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SUMMARY 

This thesis focuses on materials science related to Oxygen Transport Membranes 

(OTMs). The general aim is to characterize and improve the structural and oxygen 

transport properties of candidate OTM materials for application in power generation 

with carbon capture.  

In short, OTMs can be applied as a technology to produce pure oxygen which can 

be used for the combustion of a fuel. Compared with air, burning with oxygen should 

lead to a relatively pure stream of gaseous combustion products. The composition of that 

stream should limit the number and complexity of separation steps required for carbon 

capture. To obtain commercially viable OTMs, some of the most important properties to 

be improved are the magnitude of the oxygen flux and the chemical stability of the 

membrane material in atmospheres containing steam and acidic gases. In the 

introduction, Chapter 1, detailed accounts of materials, basic concepts and process aspects 

are given.  

In Chapter 2, a new route for the synthesis of perovskite-type oxides  

SrTi1-xFexO3δ is described. This route permits to prepare titanium-containing oxides via 

a modified Pechini route. It is optimized by the combined use of EDTA and citric acid 

as chelating and gelating agents, as well as by balancing the amounts of fuel and oxidizing 

agents in the reaction mixture. The method produces almost phase-pure perovskite oxide 

powder, with an ultra-fine crystallite size of 20-40 nm, and with a low level of organic 

residues. Highly sinter-active powders are obtained after calcination and ball-milling of 

the powders.  

Chapter 3 discusses the influence of yttrium dopant concentration on performance 

and stability of perovskite-type oxides Ba0.5Sr0.5(Co0.8Fe0.2)1-xYxO3-δ. Without yttrium 

doping, the material exhibits the highest oxygen flux through a MIEC membrane 
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reported to date. However, the parent material is subject to degradation when operated 

below ~840 °C. The oxygen transport properties at different yttrium dopant 

concentrations are assessed in situ, at 700 °C and 800 °C, over 200 h using automated 

electrical conductivity relaxation (ECR) measurements. Detailed phase analysis is 

performed after the long-term annealing experiments by scanning electron microscopy 

(SEM). The combined results show that yttrium doping markedly improves the structural 

and performance stability, and that a substitution level of 10 mol% yttrium suffices to 

obtain a material with virtually no degradation during annealing for 200 h at the assessed 

temperatures. 

Chapter 4 continues on the subject of tailoring material properties by partial 

substitution. The perovskite-structured calcium manganite exhibits fast oxygen transport 

and excellent stability in reducing environments, and therefore holds promise for 

application as an oxygen storage material in chemical looping combustion processes. In 

this chapter, partial substitution was applied to explore its possible use as an oxygen 

transport membrane. A main finding of the work is that partial substitution of the 

manganese ions by iron and/or titanium ions affects the onset temperatures of phase 

transitions occurring in the host material as confirmed by high-temperature X-ray 

diffraction studies at typical membrane operation temperatures. Electrical conductivity 

relaxation experiments demonstrate that the oxygen transport properties are correlated 

with these structural transformations.  

Chapter 5 describes routes to enhance the oxygen flux through NiFe2O4 - 

Ce0.8Tb0.2O2-δ (NFO-CTO) composite membranes. It is found that the oxygen flux 

increases by a factor of 2-4 by coating a porous NFO-CTO layer on both sides of the 

membrane, and by a factor of 6 –12 relative to the bare membrane after activating the 

porous layers with Pr6O11 catalyst nanoparticles.  

The subject of Chapter 6 is fundamental, being focused towards carbonation of Sr-

containing perovskite oxides. As the applied sweep gases for OTMs in industrial 

processes often contain acidic gases such as carbon dioxide or sulphur dioxide, it is of 
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utmost importance to understand the reaction of the perovskite oxide with these gases 

leading to the formation of carbonates and/or sulfates. To this end, thermogravimetric 

and temperature-programmed desorption experiments on different perovskite oxides and 

mixtures of oxides and carbonates are performed. The results reveal that carbonation is 

governed by both kinetics and thermodynamics. The apparent activity of strontium oxide 

in the perovskite oxide, at given partial pressure of CO2, plays a crucial role in determining 

the onset temperature of carbonation. 

In Chapter 7, the story moves on to the application of OTMs. Oxyfuel combustion 

and pre-combustion carbon capture based processes with a combined cycle layout are 

designed to efficiently incorporate OTMs into these processes. Using either a coal/pet-

coke mixture or natural gas as the fuel, both processes are benchmarked against an existing 

and comparable process in which no carbon capture is performed. The applied methods 

and assumptions are considered with care, to make both processes directly comparable to 

the reference and to each other. The electricity price and the energy efficiency are taken 

as the main issues for comparison. Next to that, the obtained data is analyzed in detail to 

gain insight in the most critical points for implementing OTMs into power plants.  

