literature and evaluate the thermodynamic benefits of such an

approach to test the methodology developed.

Low-grade heat of compression from the ASU and GPU has been suggested as potential

heat integration strategies[111, 115]. The condensed water leaving the turbines had

enough flowrate and was sufficiently cold to satisfy some compressors’ cooling demand.

Adopting this strategy will require changes to the inter- and after-coolers used in those
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Table 4.1: Fractions and conditions of steam bled from the HP and IP turbines, based on turbine
feed to reach feedwater temperature of 299 °C after heat integration.

Turbine bleed no wn (%) T (°C) P (bar)
HP 1 9.30 365 75
IP 1 7.45 558 48

2 4.81 460 25
3 9.96 381 14

compressors, which will require custom-built units to support these changes. If this is

conceivable, then the heat demand required by the condensate in feedwater heaters 1

to 4 can be satisfied using the low-grade heat of compression from the ASU and GPU,

reducing the overall number of equipment. Another potential benefit of this strategy

is that more electricity can be generated because more steam is available to expand in

the turbines. These changes in the feedwater heating train will require different bleed

fractions to satisfy its heat demand, detailed in Table 4.1. It is expected that the turbine

manufacturer can perform the required changes to the turbines.

After the boiler, the heat transfer equipment was designed to maintain the flue gas

above the acid dew point at the baghouse filters, which is 150 °C under oxy-combustion

conditions[200]. There is also potential to further increase the feedwater temperature

leaving the ASU by using some residual heat from the flue gas after the RHX. The dash-

dotted lines in Figure 4.2 identify the changes to the power plant section by using this

heat integration approach.

4.2.5 Thermodynamics analysis

Equations 3.22 and 3.20 calculate the maximum amount of power generated by the

turbines (PMax
Rankine) from a Rankine cycle. In this work, gross and net efficiencies were

determined on a lower heating value (LHV) basis.

The net efficiency was compared against the maximum thermodynamic efficiency of an

ideal Rankine cycle and the minimum thermodynamic separation work for both ASU

and GPU. The ideal Rankine cycle is calculated using Equation 3.20.

The minimum separation work (Wmin) relates the component’s molar flow to be sepa-

rated from the inlet with the outlet streams at a specific operating temperature. The

minimum thermodynamic work to separate O2 from air and CO2 from flue gas is given

by Equations 4.1 and 4.2 based on the first and second laws of thermodynamics[1].
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W O2
min(kJ/mol) = RT

(︂
nO2

Oxy ln(yO2
Oxy)−nOxy−O2

Oxy ln(yOxy−O2
Oxy )

)︂
+RT

(︂
nO2

Nit ln(yO2
Nit)−nNit−O2

Nit ln(yNit−O2
Nit )

)︂
−RT

(︂
nO2

Air ln(yO2
Air)−nAir−O2

Air ln(yAir−O2
Air )

)︂ (4.1)

W CO2
min (kJ/mol) = RT

(︂
nCO2

Final ln(yCO2
Final)−nFinal−CO2

Final ln(yFinal−CO2
Final )

)︂
+RT

(︂
nCO2

Waste ln(yCO2
Waste)−nWaste−CO2

Waste ln(yWaste−CO2
Waste )

)︂
−RT

(︂
nCO2

FlueGas ln(yCO2
FlueGas)−nFlueGas−CO2

FlueGas ln(yFlueGas−CO2
FlueGas )

)︂ (4.2)

Where Oxy refers to the stream rich in O2; Nit is the stream rich in N2; Air is the air inlet

stream; Final is the stream rich in CO2; Waste is the stream sent to the stack; FlueGas

is the flue gas to be separated; T is the stream’s temperature; and R is the gas constant,

8.314 kJ/(K kmol).

The potential to improve a process can be analysed from the Second Law efficiency.

η2nd =
Wmin

Wreal
(4.3)

The maximum thermodynamic efficiency of oxy-combustion can be calculated using

the maximum power produced by a Rankine cycle and the minimum separation work.

η
Max
net =

PMax
turbines −nO2

OxyW
O2
min −nCO2

FinalW
CO2
min

ṁ f uelLHV
(4.4)

4.2.6 Exergy analysis

The exergy destruction (ED) of a unit operation is given by Equation 4.5[114].

ED = ∑
In

[︃
n(h−T0s)+Q

(︃
1− T0

Ts

)︃
+Ws

]︃
−∑

Out

[︃
n(h−T0s)+Q

(︃
1− T0

Ts

)︃
+Ws

]︃
(4.5)

Where n is the molar flow (mol/s); h is the specific molar enthalpy (kJ/mol); s is the

specific entropy (kJ/(mol K)); Q is heat flow (kJ); T0 is ambient temperature (K); Ts

is the system temperature (K); and Ws is the work done by or to the system (kW).

Performing this analysis to each unit operation of oxy-combustion identifies the most

suitable candidates for process improvement.
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Table 4.2: Comparison of the simulation data with data from the IECM and the Callide oxyfuel
project[70].

Parameter This work IECM Callide[117]
Gross power (MW) 509 517 500
Net power (MW) 373 396 345
ηLHV

gross (%) 47 46 46
ηLHV

net (%) 34 35 32
O2 demand (kg/MWh) 605 653 632
Fuel burned (kg/s) 40 46 54

4.3 Results and Discussion

4.3.1 Oxy-combustion

The oxy-combustion process was modelled based on the Callide Oxyfuel project[70]

and the overview by Stanger et al. [102]. Part of the oxidant delivered by the ASU is

mixed with the secondary RFG whilst the rest is mixed in the burner and the combustion

chamber as oxygen lances[70, 102]. The resulting PFD can be found in Figure B.5.

This process requires 7400 tpd of oxidant to operate a 509 MW gross pulverised coal

power plant and maintain 3.4 wt% of O2 in the flue gas. Two ASU trains are required,

one with 4000 tpd and another with 3400 tpd, to satisfy the power station’s oxygen

demand. This process has a coal consumption of 0.39 kgcoal/kWh, similar to the value

reported by the U.S. Energy Information Administration[265]. Fly ash was assumed to

be 75 % of total ash, and Tad was 2176 °C, similar to the value of 2180 °C reported by

Sharifi et al. [248] for anthracite. Grinding coal to 90 µm consumes 22 kWh/tcoal.

4.3.2 Simulation and model validation

The simulated oxy-combustion process has a gross efficiency of 47.2 % and a net effi-

ciency of 34.6 %, resulting in a 12 % efficiency loss compared to the unabated plant.

The grand composite curve of the oxy-combustion process without heat integration

is represented in Figure 4.3. The minimum temperature difference is found in the

cryogenic sections, where they can be as low as 2 °C.

The results from this simulation were validated against data from the Integrated Envi-

ronmental Control Model (IECM)[266] and from the Callide Oxyfuel project[117] in

Table 4.2. The complete combustion assumption used in this work led to the disagree-

ment observed for O2 demand and fuel consumption.

The parasitic power consumption of the ASU, GPU, and other equipment from the

power plant agree with the work of Tranier et al. [137] (Table 4.3).

The stream tables of the oxy-combustion can be found in Table B.1, the heat tables are
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Figure 4.3: Grand composite curve of the oxy-combustion process without heat integration
obtained from Aspen Energy Analyzer. The red solid line represents the hot composite curve
whilst the blue dotted line represents the cold composite curve.

in Table B.2, the work tables in Table B.3, the carbon balance in Table B.4, and the

energy balance in Table B.5.

4.3.3 Thermodynamic analysis

The minimum thermodynamic separation work (Wmin) of the ASU and GPU is 5.8

kJ/molO2
(49.9 kWh/tO2

) and 0.8 kJ/molCO2
(5.4 kWh/tCO2

), respectively. The real sep-

aration work (Wreal) of O2 and CO2 is 24 kJ/molO2
(206 kWh/tO2

) and 23.3 kJ/molCO2

(156 kWh/tCO2
).

Improving the thermodynamic efficiency of the ASU, GPU, and boiler reduces the par-

asitic power consumption (Figure 4.4). A 5 % increase of the ASU’s thermodynamic

efficiency reduces the overall power consumption by 17 % whilst a similar GPU in-

crease reduces the power consumption by 46 %. Figure 4.4 demonstrates that the

optimal path to improve the overall process starts by improving the GPU’s efficiency to

22 % rather than trying to improve the more established ASU.
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Table 4.3: Parasitic energy losses from ASU, GPU, and power plant from this simulation and
from Tranier et al. [137].

This work Tranier, J. P.[137]
ASU 46.2 % 43.5 %
GPU 33.6 % 35.8 %
Power plant 20.1 % 20.7 %

Figure 4.4: Effect of thermodynamic efficiency (η2nd) on power needed for the ASU (black line)
and GPU (blue line) and for the power lost by the boiler(red line), as published by Cabral and
Mac Dowell [103]. The starting points for the ASU, GPU, and Boiler were obtained through
this simulation and are represented as ■,  , and ▲ respectively. The dashed lines represent the
effect on the real efficiency of the oxy-combustion by increasing the thermodynamic efficiency
of the ASU (black dashed line), the GPU (dotted blue line), and both (dash-dot cyan line).
Improving the GPU will lead to the greatest improvement of the overall process.

4.3.4 Process improvement and heat integration

The maximum thermodynamic efficiency and power output were determined by relat-

ing the maximum Rankine power with both the minimum thermodynamic separation

work for O2 and CO2 using Equations 3.20, 4.1, and 4.2, respectively. The net efficiency

of the simulated power plant was 34.6 %. Then, assuming an ideal separation of O2

from air and CO2 from the flue gas, the net efficiency improves to 43.1 %. This shows

that improving the separation processes can increase the plant efficiency by up to 8 %.

Tranier et al. [137] stated that Air Liquide could improve the separation efficiency of
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Figure 4.5: Comparison of the simulated oxy-combustion efficiency with the process if the ASU
and GPU operate at the minimum thermodynamic separation work (ASU+GPU), if the boiler
could achieve the maximum Rankine efficiency (Boiler), and the maximum thermodynamic
efficiency of the oxy-combustion process (Max), as published by Cabral and Mac Dowell [103].

the ASU by 10 %. However, there is a more considerable potential to improve the boiler,

with a maximum possible improvement of around 21 % relative to the simulation case.

This could be a good starting point to improve the technology; however, coal boilers

are a very mature technology, with decades of experience and improvement, making it

an unlikely candidate for process design changes.

The power plant’s maximum theoretical power output is 720 MW, achieving 63 % ther-

modynamic efficiency at the minimum separation work of O2 and CO2 of 24 kJ/mol and

16 kJ/mol, respectively. Oxy-combustion achieves a maximum theoretical efficiency of

67 % by excluding the power required to separate O2 and CO2 (Figure 4.5).

Increasing the boiler conditions to advanced ultra-supercritical steam parameters oper-

ating up to 700 °C and 350 bar is part of current development[184, 186]. These power

plants can achieve net efficiencies up to 52 % on an LHV basis, but traditional materials

cannot operate under such high temperatures, so more expensive nickel alloys must be

used[184]. This indicates that increasing the efficiency of power plants is limited to

current material selection[184, 186].

Low-grade heat of compression from the ASU and GPU was used to pre-heat the boiler’s
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Figure 4.6: Grand composite curve of the oxy-combustion process with heat integration ob-
tained from Aspen Energy Analyzer. The red solid line represents the hot composite curve
whilst the blue dotted line represents the cold composite curve.

feedwater following the dashed lines from Figure 4.2 (A more detailed PFD is repre-

sented in Figure B.6). The grand composite curve of the oxy-combustion process with

heat integration is represented in Figure 4.6.

The stream tables of this configuration can be found in Table B.7, the heat tables are

in Table B.8, the work tables in Table B.9, the carbon balance in Table B.10, and the

energy balance in Table B.11.

There is no need to have an O2 purity greater than 95 %, which can be achieved by re-

ducing the number of stages of the distillation columns[77, 114]. Reducing the amount

of compression done by the booster can be another way of reducing the ASU’s parasitic

losses. These strategies offer the possibility to reduce the plant’s capital cost.

The grand composite curve of the oxy-combustion process with heat integration and

smaller ASU is represented in Figure 4.7. The grand composite curves indicate that

there is still opportunity to improve the process by increasing the amount of heat inte-

gration. However, a HEN analysis is not the focus of this analysis and was not pursued.

The stream tables of this improved configuration can be found in Table B.13, the heat

tables are in Table B.14, the work tables in Table B.15, the carbon balance in Table

B.16, and the energy balance in Table B.17.
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Figure 4.7: Grand composite curve of the oxy-combustion process with heat integration and
smaller ASU obtained from Aspen Energy Analyzer. The red solid line represents the hot com-
posite curve whilst the blue dotted line represents the cold composite curve.

An exergy analysis was performed to the oxy-combustion process, and the boiler demon-

strated the most significant losses due to inefficiencies associated with large tempera-

ture differences. Due to material limitations, it is currently impossible to improve this

section; however, the feedwater heating train shows the potential to reduce the plant’s

inefficiencies. Here, feedwater heaters 1 to 4 were determined as providing most of

the inefficiencies from this section. This proves to be an excellent point to increase the

feedwater’s temperature using low-grade heat of compression from both the ASU and

GPU. The feedwater’s temperature increased sufficiently to bypass feedwater heaters 1

to 4 in the improved process after using this low-grade heat of compression.

An exergetic analysis was performed after process improvement and compared against

the results obtained previously to check for any inefficiency reduction. The results

obtained this way identified a pathway to improve the oxy-combustion process by min-

imising its main inefficiencies. The boiler has a 1.7 % exergy destruction increase, as

shown in Figure 4.8, due to increased oxidant mass flow from the lower O2 purity. The

power plant’s significant losses occur in the boiler, carrying over 40% of exergy de-

struction, of which the economiser and the superheater are the leading causes. This is
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Figure 4.8: Exergy destruction of the boiler in oxy-combustion process before and after heat
integration. The small increase of exergy destruction observed after heat integration is because
of a lower O2 purity. This increases the mass in the oxidiser, and so more losses are encountered
in this unit.

due to the large temperature difference between the hot flue gas and the water/ steam

exchanging heat in these sections. Thus, it may be advantageous to reduce feedwa-

ter heating on both the economiser and superheater and increase it on the evaporator,

which in a supercritical plant can be called steam generator because no evaporation

occurs. Throughout this work, the steam generator will be called evaporator, as this is

a commonly used term in the industry, even when no evaporation occurs, such as in

supercritical plants. This will result in a larger evaporator surface area whilst reducing

that of both the economiser and the superheater. However, the adoption of this strategy

is limited by the materials available, as this equipment could be seriously damaged by

the very high-temperatures present in these sections[173, 174, 183]. Furthermore, it is

unlikely that a boiler optimisation will significantly improve these sections’ exergy de-

struction because there will always be a high-temperature difference between the flue

gas and steam/water. Some considerable losses occur in the combustion chamber and

the feedwater heating train, where the most significant loss is in the condenser.

It was found that the extra flue gas cooling was the leading cause of exergy destruction
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Figure 4.9: Exergy destruction of feedwater heating train in oxy-combustion process before and
after heat integration, as published by Cabral and Mac Dowell [103]. The reduction of exergy
destruction after heat integration is because feedwater heaters FWH1 to FWH4 are removed.

before entering the baghouse filters for fly ash removal. This heat can be integrated

and recovered elsewhere, such as heating the feedwater.

Considerable exergy destruction was detected on feedwater heater 4, where the last

bleed of the intermediate pressure turbine is condensed against colder feedwater. The

exergy destruction associated with the feedwater heating train has been significantly re-

duced by 53 %, as shown in Figure 4.9. This reduction occurs because the low-pressure

heaters, FWH1 to 4, are removed from the process after heat integration. However, this

does not imply that all exergy destruction from FWH1 to 4 is prevented. Indeed, this

exergy destruction is merely shifted to the ASU and GPU, where the heating previously

provided by these units is satisfied by low-grade heat of compression, explaining the

higher losses from the compressors in Figure 4.10. The smaller losses from the GPU

compressors observed in Figure 4.11 come from optimising these units, rather than

from using feedwater to cool the gas. The smaller exergy destruction in the feedwater

heating train reduces the heat requirement from coal, reducing its consumption to 0.36

kgcoal/kWh, and increasing the gross and net efficiencies to 49 and 38 %, respectively.
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The main heat exchanger (MHX) has the most exergy losses, also identified by Taniguchi

as responsible for more than half of the exergy destroyed in the ASU[267]. This exergy

destruction is due to the high heat duty and temperature difference. The difference

between air pressure, at 4.2 bar, with the products’ pressure, at 1.2 bar, also contribute

to the exergy destruction of this unit. Reducing the air’s temperature at the MHX inlet

may be a good way to reduce this unit’s losses; however, that also reduces the O2 tem-

perature leaving the heat exchanger. Although this negatively affects the combustion

efficiency, which is not a concern for oxy-combustion, it will increase the operational

safety of the process[110, 114]. Pre-heating pure oxygen on the flue gas cooler can be

dangerous for the same reasons, as a spark might combust any deposited material.

The main air compressor (MAC) was a reliable operation for heat integration because

compressed air is discharged at high temperatures, despite having small losses (4 %).

A good alternative is to use adiabatic compressors with one inter- and one after-cooler

instead of isothermal compressors. Feedwater can be used to cool this air stream whilst

increasing its temperature, potentially reducing capital costs and cooling water[114].

Decreasing the temperature of the air flowing into the MHX led to a reduction of this

unit’s exergy destruction, as shown in Figure 4.10. Changing the MAC from an isother-

mal compressor to a two-staged adiabatic compressor increased the exergy destruction

and power consumption. However, this change enables using the low-grade heat of

compression to pre-heat a portion of the feedwater whilst cooling the compressed air

stream. This strategy reduces the number of feedwater heaters, as previously described.

The second stage of the booster was removed because the required compression could

be provided using the work obtained by the expander. The HP column’s number of

stages was reduced to 10, and the LP column was reduced to 23 stages, decreasing the

oxygen purity to 97 wt%. This strategy reduced the unit’s power consumption to 197

kWh/tO2
, similar to other authors’ reports[111, 114, 115, 137, 138].

The power consumption of both the ASU and GPU is primarily associated with the

compression work. It will be unlikely that major improvements in thermodynamic

efficiency will come from them as the compressors are operating at 90 % adiabatic

efficiency. One possible way to reduce the ASU’s power consumption is by discharging

more compressed air to the expansion turbine. This provides part of the power required

to run the booster compressor, which accounts for 20 % of the power consumption and

the rest being done mainly by the main air compressor.

The MHX has the GPU’s highest exergy destruction, similar to the ASU. Low grade

heat of the compressed gases can be used to pre-heat feedwater[70, 111, 114, 115];

however, Spero et al. [70] stated that some care must be taken when employing this

strategy. This caution was expressed because the GPU only starts when CO2 concen-

trations of the flue gas are high enough to allow a successful separation. Furthermore,
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Figure 4.10: Exergy destruction of the ASU in the oxy-combustion process before and after
heat integration, as published by Cabral and Mac Dowell [103]. An increase of the compressors’
exergy destruction occurred from changing the MAC from isothermal to adiabatic. On the other
hand, reducing the inlet temperature of air to the main heat exchanger reduces the exergy
destroyed in this unit. Overall, a reduction of exergy destruction of the ASU is observed.

the GPU could be put at risk if a high concentration of impurities is present in the flue

gas. One possible way of avoiding this issue is to use heat from the low-pressure com-

pression train, and send the flue gas to the stack whilst CO2 concentrations are not

sufficiently high to run the GPU. Skorek-Osikowska et al. [111] has shown that this

approach increases the plant’s net efficiency.

Changing the first compressor from a one-stage to a two-staged compressor with inter-

cooling reduced the unit’s exergy destruction, as shown in Figure 4.11. This strategy

also reduces the compressor’s power and avoids increasing the gas temperature to lev-

els that could reduce the equipment lifetime. Low-grade heat of compression is used to

pre-heat another portion of the feedwater and cool the compressed flue gas. The sec-

ond compressor uses the rest of the feedwater to cool the compressed flue gas, whilst

using its heat to increase the feedwater temperature. This strategy reduced the exergy

destruction of the GPU by 6.4 %.