Finally, Chapter 8 gives reflections to the work described in this thesis, and to the 

field in general. Some directions and opportunities for future work are suggested. 



 

SAMENVATTING 

Dit proefschrift gaat over de chemische materiaalkunde van 

zuurstoftransportmembranen (Engels: Oxygen Transport Membranes (OTMs)). Het 

beschrijft wetenschappelijk onderzoek met het doel de structuur en 

zuurstoftransporteigenschappen van deze materialen voor toepassing als OTM te 

karakteriseren en te verbeteren. 

OTMs kunnen worden ingezet in energiecentrales om CO2-afvang mogelijk te 

maken. Kortgezegd kunnen deze membranen worden geïntegreerd in een thermische 

energiecentrale om de verbranding van pure zuurstof te voorzien, waardoor de ontstane 

rookgassen slechts geringe hoeveelheden onzuiverheden bevatten. Daardoor kunnen het 

aantal zuiveringsstappen om CO2 te kunnen afvangen en de daarmee samenhangende 

complexiteit worden verminderd. Om CO2-afvang met deze technologie efficiënt en 

kostentechnisch interessant te maken, moet er evenwel nog een flink aantal stappen gezet 

worden. De zuurstofflux en de chemische stabiliteit in een atmosfeer met stoom en zure 

gassen zijn hierbij twee van de meest belangrijke eigenschappen. In de introductie van het 

proefschrift, Hoofdstuk 1, worden de materialen voor membranen, de benodigde 

eigenschappen, en de processen waarin ze gebruikt kunnen worden in detail beschreven. 

In Hoofdstuk 2 wordt een nieuwe route voor de synthese van SrTi1-xFexO3δ perovskieten 

beschreven. Deze syntheseroute maakt het mogelijk om titaanhoudende oxiden te 

bereiden via een gemodificeerde Pechini-route. De synthese is geoptimaliseerd door het 

gecombineerde gebruik van EDTA en citroenzuur als complexvormende en gelerende 

middelen, en tevens door de hoeveelheden brandstof en oxidator in het reactiemengsel in 

de juiste verhouding te brengen. Poeders van perovskietoxiden die op deze manier bereid 

zijn hebben een zeer fijne kristallietgrootte (20 - 40 nm) en bevatten weinig organische 

residuen. Na calcinatie en malen in een kogelmolen worden zeer sinteractieve 

perovskietoxidepoeders verkregen.  
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Hoofdstuk 3 beschrijft de invloed van yttriumdotering op de stabiliteit en prestaties 

van perovskietoxiden Ba0.5Sr0.5(Co0.8Fe0.2)1xYxO3-δ. Het basismateriaal zonder yttrium is 

het perovskietmateriaal met de hoogste zuurstofflux tot op heden vermeld in de literatuur. 

Echter, bij afkoelen tot temperaturen lager dan ~840 °C is het materiaal niet stabiel. In 

dit hoofdstuk wordt bekeken hoe de concentratie van yttrium in het materiaal de 

zuurstofflux beïnvloedt over een tijdsduur van 200 uur bij 700 °C en bij 800 °C. Dit wordt 

gedaan door middel van geautomatiseerde metingen van de relaxatie van de elektrische 

geleiding. Een gedetailleerde analyse van de gevormde fasen is gedaan met een 

rasterelektronenmicroscoop. De gecombineerde resultaten laten zien dat dotering met 

yttrium de structurele stabiliteit en de transporteigenschappen verbetert, en dat dotering 

van 10 mol% yttrium voldoende is voor verkrijging van een materiaal dat nagenoeg geen 

degradatie meer laat zien gedurende 200 uur bij de bovengenoemde temperaturen. 

Hoofdstuk 4 gaat eveneens over de beïnvloeding van materiaaleigenschappen door 

partiële substitutie. Calciummanganiet is een perovskietverbinding met een hoge 

zuurstofflux en een uitstekende stabiliteit in een reducerende omgeving. Om deze reden 

is het een zeer beloftevol materiaal om voor zuurstofopslag gebruikt te worden in chemical 

looping combustion processen. In dit hoofdstuk wordt partiële substitutie toegepast om de 

mogelijke toepassing van het materiaal als zuurstoftransportmembraan te bestuderen. Een 

belangrijke waarneming in het gedane onderzoek is dat de partiële substitutie van de 

mangaanionen door ijzer- en/of titaanionen de temperatuur van faseovergangen in de 

gastheerstructuur beïnvloedt, zoals bevestigd door röntgendiffractiemetingen bij hoge 

temperatuur. ECR-metingen laten zien dat de zuurstoftransporteigenschappen 

gecorreleerd zijn met deze structurele overgangen.  