In order to improve this process, new strategies might be needed for separating and
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Figure 4.11: Exergy destruction of the GPU in the oxy-combustion process before and after
heat integration. Adding one stage with inter-cooling to the first compressor reduces the exergy
destroyed in this compression step.

purifying CO2. For example, the power consumption would decrease if the distilla-

tion column could be operated at lower pressures and only compress the purified CO2

stream to pipeline pressure. If lower O2 purities are used, more compression work must

be done to separate CO2 due to higher concentrations of argon (Ar) and N2 present in

the flue gas[268].

Overall, a 4 % exergy destruction decrease was observed (Figure 4.12) from optimising

the process and using the proposed heat integration.

4.3.5 Techno-economic analysis

The oxy-combustion efficiency was plotted against CAPEX (Figure 4.13) to evaluate the

changes proposed from the thermodynamic and exergetic analysis. The CAPEX of an

unabated power plant and the maximum thermodynamic efficiency of oxy-combustion

were used to define the optimum boundaries of the process. Integrating the units as

suggested increased the plant’s efficiency from 34 % to 37 % and reduced the CAPEX

from $566M to $480M, resulting in a 13 % decrease of $/MWh.
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Figure 4.12: Exergy destruction of the oxy-combustion process before and after heat integra-
tion. A reduction of exergy destruction is observed after heat integration, showing a higher
efficiency of the improved process.

4.4 Conclusions
This methodology enabled a rational approach towards process improvement via heat

integration. This approach increased the oxy-combustion plant’s net efficiency by 3 %

whilst reducing the number of equipment required, reducing capital cost by 15 %, thus

reducing the $/MWh by 13 %.

Specifically, minimising the exergy destruction by using low-grade heat of compression

from the ASU and GPU to heat low-pressure feedwater reduces the number of feedwa-

ter heaters. Thus, fewer bleeds are required from the turbines, allowing more steam

to generate electricity. This strategy would require turbines specifically designed to

have fewer bleeds, but this will reduce the design’s complexity, making it easier to im-

plement. A more detailed pinch analysis and HEN analysis would likely lead to more

optimal heat integration strategies. These analyses could be coupled with the method-

ology proposed here to aid in project selection.

It was determined that it is better to focus on improving the GPU design since this is the

least thermodynamically efficient unit and would provide the most significant benefits
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Figure 4.13: Plant efficiency plotted against CAPEX, ■ represents the unabated power plant,
 the oxy-combustion before process improvement and ▲ after process improvement, as pub-
lished by Cabral and Mac Dowell [103]. The horizontal dashed line represents the CAPEX of
the unabated power plant, and the vertical dashed line the maximum thermodynamic efficiency.
The desired direction of process improvement is represented by the arrow, showing both an ef-
ficiency increase and a CAPEX reduction. The process improvement using this analysis reduced
CAPEX and increased efficiency, but showed a sharper CAPEX reduction than efficiency increase.

to the entire power plant. Indeed, the GPU is less mature than the other technologies

which may provide more opportunities for improvement.
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Chapter 5

A techno-economic analysis of a novel

solvent-based oxy-combustion CO2

capture process

The work detailed in this Chapter was published in Industrial & Engineering Chemistry

Research[269].

5.1 Introduction
The gas processing unit (GPU) was identified in Chapter 4 as the least thermodinami-

cally efficient unit[103]. This led to the idea of replacing the traditional cryogenic GPU

with a solvent-based capture process to improve the thermodynamic efficiency of the

CO2 separation step. The new process is illustrated in Figure 5.1 (full process) and

Figure 5.4 a (GPU).

Several authors aimed to reduce the GPU’s parasitic power consumption by proposing

either different process configurations[66, 208, 270, 271] or alternative methods to

purify CO2[60, 61]. One of the proposed methods was adding membranes with high

CO2 selectivity downstream of a cryogenic GPU to increase its capture amount to 98

% and reduce the costs per ton of CO2 of this unit by 5 – 10 %[270, 271]. Other re-

searchers aimed to improve the economic attractiveness of CCS by using an MEA-based

approach to capture CO2 from a partial oxy-combustion process[60, 61]. However,

the extra costs associated with O2 production increased the levelised cost of electricity

(LCOE) by 7 %, making this idea worse than either the base cases of post-combustion

or oxy-combustion[61].

The increased CO2 concentrations present in the flue gas from an oxy-combustion pro-

cess offer the potential to investigate alternative processes or solvents to capture CO2.

Indeed, this already high CO2 concentration significantly reduces the energy required

for compression; therefore, it may become advantageous to select a high-pressure cap-
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Figure 5.1: Simplified process flow diagram (PFD) of the oxy-combustion process with a
solvent-based GPU, as published by Cabral et al. [269].
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Figure 5.2: Reaction of EDEA with CO2. Applying pressure favours the direct reaction to form
the zwitterion EDEA-CO2. Adding heat and reducing pressure favours the reverse reaction,
releasing CO2 and regenerating EDEA.

ture process, favouring a different class of solvents than tested by other authors[60, 61].

In this work, we propose a novel solvent-based GPU to treat the flue gas from oxy-

combustion, illustrated in Figure 5.1. Here, flue gas is first compressed to the absorber’s

operating pressure using a 3-stage compressor with intercoolers at 25 °C[272]. Any re-

sulting condensation is removed before the compressed gas is directed to an absorption

column[272–277].

A stream essentially stripped of CO2 is discharged from the top of the absorber and

sent to the stack. From the bottom of the absorber, a CO2-rich solvent is pumped to a

heat exchanger to recover some heat from the incoming lean solvent stream[272–277].

Additional heat is added to promote CO2 desorption and this stream is subsequently

flashed, recovering a CO2-rich gaseous product whilst the CO2-lean solvent is recycled

to the absorber[272–277]. The CO2-rich gas is compressed to pipeline pressure and

sent for storage in any suitable reservoir, e.g., deep saline aquifer[76].

N-Ethyldiethanolamine (EDEA) is a tertiary alkanolamine[278] used in this work as a

solvent to capture CO2 originating from an oxy-combustion process. This amine reacts

with CO2 under pressure to create a zwitterionic ammonium alkylcarbonate ionic liquid

and reverts to EDEA and CO2 via expansion (Figure 5.2)[278].

This solvent demonstrated a selectivity to hydrogen sulfide (H2S) and CO2 similar to

Selexol, and more reliable H2S and CO2 absorption than aqueous MDEA[278]. The

versatility of capturing both H2S and CO2 can potentiate the use of EDEA across sectors,

increasing its market demand and reducing its unit cost. Several configurations of

the EDEA-based CO2 capture process using varying degrees of heat integration will be

evaluated, and their economic potential compared against previous results obtained for

a cryogenic distillation GPU.

5.2 Model description

5.2.1 Oxy-combustion model

The traditional cryogenic distillation GPU[103] was replaced with a solvent-based cap-

ture unit with the operating conditions outlined in Table 5.1. The minimum thermo-

109



5.2. MODEL DESCRIPTION CHAPTER 5. SOLVENT-BASED GPU

Table 5.1: Operating conditions of the absorber, flash unit, main heat exchanger (MHX), and
CO2 pump for the solvent-based GPU.

Unit Parameter Value

Absorber
Tin (°C) 25
pin (kPa) 2200
Capture amount (%) 90

Flash
Tin (°C) 44
∆p (kPa) 2100

MHX Approach temperature (°C) 5
CO2 pump pout (MPa) 11

Table 5.2: Chemical and physical properties of EDEA[282].

Property Value
Molecular weight (g/mol) 133.2
Density at 20 °C (kg/m3) 1013.5
Boiling point (°C) 247
Melting point (°C) - 50
Flash point (°C) 138
Water solubility at 25 °C (mg/L) 1 × 106

Viscosity (pure) at 30 °C (mPa.s)[283] 47650
Viscosity (water, 5 mol%) at 30 °C (mPa.s)[284] 2.433

dynamic separation work of CO2 was calculated according to Equations 4.1 and 4.2,

enabling the calculation of a second-law efficiency with Equation 4.3.

5.2.2 EDEA

The model used the electrolyte NRTL equation of state with phase equilibrium data

for EDEA obtained from Mathias et al. [278]. The electrolyte NRTL is a property

method that can handle electrolytes in aqueous and mixed solvent mixtures[279]. All

of the vapour-phase properties are determined using the Redlich-Kwong equation of

state[279]. At the time of writing, small amounts of EDEA used for laboratory experi-

ments are sold at $4180/kg[280].

Physical properties such as density and viscosity must be considered because they im-

pact equipment size, which directly relates to capital costs[281]. It is vital to operate

the process between the melting and boiling points to avoid solid formation or exces-

sive solvent evaporation. It is also sensible to operate the process below the flash point

to avoid combustion from any sparks that originate in the GPU. Chemical and physical

properties of EDEA[282] relevant to this work are presented in Table 5.2.
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Table 5.3: Breakdown of the specific power consumption (kWh/tCO2
) of scenario 1.

Component Value (kWh/tCO2
)

Main compressor 77
Recycle pumping 9
Post-compression 120
Heat requirement 27

5.2.3 Economic model

The economic evaluation was performed using the internal Aspen HYSYS cost estima-

tor using a constant 2015 cost level and an exchange rate of 1.5 US dollars per British

pound[66, 285]. The capital and operational expenditure (CAPEX and OPEX, respec-

tively) were extracted from Aspen HYSYS, assuming a 25-year plant’s lifetime[150].

The levelised cost of electricity (LCOE), a metric used to compare the economic attrac-

tiveness between power generating units, was subsequently calculated using Equation

5.1[286].

LCOE =

CAPEX +
lt

∑
n=0

[︂
OPEXn
(1+r)n

]︂
lt

∑
n=0

[︂
MWhn
(1+r)n

]︂ (5.1)

Where CAPEX is the plant’s capital cost in $; OPEXn is the operating expenditure for

year n in $/kWh; lt is the plant’s lifetime (years); r is the interest rate, here assumed to

be the IRR; and MWhn is the electricity generated in year n.

5.3 Results

5.3.1 Model output

The new solvent-based gas processing unit (Scenario 1) can capture 90 wt% of CO2 at

95 wt% quality. This plant requires 230 kWh/tCO2
, amounting to almost 50 % more

power consumption than a traditional cryogenic distillation unit for CO2 purification.

Gas compression is the main contributor to this power consumption. However, effi-

ciency losses are also attributed to the additional heat required from this unit, satisfied

by low-pressure steam[273] (i.e., requiring additional bleed from the turbines). The

power consumption breakdown is detailed in Table 5.3.

CO2 compression after flash consumes the most power within this unit and can be

attributed to the high solvent expansion of 2100 kPa in the flash unit. Reducing this

unit’s pressure drop decreases power consumption but requires more heat to maintain

adequate CO2 purity (Figure 5.3).
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Flue gas must be compressed from atmospheric pressure to 2200 kPa in the main com-

pressor, making this step the second most energy-intensive. Reducing the absorber’s op-

erating pressure can decrease this unit’s power consumption; however, this will reduce

the amount of CO2 captured[278]. Furthermore, flue gas from the oxy-combustion

process already has high CO2 concentration, reducing the benefits from this approach.

The additional heat required from the steam turbine for solvent regeneration is the

third most energy-intensive step, similar to what is observed in other ionic liquids[272].

The heat required depends on the pressure drop inside the flash unit, leading to wa-

ter build-up if insufficient heat is added to the vessel, preventing solvent regeneration

and increasing equipment size. Alternatively, there is a large amount of solvent evap-

oration at sufficiently high temperatures, thus requiring additional solvent make-up,

consequently increasing the operating expenditure (OPEX).

5.3.2 Heat requirement leads to heat integration

A sensitivity analysis on the flash inlet temperature and pressure drop was performed

to investigate their influence on the GPU’s performance. The rich solvent’s temperature

at flash inlet was varied between 44 and 52 °C, and the pressure drop during flash was

varied between 300 and 2100 kPa, maintaining the solvent with low viscosity[278].

Additional heat is required after the main heat exchanger, generating considerable ef-

ficiency penalties to the process[51]. Indeed, it becomes apparent that heat demand is

inversely proportional to the pressure drop in the flash unit because water builds-up in

the process at lower pressure drops (Figure 5.3).

Low-grade heat of compression can be used to satisfy some, or all, of the heat demand

because only low temperatures are required (Figure 5.3). Scrutinising the initial pro-

cess (Figure 5.4 a) for opportunities to use low-grade heat of compression led to the

new process configurations proposed in Figures 5.4 b and c.

5.3.3 Dropping below the power consumption baseline

Several operating conditions were tested for each configuration, detailed in Table 5.4,

to reduce this process’s specific power requirement. Reducing pressure drop during

flash increases heat demand, increasing the process’ complexity by requiring additional

heat integration between units. Scenario 1 and scenario 2 relate to the process repre-

sented in Figure 5.4 a; scenario 3, scenario 4, scenario 5, and scenario 6 are represented

in Figure 5.4 b; and scenario 7 and scenario 8 are represented in Figure 5.4 c. The As-

pen flowsheet of scenarios 1 and 2 is illustrated in Figure B.7, the stream tables are in

Tables B.19 and B.22, the heat tables in Tables B.20 and B.23, and the work tables in

Tables B.21 and B.24. The Aspen flowsheet of scenarios 3, 4, 5, and 6 is illustrated in

Figure B.8, the stream tables are in Tables B.25, B.28, B.31, and B.34, the heat tables

in Tables B.26, B.29, B.32, and B.35, and the work tables in Tables B.27, B.30, B.33,
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Figure 5.3: Specific electricity consumption of the GPU as a function of flash inlet temperature
and pressure drop, as published by Cabral et al. [269]. The heat required to regenerate the
solvent is superposed as a contour plot. The bottom left part of the figure has no data because
water started to accumulate in the lean solvent. It is striking to observe that the amount of extra
heat required is a function of pressure drop on the flash unit, but not its inlet temperature. This
suggests that the amount of heat recovered in the main heat exchanger is proportional to the
flash operating temperature.

and B.36. The Aspen flowsheet of scenarios 7 and 8 is illustrated in Figure B.9, the

stream tables are in Tables B.37 and B.40, the heat tables in Tables B.38 and B.41, and

the work tables in Tables B.39 and B.42.

Table 5.4 and Figure 5.5 show a potential energy efficiency improvement, where sce-

nario 5 achieves a lower power consumption than a cryogenic GPU. Furthermore, it is

possible to recover all heat from this scenario, from scenario 3, and scenario 4; however,

these later two scenarios require more power than a cryogenic GPU.

Increasing the temperature can reduce the overall energy consumption despite requir-

ing extra bleeds from the turbine (Figure 5.5, scenario 6, scenario 7, and scenario 8).

Hence, a trade-off between a higher operating temperature of the flash unit and the

amount of steam extracted from the turbine should be carefully analysed to optimise

the process.

Scenario 8 was the most energy-efficient configuration with a power consumption of

125 kWh/tCO2
. This power consumption is lower than a double flash GPU process with
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Figure 5.4: PFD of the solvent-based GPU a. without heat integration, b. with heat integration,
c. with increased amounts of heat integration, as published by Cabral et al. [269].

similar capture rates and CO2 purity[51, 66, 103, 115, 136, 150, 151].

5.3.4 Efficiency and CAPEX

Increasing the heat integration amount of this process reduces CAPEX and improves

the plant’s net efficiency (Figure 5.6). Calculating the second law efficiency of scenario

8 demonstrates a 1 % improvement relative to the cryogenic GPU.

Increasing the amount of heat integration also increases the number of heat exchangers

in the process. The counter-intuitive CAPEX reduction observed in Figure 5.6 can be

attributed to a smaller flash unit’s size from a lower pressure drop.

5.3.5 Reformulating the analysis: efficiency and LCOE

A solvent-based capture process has higher OPEX than a traditional cryogenic process

due to the additional solvent required to make-up for any losses[61, 150]. Indeed, re-

plenishing the solvent increases OPEX compared with the base oxy-combustion plant,

approaching a post-combustion CCS plant’s cost breakdown[61, 150]. This adds an-

other level of complexity to the previous analysis performed in Chapter 4[103], de-

manding that all costs are accounted for by calculating the LCOE.

Solvent cost significantly affects OPEX (Figure 5.7), but this effect can be reduced by
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Table 5.4: Pressure drop in the flash unit and rich stream outlet temperature in the heat ex-
changers.

Configuration
∆pflash Tout

Rich stream (°C)
(kPa) MHX HX1 HX2 HX3 HX4 Heater

Scenario 1 2100 36 - - - - 44
Scenario 2 950 37 - - - - 48
Scenario 3 2100 35 44 - - - -
Scenario 4 1900 36 44 - - - -
Scenario 5 1700 38 48 - - - -
Scenario 6 1200 37 44 - - - 48
Scenario 7 900 39 42 45 48 49 50
Scenario 8 800 39 41 45 47 49 50

applying a proper heat integration strategy which, as seen in Figure 5.6, can also re-

duce CAPEX. EDEA is currently sold at $4000/kg by Sigma-Aldrich[280], but costs are

expected to decrease as manufacturing experience and product demand increases.

The lower bound for solvent cost in this sensitivity analysis was set at $1.3/kg, twice

the ammonia price[287]. This shows good potential for this system, as the OPEX drops

below that of a cryogenic distillation GPU. Hence, a lower LCOE can be expected if

CAPEX, OPEX, and specific power consumption are lower in this process than for a

conventional GPU.

Small quantities of monoethanolamine (MEA) are sold at $26/kg[288], reduced to

$1/kg – $1.3/kg at bulk quantities[75, 289, 290]. Comparatively, ammonia costs

$0.7/kg when purchased at bulk quantities[287].

EDEA is synthesised from ethylamine and ethylene oxide[291]. Ethylamine must be

previously synthesised from acetaldehyde, ammonia, and hydrogen[292]. Contrast-

ingly, MEA is synthesised in one step by reacting ammonia with ethylene oxide[293].

The extra step required to synthesise EDEA will make it more expensive than MEA,

pointing that EDEA can cost between two to ten times that of MEA. However, this

would require economies of scale from large-scale production of EDEA.

Looking at the US production volumes, between 10000 and 500000 pounds of EDEA

was produced in 1994, with no further data beyond this year[291]. Comparatively,

ethanolamine production ranged between 100 million and 500 million pounds in the

same year[293]. This is one thousand times the production capacity of EDEA, making

it unlikely to reach the large-scale production capacity of MEA in the short-term.

The large difference in the production capacity between EDEA and MEA stems from

the wide range of uses for MEA (agriculture, automotive use, aquaculture, chemical

industry, construction, consumer use, amongst others)[293] whilst EDEA has a short

range of applications (chemical warfare, inert, pesticide)[291]. Thus, it is likely that

bulk-orders of EDEA will be more than ten times the cost of MEA in the short-term.
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Figure 5.5: The specific power consumption is broken down into its components. Scenario 3
has the highest power consumption of all cases (it represents the point T = 44 °C and ∆pFlash
= 2100 kPa in Figure 5.3 but includes heat requirement). The requirement of integrating low-
grade heat of compression to reduce the specific power consumption from the capture unit is
evident.

The EDEA make-up required as a function of flash temperature and pressure drop can

be determined from Figure 5.8. Operating the flash unit at a lower pressure drop

reduces EDEA lost from evaporation, leading to smaller make-up requirement, conse-

quently reducing the OPEX. Temperature appears to have a marginal effect on EDEA

make-up, becoming more pronounced at higher pressure drops inside the flash unit by

increasing solvent evaporation.

The OPEX increase from high solvent make-up makes scenario 1 and scenario 3 uneco-

nomical, obtaining LCOE above $520/MWh. Scenario 6 and scenario 8 have the lowest

LCOE of all configurations studied, $158/MWh and $157/MWh, respectively (Figure

5.9), but are still less attractive than a traditional oxy-combustion or a post-capture pro-

cess, with LCOE of $60/MWh – $130/MWh[51, 111, 117, 120, 150, 266, 294–296].

EDEA was chosen as a first-of-a-kind solvent to capture CO2 from oxy-combustion us-

ing a solvent-based GPU, and may not necessarily be the best solvent for this purpose.

Indeed, several commercial tertiary amines could have more suitable properties for
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Figure 5.6: Net efficiency plotted against CAPEX for several process configurations, as pub-
lished by Cabral et al. [269]. The horizontal dashed line represents the minimum CAPEX that
can be achieved (i.e. unabated plant), whilst the vertical dashed line represents the maximum
thermodynamic efficiency of an oxy-combustion process. We can observe a reduction of CAPEX
for the cases with heat integration despite the increased number of equipment, due to lower
water build-up in the lean solvent, reducing equipment size, ultimately decreasing costs. Here
we can observe a sharp CAPEX reduction but only a marginal increase of net efficiency (η) by
comparing with the base case scenario.

this capture type. It must be noted that pure EDEA is nine times less viscous than

pure triethanolamine (TEA) at the same conditions[283, 297]. However, they pos-

sess similar viscosities at an aqueous solution of 5 mol% at 30 °C[284, 298]. On the

other hand, EDEA is approximately three times more viscous than MEA under the same

conditions[284, 298, 299]. Therefore, larger columns would be required for EDEA than

MEA because higher viscosity reduces the mass transfer between gas and liquid.

5.3.6 Potential of oxy-solvent hybrid CCS

The LCOE directly relates to EDEA cost, with Figure 5.10 displaying promising eco-

nomic potential if solvent costs fall below $320 – 400 /kg. Indeed, scenario 6 and

scenario 8 demonstrate high sensitivity for EDEA price between $260/kg and 4180/kg

(Figure 5.10).
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Figure 5.7: OPEX for different case scenarios are compared against the oxy-combustion with
cryogenic distillation scenario, represented by the horizontal line. It can be observed that the
unabated plant has the lowest OPEX, since it does not have any of the additional units required
for CCS. For each of the tested plant configurations, several operating conditions of the flash
unit were tested along with 3 different solvent costs. It is easy to observe that solvent cost
directly affects OPEX, but what is more striking is that for the lower bound (twice the current
cost of ammonia[287]) the OPEX is lower than the cryogenic distillation GPU.

A key observation is that the impact of solvent costs on process economics are sub-

ject to strongly diminishing returns once they fall below $130/kg. A cross-over of the

LCOE between these two configurations can be observed, highlighting the importance

of performing a sensitivity analysis on LCOE when solvent make-up is required.

However, the CO2 capture rate of this technology is set to 90 % whilst the cryogenic dis-

tillation GPU captures over 96 % of CO2. Furthermore, the CO2 purity from a cryogenic

distillation GPU is over 99.9 % whilst the EDEA-based GPU yields a final CO2 purity of

95 % with the remainder being O2 and Ar. There is additional value created from a

cryogenic distillation GPU, since this CO2 can have other uses besides EOR. Therefore,

it is better to compare the EDEA-based GPU with a double-flash GPU, where similar

capture rates and CO2 purity are obtained. As seen from Figure 5.10, a double-flash

GPU is better suited to treat the flue gas from oxy-combustion than the EDEA-based
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Figure 5.8: EDEA make-up is plotted against flash inlet temperature and pressure drop because
OPEX is directly related to solvent make-up, as published by Cabral et al. [269]. Decreasing
pressure drop lowers the amount of EDEA make-up required because less EDEA evaporates
during flash.

GPU because EDEA’s price needs to be below $70/kg to manifest a better LCOE.

5.4 Conclusion
It is possible to reduce the GPU’s power consumption by using a solvent-based capture

unit, simultaneously reducing the capital cost and improving the oxy-combustion’s ef-

ficiency. This economic potential was best represented by scenario 8, which possessed

the highest net efficiency and lowest LCOE amongst the simulated processes.

The flash unit’s operating conditions must be carefully chosen to optimise the process

and minimise solvent make-up. Another consequence of optimising this unit pertains

to reducing water build-up, which reduces both heat requirement and equipment size.

The high viscosity of EDEA will result in larger absorbers than other commercial amines,

such as MEA, which will increase the equipment cost. Carefully designing a solvent to

capture CO2 from oxy-combustion can potentially improve the process. Such solvents

must consider high CO2 selectivity and low vapour pressure at the operating conditions

whilst being cheap to manufacture.

EDEA price has a marginal effect on the LCOE if it falls below $260/kg, at which point
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Figure 5.9: Net efficiency is plotted against LCOE for several configurations. The horizontal
dashed line represents the minimum LCOE that can be achieved, i.e. unabated plant, whilst
the vertical dashed line represents the same as in Figure 5.6. We can observe that using the
current price of EDEA (extracted from Sigma Aldrich) yields high LCOEs, even for the cases with
high heat integration (scenario 6 and scenario 8). Indeed in cases where no heat integration
(scenario 1) and low heat integration (scenario 3) occurs, the resulting LCOE is more than 4
times higher than the oxy-combustion case, beyond any economical interest.

this process becomes more competitive than a traditional cryogenic GPU. Considering

the current EDEA’s market price for small purchases and comparing it to the price dif-

ference between small and bulk purchases of MEA, we can estimate current bulk EDEA

price in the order of $200/kg – $400/kg. Therefore, an oxy-combustion process using

EDEA to capture CO2 can be more economical than using a traditional cryogenic dis-

tillation GPU ($115/MWh) by purchasing EDEA at bulk. However, EDEA price would

need to reduce below $70/kg for the LCOE of the EDEA-based GPU to become lower

than the LCOE of a double flash GPU ($110/MWh), which yields similar capture rates

and concentrations to the EDEA-based GPU. Bulk orders could increase the solvent’s

production rate and promote cost reduction by taking advantage of economy of scale.

However, an increase in the production capacity of EDEA is unlikely due to its current

limited use, making its cost reduction unlikely in the short term.
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Figure 5.10: LCOE has a linear relationship with EDEA cost, as published by Cabral et al.
[269]. Interestingly, a cross-over between the cases with high heat integration can be observed.
Indeed, scenario 8 becomes more economical at EDEA costs lower than $1660/kg. Below EDEA
costs of $350/kg (500 times the current cost of ammonia[287]) both configurations produce
LCOE below oxy-combustion with cryogenic distillation GPU but not below that of a double
flash GPU. LCOE is marginally affected by EDEA at costs below $130/kg.

The exhaust of oxy-combustion is composed primarily of CO2 with some amount of

water vapour and other gases. Therefore, it may be more economical to design a cap-

ture system to remove water vapour and the remaining gases from the exhaust stream

instead of capturing CO2. In such a scenario, it may even be more advantageous to pro-

duce a pure oxygen stream from the air separation unit instead of 95 % purity, which

would reduce the amount of nitrogen and argon in the system. This scenario may be

even more economical if nitrogen and argon can be sold.

Therefore, whilst a solvent-based approach to concentrate CO2 from the exhaust of an

oxy-combustion process appears to show some promise, the solvent and configurations

proposed herein are far from optimal. A pinch analysis and a heat exchanger network

(HEN) analysis would identify further heat integration opportunities and should be

considered if this strategy is subjected to further analysis. However, improvements of

the cryogenic-based GPU will likely deliver a similar LCOE cost-reduction, showing that

EDEA will be unsuitable to capture CO2 from an oxy-combustion flue gas.
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Chapter 6

Valuing negative emissions through

credits

The work detailed in this Chapter was published in the International Journal of Green-

house Gas Control[300].

6.1 Introduction
All sectors must reduce their emissions to meet the 1.5 °C target and curb climate

change[21]. However, other sectors do not have a renewable alternative making carbon

capture and storage (CCS) the only viable method for decarbonisation[301, 302].

The substantial heterogeneity of CO2 concentrations from industrial activity presents

issues towards CCS application since each point source requires careful considera-

tion, translating into high costs[26, 75, 301–303]. Some of these processes can be

decarbonised by changing their feedstock, but this is expensive and poses technical

issues due to fuel quality and competition with fossil fuels for energy production or

raw materials[304–306]. However, such practises have been considered an accept-

able means to reduce the carbon intensity of industries that require large quantities

of energy whilst reducing waste[305, 307]. Indeed, biomass is already used by some

operators for this end[305, 307].

Bioenergy with CCS (BECCS) can play an essential role to decarbonise the power

and industrial sectors[29] by displacing fossil fuel use whilst removing atmospheric

CO2[216]. However, the successful implementation of this technology is likely to re-

quire governmental incentives that value negative emissions[50, 86, 216, 308–310].

This Chapter proposes a framework to auction negative emissions created by a BECCS

plant in the form of credits to help decarbonise other sectors. Here, industry was chosen

as a representative sector that could benefit from this scheme, but this framework’s

general nature allows it to be used in other sectors, such as aviation.
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6.1.1 Industrial CO2 emissions

Industrial CO2 emissions are distributed in the same regions as the power sector, as

evidenced in Figure 6.1. This implies that transporting CO2 from both sectors would

use the same pipelines. However, capturing CO2 from industrial activity may prove

cumbersome due to the considerable CO2 variation at each point source within each

process[301–303].

This leads to a wide range of CO2 avoidance costs[311, 312] ranging from $10/tCO2
to

$170/tCO2
(Figure 6.2)[301, 303]. Capturing industrial CO2 emissions with CCS from

most processes would likely cost more than $80/tCO2
.

Industrial activity accounts for 30 % of total global anthropogenic CO2 emissions[2],

representing 17 % of UK emissions[315]. In a global perspective, these emissions are

mostly from iron and steel (28 %), cement (27 %), and chemical production and refin-

ing processes (13 %)[316]. In the UK, chemical production and refining amount to 50

% of industrial emissions, followed by iron and steel (29 %), and cement (11 %)[314],

totalling 18 MtCO2
in 2015[315]. This demonstrates the variability of industrial activity

throughout each region/ country.

Most CO2 is used for enhanced oil recovery (EOR)[308, 312] and comes from high-

purity sources (90 – 99 %) where CCS is fitted at low cost, mostly from natural gas

sweetening, ammonia, or ethylene oxide synthesis[301–303, 308, 312]. Emissions

from high-purity sources and high-concentration (30 – 90 %) only amount to 25 %

of the industrial sector’s CO2 emissions, with CCS being expensive to apply to the re-

maining industrial activity[301–303, 308, 312]. However, EOR is not an option for

countries without oil production capability[317], leaving these countries’ industries

without a means to recover the extra investment from capturing CO2. It may become

more economical to offset industrial CO2 emissions by buying emission credits than

applying CCS directly to these CO2 emission sources. Hence, a direct trade scheme

between these hard-to-decarbonise industrial sectors and BECCS via negative emission

credits (NEC) may provide a cost-effective way to reduce global CO2 emissions.

6.2 Framework for negative emissions generation

6.2.1 Oxy-BECCS model description

Oxy-combustion with 500 MWnet capacity was simulated in gPROMS using the method-

ology provided in the previous Chapters[134]. All unit operations used the Peng-

Robinson equation of state except in the steam cycle, where SAFT-γ Mie group con-

tribution equation of state was used[318]. The net power produced was maintained

constant at all co-firing rates to provide a direct comparison between each simulation’s

results. The framework to generate and auction NEC is represented in Figure 6.3.
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Figure 6.2: Amount of CO2 emitted annually in the UK from the industrial sector, as published
by Cabral et al. [300]. The costs associated with applying CCS for each point source are classi-
fied in ranges, represented by the different colours. Data sourced from[301, 303, 314].

6.2.2 Achieving negative emissions

A BECCS process achieves negative emissions when more biogenic CO2 is captured than

all other CO2 emissions associated with the process activity, e.g. coal co-fired. Biogenic

CO2 emissions (ebiogenic
CO2

) (kg/h) are carbon neutral because it is assumed that biomass

uses atmospheric CO2 as the primary source of carbon. The actual CO2 emissions

(eactual
CO2

) are obtained by subtracting the biogenic CO2 emissions from the total amount

of CO2 released (etotal
CO2

) according to Equation 6.1.

eactual
CO2

= etotal
CO2

− ebiogenic
CO2

(6.1)

Similarly, the amount of biogenic CO2 captured (cbiogenic
CO2

) (kg/h) is the total CO2 cap-

tured (ctotal
CO2

) without CO2 from fossil-fuel sources (c f ossil
CO2

) (considering supply chain

emissions) according to Equation 6.2.

cbiogenic
CO2

= ctotal
CO2

− c f ossil
CO2

(6.2)

Carbon intensity (CI) provides a quantitative information on CO2 emissions from a

125



6.2. FRAMEWORK CHAPTER 6. OXY-BECCS AUCTIONING NEC

Figure 6.3: Process flow diagram of the proposed approach to offset industrial CO2 emissions,
as published by Cabral et al. [300]. Biomass captures atmospheric CO2 for its growth before
being harvested, pelletised and used as fuel in the power plant (PP) to generate electricity. The
oxygen required to burn the fuel is produced by an air separation unit (ASU). Part of the flue gas
generated from the combustion process is recycled to the furnace, whilst the remaining is sent
to a gas processing unit (GPU). Here, CO2 is purified and compressed to pipeline specifications.
Negative emissions from storing biogenic CO2 in a reservoir are auctioned as negative emission
credits (NECs) to offset industrial emissions. The cycle is then closed by CO2 emitted from
industrial processes being captured again by biomass. Black lines represent mass flows between
each process with arrows indicating the direction of flow. Dashed arrows represent the flow of
information between the inputs and outputs from each process in the model.
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power generation activity according to Equation 6.3.

CI =
eactual

CO2
− cbiogenic

CO2

Powernet
(6.3)

Where a process is carbon-positive when CI is positive, carbon-negative when CI is

negative, and carbon-neutral when CI is zero. Auctioning negative emissions is only

possible for carbon-negative processes since all residual emissions from its activity must

be offset before effectively reducing atmospheric CO2.

The number of BECCS plants for a given net capacity required to offset global industrial

CO2 emissions (egi
CO2

) can then be calculated by Equation 6.4.

No. plants =
egi

CO2

−CI ×Powernet
=

egi
CO2

cbiogenic
CO2

− eactual
CO2

(6.4)

6.2.3 Fuel

The characteristics of the fuels used, bituminous Eastern Australian coal and clean

wood chips sourced in the UK are detailed in Table 3.6.

6.2.4 Economic model

Equipment cost, labourers per shift, and techno-economic analysis were obtained fol-

lowing the procedure described by Couper et al. [260, 281] with the assumptions de-

scribed in Table 3.10[150, 260].

6.2.5 The cost of electricity

The levelised cost of electricity (LCOE) is calculated using Equation 5.1. It becomes cru-

cial to analyse how much it costs to operate the plant, which can be done by calculating

the marginal cost of electricity (MCOE) using Equation 6.5.

MCOE =

lt

∑
n=0

[︂
OPEXn
(1+r)n

]︂
lt

∑
n=0

[︂
MWhn
(1+r)n

]︂ (6.5)

The cost of storing CO2 was assessed by calculating the levelised cost of carbon (LCOC)

using Equation 6.6.
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LCOC =

CAPEX +
lt

∑
n=0

[︂
OPEXn
(1+r)n

]︂
lt

∑
n=0

[︂
CO2 stored
(1+r)n

]︂ (6.6)

These equations can be easily solved by assuming a constant OPEX, electricity gener-

ation, and the amount of CO2 stored throughout the time frame considered. The ap-

proximation shown in Equation 6.7 assumes that this power plant has the same annual

operating hours as a typical coal-fired power plant[150].

lt

∑
n=0

[︃
αn

(1+ r)n

]︃
= α ×

⎛⎝⎡⎣1−
(︁ 1

1+r

)︁lt

1−
(︁ 1

1−r

)︁
⎤⎦−[︄1−

(︁ 1
1+r

)︁ct

1−
(︁ 1

1−r

)︁ ]︄
⎞⎠ (6.7)

Where α is the OPEX, electricity generation, or the amount of CO2 stored; lt is the

plant’s lifetime; ct is the construction period; and r is the discount rate.

It is vital to operate the first two years at reduced capacities in this analysis. The NPV

and IRR were calculated according to Equations 3.42 and 3.43.

6.2.6 CO2 avoided costs

The CO2 avoided costs ($/tCO2
) was calculated according to Equation 6.8[150].

COAvo
2 costs =

LCOECCS −LCOERe f erence

CO2
Emission
Re f erence −CO2

Emission
CCS

(6.8)

Where LCOECCS is the LCOE calculated from the simulation; LCOERe f erence is the LCOE

of an unabated plant of the same type; CO2
Emission
Re f erence is the emission of the same unabated

plant; and CO2
Emission
CCS is the emission of the simulated plant. The CO2 avoided cost

evaluates the relative cost of applying a CCS option to a plant and is a useful metric

to support project selection. However, this metric does not regard the profitability of a

process, and it should come accompanied by a more rigorous economic analysis.

6.3 Analysing the synergy between BECCS and industry

6.3.1 Model validation

The simulated oxy-combustion plant had 32 % net efficiency and a CAPEX of $4400/kW,

with OPEX, fuel consumption, LCOE of $56, $33, and $120 per MWh, respectively, and

a CO2 avoidance cost of $72/tCO2
. These results exhibit good agreement with existing

literature by falling within high-density points in Figure 6.4, representing estimates in

the same order of magnitude[47, 51, 106, 111, 117, 120, 150, 266, 294–296, 319].

Literature data were scaled to the common year of 2015 using the respective CEPCI
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Figure 6.4: Validation of the oxy-combustion model against the main performance indicators
capital cost (CAPEX), operating cost (OPEX), fuel consumption, net power generation, efficiency
and levelised cost of electricity (LCOE)[47, 51, 106, 111, 117, 120, 150, 266, 294, 296, 319],
as published by Cabral et al. [300]. The horizontal lines represent this model’s values.

values (Table E.1). Different economic assumptions and operating parameters used in

each study could explain the variability observed in Figure 6.4.

The normality of the LCOE values was assessed using D’Agostino and Pearson’s test[320]

with the SciPy library from Python 3.6. However, the data extracted from the literature

was not enough to perform this analysis. Hence, a wide array of LCOEs ($/MWh) was

calculated using the methodology described in sections 6.2.4 and 6.2.5. Here we used

combinations of CAPEX, OPEX, fuel consumption, and plant efficiency obtained from

literature to provide 400 LCOE values. The probability density function (PDF) follows a

normal distribution curve with a mean (µ) of $111/MWh and a standard deviation (σ)

of $23/MWh with a p-value of 0.04 (Figure 6.5). The LCOE of the simulated process is

within 68 % of the confidence interval of the PDF.

The CAPEX and OPEX outliers (Figure 6.4) could have shifted the mean towards 110

$/MWh, as seen by the higher than expected bars at 60 and 90 $/MWh (Figure 6.5).

This shift is reflected in the high standard deviation observed, suggesting that more

data on oxy-combustion should be obtained to reduce the uncertainty of this analysis.

These outliers do not imply that those figures are incorrect, but instead demonstrate
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Figure 6.5: Normal probability density function (PDF) of LCOE, as published by Cabral et al.
[300]. The amount of data required to construct the PDF was obtained by calculating the LCOE
from combinations of CAPEX, OPEX, and net power efficiency from literature (See Fig 6.4).

that they belong to a different group, most likely from different assumptions.

Nonetheless, the high confidence interval obtained suggests that the LCOE from this

study has a high likelihood of belonging to the same group as the LCOEs obtained from

the reported literature. This reiterates the model’s validity already suggested by direct

comparison with the data points from the reported literature. More clarity in each

study’s techno-economic assumptions is required, hence a standard method to report

these assumptions would be incredibly beneficial[321].

6.3.2 Economic impact of BECCS-generated electricity

A non-linear increase in CAPEX, OPEX, fuel consumption and LCOE, followed by re-

duced plant efficiency can be observed in Figure 6.6 by increasing the amount of

biomass co-fired. The small discontinuities observed in Figure 6.6 are from artefacts

encountered during the simulation of the oxy-combustion process.