Hoofdstuk 5 beschrijft methodes om de zuurstofflux door NiFe2O4 - Ce0.8Tb0.2O2δ 

(NFO-CTO) composiet-membranen te verbeteren. Gevonden wordt dat de zuurstofflux 

een factor 2 – 4 toeneemt door coating van een poreuze laag van hetzelfde materiaal aan  

beide zijden van het membraan. Activering van de poreuze lagen met Pr6O11 katalysator-
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nanodeeltjes verhoogt de zuurstofflux verder met een factor 6 – 12 ten opzichte van die 

van het oorspronkelijke membraan.  

Het onderwerp van Hoofdstuk 6 is fundamenteel van aard en gaat over de 

carbonaatvorming op strontiumhoudende perovskietoxiden. Aangezien dikwijls zure 

gassen aanwezig zullen zijn in de spoelgassen van OTMs gebruikt in verschillende 

industriële processen is het van groot belang om de reacties tussen de oxiden en deze 

gassen die leiden tot carbonaat- en/of sulfaatvorming te begrijpen. Om deze reden zijn 

thermogravimetrische en temperatuur-geprogrammeerde desorptie-metingen uitgevoerd 

aan verschillende perovskieten en mengsels van oxiden en carbonaten. De resultaten laten 

zien dat de carbonatiereacties bepaald worden door zowel thermodynamica als 

reactiekinetiek. De activiteit van strontiumoxide in de perovskietoxiden, bij gegeven 

partiaalspanning van CO2, is bepalend voor de temperatuur waarbij carbonatie 

plaatsvindt. 

In Hoofdstuk 7 wordt naar de toepassing van OTMs gekeken. Oxyfuel combustion 

en pre-combustion gebaseerde koolstofafvangprocessen worden ontworpen om op een 

efficiënte manier OTMs in deze processen te integreren in een elektriciteitscentrale met 

een gecombineerde cyclus. Deze processen, waarin aardgas of een mengsel van pet-coke 

en kolen wordt gebruikt als brandstof, worden vergeleken met een bestaand, vergelijkbaar 

proces waarin geen koolstofafvang wordt toegepast. Veel aandacht gaat uit naar de 

toegepaste methodes en aannames, zodat directe vergelijking met elkaar en met de 

referentie mogelijk is. De elektriciteitsprijs en de energie-efficiëntie van het proces zijn 

de belangrijkste aspecten die gebruikt worden in de vergelijkingen tussen processen. Aan 

de hand van de verkregen data en de verkregen inzichten wordt besproken welke punten 

kritisch zijn bij de implementatie van OTMs in energiecentrales. 

Ten slotte geeft Hoofdstuk 8 een reflectie op het onderzoek beschreven in dit 

proefschrift, en meer in het algemeen, op het gebied van het onderzoek. Een aantal 

richtingen en mogelijkheden voor verder onderzoek worden gegeven.  







CHAPTER 1 
Introduction: Oxygen Transport Membranes and 
their applications  
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1.1 Electricity production and carbon capture 
In the modern world, most people feel disarmed when their access to electricity is 

limited. Lighting, cooking, communication, and transportation all heavily rely on 

electricity. Figure 1.1 shows how the total worldwide energy consumption and electricity 

use have gone hand in hand since the start of the current millennium. Although the future 

cannot be predicted exactly, nothing currently points at a sudden decrease of the electricity 

demand. Actually, with the quickly growing world population and the similarly swift 

growing access to electricity, a further increase in the electricity demand could be 

expected. 
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Figure 1.1. Historical overview of total worldwide energy consumption 1 and 

electricity consumption 2. Data for the total worldwide electricity

consumption starts in 1960.
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Figure 1.2 shows that fossil sources represent the largest share in the amount of 

energy consumed worldwide during the last century. The amount of energy generated 

from renewable sources accounts for less than five percent of the total energy 

consumption. Due to the nature of renewable-based power plants, most of this energy is 

used for the production of electricity. In the year 2015, 14.4% of the total amount of 

primary energy was converted into electricity 3. Taking into account the limited efficiency 