Switching from coal to biomass imposes an efficiency penalty of up to 3 %, consider-

ing that 150 % more fuel is required to generate the same amount of power (Figure

6.6 and Table 6.1). This effect is explained by the lower heating values, higher mois-

ture, and higher ash content of this biomass than bituminous coal (Table 3.6). These

characteristics require a higher fuel consumption to achieve the same power output

and, combined with the higher costs of wood-chips (Table 3.6), substantially increase

OPEX, nearly doubling it (Table 6.1). Another factor influencing the OPEX is the higher
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Figure 6.6: Amount of CAPEX, OPEX, fuel consumption, LCOE (black), and efficiency (blue)
increase due to increased amounts of biomass co-fired, as published by Cabral et al. [300].

bond work index (BWI) of biomass[243], resulting in higher power consumption to

grind the fuel. This penalty is intensified by the larger flowrates required when firing

biomass for the same power output, increasing the equipment size, resulting in a 14 %

higher CAPEX.

Equations 6.9, 6.10, 6.11, 6.12, and 6.13 represent the effect of biomass on CAPEX

($/kW), OPEX ($/year), fuel consumption (kg/kWh), LCOE ($/MWh), and net effi-

ciency (ηnet , in %) as a function of biomass fraction ( fbiomass, in %).

CAPEX [$/kW ] = 0.015 f 2
biomass +4.408 fbiomass +4397.922 (6.9)

OPEX [$/year] = 5607.21 f 2
biomass +1551256.26 fbiomass +2.3×108 (6.10)

Fuel [kg/kWh] = 6.4×10−6 f 2
biomass +0.0022 fbiomass +0.42 (6.11)

LCOE [$/MWh] = 0.001 f 2
biomass +0.44 fbiomass +119.06 (6.12)
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Table 6.1: CAPEX, OPEX, fuel consumption cost, LCOE, and LCOC for oxy-combustion using
coal and wood-chips.

Parameter Coal Wood chips Units
CAPEX 4400 5000 $/kW
OPEX 56 107 $/MWh
Fuel consumption 33 83 $/MWh
LCOE 120 175 $/MWh
LCOC 115 150 $/tCO2

ηLHV
netηLHV
netηLHV
net 32 29 %

ηNet [%] =−0.00015 f 2
biomass −0.015 fbiomass +32.40 (6.13)

The coefficient of determination (R2) for Equations 6.9, 6.10, 6.11, 6.12, and 6.13 are

0.9984, 0.9888, 0.9954, 0.9975, and 0.9978, respectively.

Firing wood-chips increases the LCOE by 45 % to $175/MWh and the LCOC by 30 %

to $150/tCO2
, as seen in Table 6.1. This increase is rational[74, 296, 322–324], since

biomass is a worse fuel than coal, with some authors identifying up to 95 % LCOE

increase for some biomass types[229]. This analysis did not include any means of

valuing negative emissions; however, a BECCS plant can still offset the emissions of

another sector and gain an additional revenue source by auctioning NEC.

6.3.3 Potential of NECs to offset global industrial emissions

The 500 MWnet dedicated oxy-BECCS plant simulated in this work generated 3 Mt/yr

of negative emissions, similar to what Kemper [216] reported. This would offset the 18

MtCO2
/yr from the UK’s industrial activity by operating six oxy-BECCS plants.

Global industrial activity amounts to 12 GtCO2
/yr[5], where 3 GtCO2

/yr could be readily

captured using CCS. This results in 9 GtCO2
/yr that is hard-to-decarbonise, similar to

the reported maximum amount of sustainable negative emissions achieved by operating

BECCS plants (10 GtCO2
/yr)[73, 216, 325]. Offsetting these emissions using the pro-

posed framework would require 3000 oxy-BECCS plants with 500 MW capacity. This

is comparable with the 3400 CCS plants required by the BLUE Map scenario to meet

the global targets[326]. Larger plants would reduce the number of projects required

whilst taking advantage of economy of scale. However, deploying these plants must be

strictly regulated by local and international authorities to prevent an unsustainable use

of the local biomass resources.

BECCS can be deployed either by erecting new plants, referred to as greenfield, or

by converting existing coal plants, referred to as brownfield. The greenfield approach

would benefit from the higher efficiencies of designing a biomass-specific process[273,

327]. However, the brownfield approach offers the opportunity to reduce the BECCS

plant’s capital costs, albeit at higher operating costs from reduced efficiency[273, 327].
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Figure 6.7: Effect of biomass co-firing (%) and supply chain emissions with $25/t carbon
price[150] on a) Levelised cost of electricity (LCOE) ($/MWh), b) Marginal cost of electricity
(MCOE) ($/MWh), and c) carbon intensity (CI) (kgCO2

/MWh), as published by Cabral et al.
[300]. Supply chain emissions can increase the LCOE and MCOE whilst carbon intensity is
positive, characterised by the discontinuities observed in a and b. This corresponds to the point
when CI = 0 kgCO2

/MWh, i.e. the amount of biogenic CO2 is not enough to displace total oxy-
combustion emissions. This effect can be discerned by the cost increase from larger emissions
associated with the supply chain for smaller amounts co-fired. Increasing the amount of biomass
lets the process achieve net-negative emissions, at which point the supply chain ceases to have
any detrimental effect on both LCOE and MCOE.

Capturing this amount of atmospheric CO2 can be done sustainably using the existing

global biomass (Table 2.4). Indeed, the amount of coal-fired plants worldwide[40] is

comparable to the number of oxy-BECCS plants required; hence, it is possible to retrofit

most of these plants to provide an early decarbonisation effort of both the power and

industrial sectors. Such an approach would safeguard existing jobs whilst creating new

job opportunities along the biomass supply chain[212].

This approach is instrumental in Asia, where a third of the newest coal power plant fleet

is located[328–330]. These plants would reduce the costs associated with retrofitting

by taking advantage of their increased efficiency. Indeed, half of the world’s coal capac-

ity is located in Asia, amounting to 310 GW of carbon-intensive electricity that could be

made carbon-neutral, or even negative by employing BECCS. This approach also offers

the opportunity to reduce local air pollution[328], a significant concern in this region,

whilst displacing fossil fuel use with a renewable source.

6.3.4 How supply chain emissions impact the costs of BECCS

Varying both supply chain emissions and the amount of wood chips co-fired increases

the LCOE and MCOE from 120 to 175 $/MWh and 60 to 108 $/MWh, respectively

(Figure 6.7 a and b). This represents the potential variability of the biomass supply

chain emissions[87–89], which are points of concern regarding the viability of BECCS

to generate NEC.

Co-firing larger amounts of biomass imposes higher LCOE and MCOE by using a more

expensive fuel with lower heating values than coal (Figure 6.7 a and b). This confirms

the results experienced in Figure 6.6. Interestingly, the LCOE and MCOE are impacted
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Figure 6.8: Effect of NEC and wood chips co-fired on a, d, g. LCOE ($/MWh); b, e, h. MCOE
($/MWh); and c, f, i. IRR (%); assuming supply chain emissions of 110 kgCO2

/MWh for un-
subsidised plants (a, b, and c), and subsidies of 35 (d, e, and f) and 50 (g, h, and i) $/tCO2

, as
published by Cabral et al. [300].

by supply chain emissions when co-firing small amounts of biomass. The process is

carbon-positive at small biomass co-firing fractions and the plant operators would be

required to pay for emissions if there is a carbon price in place. The process becomes

carbon-neutral when the amount of captured biogenic CO2 is adequate to meet the

plant’s residual emissions, and carbon-negative when these residual emissions are sur-

passed (Figure 6.7 c).

Carbon intensity (CI) is directly proportional to supply chain emissions. However, CI

achieves negative values when large amounts of biomass are co-fired (Figure 6.7 c)

because the biogenic CO2 captured exceeds the supply chain emissions (Table 3.6). It is

conspicuous that carbon negativity can be achieved even at high supply chain emissions

for a biomass co-firing above 45 %.

6.3.5 Negative emission credits: paving the way for cost-competitive

CCS

Auctioning the negative emissions generated by the plant in the form of credits provides

a second source of revenue, potentially reducing the LCOE by up to 80 %(Figure 6.8).
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This activity can also increase the IRR from 2 % for an oxy-coal plant to 23 % for an oxy-

BECCS plant auctioning NEC at 180 $/tCO2
without government subsidies. However,

this value is excessively high and unlikely to be purchased by an operator striving to

reduce their carbon footprint in the absence of a higher carbon tax than this value. The

LCOE is further reduced if governments decide to subsidize the plant.

Equations 6.14, 6.15, and 6.16 represent the effect of NEC price and the amount of

wood-chips co-fired ( fbiomass, in %) on the unsubsidised LCOE, MCOE, and IRR, respec-

tively, at 110 kgCO2
/MWh supply chain emissions.

LCOE [$/MWh] =−0.78S+0.09NEC+0.53 fbiomass −0.009NEC× fbiomass +118.31

(6.14)

MCOE [$/MWh] =−0.78S+0.09NEC+0.45 fbiomass−0.009NEC× fbiomass+59.99 (6.15)

IRR [%] = 2.4×10−6NEC3 −3.1×10−5 f 3
biomass −0.0013NEC2 +0.004 f 2

biomass+

+0.14S+0.12NEC−0.25 fbiomass +0.0024NEC× fbiomass +2.82 (6.16)

Where S is the amount of subsidies awarded by a government in $/tCO2
. The R2 for

Equations 6.14, 6.15, and 6.16 are 0.9931, 0.9931, and 0.9125, respectively.

It should be noted that the LCOE remains at approximately $115/MWh when co-firing

more than 25 % biomass at an NEC of $75/tCO2
, indicating that NEC is covering the

marginal costs of switching the fuel. Interestingly, this value is similar to the potential

economic threshold of a BECCS plant[325]. Above this NEC, it is possible to observe

an LCOE increase until 17 % of biomass is co-fired, followed by an LCOE reduction at

higher biomass fractions.

Co-firing more than 40 % of biomass and auctioning NEC at 70 $/tCO2
produces an IRR

between 6 and 10 %. An IRR typical of public investments, generally 3 – 4 %[331],

can be achieved by auctioning NECs between $30/tCO2
and $45/tCO2

. Conversely, an

IRR typically encountered in private investments, 11 – 14 %[331], is achieved by auc-

tioning NEC above $90/tCO2
. Indeed, typical LCOEs for photovoltaic panels (PV) and

wind turbines of 51 – 115 $/MWh are achieved when NECs are auctioned between

90 and 135 $/tCO2
[101, 332]. The results obtained from this analysis demonstrate that

operating an oxy-BECCS plant with a framework that values negative emissions is more

valuable than an oxy-coal combustion process.

Preliminary results demonstrate that a 14 % LCOE reduction could be achieved for a
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coal-fired oxy-combustion process if the CAPEX is reduced by 25 %. Comparatively, only

a 10 % LCOE decrease was observed for an oxy-BECCS plant if the CAPEX is reduced

by 25 %. This highlights the impact that marginal cost has on the process, where both

fuel and CO2 transportation and storage costs have a substantial impact.

A less efficient plant, such as a supercritical or even a subcritical plant, could be

more suitable if the plant’s objective is to remove atmospheric CO2 instead of power

generation[331]. This would also lead to a reduced CAPEX and potentially smaller

LCOE, but more detailed simulations would be required to evaluate this effect. Reduc-

ing plant costs would then allow NECs to be auctioned at lower prices, increasing this

technology’s economic potential.

The possibility of including H2 production could further improve the economic potential

of BECCS plants by introducing biofuel credits such as in California’s low carbon fuel

standard.1

6.3.6 BECCS and industry

A combination between BECCS and industry using the proposed framework could ad-

dress the environmental issues of these sectors. Auctioning NECs this way reduces the

burden of applying CCS to the electricity sector whilst offsetting industrial emissions

that would otherwise have high costs of CO2 capture. Furthermore, product quality is

guaranteed since no change in the industrial process is required.

An early global-scale deployment of BECCS can increase the technical and operational

knowledge of CCS, and build the required infrastructure for CO2 transport. Costs asso-

ciated with new CCS plants could then be reduced by building upon this newly-gained

knowledge and using the already established infrastructure. Applying CCS directly to

some industrial sectors could then become economically competitive, reducing the need

to indirectly offset emissions via NECs.

BECCS plants could start effectively removing atmospheric CO2 after widespread im-

plementation of industrial CCS, assuming there is a vital requirement for negative emis-

sions. If there is no requirement to achieve carbon negativity, or the policy framework

does not justify this activity, plant operators could start co-firing fossil fuels to generate

cheaper carbon-free electricity. Either way, new CCS plants can use the already existing

infrastructure to reduce their costs.

6.4 Conclusions
Decarbonisation needs to accelerate across all sectors rapidly to achieve the target of

1.5 °C global warming. The greatest challenge is reducing CO2 emissions in hard-to-

reach sectors such as industry, transport, and aviation.

1California’s low carbon fuel standard can grant credits as high as 200 $/tCO2
for biofuels.
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It has been demonstrated that repurposing the existing coal fleet to BECCS is both fea-

sible and sustainable whilst preserving existing jobs and even promoting new jobs. The

strategy presented here allows the electricity sector to be used as a proxy for industrial

CCS development whilst decarbonising industry via NECs. This strategy allows industry

to operate under business-as-usual, ensuring product quality, whilst curbing emissions

at smaller costs than if CCS was directly applied.

If NECs cannot be auctioned, carbon-neutral electricity can be achieved at 18 % biomass

co-firing, assuming a biomass supply chain emissions of 110 kgCO2
/MWhth. However,

under the current CO2 emissions cost of 25 $/tCO2
, it is still more economically attrac-

tive to operate a dedicated-coal oxy-combustion process. The higher costs of biomass

compared to coal further accentuate that choice. Hence, achieving carbon-neutral elec-

tricity may be difficult to justify economically without either another source of revenue

(such as NECs) or government subsidies.

The proposed framework enables the simultaneous decarbonisation of both industrial

and electricity sectors cost-effectively. This would enable all sectors to achieve their

targets whilst providing more time to develop new industrial decarbonisation strategies

and improve CCS, driving its costs down, and implemented by industry at a later time.

Another revenue source is introduced to an oxy-BECCS plant by auctioning NEC, thus

improving the economics of the process, particularly above $75/tCO2
. This framework

can offset 18 Mt/yr of the UK’s industrial CO2 emissions by operating five oxy-BECCS

plants with 500 MWnet. Globally, this approach would require the 3000 plants to offset

the industrial emissions, comparable to the number of CCS projects if they were directly

applied to each emission source[326]. Indeed, the global coal power plant fleet is

comparable to the number of oxy-BECCS projects required, suggesting a high potential

for a brownfield approach to deploy BECCS. This approach would prevent job losses

from the closure of these plants whilst promoting new jobs within the biomass supply

chain[212] and achieve net-negative emissions beyond 2050[35, 37, 38].
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Chapter 7

Demand-following oxy-combustion

process for CCS with and without

liquid oxygen storage

7.1 Introduction
Several technology solutions provide low carbon electricity, e.g., nuclear power and

bioenergy with carbon capture and storage (BECCS), that are an alternative to tradi-

tional fossil-fuel technologies[37, 333]. Not only are they more environmentally sus-

tainable, but some authors argue that these solutions provide an economic incentive by

creating more jobs than traditional fossil-fuel technologies[334–338].

Delaying the deployment of low-carbon power generating technologies will increase

the costs of achieving the 1.5 °C target[21]. Such delay increases the reliance upon

negative emissions technologies (NET) to remove the excess CO2 that has since been

emitted[21].

Operating the grid with a high penetration of variable renewable energy sources has

yet to be performed, posing risks to system security and likely increasing costs[29, 30,

37, 38]. Hence, flexible plants able to adjust their power output according to demand

are imperative to solve the intermittency issues of a high penetration of these energy

sources[30, 37, 38]. These issues can be managed through electricity storage, increased

interconnectivity, and flexible generation. Nowadays, these issues are mostly managed

by dispatching flexible thermal power plants[30, 38, 90–93].

Improving the flexibility of power plants has been the focus of recent research, propos-

ing methods such as dynamic data reconciliation[93], thermal energy storage[339,

340], and controlling water/fuel ratio[341, 342]. However, power plant flexibility

must also be provided by other means to achieve the proposed targets.

Power plants fitted with carbon capture and storage (CCS) can provide flexible electric-
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ity, maintaining grid stability whilst significantly reducing CO2 emissions[38, 206, 277,

343–350]. Storing the solvent during peak electricity prices and regenerating it during

off-peak electricity prices has been proposed to improve the economy of flexible post-

combustion capture plants[347, 348, 351]. Detailed simulation of these plants wit-

nessed only marginal economic benefits by storing the solvent; however, they observed

increased profits at high peak/off-peak electricity price differences[347, 348, 351]. The

flexibility of these plants can be improved by adopting a suitable control strategy whilst

preserving a high degree of CO2 capture[352]. Furthermore, post-combustion capture

models have been experimentally validated at the UKCCSRC PACT pilot plant both in

steady-state and ramping scenarios[277], demonstrating the feasibility of this opera-

tion.

Flexible operation of oxy-combustion has been researched despite post-combustion

technology being identified as the most suitable for this type of operation[195]. The air

separation unit (ASU), responsible for providing the required O2 for the process, can

be turned down to 50 % capacity with only 1 % O2 purity variation[353], which is still

suitable for oxy-combustion. Flexible operation of an ASU for industrial gas produc-

tion with liquid oxygen (LOX) storage has significantly reduced costs whilst allowing

the plant to engage in the ancillary services market[354]. This is a subset of cryogenic

energy storage (CES) systems that store a cryogenic liquid (nitrogen, oxygen, argon)

during off-peak electricity price periods, and discharge it when required[355–357].

Dubettier et al. [135] presented the concept of an oxy-combustion plant storing LOX

during off-peak electricity price and discharging it during peak electricity prices to im-

prove the plant’s flexibility at reduced costs[138, 270]. This strategy was investigated

for oxy-combustion of natural gas [350, 358] and coal[151, 152, 270, 359, 360], with

net efficiency increasing between 6 and 10 % during LOX discharge[270, 358]. The au-

thors concluded that a limited profit improvement could be obtained depending on the

average electricity price and peak/off-peak electricity price difference, similar to post-

combustion processes with solvent storage. However, Hanak et al. [151] witnessed a 1

% drop in the plant’s average daily net efficiency by employing this strategy, attributed

to the reduced equipment efficiency when operating at lower capacity[353, 359].

These studies generally assume enough LOX availability, requiring the ASU to be ei-

ther a liquid oxygen plant or having an external O2 liquefaction cycle[361]. However,

Smith and Klosek [68] stated that obtaining a liquid product is two to three times more

energy-intensive than producing a gaseous product; hence, typical ASUs designed for

oxy-combustion favour the latter. Indeed Perrin et al. [270] determined that filling a

LOX storage tank required 670 kWh/m3 to separate and liquefy oxygen, resulting in a

50 – 91 % power consumption increase.

An indirect approach to improve oxy-combustion flexibility was proposed by Pacheco
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et al. [355], opting for a CES strategy where liquid nitrogen (LIN) is stored at 200 bar

during off-peak electricity prices instead of LOX. Then, pressurised LIN is discharged,

evaporated, and expanded on a turbine to generate electricity during high-demand

periods, taking advantage of high electricity prices[355]. The author noted that the

power required to compress LIN to the desired pressure was five times higher than the

amount generated, resulting in a 19 % net thermal efficiency of the CES cycle[355].

For a direct approach, Goloubev and Alekseev [361] demonstrated that it is possible

to extract limited amounts of LOX directly from the low pressure (LP) column’s sump

during off-peak electricity prices with an 11 % power reduction at peak electricity price.

This strategy has the advantage of using a traditional ASU without an external lique-

faction process, potentially saving capital and operating costs. However, only limited

amounts of LOX can be extracted from the LP column without compromising the plant’s

ability to separate air because LOX is required to cool incoming air to the ASU.

To the best of the author’s knowledge, studies on oxy-biomass flexibility have yet to be

performed. Hence, a flexible biomass-fired oxy-combustion model with LOX storage,

represented in Figure 7.1, and the possibility of auctioning negative emission credits

(NEC), as proposed in Chapter 6[300], was simulated to assess the potential economic

benefits of this approach.