of thermal power plants, one can understand that electricity generation is responsible for 

much of the fossil fuel use, and therefore for a large share in the CO2 emissions. In fact, 

according to the 2014 report of the Intergovernmental Panel on Climate Change (IPCC), 

the production of electricity and heat was responsible for 25% of the global greenhouse 

gas emissions, and with that it represents the largest economic sector in terms of 

emissions4.  
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Fossil-fueled plants are typically industrial-size plants with a lifespan of 40 – 60 

years 5. Even though many of the recently built units are wind farms or solar power based 

facilities, their share in the total electricity production is still small. It is likely that fossil-

fuelled plants will be used for generation of electricity for decades to come, thereby 

emitting large amounts of CO2 into the atmosphere.  

In the Paris climate accord, 175 countries agree to keep the global temperature rise 

well below two degrees Celsius 6. Among many measures that can be taken, one that 

comes to the mind quickly is to significantly increase the share of renewable and low-

carbon energy sources. To reach a 100% share of renewables by 2050, the growth in 

installed capacity should continue at the same rate as the last decade for another decade, 

after which it suffices to grow with 4-5% 7. This, of course, only holds when the capacity 

of non-renewable electricity generation decreases with time, to have it nullified by 2050. 

Alternative electricity-related measures to reach the goal include, for example, to increase 

the efficiency of electrical apparatuses and that of existing and new-built power plants, to 

improve the insulation of buildings, and to increase the share of electricity in the energy 

used for heating and transport purposes.  

Next to these options, technologies directly targeting CO2 are considered. Two 

different categories of technologies exist. The first is known as carbon capture and storage 

(CCS) or carbon capture and utilization (CCU), sometimes being merged under the 

name ‘carbon capture’. These technologies prevent CO2 from entering the atmosphere 

after being generated. The second type known as carbon dioxide removal (CDR) 

technologies actively remove CO2 from the atmosphere. Both categories of technologies 

are probably required to meet the two-degrees target. In most of the scenarios presented 

by the IPCC that likely lead to a temperature increase of less than 2 °C (probability 

>66%), the amount of CO2 offset by CCS and CCU needs to increase to a value 

equivalent to the current production rate (around 4·1010 t year-1) 8. Meanwhile, up to 

2·1010 t CO2 year-1 needs to be removed by CDR technologies to compensate for the 

emission of other gases that contribute to the greenhouse effect 8. Whereas quite a few 



5   Chapter 1 

CCS/CCU technologies are commercially available or are close to that point 9, CDR 

approaches – apart from enhanced ecosystem stewardship – are still far below the level of 

readiness 7. Bioenergy with CCS, abbreviated as BECCS, is considered as one of the most 

promising negative emission technologies 7,10. Being a combination of two existing 

technologies, CCS and the combustion of biological matter to produce heat, the 

technological readiness of BECCS depends on that of the underlying technology as well 

as on the speed with which optimizing and upsizing is performed. Further information 

about the implementation of CCS technology into the electricity generation system can 

be found in recent review by Bui et al. 11. 

Power plants, cement plants, and steel plants are examples of industrial processes in 

which combustion plays a major role. Heat is typically generated by the combustion of 

fuels from a fossil origin. Due to the localized nature of the emissions from industrial 

plants, these are called point sources of carbon dioxide (and other gases). Point sources 

are excellent places to capture CO2, due to the high concentration of carbon dioxide in 

flue gases as compared to that in the atmosphere. The industrial processes mentioned at 

the beginning of this paragraph all comprise of different process schemes, and therefore 

require differentiated approaches.  

This thesis is written in the context of the GREEN-CC (Graded Membranes for 

Energy Efficient New Generation Carbon Capture Process) project, which was an EU-

funded research program in which a consortium of universities, research institutes, and 

companies aimed to improve a wide range of carbon capture technologies based on oxygen 

transport membranes (OTMs). The GREEN-CC project focused on application of 

carbon capture technology in cement plants and various types of power plants. This thesis 

focuses on power plants, but as the process conditions and the required properties for 

membrane materials are roughly similar, much of the work could be valuable for both 

applications. 
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1.2 Separation processes for carbon capture  
Carbon capture requires the separation of CO2 from other gases. For storage and 

utilization, as well as for pipeline transport, maximum concentrations of impurities in 

CO2 streams have been defined .  

1.2.1 CO2 separation processes 

A broad range of processes to separate carbon dioxide from flue gases or hydrogen 

from carbon dioxide has been developed over the years. The main constituents of the flue 

gas stream obtained after combusting fuels such as coal, natural gas, or biomass are – next 

to CO2 – are nitrogen, water, and oxygen. Since both the physical (boiling point, vapor 

pressure, size of molecule) and chemical properties (reactivity with other materials) of 

CO2 are considerably different compared with the other three gases, multiple separation 

processes have been developed. These can be categorized in absorption, adsorption, 

cryogenic, and membrane-based processes 12, and are briefly discussed below. 

Absorption and adsorption  

Amine-solution based absorption processes for flue gas scrubbing can be considered 

as mature technologies, as illustrated by their widespread use in natural gas sweetening 

for decades 13. Nonetheless, absorption processes continue to be optimized by researchers 

14,15. Adsorption processes for the same application, using for example carbon-based 

materials, metal-organic frameworks, solid amine sorbents, or zeolites are still less mature 

14,16,17. The amine-solution based absorption processes are based on the formation of a 

carbonate in one reactor, after which the carbonate is decomposed and the sorbent 

regenerated in a second reactor. Adsorption processes also use a dual-reactor setup, but 

instead of reaction of the sorbent with the CO2, the gas is physically or chemically 

adsorbed. As the amount of energy required for desorption is much below that required 

for the decomposition of carbonates, adsorption-based processes are typically less 

energyintensive than absorption-based processes 12.  
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Separation processes categorized as ‘other processes’ in Ref. 14 include for example 

chemical looping combustion 18,19, calcium carbonate looping 20, CO2 hydrates 21, and 

electrochemical oxidation/reduction cycles of chemicals that react with CO2 
19. Apart 

from chemical looping combustion, these processes are based on controlled formation and 

decomposition of carbonates, and can therefore be considered as absorption processes as 

well. All these ‘other processes’ are still far from commercial use 11.  

Cryogenic distillation  

Cryogenic distillation is a process to separate liquefied gases from each other. This 

works well if the boiling point of the gas to be separated from the mixture and those of 

the other gases in the mixture are dissimilar. On the one hand, the required investments 

are relatively low and the reliability is high, but on the other hand, cooling of gases to the 

liquid state requires a lot of energy 12. Furthermore, if the flue gas stream or H2/CO2 

mixture contains less than 90% of CO2, dry ice could be formed in the cryogenic process 

which may block the piping. Typically, streams for carbon capture contain less than 50% 

of CO2 22, thereby making cryogenic distillation a less attractive separation method for 

this application. 

Membrane separation* 

Membrane-based processes, including gas separation membranes and membrane 

contactors, are relative newcomers to the separation of carbon dioxide from flue gas 23 or 

                                                           

* A membrane could be defined as a barrier which allows certain components of a 

mixture to pass and retains others. Using this principle, materials can be separated from 

each other. A few requirements can be defined for any membrane to work. First, the 

barrier should be selective towards the species to be separated. Second, the membrane 

should not impose a high resistance to the permeating species. Third, a driving force is 

required to direct transport in the desired direction. When these conditions are fulfilled, 

thermodynamics and kinetics act on the species to be transported to drive the system to a 

new equilibrium. In a non-steady state situation, for example when the membrane feed 

and sweep fluids are replaced continuously, the system strives to reach equilibrium but is 
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the separation of hydrogen from carbon dioxide 24. Polymeric membranes are industrially 

applied for the production of hydrogen 16, but are not ideally suited for carbon capture 

processes due to limited thermal, mechanical, and chemical stability, as well as the 

typically observed trade-off between selectivity and permeability 25,26. Dense palladium or 

palladium composite membranes have been applied commercially for the production of 

hydrogen with high purity, but this technology may be less well suited to carbon capture 

processes due the associated costs 27. In addition, porous ceramic membranes can separate 

hydrogen from CO2 based on the size of the molecules. Porous membranes based on 

functionalized silica, zeolites, and metal-organic frameworks are subject of intensive 

research 25. These membranes did not yet find commercial application in the field of 

carbon capture. More research directed to improve selectivity, permeability, and stability 

as well as towards upscaling of defect-free membrane production is necessary to bring 

these membranes closer to commercial application 25. Finally, mixed-matrix membranes 

are promising class of membranes for the separation of CO2 26. This type of membranes 

consists of a polymer and inorganic fillers, trying to combine the less demanding 

production process of the polymeric membranes with the advantageous separation 

properties of the porous inorganic membranes. However, based on a recent review 

article 26, the maturity of mixed matrix membranes technology seems to be behind that of 

polymeric and porous inorganic membranes. 