7.2 Model development
The model was developed in gPROMS using the assumptions outlined in Chapter 6.

7.2.1 Load changing rate

The oxy-combustion model described previously in Chapter 4[103] was used to assess

the effects of varying the load according to demand. Typical load changing rates of a

coal-fired boiler are 5 %/min at 50 – 90 % load and 4 %/min at 90 – 100 % load[359].

However, the oxy-combustion process requires an ASU, which only allows changing

rates of 3 %/min[359], thus constraining the load changing rate of the whole process.

7.2.2 Daily electricity price

Daily electricity prices are detailed in Table 7.1[347, 348, 352], representing typical

demand fluctuation patterns in the UK. They follow a similar pattern to what is found

in the day ahead data extracted from the Nord Pool group, as depicted in Figures 7.2

and 7.3 for a representative hourly electricity price variation of a winter day and a

summer day, respectively[362]. These two figures were generated by taking the aver-

age and standard deviation of the hourly electricity price throughout a representative

month[362]. The data from Table 7.1 was used throughout this work to provide con-

tinuity from previous work[347, 348, 352]. This price variability translates to seven

hours of peak-electricity price, eight hours of off-peak electricity price, and the remain-
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Figure 7.1: PFD of oxy-combustion with LOX storage for both schedules studied herein.
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Table 7.1: Daily electricity price variation used in this work to determine the effects of flexible
oxy-combustion operation[347, 348, 352].

Period Electricity price ($/MWh)
00:00 – 06:00 80
06:00 – 10:00 140
10:00 – 16:00 90
16:00 – 19:00 140
19:00 – 22:00 90
22:00 – 24:00 80

Table 7.2: Assumptions required for the storage tank design.

Parameter Value Reference
Temperature (°C) -196 [152]
Pressure (bar) 2.5 [359]
ρLOX (kg/m3) 1204.3 [365]
ρExpanded perlite (kg/m3) 92.5 [366]
Height/ Diameter 0.58 [367, 368]
Annular space (m) 1.25 [363]
Perlite cost ($/t) 686 [369]
Inner wall thickness (mm) 19 [281]
Inner ceiling thickness (mm) 16 [281]

ing nine hours at an intermediate price.

The daily electricity price fluctuation provides the incentive for a flexible operation of

the power plant[30, 37, 38] according to demand, either by ramping the plant up and

down twice or in a day/night cycle with only one ramp up and down. This opera-

tion will require either 4 or 14 h of stored oxygen for the two ramps and one ramp,

respectively, impacting the storage tank size and consequently its capital cost.

7.2.3 Storage tank design

The storage tank considered in this study was based on typical LNG tanks[363] due

to their similarities. The tank consists of two vessels separated by perlite acting as an

insulating material[152, 364]. Table 7.2 displays the storage tank’s design parameters

assumed in this work.

The mass balance of the storage tank is given by Equations 7.1 – 7.3.

dMi,Bulk

dt
= Fi,in −Fi,out (7.1)

MBulk = ∑
i

Mi,Bulk (7.2)

xi,Bulk =
Mi,Bulk

MBulk
(7.3)
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Figure 7.2: Daily electricity price variation of a representative winter month, extracted from
Nord Pool group. The bars represent the average price for that time period with the correspond-
ing standard deviation.
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Figure 7.3: Daily electricity price variation of a representative summer month, extracted from
Nord Pool group. The bars represent the average price for that time period with the correspond-
ing standard deviation.
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Where i can be either oxygen (O2), nitrogen (N2), or argon (Ar).

The storage tank is considered adiabatic, and no liquid evaporation is assumed during

storage due to the short cycles proposed herein, as only up to 0.2 %/day of stored cryo-

genic liquids evaporate[357]. Nonetheless, the tank is sized with 10 % excess volume

according to Equations 7.4 and 7.5 to accommodate for any possible evaporation that

might occur.

VTank =
Fintres

0.9ρLOX
(7.4)

VTank = πr2H (7.5)

Where VTank is the vessel volume (m3); Fin is the mass flowrate of LOX during storage

periods (kg/s); tres is the residence time (s); ρLOX is LOX density (kg/m3); r is the vessel

radius (m); and H is the vessel height (m).

The height of liquid oxygen at any point in time is determined via Equation 7.6.

MBulk = ρLOXπr2h (7.6)

The annular volume filled with expanded perlite is determined by subtracting the inner

volume tank from the outer volume tank using Equation 7.7.

VPerlite =VOuter tank −VInner tank (7.7)

The mass of perlite is then determined by multiplying the volume it occupies with its

density.

7.2.4 Economic evaluation

The purchase cost (PC) of the storage tank was determined using the methodology

described by Couper et al. [281] using Equation 7.8. It is assumed that the tank is field-

erected and both inner and outer tanks are made from 340 austenitic steel (FM = 3) and

carbon steel (FM = 1.9), respectively.

PC = 1.218FMe11.662−0.614ln(VTank)+0.04536(ln(VTank))
2 CEPCI2015

CEPCI2003
,

95 <VTank < 50000m3
(7.8)

Then, the installed cost was calculated by multiplying the inner and outer tank’s PC by

1.5 and 2.3, respectively[281]. Finally, the total purchase/ installed cost were calcu-

lated by adding all purchase/ installed costs, respectively. The net present value (NPV)

of the oxy-combustion process with and without LOX storage was calculated using the

procedure detailed in the previous Chapters and Equation 5.1[300].
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Figure 7.4: LOX storage schedules simulated for the daily electricity price variation detailed
in Table 7.1. The storage tank is charged with LOX during both off-peak electricity prices and
discharged during peak electricity prices (a); the storage tank is charged with LOX during night
off-peak electricity price and discharged during the day (b).

7.3 Results and Discussion

7.3.1 Scheduling liquid oxygen storage

Liquid oxygen (LOX) is assumed to be evaporated against air before being discharged

to the power plant. Figure 7.1 represents the configuration of the oxy-combustion pro-

cess with LOX storage. In one schedule, LOX is stored during low electricity prices

and discharged at high electricity prices, resulting in a double daily charge/ discharge

cycles (Figure 7.4 a); in the other schedule, LOX is stored at night and subsequently

discharged during the day, resulting in a single daily charge/ discharge cycle (Figure

7.4 b). Both schedules exploit the high electricity prices encountered during the day

to reduce the parasitic power consumption of the ASU. However, there is an increased

power consumption of the ASU during LOX charging period, associated with LOX pro-

duction, that must be compensated to make this strategy attractive.

Operating with a double daily charge/ discharge cycles results in a smaller storage tank

with $695000 installed cost. Here, LOX is extracted after the LP column, and thus

only up to 11 % LOX can be extracted (Figure 7.5 a) due to the main heat exchanger

(MHX) relying on vaporising and heating LOX to cool incoming air. Up to 3 % LOX can

be extracted without any change in the ASU operating conditions; however, extracting

more LOX will disturb the temperature of the LP column, preventing air separation.

Maintaining the LP column’s temperature can be accomplished by diverting more air to

the expander (Figure 7.5 b). However, this limits the process to operate at a minimum

70 % capacity.

Operating with a single daily discharge increases the power consumption by 33 % dur-

ing LOX charging relative to two daily discharges. During LOX discharge, the single
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Figure 7.5: Amount of oxygen produced in the ASU and specific power consumption as func-
tion of the amount of LOX extracted from the LP column (a); and amount of air sent to the
turbine and specific power consumption as function of the amount of LOX extracted from the
LP column(b).

discharge cycle consumes 28 % less power than the schedule with a double discharge

cycle. However, the single discharge schedule requires a larger storage tank, increasing

its installed cost to M$1.7.

Using this stored LOX strategies reduces the power consumption during LOX discharge

period, generating more net power during peak electricity prices. This operating cycle

requires either a dedicated LOX plant or installing an external oxygen liquefaction pro-

cess on an existing ASU. In this work, an external liquefaction process operating at the

minimum possible power consumption (only the amount required to compress gaseous

oxygen to storage pressure) has been assumed as an approximation to the power con-

sumption of a dedicated LOX ASU.1

The daily cumulative profit can be observed in Figure 7.6 for the schedule with no LOX

storage (full line), and with LOX storage following the schedules from Figure 7.4 a

(dashed line) and b (dotted line), respectively. The cumulative profit was levelised for

the daily power generated from each schedule to enable a direct comparison. Higher

profit rates during peak electricity prices occur when LOX is discharged, resulting from

more power being sold to the grid. However, lower profit rates during off-peak electric-

ity prices, even close to zero, are observed because of the extra power required from

the ASU to produce and store LOX. This increased power consumption can become

detrimental if off-peak electricity prices are sufficiently large, as shown in 7.6 (dashed

and dotted lines).

An oxy-coal power plant’s profitability would be higher than an oxy-biomass power

plant because coal is cheaper and has higher heating values[84, 300, 370]. However,

1Dedicated LOX ASU are being operated globaly. However, the technology is highly protected and the
power consumption of such units is not available in the literature.
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Figure 7.6: Cumulative profit levelised to the daily power output of an oxy-combustion process
firing biomass without LOX storage for the schedule represented in Figure 7.4 b (Full line), with
LOX storage for 2 cycles (dashed line) and for 1 cycle (dotted line) for the schedules represented
in Figure 7.4 a and b, respectively.

an oxy-coal plant’s residual CO2 emissions can only be abated by adding a direct air cap-

ture (DAC) plant. This would significantly increase the project’s capital costs because

just the DAC plant can be 200 % more expensive than bioenergy with CCS (BECCS), as-

suming that DAC captures CO2 at a rate of 1 – 2.5 Mt/year with a CAPEX of $16900/kW

– $28200/kW[371, 372]. Furthermore, capturing a similar amount of atmospheric CO2

using this approach would impose a 25 – 40 % power consumption penalty to the oxy-

coal process, making it less attractive than a dedicated oxy-BECCS.

Whilst DAC will undoubtedly have a role in reducing atmospheric CO2, it must be

noted that it requires power to do so[371, 372]. This implies that the DAC plant might

have to shut down during high electricity demand not satisfied by variable renewable

sources. Hence, BECCS could be a potential candidate to reduce both atmospheric CO2

and generate electricity in a flexible way, guaranteeing a firm power supply[35–39] if

biomass can be sourced sustainably[73, 85–89].
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Figure 7.7: Sensitivity analysis on biomass price with NEC auctioned at different prices and
difference between day off-peak electricity price and peak electricity price, analysing their effect
on NPV for the schedule represented in Figure 7.4 a.

Figure 7.8: Sensitivity analysis on biomass price with NEC auctioned at different prices and
difference between day off-peak electricity price and peak electricity price, analysing their effect
on NPV for the schedule represented in Figure 7.4 b.

7.3.2 Sensitivity analysis

Understanding the effects of fuel cost and electricity price on the daily profit is neces-

sary to estimate the benefits of implementing a LOX charge and discharge schedule. Ex-

tra profit from auctioning negative emission credits (NEC) at $120/tCO2
and $150/tCO2

,

determined by Zhang et al. [370] to provide an IRR of 10 % and 15 %, respectively, is

also assessed using the strategy proposed in Chapter 6[300].

Day off-peak electricity price variation

Day off-peak electricity price does not impact the daily profit relative to the case with-

out LOX storage for the schedule with two LOX discharges, whilst fuel price does (Fig-

ure F.13). However, the trend appears to revert for the schedule with a single LOX

discharge, demonstrating a significant impact from the day off-peak electricity price

whilst fuel price has a marginal impact (Figure F.14). This is because oxy-combustion

operates at part-load during day off-peak electricity price for the double LOX discharge

schedule, making it resistant to fuel price fluctuation. However, the plant operates at

full-load in the schedule with a single LOX discharge, making it susceptible to electricity

price fluctuation.

Auctioning NEC above $120/tCO2
suggests that LOX storage is a more profitable op-

tion than following demand without storage. Increasing the NEC value enhances the
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Figure 7.9: Sensitivity analysis on biomass price with NEC auctioned at different prices and
difference between day off-peak electricity price and peak electricity price, analysing their effect
on the NPV difference between the case with LOX storage and without LOX storage for the
schedule represented in Figure 7.4 a.

Figure 7.10: Sensitivity analysis on biomass price with NEC auctioned at different prices and
difference between day off-peak electricity price and peak electricity price, analysing their effect
on the NPV difference between the case with LOX storage and without LOX storage for the
schedule represented in Figure 7.4 b.

profitability of operating with two LOX discharges (Figure F.13), whereas the single

LOX discharge schedule follows the opposite trend (Figure F.14). This is because the

plant operates at full-load during day off-peak electricity prices for the latter, capturing

less biogenic CO2, thus reducing its profits. Higher profitability obtained during the

double daily discharge schedule arises from the plant operating at part-load during day

off-peak electricity prices. This results from the increased power consumption whilst

charging LOX, which captures more biogenic CO2, thus generating more NEC than the

scenario without storage.

However, profitability is not the only factor affecting a process’s economic potential be-

cause capital costs should be considered for a more detailed evaluation of the process;

hence, a net present value (NPV) analysis was performed on all simulations. Positive

NPV can only be achieved by auctioning NEC (Figures 7.7 and 7.8), similar to what was

concluded in Chapter 6[300].

The NPV of the schedule with two LOX discharges is represented by Equation 7.9 whilst

the single discharge schedule is represented by Equation 7.10.

NPV [M$] = 25.14NEC−22.25PriceBiomass −9.16∆Priceelectricity +688.28 (7.9)
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Figure 7.11: Sensitivity analysis on biomass price with NEC auctioned at different prices and
the difference between night off-peak electricity price with peak electricity price, analysing the
effect on NPV for the schedule represented in Figure 7.4 a.

NPV [M$] = 28.51NEC−26.30PriceBiomass −16.70∆Priceelectricity +1350.78 (7.10)

The equations were created by minimizing the sum of squares between the data ob-

tained from the simulation and the calculated values. This is also true for the rest of

the fitted equations throughout this chapter. Equations 7.9 and 7.10 have a coefficient

of determination (R2) of over 0.9999.

The effects observed for the NPV difference between the schedule with and without

LOX storage are similar to the profit difference between the same cases. A higher NPV

for both schedules with LOX storage than the case without storage is only obtained in

extreme cases. A higher NPV occurs at fuel prices lower than $100/t and at NEC higher

than $150/tCO2
for the double LOX discharge schedule (Figure 7.9). Comparatively, a

higher NPV occurs at high and flat daily electricity prices if no NEC are auctioned for

the case with a single LOX discharge (Figure 7.10).

The NPV difference of the schedule with two LOX discharges is represented by Equation

7.11 and the single discharge by Equation 7.12.

∆NPV [$/MWh] = 0.022NEC−0.02PriceBiomass +0.007∆Priceelectricity −2.217 (7.11)

∆NPV [$/MWh] =−0.004NEC+0.002PriceBiomass −0.008∆Priceelectricity −0.569 (7.12)

Equations 7.11 and 7.12 have an R2 of 0.9977 and 0.9951, respectively.

Night off-peak electricity price variation

The profitability of LOX storage is highly susceptible to the night off-peak electricity

prices (Figures F.5, F.6, F.15, and F.16). Indeed, lower night off-peak electricity prices

result in lower profits during this period. Hence it becomes advantageous to store
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Figure 7.12: Sensitivity analysis on biomass price with NEC auctioned at different prices and
the difference between night off-peak electricity price with peak electricity price, analysing the
effect on NPV for the schedule represented in Figure 7.4 b.

Figure 7.13: Sensitivity analysis on biomass price with NEC auctioned at different prices and
the difference between night off-peak electricity price with peak electricity price, analysing their
effect on the NPV difference between the case with LOX storage and without LOX storage for
the schedule represented in Figure 7.4 a.

LOX during low electricity prices and discharge it during peak electricity prices. This

parameter has a higher impact on the single daily discharge cycle, whilst the impact is

shared with fuel price when two daily discharges are performed.

Auctioning NEC results in an increased profitability when LOX is stored, mainly for two

daily discharges (Figures F.15 and F.16). This effect is observed because the plant can

sell more electricity to the grid during high electricity prices. The plant can still produce

sufficient revenue whilst storing LOX during day off-peak prices despite operating at a

lower capacity. This effect is reversed for the single discharge cycle because it operates

at full capacity during day off-peak electricity price, where prices are not sufficiently

high to offset the losses incurred during storage.

Positive NPV can only be achieved by auctioning NEC above $120/tCO2
, following a

similar trend when comparing it to daily profit, as observed by Figures F.7, 7.11, and

7.12. The NPV of the schedule with two LOX discharges is represented by Equation

7.13 and the single discharge by Equation 7.14.

NPV [M$] = 25.14NEC−22.25PriceBiomass −7.82∆Priceelectricity +699.52 (7.13)

NPV [M$] = 28.52NEC−26.31PriceBiomass −5.27∆Priceelectricity +832.84 (7.14)
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Figure 7.14: Sensitivity analysis on biomass price with NEC auctioned at different prices and
the difference between night off-peak electricity price with peak electricity price, analysing their
effect on the NPV difference between the case with LOX storage and without LOX storage for
the schedule represented in Figure 7.4 b.

Figure 7.15: Sensitivity analysis on the difference between both night and day off-peak elec-
tricity prices with respect to peak electricity price and their effect on NPV for an oxy-combustion
process firing biomass costing $117/t and auctioning NEC at different prices for the schedule
represented in Figure 7.4 a.

Equations 7.13 and 7.14 have an R2 over 0.9999.

However, storing LOX becomes less economical when considering the storage tank’s

cost (Figures 7.13 and 7.14). The NPV difference of the schedule with two LOX dis-

charges is represented by Equation 7.15 and the single discharge by Equation 7.16.

∆NPV [$/MWh] = 0.022NEC−0.02PriceBiomass +0.016∆Priceelectricity −2.786 (7.15)

∆NPV [$/MWh] =−0.004NEC+0.002PriceBiomass +0.036∆Priceelectricity −3.126 (7.16)

Equations 7.15 and 7.16 have an R2 of 0.9995 and 0.9997, respectively.

Whilst auctioning NEC improves the economic attractiveness of a double LOX daily dis-

charge, this requires NEC above $150/tCO2
, a fuel cost below $90/t, and night off-peak

electricity prices at least $110/MWh below peak electricity prices to become more at-

tractive than not storing LOX (Figure 7.13). It becomes more attractive to discharge

only once during the day than the case without LOX storage and no NEC (Figure 7.14)

when the night off-peak electricity price difference is at least $100/MWh below peak
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Figure 7.16: Sensitivity analysis on the difference between both night and day off-peak elec-
tricity prices with respect to peak electricity price and their effect on NPV for an oxy-combustion
process firing biomass costing $117/t and auctioning NEC at different prices for the schedule
represented in Figure 7.4 b.

electricity price, regardless of fuel cost. Considering that a project would only be ac-

cepted with positive NPV, the single daily discharge option is only economically attrac-

tive if biomass can be sourced below $130/t whilst valuing negative emissions via NEC

above $120/tCO2
.

Day and night off-peak electricity price variation

Varying both day and night off-peak electricity price demonstrates that both schedules

with LOX storage generate a higher revenue than without LOX storage at lower night

off-peak electricity prices (Figures F.10, F.17, and F.18). Here, biomass price is set at

$117/t according to Chapter 6[300]. This practice takes advantage of the lower elec-

tricity prices during night off-peak period to store LOX which is subsequently discharged

during the day at higher electricity prices.

The double daily discharge cycle has a higher revenue at lower day off-peak electricity

price because the plant operates at lower capacity during this period whilst storing

LOX. The single LOX discharge cycle contrasts with the previous schedule by providing

more revenue than without storage at higher day off-peak electricity prices (Figure

F.17). This occurs because the plant operates at full capacity during this period whilst

discharging LOX, thus selling more electricity to the grid (Figure F.18). Auctioning

NEC at higher prices improves the double discharge cycle’s potential relative to the case

without storage, whilst decreasing the single discharge cycle’s potential with relation

to no storage (Figures F.17 and F.18).

Positive NPV can be achieved if NEC are auctioned above $120/tCO2
and at high day

off-peak prices for both storage cases studied herein (Figures 7.15 and 7.16).

The NPV of the schedule with two LOX discharges is represented by Equation 7.17 and

the single LOX discharge by Equation 7.18.

NPV [M$] = 25.14NEC−9.16∆Priceelectricity, day −7.82∆Priceelectricity, night −1445.43

(7.17)
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Figure 7.17: Sensitivity analysis on the difference between both night and day off-peak elec-
tricity prices with respect to peak electricity price. Their effect on NPV difference between the
case of LOX storage with the case without LOX storage for an oxy-combustion process firing
biomass costing $117/t and auctioning NEC at different prices for the schedule represented in
Figure 7.4 a is assessed.

Figure 7.18: Sensitivity analysis on the difference between both night and day off-peak elec-
tricity prices with respect to peak electricity price. Their effect on NPV difference between the
case of LOX storage with the case without LOX storage for an oxy-combustion process firing
biomass costing $117/t and auctioning NEC at different prices for the schedule represented in
Figure 7.4 b is assessed.

NPV [M$] = 28.43NEC−16.70∆Priceelectricity, day −5.28∆Priceelectricity, night −1341.12

(7.18)

Equations 7.17 and 7.18 have an R2 of over 0.9999.

A double LOX discharge schedule is more economically attractive than withour stor-

age during low day and night off-peak electricity prices when auctioning NEC above

$120/tCO2
(Figure 7.17). Contrastingly, a single LOX discharge schedule is more eco-

nomically attractive than without storage during low night off-peak electricity prices

and high day off-peak electricity prices (Figure 7.18).

The NPV difference of the schedule with two LOX discharges is represented by Equation

7.19 and the single discharge by Equation 7.20.

∆NPV [$/MWh] = 0.022NEC+0.007∆Priceelectricity, day +0.016∆Priceelectricity, night −5.483

(7.19)

∆NPV [$/MWh] =−0.004NEC−0.008∆Priceelectricity, day+0.036∆Priceelectricity, night −1.784

(7.20)

Equations 7.19 and 7.20 have an R2 of 0.9990 and 0.9999, respectively.
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Figure 7.19: Sensitivity analysis of the capacity factor during off-peak electricity prices and
peak electricity price variation, and their effect on NPV for an oxy-combustion process firing
biomass costing $117/t for the schedule represented in Figure 7.4 a.

Figure 7.20: Sensitivity analysis of the capacity factor during off-peak electricity prices and
peak electricity price variation, and their effect on NPV for an oxy-combustion process firing
biomass costing $117/t for the schedule represented in Figure 7.4 b.

Peak electricity price and capacity factor variation

Decreasing peak electricity price, flattening electricity price throughout the day, will

reduce the plant’s revenue and consequently its NPV. Lower capacity factors during off-

peak electricity increase the NPV if no NEC are auctioned; however, higher capacity

factors are beneficial when auctioning NEC above $120/tCO2
(Figures 7.19 and 7.20)

because more biogenic fuel is consumed. Operating a flexible plant without LOX stor-

age is more economical than operating one with LOX storage regardless if NEC are

auctioned. However, plants with LOX storage become increasingly economical as NEC

price increases (Figures 7.21 and 7.22). The decrease observed between a capacity

factor (CF) of 65 % and 85 % suggests a non-linear relation between CF and peak

electricity price on the potential of using LOX storage.

The NPV of the schedule with two LOX discharges is represented by Equation 7.21 and

the single LOX discharge by Equation 7.22.

NPV [M$] =−0.1CF2 +0.04∆Price2
electricity +27.88NEC+27.88CF+

+2.57∆Priceelectricity −5160.82 (7.21)

156



7.3. RESULTS AND DISCUSSION CHAPTER 7. FLEXIBLE OXY-COMBUSTION

Figure 7.21: Sensitivity analysis of the capacity factor during off-peak electricity prices and
peak electricity price variation, and their effect on NPV difference between the case of LOX
storage with the case without LOX storage for an oxy-combustion process firing biomass costing
$117/t for the schedule represented in Figure 7.4 a.

Figure 7.22: Sensitivity analysis of the capacity factor during off-peak electricity prices and
peak electricity price variation, and their effect on NPV difference between the case of LOX
storage with the case without LOX storage for an oxy-combustion process firing biomass costing
$117/t for the schedule represented in Figure 7.4 b.

NPV [M$] =−0.17CF2 +0.02∆Price2
electricity +31.35NEC+30.03CF+

+9.19∆Priceelectricity −5637.36 (7.22)

Equations 7.21 and 7.22 have an R2 of 0.9953 and 0.9975, respectively.

The NPV difference of the schedule with two LOX discharges is represented by Equation

7.23 and the single discharge by Equation 7.24.

∆NPV [$/MWh] =−0.000309CF3 +0.08247CF2 +3.09×10−5
∆Price2

electricity+

+10−5CF ×∆Priceelectricity +0.00024NEC×CF +0.0007NEC−7.28CF+

+0.013∆Priceelectricity +205.18 (7.23)

∆NPV [$/MWh] = 1.24×10−6CF3 +1.17×10−7
∆Price3

electricity +0.0012CF2+

−2.56×10−5
∆Price2

electricity +10−4CF ×∆Priceelectricity +0.00053NEC×CF+

−0.034NEC−0.306CF +0.024∆Priceelectricity +8.36 (7.24)

Equations 7.23 and 7.24 have an R2 of 0.9562 and 0.8382, respectively.
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7.3.3 To store, or not to store?

Storing LOX to enhance the flexibility of oxy-combustion is only advantageous under

specific circumstances. This strategy requires night off-peak prices at least $80/MWh

lower than peak electricity price regardless of the discharge cycle.

The single daily discharge cycle is more economically attractive when day off-peak

prices are within $40/MWh of the peak electricity price since the plant operates at full

capacity during this period. This operation mode increases the electricity sold to the

grid during the day, when demand and electricity prices increase.

The double daily discharge cycle is more attractive when the day off-peak electricity

prices are $80/MWh lower than the peak prices and biomass costs less than $90/t.

This operation mode takes advantage of low day off-peak electricity prices to store LOX

and discharge it during the second peak electricity price.

It is advantageous to operate with a single daily discharge in regions with flatter day

electricity prices and low night electricity prices. Places with this electricity profile

are Sweden, Norway, the Baltic states, France, and Switzerland during Summer[362,

373]. From these, the Baltic states achieve the highest peak/off-peak price differ-

ence, more than $40/MWh, which is still insufficient to make this practice economical.

Hence, it may become advantageous for these regions to operate a flexible oxy-biomass

plant without LOX storage. The electricity price profiles in most of these countries

change during Winter, some to a two-peak profile, whilst others operate over a con-

stant price[362, 373].

Regions with high electricity price variability throughout the day may benefit from

implementing a double discharge cycle. This cycle takes advantage of existing low

electricity prices to charge the storage tank, allowing it to be discharged during peak-

times. This price variability is observed in Finland, Germany, and Austria during Sum-

mer; Sweden and the Baltic states during Winter; and the UK appears to peak twice

throughout the year[362, 373]. The UK shows promise to use this storage option; how-

ever, Winter is more likely to provide a better revenue, since electricity is $40/MWh

higher than during Summer[362]. Indeed, the afternoon peak-electricity price in the

UK during Winter can be $88/MWh higher than the off-peak electricity price[362],

making LOX storage more economical during this period. This double discharge opera-

tion mode has the benefit of requiring lower amounts of capital since the storage tank

is smaller than the single discharge case. Indeed, multiple discharges throughout the

day can be performed if the electricity price has a high daily fluctuation.

7.4 Conclusions
Flexible operation of oxy-combustion with LOX storage during off-peak electricity prices

and discharge during peak electricity prices can be advantageous depending on the
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region’s electricity demand profile. Peak/ off-peak electricity price difference, fuel price,

and capital availability are the primary factors affecting which mode of operation is

more economically attractive.

A double discharge operation requires a smaller LOX tank, costing M$0.7 to erect,

whilst a single discharge operation would require a M$1.7 tank. Hence, if access to

capital is limited and the electricity price variation justifies LOX storage cycles, it is

better to consider a multiple discharge option since it requires smaller storage tanks.

However, it should be noted that the tanks are only 0.5 % and 1 % the total cost of the

ASU for a double and single discharge operation, respectively. Supplying the required

O2 to burn the fuel whilst storing enough LOX to be used during peak times requires a

larger ASU for the single discharge operation, increasing capital costs by 8 %.

The ASU’s power consumption increases by 40 % when charging the LOX tank and

decreases by 15 % during discharge for the double daily discharge cycle. During the

single discharge cycle, the ASU’s power consumption increases by 90 % when charging

and decreases by 38 % when discharging. Hence, a high difference between peak and

off-peak price must exist to make this operation economically attractive.

The single discharge cycle benefits from high, flat daily electricity prices, taking ad-

vantage of the large amounts of LOX stored overnight during low electricity prices.

Night off-peak electricity prices must be $100/MWh lower than peak electricity prices

to offset the higher power consumption during LOX charging.

The double discharge cycle benefits from a sizeable daily electricity price fluctuation,

benefiting from low off-peak electricity prices to store LOX. However, this requires

cheap off-peak electricity prices of at least $100/MWh lower than peak electricity prices

to offset the increased power consumption of storing LOX.

Therefore, this strategy is unlikely to be used because of the extremely high electricity

price difference that is required to offset the costs associated with the additional power

consumed during LOX storage.
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Chapter 8

Conclusions and future work

recommendations

This work investigated oxy-combustion’s potential to abate carbon dioxide (CO2) emis-

sions of an ultra-supercritical coal power plant. The model was developed in Aspen

HYSYS and gPROMS based on the works of Raibhole and Sapali [147] for the air sep-

aration unit (ASU), Kunzemann [172] for the power plant, Posch and Haider [208]

and Kolster et al. [66] for the gas processing unit (GPU), and Spero et al. [70] for

the whole oxy-combustion process. An exergy destruction analysis was performed to

identify thermodynamic inefficiencies and quantify the value of heat integration.

The high costs associated with carbon capture and storage (CCS) in the power sector

result in high levelised costs of electricity. These costs make fossil fuel power plants

fitted with CCS economically unattractive compared to other forms of electricity pro-

duction. The thermodynamic and economic benefits of process integration were proven

in Chapter 4. Here, the plant’s thermodynamic efficiency improved whilst reducing the

number of feedwater heaters. This strategy uses low-grade heat from the main com-

pressors of the ASU and GPU instead of using cooling water, discarding it to the envi-

ronment, thus reducing thermodynamic losses. Ultimately, this strategy improved the

oxy-combustion’s net efficiency by 3 % LHV whilst reducing CAPEX by 15 %.

However, it should be noted that a first-of-a-kind, large-capacity demonstration plant

is unlikely to have such a high degree of heat integration. Indeed, this plant should

operate more conservatively to provide both a safe operation and a more fundamental

operational knowledge. Starting with this approach helps to identify critical aspects

of the plant’s operation, improving its efficiency and providing a safer path towards

process integration.

The methodology proposed in Chapter 4 can be used in other power generation or stor-

age technologies to provide a rational evaluation of heat integration strategies. Indeed,

this methodology was later applied in Chapter 5, where the cryogenic-based GPU was
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modified to a solvent-based capture unit using EDEA. This modification was proposed

because the GPU was the least thermodynamically efficient unit.

Using EDEA to capture CO2 from an oxy-combustion’s exhaust was not a promising

technology because it required low EDEA prices and a high degree of heat integration.

The main compressor can provide low-grade heat to reduce the capture unit’s operat-

ing costs; however, this low-grade heat will become unavailable to pre-heat the boiler’s

feedwater. Furthermore, some amount of steam must be extracted from the turbines

to satisfy the required heat to regenerate EDEA, reducing the plant’s gross power gen-

eration. Nonetheless, it was determined that this unit is 1 % more thermodynamically

efficient than the cryogenic distillation GPU whilst reducing CAPEX by 9 %.

There are some caveats concerning this capture process. Firstly, it requires bulk EDEA

cost dropping to one-tenth of the current price, approaching that of MEA. Secondly,

the preliminary nature of this study indicates a higher error associated with the results.

Thus, detailed kinetic studies are required to improve the techno-economical analysis

of this option. However, the possible cost-reduction of cryogenic GPUs must also be

considered, rendering the EDEA-based GPU less promising to reduce the LCOE of an

oxy-combustion process than a cryogenic-based GPU. Furthermore, the higher capture

rates and CO2 purity obtained from a cryogenic distillation GPU makes it promising if

there is a future market for high-purity CO2.

The current plans for a decarbonised electricity system that favours renewable energy

sources displace fossil fuel use. Indeed, coal plants are being substituted by cleaner

natural gas plants, which are expected to be substituted by renewable sources over

time. Hence, biomass is expected to play a crucial role by providing carbon-neutral

thermal energy used as heat or converted to electricity.

Switching coal to biomass further increases the costs of an already expensive venture

due to biomass’s lower heating values and mineral composition. This fuel switch re-

quires larger boilers for the same power output and changing the maintenance sched-

ules to overcome the issues from biomass’s different mineral composition. Nonethe-

less, Drax already operates dedicated biomass plants for power generation in North

Yorkshire, proving the viability of this technology. However, this venture still requires

government subsidies to be economically feasible.

Unlike the power sector, completely decarbonising industrial activity with CCS raises

concerns regarding product quality. Applying CCS directly to an industrial process

will be problematic due to the high variation of CO2 concentration from several point

sources. Furthermore, there may be space constraints which can complicate the erec-

tion of a CO2 capture unit. Therefore, CO2 emissions from this sector must be offset to

achieve the 1.5 °C target by 2050.

Bioenergy with CCS (BECCS) captures biogenic CO2 and stores it in a suitable reservoir,
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effectively removing atmospheric CO2. The services provided by BECCS were assessed

in Chapter 6 for oxy-combustion by proposing the auction of negative emissions as

credits to offset industrial emissions whilst simultaneously decarbonising electricity.

Burning biomass under oxy-combustion conditions has been proven[225, 226, 228–

230], suggesting that biomass will behave similarly to coal under these conditions.

Furthermore, the higher oxygen content generally contained in biomass demands a

lower amount of oxygen than coal, reducing the ASU size. However, this effect is sur-

passed by larger fuel flowrates to generate the same amount of power, which increases

the oxygen demand, increasing the ASU size. Nonetheless, oxy-combustion presents the

opportunity to capture higher degrees of CO2 than other capture technologies, making

this venture particularly suited to auction negative emission credits (NEC).

Auctioning NEC above $90/tCO2 provides subsidy-free, carbon-neutral electricity that

is competitive with other renewable sources. This technology can offset 18 Mt/yr of

industrial CO2 emissions in the UK using five oxy-BECCS plants with a 500 MW net ca-

pacity. The number of oxy-BECCS plants required can be reduced if they possess larger

capacity, which is consistent with the UK’s active coal plants. Globally, this offset poten-

tial increases to 9 GtCO2
/yr of industrial emissions, requiring 3000 oxy-BECCS units at

500 MWNet. The amount of biomass required to satisfy these units was determined to

be within sustainable levels, but this should be strictly regulated by local and interna-

tional authorities to prevent an unsustainable use of biomass resources. However, the

NEC required to provide subsidy-free electricity is unlikely to be purchased by industry

because it will still be more competitive to apply CCS directly to their processes. Hence,

government subsidies of 35 – 50 $/tCO2
will be required to implement this scheme.

Re-furbishing the existing coal power plants to dedicated oxy-BECCS plants can reduce

capital costs by using the existing infrastructure. Fitting oxy-combustion to existing

plants was demonstrated by the Callide Oxyfuel project[70]; however, this results in

more CO2 leakages, reducing the benefit of auctioning NECs.

Operating an oxy-BECCS plant flexibly by following demand with and without liquid

oxygen storage (LOX) was assessed in Chapter 7. This operation relies on daily electric-

ity price fluctuation, posing considerable variations across countries/ regions. This is

particularly true for LOX storage scenarios, requiring a peak/ off-peak price difference

greater than $80/MWh to become economically attractive.

Adding LOX storage will require a larger ASU to store sufficient oxygen during low

electricity prices to satisfy the power plant’s demand during high electricity prices. The

tanks required to store LOX increase the CAPEX; however, they are marginal compared

to the ASU’s total cost. Nonetheless, erecting a LOX tank may require the availability of

a large land area, depending on the charge/ discharge cycle chosen.

The UK appears to have a significant daily electricity price variation to justify the choice
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of a double (or more) discharge cycle. However, this venture requires a very high peak/

off-peak electricity price difference to be attractive, which does not appear throughout

the year. Indeed, high price differences are more common during Winter than Summer,

making this option only beneficial during certain seasons.

Other countries that follow a flatter electricity price during the day may benefit from a

single LOX discharge option. However, this venture will require a high peak/ off-peak

electricity price difference to be attractive, similar to the double discharge case.

It is unlikely that a new-built plant would want to operate flexibly during its first years

of operation, as high revenue during this period is critical to justify these ventures’ high

capital requirements. However, newly built plants will be expected to operate flexibly

due to current electricity demand profiles, hindering the profitability of oxy-combustion

plants. Hence, new business models that incentivise flexible operation are required to

build new, high-efficiency plants for this type of operation.

There are two ways to achieve this flexibility without new business models. First,

retrofitting existing plants that are already paid-for would enable them to continue

operation without being prematurely decommissioned. This would allow the plant op-

erators to get more profits whilst preventing loss of jobs, albeit at the cost of retrofitting

the unit. However, this approach excludes new, high-efficiency plants that could pro-

vide a better service to the electricity system.

The second approach requires building new oxy-BECCS plants operated at base-load

during the first years of operation. Then, the plant can start operating in a demand-

following manner, dispatching electricity when required. LOX storage tanks can also be

erected if the electricity price difference becomes sufficiently high to justify this venture.

The caveat of these approaches is that the ASU and GPU limit the flexible operation of

oxy-combustion. It is possible to reduce the plant’s capacity to 50 %, but it requires

several compression trains to prevent excessive power consumption from recycling the

gas back to the compressors. Another limitation of the ASU lies in the cold box, which

requires enough air flow to produce the required oxygen.

There is an excellent opportunity to improve oxy-combustion efficiency through the

concurrent application of the approaches studied herein. Coupling high degrees of

heat integration with flexible operation may prove challenging; however, this may be

managed by a careful design and a back-up plan.

It is recommended that oxy-combustion technology be built at commercial-scale to pro-

vide plant operators with the necessary insight to further improve the operational effi-

ciency and detect improvement opportunities. Afterwards, process integration should

be considered as a means to improve the plant’s efficiency.

A successful and purposeful implementation of oxy-BECCS requires cradle-to-grave life-

cycle assessments to consider all CO2 equivalent emission sources from the operation.
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This assessment would quantify the amount of negative emissions, if any, occurring

during this plant’s operation. Quantifying the NEC available for auction is thus intrin-

sically tied to the life-cycle assessment to prevent any misattributed credits. Hence,

governments should carefully regulate oxy-BECCS plants to avoid such eventualities.

Carbon capture and utilisation (CCU) may provide additional benefits by converting

CO2 into products with high economic value. However, this option should be explored

with extreme caution to avoid underestimating the CO2 emissions associated with this

new product’s manufacture.

It may be valuable to perform computer simulations of oxy-combustion for industrial

processes. This is particularly true for the cement sector, which may greatly benefit from

updated process simulations following the success of the CEMCAP project. This venture

demonstrated that oxy-combustion could be used in the cement process to capture CO2

whilst maintaining the required product’s properties[374]. Performing several com-

puter simulation analyses would identify process improvement opportunities, further

reduce costs, and make this technology closer to widespread deployment.

Surrogate models of oxy-combustion applied to the power sector can be developed us-

ing the results from this work, enabling efficient integration of this technology on whole

system models of the electricity grid. This would identify possible cost-effective deploy-

ment strategies for CO2 abatement at a country/ region level with greater degrees of

confidence.
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Appendix B

Simulations

B.1 Single-column design
Air is compressed to 30 – 60 bar, if gaseous O2 is required, or 200 bar if liquid O2 is
the required product in a single-column design[134]. Compressed air is sent through
the main heat exchanger and cooled against cold O2 and N2 streams[134]. Chilled air
is partially condensed through expansion to atmospheric pressure in Joule-Thomson
valves before entering the distillation column[134]. This process produces high-purity
O2 with low efficiency, resulting in a highly impure N2 stream[134].
A simple single-column design was modelled in Aspen HYSYS (Figure B.1) according
to the work developed by Bose [375].
The simulation ran successfully using the Peng-Robinson Equation of State fluid pack-
age, with an average absolute deviation of 1 % from Bose’s work, obtaining a stream of
2.9 t/h of oxygen (99 mol%) with 2466 kWh/tO2

power consumption.
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Figure B.1: Process Flow Diagram of a Single Column Cryogenic Air Separation Unit as de-
scribed in Bose’s bachelor thesis.