1.2.2 O2 production processes  

As discussed in Sections 1.3.3 and 1.3.2, oxyfuel combustion combined cycle 

processes always require pure oxygen for each combustion step, while in pre-combustion 

processes pure oxygen may be only required for gasification or reforming. Using pure 

oxygen instead of air for the combustion limits the concentration of species other than 

                                                           

never given the chance to reach that. In this way, a membrane can be operated 

continuously to selectively separate one species from another.  
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CO2 and H2O in the process, which renders the separation of CO2 more easy and 

efficient. The amount of oxygen required in a power plant is large. As discussed in 

Chapter 7 of this thesis, an hourly oxygen feed of 77,200 kg is required to generate a 

moderate 238 MW of electricity in a pre-combustion. 

Table 1.1. Comparison of industrial oxygen production processes 30. 

Process  Status Economic range 

[short ton per day] 

Purity limit 

[vol.%] 

Cryogenic distillation Mature >20 99+ 

Adsorption Semi-mature <40 95 

Polymeric membranes Semi-mature <20 ~40 

Oxygen Transport Membranes Developing Undetermined 99+ 

Molten salt Developing Undetermined 99+ 

 

Oxygen is among the top five of industrially produced chemicals in terms of yearly 

sold volume 28. Typical applications include its use in the production of cement, steel, 

polymers, and in the preparation of a wide variety of other chemicals and petrochemicals 

29, while highly pure oxygen finds application in some smaller-scale industrial processes 

as well as for medical purposes. According to the open literature, the most economically 

attractive way to produce oxygen depends strongly on the flowrate and purity which are 

required. Table 1.1 gives some insight into the market segments in which the various 

oxygen production methods operate, as well as on the maturity of the technology. Among 

the different methods used for oxygen production, cryogenic distillation and OTM 

technology are briefly discussed below. 

Cryogenic distillation  

As seen from Table 1.1, the only mature and economically viable oxygen production 

process for a demand as large as that of a power plant is cryogenic distillation 31. Cryogenic 

distillation has been used industrially to separate air into oxygen and nitrogen since the 

beginning of the 20th century 32. Figure 1.3 shows a photo of such an industrial plant. In 
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this process, ambient air is compressed, slightly cooled, and impurities such as water and 

CO2 are removed. After further cooling to a temperature of approximately -175 °C, at 

which the remaining gases are in a liquid state at the used pressure, the species are 

separated by distilling. Distillation is most suited for separating large quantities of liquids 

with different boiling points. Since the boiling points of oxygen and nitrogen (90 and 

77 K at atmospheric pressure) are close to each other, many stages are required in a 

distillation column to achieve a separation with sufficiently pure products 32. 

 Oxygen transport membranes (OTMs) 

†Even though methods exist to make cryogenic distillation less energy-intensive 33,34, 

it is expected that OTM-based processes could gain an advantage over cryogenic 

distillation in terms of efficiency due the better heat integration possibilities into processes 

where large quantities of heat are available 31. This is the case in power plants: the low 

                                                           

† Picture reused from https://commons.wikimedia.org/wiki/File:Coldbox.JPG under CC BY-SA 3.0 license. 

Figure 1.3. Cryogenic air separation to produce oxygen and nitrogen†.
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temperature of the produced oxygen and nitrogen is not directly beneficial to the 

remainder of the process, while gas streams with the high temperature required to operate 

OTMs are present in the power plant. OTM-based processes therefore offer better heat 

integration options. Before discussing OTMs in more detail (See Section 1.4), different 

process schemes of power plants with carbon capture are introduced.  

1.3 Carbon capture process schemes 
Three main routes to capture CO2 from point sources have been developed: post-

combustion, pre-combustion and oxyfuel combustion carbon capture. Hereafter, a 

concise overview of the working principle of each of these technologies is given.  

1.3.1 Post-combustion carbon capture 

Processes that capture CO2 by separating it from other gaseous combustion products 

are called post-combustion carbon capture processes. This could be considered as a 

traditional approach in chemical engineering: first, the combustion reaction takes place, 

after which the side products are separated from the main product. In the case of 

traditional fossil fuel-based electricity production, the main product is the heat released 

by combustion which is used to produce steam. The reaction products are partly and fully 

oxidized gases which are released into the atmosphere. When post-combustion carbon 

capture is integrated into such an electricity generation process, CO2 is separated from 

other combustion products as depicted in Figure 1.4. Compared to other pre-combustion 

and oxyfuel combustion processes used to separate CO2 from flue gases, amine-based 

Figure 1.4. Simplified scheme of a post-combustion carbon capture process.
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post-combustion processes are the most mature 30. However, regeneration of the solvent 

is highly energy-intensive 30,35, thereby penalizing the net energy output of the power 

plant.  

1.3.2 Pre-combustion carbon capture 

In pre-combustion carbon capture processes, of which a simplified scheme is given 

in Fig. 1.5, CO2 is captured before full completion of the combustion. Typically, a solid 

feedstock (coal, biomass, pet-coke) or gaseous feedstock (natural gas) is partially oxidized 

using oxygen or air, reformed with steam, or oxidized and reformed at the same time. 

Afterwards, the ratio of gases in the produced syngas is modified in the water gas shift 

(WGS) reaction (Eq. 1.1).  

CO + H O ⇆ CO + H  (1.1) 

To steer the ratio of components, the equilibrium in the water gas shift reaction is 

forced towards the right side. Addition of steam or adsorption of CO2 (sorption-enhanced 

water gas shift, SEWGS) are ways to tune the equilibrium 22. The remaining species are 

a mixture of hydrogen and CO2, which are the desired products, and some unused oxygen, 

and nitrogen and argon if air was used for oxidation.  

Figure 1.5. Simplified scheme of a pre-combustion carbon capture process. 
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CO2 can be separated from the other gases by similar means as those employed in 

post-combustion processes. Pilot scale tests have been concluded successfully for pre-

combustion carbon capture with an amine sorbent 36, therefore pre-combustion carbon 

capture could be regarded as an almost mature technology 11. Absorbents that perform 

‘physical absorption’, a term used to describe a single-step absorption process without any 

chemical reaction afterwards, are most common for pre-combustion processes 22. 

Separation of CO2 from hydrogen in a pre-combustion process is less energy-intensive 

than separation of CO2 from flue gases in post-combustion processes 37, mainly due to 

the high concentration of CO2 in the product stream of the WGS section 

(~15% – 40% 22,38) compared with that in flue gas (~5% – 15% 30,38). 

If pure oxygen is used in the gasification or reforming section of a pre-combustion 

based process, the amounts of nitrogen and NOx which are present in produced syngas 

are much lower than when gasification or reforming is performed using air. With lower 

amounts of impurities, separation of CO2 from hydrogen becomes more efficient 38. 

Oxygen transport membranes can be integrated into a pre-combustion power plant to 

supply the required oxygen, an example and a detailed analysis of such a process are given 

in Chapter 7. 

1.3.3 Oxyfuel combustion carbon capture 

In an oxyfuel combustion carbon capture process (cf. Fig. 1.6), the fuel is burnt with pure 

oxygen rather than air. Only two gaseous compounds (CO2 and steam) are present in 

large quantities after the combustion. Steam is easily liquefied by lowering the 

temperature of the combustion products to a temperature at which the water vapor 

condenses out. The concentrations of impurities such as carbon sulfide (CS2), carbonyl 

sulfide (COS), SOx, and NOx depend on the gasification and combustion process 

characteristics, gas cleanup is done to absorb these acidic species from the CO2. The 

remaining CO2 is pressurized and can be transported to another facility for utilization or 

storage. The oxyfuel combustion process does not require a large-scale gas separation 

process after the combustion, unlike post-combustion and pre-combustion processes. 

This would increase the efficiency of oxyfuel combustion carbon capture as compared to 
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post-combustion and pre-combustion carbon capture processes. However, the production 

of pure oxygen from air is costly and increases the amount of energy required for the 

process 38. Furthermore, combustion of syngas with pure oxygen would lead to too high 

temperatures in the gas turbine, hence another gas that acts as a diluting agent (CO2 or 

steam) is mixed with oxygen. 

 

1.3.4 Alternative process schemes 

In the last years, process schemes for power plants have been continuously 

redesigned in order to improve their efficiency, reliability, flexibility, and carbon capture 

ability. Most of these process designs can still be classified into one of the three categories 

mentioned above, although some of the newer designs do not resemble the traditional 

ones. Most notably, chemical looping combustion (CLC) – a promising process in terms 

of efficiency – could be regarded as an oxyfuel combustion process, but is often not listed 

among the three traditional CCS technologies 11,18,39. Research and upscaling of all three 

technologies are being carried out 37,40. Looking at the lists of advantages and 

disadvantages of each of the process schemes, it is not a settled matter which of the three 

is the most promising. 