209



B.2. DOUBLE-COLUMN DESIGN APPENDIX B. SIMULATIONS

B
.2

D
ou

bl
e-

co
lu

m
n

de
si

gn

Fi
gu

re
B

.2
:

Pr
oc

es
s

Fl
ow

D
ia

gr
am

of
a

D
ou

bl
e

C
ol

um
n

C
ry

og
en

ic
A

ir
Se

pa
ra

ti
on

U
ni

t
as

de
sc

ri
be

d
in

Sa
pa

li
an

d
R

ai
bh

ol
e’

s
w

or
k.

210



B.2. DOUBLE-COLUMN DESIGN APPENDIX B. SIMULATIONS

C
on

t.

211



B.2. DOUBLE-COLUMN DESIGN APPENDIX B. SIMULATIONS

C
on

t.

212



B.3. AIR-FIRED POWER PLANT APPENDIX B. SIMULATIONS

B.3 Air-fired power plant
The combustion chamber and boiler design were modelled in Aspen HYSYS according
to the work developed by Kunzemann [172] using the Peng-Robinson Equation of State
fluid package.
Coal temperature depends on the drying technology applied and whether the coal is
stored or directly delivered to the combustion chamber after the being pulverised. For
comparison purposes with the work of Kunzemann [172], it is assumed that coal is
stored before entering the combustion chamber with a temperature of 15 °C, which
represents the International Standard Atmosphere conditions.
Ash removal is crucial due to the problems caused as previously described, so equip-
ment for ash disposal must be included, increasing capital and operation costs. Oxida-
tion of ash components is not considered as this is highly complex, so ash was consid-
ered to come with coal in its oxidised form.
The boiler configuration follows the once-through Benson type boiler, where liquid
feedwater transitions to supercritical state. The PFD can be seen in Figure B.3.
Coal enters the furnace where it burns in air previously heated to 268 °C against flue
gas leaving the boiler at 381 °C in a regenerative heat exchanger (E-100). The com-
bustion reactions take place inside the furnace, whose purpose is to absorb the heat of
combustion and transfer it to the water inside the waterwalls[178].
Plant start-up was not simulated. A supercritical plant operates under subcritical regime
at part-load, forcing it to operate with water recirculation, similar to a subcritical plant,
until the water’s pressure rises above the critical point[174, 183]. This is achieved
by diverting the water-steam mixture to a phase separator during this transitional
period[174]. At 75 – 80 % load the plant shifts operation to the supercritical regime,
where there is no distinction between water and steam[183]. At this point, the valve
to the phase separator is closed and the boiler operates in a once-through regime.
Unlike subcritical plants, the furnace’s upper membrane walls also act as a superheater
in supercritical plants because there is no distinction between water and steam[183].
During subcritical operation, the upper membrane walls of the furnace will "dry" which
decreases tube cooling due to the lower density of steam relative to water or supercrit-
ical fluid[183]. This will increase the tube’s metal temperature and lead to hot spots or
overheating, which may lead to tube failure[183].
Flue gas is produced from the combustion reactions, leaving from the top alongside fly
ash whilst bottom ash leaves from the bottom of the furnace. It was assumed that 90 %
of ash is fly ash, as reported by Spero et al. [70]. Flue gas then enters the boiler section
characterised by the heat exchangers Evaporator, Radiant Superheater, Superheater2,
Reheater2, Superheater1, Reheater1, and Economiser, following the paths shown in
Figure B.3. The reheaters are positioned after the superheater because steam in the
reheater has a lower cooling ability due to its lower operating pressure[183]. Flue gas
is then cooled against incoming air to 130 °C. These heat exchangers were modelled by
specifying the temperatures according to Hagi et al. [115], Kunzemann [172], Ciferno
[262]. This temperature is chosen to be above acid dew point[70, 77, 175] to allow a
safe operation for baghouse filters[70].
Feedwater enters the boiler through the Economiser and exits the boiler as steam
through the Superheater2, where it is sent to the high-pressure turbine (HPTurbine).
Here, supercritical steam rotates the turbine shaft and generates electricity. Approxi-
mately 9% of steam is bled from the HP turbine to pre-heat the feedwater. The remain-
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B.3. AIR-FIRED POWER PLANT APPENDIX B. SIMULATIONS

der is sent back to the boiler to be reheated in the reheater. The steam then leaves on
Reheater2 into an intermediate pressure turbine, IPTurbines 1 to 4, to account for the
bleeds that take place in this turbine. The steam not bled is then sent to a low-pressure
turbine, represented by LPTurbine 1 to 4, for the same reasons as in the intermediate
pressure turbine, where steam leaves the turbine partially condensed at 0.04 bar. This
stream is sent to a condenser and pumped to the feedwater heating train, where it is
heated from 24 °C to 299 °C against the bleeds previously mentioned, closing the water
cycle.
The boiler provides supercritical steam at 600 °C and 30 bar entering the HP turbine.
The steam is then reheated to obtain the same temperature conditions at the IP turbine
inlet (620 °C and 70 bar). The total pressure drop on the flue gas side (shell-side
in Figure B.3) was of 2.1 mbar, and on the tube side, the total pressure drop was
24.1 bar for the superheater and 5 bar for the reheater. These pressure drops were
distributed amongst the several heat exchangers that comprise the boiler model. After
the IP turbine expansion process, the steam then passes through the LP turbine. The
turbine features steam extractions at different stages, used for feedwater heating in the
feedwater heating chain.
The simulation was performed successfully with an absolute average deviation of 3 %
from Kunzemann’s thesis (the difference can be seen in Table C.2). This simulated
supercritical coal power plant consumes approximately 53 kg/s of coal to generate 509
MWe with a gross efficiency, (ηgross) of 47 % (LHV). This is still far from the maximum
efficiency determined by the Rankine efficiency (Equation 3.20), determined to be 66
%. The most considerable difference between this work and Kunzemann’s simulation
was that slightly different bleeds were taken from the turbines. This is due to slight
differences between the material’s properties determined from Aspen’s fluid package
and gPROMS’ fluid package that would not converge under the same circumstances.
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The air’s, or the oxidant’s, inlet temperature impacts the boiler’s performance by in-
creasing Tad following Equation 3.35, which increases plant’s efficiency by reducing
fuel consumption as shown in Figure D.3.
These results suggest that we should pre-heat the air as much as possible before feeding
it to the combustion chamber. However, one must be aware that we are limited in how
much we can pre-heat the air because we use flue gas leaving the boiler for this end.
We are also limited on how low we can decrease flue gas temperature because acid
dew point is around 120 – 130 °C and boilers typically operate with flue gas exiting
10 °C above the acid dew point[175]. It is common practice to limit flue gas temper-
ature to between 110 – 160 °C and select appropriate materials to prevent corrosion
problems[77].
Increasing air to fuel ratio (λ) increases Tad until stoichiometric combustion is achieved
and then starts to decrease. For low λ , we can observe that lower Tad occur from incom-
plete combustion. When O2 in air is higher than the stoichiometry, Tad decreases due
to excess O2 on exhaust gas. This tendency can be seen in Figure D.4, and it is also pos-
sible to see that O2 is completely consumed until stoichiometry is achieved, following
Sharifi et al. [248], at around λ = 12, after which it starts to build up. It is necessary
to operate above the stoichiometric point to minimise incomplete combustion.
The Tad obtained in this study was 2167 °C. This Tad is similar to the 1926 – 2176 °C
shown by Hecht et al. [193] for a sub-bituminous char, 2135 °C shown by Kim et al.
[196] for a subbituminous coal char, and 2167 °C shown by Sharifi et al. [248] for an-
thracite. The similarities between the Tad values from single-particle simulations[193,
196] and simulations using the heating value from the bulk of coal, such as found in
this study and by Sharifi et al. [248], show evidence that both methods can estimate
flame temperatures and heat flows from the combustion of solid fuels. This value is
dependant on coal properties; however, this comparison is useful to have an idea of the
range for Tad during coal combustion.
A sensitivity analysis showed that Tad increases with O2 concentration in the oxidant
until approximately 3000 °C, which could improve the plant’s efficiency were it not for
material restrictions limiting the boiler temperatures to similar values as in air fired
conditions[65]. This is achieved by recirculating part of the flue gases back to the
combustion chamber, further increasing the CO2 concentration in the flue gas, allowing
for a physical separation and purification of CO2.
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B.5. OXY-COMBUSTION POWER PLANT APPENDIX B. SIMULATIONS

Table B.2: Heat tables of the oxy-combustion process without heat integration.

Unit Heat Flow (GJ/h) Utility (kg/h)
Q-01 -4.718 225581
Q-02 -5.029 240462
Q-03 -5.196 248453
Q-04 -6.224 297567
Q-05 -5.126 245094
Q-06 -4.274 204363
Q-07 -4.556 217845
Q-08 -4.708 225085
Q-09 -5.638 269579
Q-10 -4.644 222041
Q-11 -4.274 204363
Q-12 -4.556 217845
Q-13 -4.708 225085
Q-14 -5.638 269579
Q-15 -4.644 222041
Q-16 -6.351 303665
Q-17 -87.989 0
Q-18 -3.114 148909
Q-19 -3.320 158732
Q-20 -3.430 164007
Q-21 -4.108 196428
Q-22 -3.384 161790
Q-23 -4.072 194675
Q-24 -4.340 207518
Q-25 -4.484 214414
Q-26 -5.371 256800
Q-27 -4.424 211515
Q-28 -4.072 194675
Q-29 -4.340 207518
Q-30 -4.484 214414
Q-31 -5.371 256800
Q-32 -4.424 211515
Q-33 -5.389 257683
Q-34 -74.666 0
Q-35 -151.392 7238418
Q-36 -1804.668 86285810
Q-37 0.356 162
Q-38 -92.882 4440917
Q-39 -21.481 1027054
Q-40 -10.848 518683
Q-41 0.611 0
Q-42 505.868 126467037
Q-43 -112.943 28235727
Q-44 -427.223 318613442
Q-45 -32.020 1530953
Q-46 -76.005 3634000
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Table B.4: Overall carbon balance of the oxy-combustion process without heat integration.

Carbon In Carbon Out
kg/h kg/h

Coal 93019.2 Spray dryer out 46.43
Limestone 309.0 DCC out 1567.87

Dissolved in GPU compression 13.86
Stack 2959.04
Storage 88782.0

Total 93328.3 Total 93369.2
Balance 40.88
Error (%) 0.04

Table B.5: Energy balance of the oxy-combustion process without heat integration. Energy in.

HHV (GJ/h) Sensible + Latent (GJ/h) Power (GJ/h) Total (GJ/h)
ASU1 - MAC1 0 0 35.01 35.01
ASU1 - MAC2 0 0 31.71 31.71
ASU1 - MAC3 0 0 31.71 31.71
ASU1 - Booster 1 0 0 2.18 2.18
ASU1 - Booster 2 0 0 24.21 24.21
ASU1 - LP Reboiler 0 87.99 0 87.99
ASU2 - MAC1 0 0 23.11 23.11
ASU2 - MAC2 0 0 30.21 30.21
ASU2 - MAC3 0 0 30.21 30.21
ASU2 - Booster 1 0 0 1.85 1.85
ASU2 - Booster 2 0 0 20.54 20.54
ASU2 - LP reboiler 0 74.67 0 74.67
Coal 3919.06 0 0 3919.06
Limestone 52.81 0 0 52.81
ID fan 0 0 7.82 7.82
Primary fan 0 0 0.00 0.00
Secondary FG fan 0 0 9.97 9.97
Condensate pump 0 0 2.36 2.36
FW pump 0 0 0.71 0.71
Boiler feed pump 0 0 66.21 66.21
Water 12286.57 0 0 12286.57
Gas heater 0 0.36 0 0.36
GPU - Main compressor 0 0 104.18 104.18
GPU - Gas dryer 0 0.61 0 0.61
GPU - Reboiler 0 505.87 0 505.87
GPU - Recycle compressor 0 0 23.19 23.19
GPU - CO2 compressor 0 0 56.33 56.33
GPU - CO2 pump 0 0 3.04 3.04
Total 16258.45 669.49 504.57 17432.51
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Table B.6: Energy balance of the oxy-combustion process without heat integration. Energy out.

HHV (GJ/h) Sensible + Latent (GJ/h) Power (GJ/h) Total (GJ/h)
ASU1 - MAC1 cooling 0 26.29 0 26.29
ASU1 - MAC2 cooling 0 23.82 0 23.82
ASU1 - MAC3 cooling 0 23.82 0 23.82
ASU1 - Turbine 0 2.18 0 2.18
ASU1 - Booster cooling 0 6.35 0 6.35
ASU1 - HP condenser 0 87.99 0 87.99
ASU2 - MAC1 cooling 0 17.36 0 17.36
ASU2 - MAC2 cooling 0 22.69 0 22.69
ASU2 - MAC3 cooling 0 22.69 0 22.69
ASU2 - Turbine 0 1.85 0 1.85
ASU2 - Booster cooling 0 5.39 0 5.39
ASU2 - HP condenser 0 74.67 0 74.67
Gas cooler 0 151.39 0 151.39
Slurry 1.63 0 0 1.63
Water 12465.38 0 0 12465.38
HP turbine 0 0 470.22 470.22
IP turbine 0 0 708.69 708.69
LP turbine 0 0 653.22 653.22
Condenser 0 1804.67 0 1804.67
GPU - Main comp. cooling 0 125.21 0 125.21
GPU - Condensate 10.38 0 0 10.38
GPU - Water 0.61 0 0 0.61
GPU - Condenser 0 112.94 0 112.94
GPU - Gas cooler 0 427.22 0 427.22
GPU - CO2 comp. cooling 0 108.03 0 108.03
CO2 for storage 0.02 0 0 0.02
Unaccounted energy 77.81
Unaccounted energy (%) 0.45
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B.5. OXY-COMBUSTION POWER PLANT APPENDIX B. SIMULATIONS

Table B.8: Heat tables of the oxy-combustion process with heat integration.

Unit Heat Flow (GJ/h) Utility (kg/h)
Q-01 -1.449 69302
Q-02 -90.001 0
Q-03 -1.223 58494
Q-04 -75.965 0
Q-05 0.347 158
Q-06 -2148.850 102742037
Q-07 -11.650 557009
Q-08 -0.606 151497
Q-09 506.502 126625601
Q-10 -112.923 28230703
Q-11 -426.144 317780448
Q-12 -33.165 1585705
Q-13 -65.346 16336583
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B.5. OXY-COMBUSTION POWER PLANT APPENDIX B. SIMULATIONS

Table B.10: Overall carbon balance of the oxy-combustion process with heat integration.

Carbon In Carbon Out
kg/h kg/h

Coal 93019.2 Spray dryer out 46.52
Limestone 309.1 DCC out 1512.6

Dissolved in GPU compression 13.38
Stack 2895.2
Storage 88839.9

Total 93328.4 Total 93307.6
Balance 20.78
Error (%) 0.02

Table B.11: Energy balance of the oxy-combustion process with heat integration. Energy in.

HHV Sensible + Latent Power Total
ASU1 - Turbine 0 0 397.77 397.77
ASU1 - Booster cooling 0 1.45 0 1.45
ASU1 - HP condenser 0 90 0 90
ASU2 - Turbine 0 0 1.21 1.21
ASU2 - Booster cooling 0 1.22 0 1.22
ASU2 - HP condenser 0 75.97 0 75.97
Slurry 1.76 0 0 1.76
Water 12012.55 0 0 12012.55
HP turbine 0 0 470.22 470.22
IP turbine 0 0 697.94 697.94
LP turbine 0 0 717.52 717.52
Condenser 0 2148.85 0 2148.85
GPU - Main compressor cooling 0 11.65 0 11.65
GPU - Main compressor condensate 10.38 0 0 10.38
GPU - Water 0.61 0 0 0.61
GPU - Condenser 0 112.92 0 112.92
GPU - Gas cooler 0 426.14 0 426.14
GPU - CO2 compressor intercooling 0 98.51 0 98.51
Stack 0 0 0 0
CO2 for storage 0.02 0 0 0.02
Unaccounted energy 12025.32 2966.72 2284.65 51.84
Unaccounted energy (%) 0.30
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B.5. OXY-COMBUSTION POWER PLANT APPENDIX B. SIMULATIONS

Table B.12: Energy balance of the oxy-combustion process with heat integration. Energy out.

HHV (GJ/h) Sensible + Latent (GJ/h) Power (GJ/h) Total (GJ/h)
ASU1 - Turbine 0 0 397.77 397.77
ASU1 - Booster cooling 0 1.45 0 1.45
ASU1 - HP condenser 0 90 0 90
ASU2 - Turbine 0 0 1.21 1.21
ASU2 - Booster cooling 0 1.22 0 1.22
ASU2 - HP condenser 0 75.97 0 75.97
Slurry 1.76 0 0 1.76
Water 12012.55 0 0 12012.55
HP turbine 0 0 470.22 470.22
IP turbine 0 0 697.94 697.94
LP turbine 0 0 717.52 717.52
Condenser 0 2148.85 0 2148.85
GPU - Main comp cooling 0 11.65 0 11.65
GPU - Comp condensate 10.38 0 0 10.38
GPU - Water 0.61 0 0 0.61
GPU - Condenser 0 112.92 0 112.92
GPU - Gas cooler 0 426.14 0 426.14
GPU - CO2 comp cooling 0 98.51 0 98.51
Stack 0 0 0 0
CO2 for storage 0.02 0 0 0.02
Unaccounted energy 51.84
Unaccounted energy (%) 0.30

B.5.3 With heat integration and smaller ASU
This simulation used the same PFD represented in Figure B.6.
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Table B.14: Heat tables of the oxy-combustion process with heat integration and smaller ASU.

Unit Heat Flow (GJ/h) Utility (kg/h)
Q-01 -1.441 68884
Q-02 -89.460 0
Q-03 -1.255 60021
Q-04 -77.951 0
Q-05 0.350 159.43
Q-06 -2148.515 102726025
Q-07 -14.101 674202
Q-08 0.612 153124
Q-09 502.927 125731700
Q-10 -113.040 28259982
Q-11 -423.592 315877983
Q-12 -32.979 1576826
Q-13 -95.270 23817528
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B.5. OXY-COMBUSTION POWER PLANT APPENDIX B. SIMULATIONS

Table B.16: Overall carbon balance of the oxy-combustion process with heat integration and
smaller ASU.

Carbon In Carbon Out
kg/h kg/h

Coal 93019.2 Spray dryer out 46.52
Limestone 309.2 DCC out 1491.6

Dissolved in GPU compression 13.60
Stack 3454.7
Storage 88341.8

Total 93328.5 Total 93348.3
Balance 19.81
Error (%) 0.02

Table B.17: Energy balance of the oxy-combustion process with heat integration and small
ASU. Energy in.

HHV (GJ/h) Sensible + Latent (GJ/h) Power (GJ/h) Total (GJ/h)
ASU1 - MAC1 0 0 41.92 41.92
ASU1 - MAC2 0 0 36.27 36.27
ASU1 - MAC3 0 0 36.27 36.27
ASU1 - Booster 0 0 1.42 1.42
ASU1 - LP Reboiler 0 89 0 89.46
ASU2 - MAC1 0 0 30.63 30.63
ASU2 - MAC2 0 0 34.55 34.55
ASU2 - MAC3 0 0 34.55 34.55
ASU2 - Booster 0 0 1.24 1.24
ASU2 - LP reboiler 0 77.95 0 77.95
Coal 3919.06 0 0 3919.06
Limestone 52.84 0 0 52.84
ID fan 0 0 1.33 1.33
Primary fan 0 0 0 0.00
Secondary FG fan 0 0 1.72 1.72
Condensate pump 0 0 0.31 0.31
Booster pump 0 0 1.77 1.77
Boiler feed pump 0 0 64.69 64.69
Water 11835.35 0 0 11835.35
Gas heater 0 0.35 0 0.35
GPU - Main compressor 0 0 95.49 95.49
GPU - Gas dryer 0 0.61 0 0.61
GPU - Reboiler 0 502.93 0 502.93
GPU - Recycle compressor 0 0 21.60 21.60
GPU - CO2 compressor 0 0 46.53 46.53
GPU - CO2 pump 0 0 1.97 1.97
Total 15807.26 671.30 452.29 16930.85
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B.5. OXY-COMBUSTION POWER PLANT APPENDIX B. SIMULATIONS

Table B.18: Energy balance of the oxy-combustion process with heat integration and small
ASU. Energy out.

HHV (GJ/h) Sensible + Latent (GJ/h) Power (GJ/h) Total (GJ/h)
ASU1 - Turbine 0 0 1.42 1.42
ASU1 - Booster cooling 0 1.44 0 1.44
ASU1 - HP condenser 0 89.46 0 89.46
ASU2 - Turbine 0 0 1.24 1.24
ASU2 - Booster cooling 0 1.26 0 1.26
ASU2 - HP condenser 0 77.95 0 77.95
Slurry 1.74 0 0 1.74
Water 12013 0 0 12012.74
HP turbine 0 0 470.22 470.22
IP turbine 0 0 697.74 697.74
LP turbine 0 0 717.41 717.41
Condenser 0 2149 0 2148.51
GPU - Main comp cooling 0 14.1 0 14.1
GPU - Condensate 10.53 0 0 10.53
GPU - Water 0.62 0 0 0.62
GPU - Condenser 0 113.04 0 113.04
GPU - Gas cooler 0 423.59 0 423.59
GPU - CO2 comp cooling 0 128.25 0 128.25
Stack 0 0 0 0
CO2 for storage 0.02 0 0 0.02
Unaccounted energy 19.56
Unaccounted energy (%) 0.12
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B.6. EDEA FOR OXY-COMBUSTION APPENDIX B. SIMULATIONS

Table B.20: Heat tables of the capture plant using EDEA for a flue gas obtained from oxy-
combustion of coal. Scenario 1.

Unit Heat Flow (GJ/h)
qGPU2 42.60
qGPU4 33.31
qGPU6 32.69
qGPU8 66.91
qGPU10 81.17
qGPU12 120.96
qGPU14 62.87

Table B.21: Work tables of the capture plant using EDEA for a flue gas obtained from oxy-
combustion of coal. Scenario 1.

Unit qGPU1 qGPU3 qGPU5 qGPU7 qGPU9 qGPU11 qGPU13 qGPU15
Work kW 8183 7819 7545 125 2497 31938 4108 582
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Table B.23: Heat tables of the capture plant using EDEA for a flue gas obtained from oxy-
combustion of coal. Scenario 2.

Unit Heat Flow (GJ/h)
qGPU2 42.60
qGPU4 33.31
qGPU6 32.69
qGPU8 127.87
qGPU10 124.70
qGPU12 28.68
qGPU14 66.64

Table B.24: Work tables of the capture plant using EDEA for a flue gas obtained from oxy-
combustion of coal. Scenario 2.

Unit qGPU1 qGPU3 qGPU5 qGPU7 qGPU9 qGPU11 qGPU13 qGPU15
Work kW 8183 7819 7545 148 1346 6841 4230 594
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B.6. EDEA FOR OXY-COMBUSTION APPENDIX B. SIMULATIONS

Table B.26: Heat tables of the capture plant using EDEA for a flue gas obtained from oxy-
combustion of coal. Scenario 3.

Unit Heat Flow (GJ/h)
qGPU2 42.60
qGPU4 33.31
qGPU6 32.69
qGPU10 72.49
qGPU14 99.78

Table B.27: Work tables of the capture plant using EDEA for a flue gas obtained from oxy-
combustion of coal. Scenario 3.

Unit qGPU1 qGPU3 qGPU5 qGPU7 qGPU9 qGPU11 qGPU13 qGPU15
Work kW 8183 7819 7545 124 2486 20288 12957 586
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B.6. EDEA FOR OXY-COMBUSTION APPENDIX B. SIMULATIONS

Table B.29: Heat tables of the capture plant using EDEA for a flue gas obtained from oxy-
combustion of coal. Scenario 4.

Unit Heat Flow (GJ/h)
qGPU2 42.60
qGPU4 33.31
qGPU6 30.64
qGPU10 66.83
qGPU14 69.49

Table B.30: Work tables of the capture plant using EDEA for a flue gas obtained from oxy-
combustion of coal. Scenario 4.

Unit qGPU1 qGPU3 qGPU5 qGPU7 qGPU9 qGPU11 qGPU13 qGPU15
Work kW 8183 7819 7545 118 2107 17843 5567 592
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B.6. EDEA FOR OXY-COMBUSTION APPENDIX B. SIMULATIONS

Table B.32: Heat tables of the capture plant using EDEA for a flue gas obtained from oxy-
combustion of coal. Scenario 5.

Unit Heat Flow (GJ/h)
qGPU2 42.60
qGPU4 33.31
qGPU6 30.64
qGPU10 82.96
qGPU14 40.93

Table B.33: Work tables of the capture plant using EDEA for a flue gas obtained from oxy-
combustion of coal. Scenario 5.

Unit qGPU1 qGPU3 qGPU5 qGPU7 qGPU9 qGPU11 qGPU13 qGPU15
Work kW 8183 7819 7545 108 1712 19910 642 579
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Table B.35: Heat tables of the capture plant using EDEA for a flue gas obtained from oxy-
combustion of coal. Scenario 6.

Unit Heat Flow (GJ/h)
qGPU2 42.60
qGPU4 33.31
qGPU6 32.69
qGPU10 99.89
qGPU12 37.59
qGPU14 45.20

Table B.36: Work tables of the capture plant using EDEA for a flue gas obtained from oxy-
combustion of coal. Scenario 6.

Unit qGPU1 qGPU3 qGPU5 qGPU7 qGPU9 qGPU11 qGPU13
Work kW 8183 7819 7545 112 1317 14032 644
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B.6. EDEA FOR OXY-COMBUSTION APPENDIX B. SIMULATIONS

Table B.38: Heat tables of the capture plant using EDEA for a flue gas obtained from oxy-
combustion of coal. Scenario 7.

Unit Heat Flow (GJ/h)
qGPU2 42.90
qGPU4 13.30
qGPU6 10.32
qGPU10 104.69
qGPU14 38.52
qhtr 5.96

Table B.39: Work tables of the capture plant using EDEA for a flue gas obtained from oxy-
combustion of coal. Scenario 7.

Unit qGPU1 qGPU3 qGPU5 qGPU7 qGPU9 qGPU11 qGPU13 qGPU15
Work kW 8250 7881 8157 116 1204 6264 5857 595
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B.6. EDEA FOR OXY-COMBUSTION APPENDIX B. SIMULATIONS

Table B.41: Heat tables of the capture plant using EDEA for a flue gas obtained from oxy-
combustion of coal. Scenario 8.

Unit Heat Flow (GJ/h)
qGPU2 42.90
qGPU4 12.41
qGPU6 9.22
qGPU10 110.29
qGPU14 38.19
qhtr 11.06

Table B.42: Work tables of the capture plant using EDEA for a flue gas obtained from oxy-
combustion of coal. Scenario 8.

Unit qGPU1 qGPU3 qGPU5 qGPU7 qGPU9 qGPU11 qGPU13 qGPU15
Work kW 8250 7881 8157 120 1134 5608 5914 595
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APPENDIX C. VALIDATION EXERCISES

Appendix C

Validation exercises

Table C.1: Composition of Appalachian medium sulfur bituminous coal used in this work,
extracted from IECM[266].

Fuel Component Mass Fraction (wi as received)
C 0.74
H 0.05
S 0.02
O 0.05
N 0.01
H2O 0.05
Cl2 6×10−4

Ash 0.07
Fuel HHV (MJ/kg) 33.48
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APPENDIX D. SENSITIVITY ANALYSIS

Appendix D

Sensitivity analysis

Figure D.1: Effect of booster outlet pressure on power consumption and O2 flow reduction.
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APPENDIX D. SENSITIVITY ANALYSIS

Figure D.2: Actual work from initial simulation ( ) and optimised simulation (■) against min-
imum thermodynamic work required for air separation. The initial model has a thermodynamic
efficiency of 19% while the optimised model is increased to 25%.

Figure D.3: Fuel savings potential based on air inlet temperature.
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APPENDIX D. SENSITIVITY ANALYSIS

Figure D.4: Adiabatic flame temperature and fraction of O2 in flue gas based on air to fuel
ratio.

Figure D.5: Minimum thermodynamic separation work of CO2 from a gas mixture for different
CO2 concentrations in the flue gas (FG).
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APPENDIX D. SENSITIVITY ANALYSIS

Figure D.6: Sensitivity analysis on flue gas amount sent to the GPU.
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APPENDIX D. SENSITIVITY ANALYSIS

Figure D.7: Effect of cooling water sent to DCC on flue gas temperature leaving the DCC and
power plant net efficiency.
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APPENDIX D. SENSITIVITY ANALYSIS

Figure D.8: Effect of O2 purity on oxidizer and GPU process on LCOE.
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APPENDIX E. TECHNO-ECONOMIC ANALYSIS

Appendix E

Techno-economic analysis

E.1 CEPCI

Table E.1: CEPCI values

Year CEPCI Year CEPCI
1990 357.6 2003 402
1991 361.3 2004 444.2
1992 358.2 2005 468.2
1993 359.2 2006 499.6
1994 368.1 2007 525.4
1995 381.1 2008 575.4
1996 381.7 2009 521.9
1997 386.5 2010 550.8
1998 389.5 2011 585.7
1999 390.6 2012 584.6
2000 394.1 2013 567.3
2001 394.3 2014 576.1
2002 395.6 2015 556.8

E.2 ASU
Using the procedure detailed by Ward [258], Katell and Wellman [259] it was found
that the ASU produces oxygen at the cost of 107.07 $/tO2

. Should we decide on selling
just N2 (this strategy was chosen because O2 will be used for the oxy-fuel combustion),
it would be at 46.96 $/t for an IRR of 5 %. Due to the confidentiality nature of this
type of information, it is hard to find actual data on the price of these industrial gases,
so we must rely on comparisons with other simulations[114]. The results obtained in
this study go in accordance with Schmidt and Clayton [376], having both oxygen and
nitrogen sold at 30.20 $/t, assuming a conversion of 0.76 £/$. Ebrahimi also shows
similar results, showing that prices can vary between 10 and 100 $/t[377].

E.3 GPU
By performing a techno-economic analysis, in the same manner as done for the ASU,
we can conclude that this technology will have an LCOE between 105 and 120 $/MWh
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E.3. GPU APPENDIX E. TECHNO-ECONOMIC ANALYSIS

depending on the technology used for the CO2 CPU and O2 purity on oxidiser. Figure
D.8 shows that LCOE increases at very-low O2 purity in the oxidizer LCOE will increase
because more volume would have to be compressed on the CO2 CPU as the amounts
of N2 will start to be considerable. The turning point observed between the 6 stage
compression and flash distillation is because the flash process can significantly reduce
the amounts of N2 from the stream, reducing the costs of compressing the gas to high
pressure.
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APPENDIX F. FLEXIBILITY

Appendix F

Flexibility

F.0.1 Coal-fired

Day off-peak electricity price

Figure F.1: Sensitivity analysis of the effect of coal price and difference of day off-peak electric-
ity price relative to peak electricity price on daily profits for the schedule detailed in Figure 7.4
b. Lower deviations from peak electricity price and lower fuel price lead to higher daily profits.
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APPENDIX F. FLEXIBILITY

Figure F.2: Sensitivity analysis of the effect of coal price and difference of day off-peak electric-
ity price relative to peak electricity price on the variation of daily profit between the schedule
represented in Figure 7.4 b using LOX storage and without LOX storage. It can be observed that
regardless of the situation, LOX storage has higher daily profits.
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APPENDIX F. FLEXIBILITY

Figure F.3: Sensitivity analysis on coal price and difference between day off-peak electricity
price and peak electricity price, analysing their effect on NPV for the schedule represented in
Figure 7.4 b. Lower electricity price difference and lower coal cost increase NPV. Negative NPV
occurs on the lower-right half of the figure, indicating that if coal prices are high, then this
process should only be considered if there is low difference between night off-peak and peak
electricity price.
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APPENDIX F. FLEXIBILITY

Figure F.4: Sensitivity analysis on coal price and difference between day off-peak electricity
price and peak electricity price, analysing their effect on the NPV difference between the case
with LOX storage and without LOX storage for the schedule represented in Figure 7.4 b. Storing
oxygen becomes more economical at lower price difference and lower coal price, since the plant
is discharging LOX during this time period. Interestingly, LOX storage is more economical when
positive NPV occur, as seen in Figure F.3.
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APPENDIX F. FLEXIBILITY

Night off-peak electricity price

Figure F.5: Sensitivity analysis on varying coal cost and night off-peak electricity price with
respect to daily peak electricity price on daily profits for the schedule represented in Figure 7.4
b. It can be observed that a similar effect to Figure F.1 is obtained, although the night off-peak
price variation has less impact on daily profits.
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APPENDIX F. FLEXIBILITY

Figure F.6: Sensitivity analysis on varying coal cost and night off-peak electricity price with
respect to daily peak electricity price on the difference between daily profits for the case with
LOX storage and without LOX storage for the schedule represented in Figure 7.4 b. It can be
clearly seen that night off-peak electricity price has a large impact on determining whether to
use LOX storage or not. Indeed, if electricity if being sold at night at $30/MWh lower than
during peak electricity prices, it then becomes advantageous to store LOX and discharge it
during the day.
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APPENDIX F. FLEXIBILITY

Figure F.7: Sensitivity analysis on coal price and the difference between night off-peak electric-
ity price with peak electricity price, analysing the effect on NPV for the schedule represented
in Figure 7.4 b. Coal price appears to be the main factor affecting NPV, where increased coal
prices incurr lower NPV. Indeed, coal price above $80/t yields negative NPV at electricity price
difference larger than $20/MWh.
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APPENDIX F. FLEXIBILITY

Figure F.8: Sensitivity analysis on coal price and the difference between night off-peak elec-
tricity price with peak electricity price, analysing the effect on NPV difference between the case
of LOX storage with the case without LOX storage for the schedule represented in Figure 7.4
b. Contrary to NPV, the difference of electricity price at night with respect to peak price is the
main factor affecting whether LOX storage is more economical than having no storage. Indeed,
LOX storage becomes more economical at a price difference within $65/MWh.
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APPENDIX F. FLEXIBILITY

Day and night off-peak electricity price

Figure F.9: Sensitivity analysis of night and day off-peak electricity prices relative to peak
electricity price and their effect on daily profit for an oxy-combustion process firing coal with
cost $86/t for the schedule represented in Figure 7.4 b. The higher the electricity prices, the
greater the profit. It must be noted that day off-peak electricity price variation has a greater
impact on profit.
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APPENDIX F. FLEXIBILITY

Figure F.10: Sensitivity analysis of night and day off-peak electricity prices relative to peak
electricity price and their effect on the difference of daily profit between the case of LOX storage
and without storage for an oxy-combustion process firing coal with cost $86/t for the schedule
represented in Figure 7.4 b. Here, the night off-peak electricity price has a greater impact on
whether LOX storage should be considered or not. Indeed, LOX storage should be considered if
night off-peak electricity price is within $20/MWh lower than peak electricity price, especially if
day off-peak electricity prices are low. However, this is unlikely to occur, since it would require
day off-peak prices be lower than night off-peak prices.
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APPENDIX F. FLEXIBILITY

Figure F.11: Sensitivity analysis on the difference between both night and day off-peak elec-
tricity prices with respect to peak electricity price and their effect on NPV for an oxy-combustion
process firing coal with cost $86/t for the schedule represented in Figure 7.4 b. It can be seen
that the day off-peak price has a higher impact on NPV, since during this period the plant is
operating at full capacity. Positive NPV can be achieved if the difference between day off-peak
electricity price and peak electricity price is smaller than $50/MWh.
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APPENDIX F. FLEXIBILITY

Figure F.12: Sensitivity analysis on the difference between both night and day off-peak elec-
tricity prices with respect to peak electricity price and their effect on NPV difference between
the case of LOX storage with the case without LOX storage for an oxy-combustion process firing
coal with cost $86/t for the schedule represented in Figure 7.4 b. Here, night off-peak electricity
price has a greater impact on the outcome. LOX storage becomes a more economical option if
night off-peak electricity price is more than $50/MWh below peak electricity price.

F.0.2 Biomass-fired

Day off-peak electricity price

Figure F.13: Sensitivity analysis of the effect of biomass price with NEC auctioned at different
prices, and difference of day off-peak electricity price relative to peak electricity price on the
variation of daily profit between the schedule represented in Figure 7.4 a using LOX storage and
without LOX storage. LOX storage yields increased daily profits however,the increased benefit
from LOX storage becomes less pronounced as NEC are auctioned at higher prices.
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APPENDIX F. FLEXIBILITY

Figure F.14: Sensitivity analysis of the effect of biomass price with NEC auctioned at different
prices, and difference of day off-peak electricity price relative to peak electricity price on the
variation of daily profit between the schedule represented in Figure 7.4 b using LOX storage and
without LOX storage. LOX storage yields increased daily profits however,the increased benefit
from LOX storage becomes less pronounced as NEC are auctioned at higher prices.

Night off-peak electricity price

Figure F.15: Sensitivity analysis on varying biomass cost and auctioning NEC at different prices,
and night off-peak electricity price with respect to daily peak electricity price on the difference
between daily profits for the case with LOX storage and without LOX storage for the schedule
represented in Figure 7.4 a. It can also be observed that night electricity price has higher impact
on whether to store LOX or not, with this effect less pronounced the higher the price of NEC.
Indeed, above $110/tCO2

storing LOX becomes inadvisable if electricity prices deviate less than
$10/MWh from peak electricity prices.

Figure F.16: Sensitivity analysis on varying biomass cost and auctioning NEC at different prices,
and night off-peak electricity price with respect to daily peak electricity price on the difference
between daily profits for the case with LOX storage and without LOX storage for the schedule
represented in Figure 7.4 b. It can also be observed that night electricity price has higher impact
on whether to store LOX or not, with this effect less pronounced the higher the price of NEC.
Indeed, above $110/tCO2

storing LOX becomes inadvisable if electricity prices deviate less than
$10/MWh from peak electricity prices.
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APPENDIX F. FLEXIBILITY

Day and night off-peak electricity price

Figure F.17: Sensitivity analysis of night and day off-peak electricity prices relative to peak
electricity price and their effect on the difference of daily profit between the case of LOX stor-
age and without storage for an oxy-combustion process firing biomass with cost $117/t and
auctioning NEC at different prices for the schedule represented in Figure 7.4 a. LOX storage is
preferable when no NEC are being auctioned. However, LOX storage becomes less attractive as
NEC start being auctioned. The higher the electricity prices, the greater the profit. It must be
noted that day off-peak electricity price variation has a greater impact on profit.

Figure F.18: Sensitivity analysis of night and day off-peak electricity prices relative to peak
electricity price and their effect on the difference of daily profit between the case of LOX stor-
age and without storage for an oxy-combustion process firing biomass with cost $117/t and
auctioning NEC at different prices for the schedule represented in Figure 7.4 b. LOX storage
is preferable when no NEC are being auctioned. However, LOX storage becomes less attractive
as NEC start being auctioned. Here, the night off-peak electricity price has a greater impact on
whether LOX storage should be considered or not. Indeed, LOX storage should be considered if
night off-peak electricity price is within $20/MWh lower than peak electricity price, especially if
day off-peak electricity prices are low. However, this is unlikely to occur, since it would require
day off-peak prices be lower than night off-peak prices.
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