Figure 1.6. Simplified scheme of an oxyfuel combustion carbon capture process. 
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1.4 Materials and oxygen transport properties of OTMs 
Two main types of OTMs are single-phase and dual-phase mixed ionic-electronic 

conducting (MIEC) membranes as shown in Fig. 1.7. The driving force for oxygen 

permeation is the oxygen chemical potential gradient across the ceramic membrane. The 

selectivity is 100% provided that there are no cracks or connected-through porosity. As 

oxygen is transported in the ionic form, at least one of the components in the dual-phase 

membrane must have a high-enough ionic conductivity.  

To fulfill the criterion of charge neutrality, a simultaneous flux of electrons occurs 

in the opposite direction. The latter implies that to sustain transport of both charge 

carriers both phases in the dual-phase membrane must be continuous, i.e., having volume 

fractions exceeding the percolation threshold. The highest oxygen fluxes are generally 

found for single-phase ABO3 perovskite-structured ceramic membranes, typically 

operating at temperatures in excess of 800°C. Well-studied examples include 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) 41-46 and La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) 47-52. Also mixed 

conductors with a brownmillerite (A2B2O5) and K2NiF4-type (first member of the 

Ruddlesden-Popper series (An+1BnO3n+1)) structure are being investigated. Their 

structures may be classified as perovskite-related intergrowth structures. One of the core 

requirements for use of OTM’s in power plants is that the membrane exhibits a long-life 

Figure 1.7. Schematic view on ceramic mixed ionic-electronic conducting  membranes;

 single-phase membrane  (left), and dual-phase membrane (right). 

 



Introduction   16 

performance and reliability under the severe operating conditions. Dual-phase 

membranes have been developed with improved stability over the single-phase perovskite 

membranes, especially in CO2-containing environments, referring the vulnerability of the 

earth-alkaline earth containing perovskite oxides in CO2 ambients. In general, however, 

the dual-phase membranes exhibit lower fluxes compared with their single-phase 

counter-parts. Typical examples of dual-phase membranes with a separate ionic and 

electronic conducting phase are NiFe2O4Ce0.8Tb0.2O2-δ 53-55 and FeCo2O4-Ce0.8Gd0.2O2-

δ 56-58, and examples of dual-phase membranes containing a mixed-conducting phase are 

Ce0.9Gd0.1O2-δ-LSCF 59 and Ce0.8Sm0.2O2-δ-LSCF 60. For industrial-scale usage, aspects 

such as process and materials costs, reliability of the technology, and integration with 

existing processes are obvious and important.  

Because of the importance for the work conducted in this PhD study, a brief 

introduction is given towards structure and oxygen transport properties exhibited by 

single-phase perovskite-structured MIEC membranes. In the perovskite-structured 

mixed conductors, the A-site is occupied by an alkali, alkaline earth or rare earth cation, 

whereas the B-site is occupied by a late-transition metal or rare earth cation. The ideal 

cubic perovskite structure is shown in Figure 1.8 . In practice, however, many distorted 

perovskite structures are found due to tilting of the BO6 octahedra. Goldschmidt 

proposed a tolerance factor t, which defines the degree of distortion of the perovskite 

lattice 61 

= +√2( + ) (1.2) 

where rA, rB, and rO are the radii of the constituent ions. The parameter t has been 

widely used to assess the formation and stability of perovskite structures. The perovskite 

structure is preserved if t is between 0.8 and 1. Structures with a lower symmetry, e.g. 

orthorhombic or rhombohedral, may appear when the distortion becomes too large, i.e., 

when t < 0.8, whereas hexagonal phases may appear for t > 1. It is noteworthy that also 

other factors such as the lattice free volume and oxygen nonstoichiometry may affect 
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formation of the ideal cubic perovskite structure. An excellent review about perovskite 

and perovskite-related structures is given by Zhu et al. 62. 

Pioneering studies of oxygen permeation through perovskite-type 

La1xSrxCo1yFeyO3-δ membranes were conducted by Teraoka et al. 63,64. The partial 

substitution of A-site La3+ ions by Sr2+ ions is charge compensated by the formation of 

oxygen vacancies and/or valence changes of the B-site cations. The degree of oxygen non-

stoichiometry exhibited by perovskite oxides is not only affected by the extent of aliovalent 

substitution, but also by temperature and ambient oxygen partial pressure. Oxygen ion 

migration in the perovskite lattice is mediated by the presence of oxygen vacancies 

(vacancy diffusion mechanism). For a relatively thick membrane, at given temperature, 

65the oxygen flux is given by the well-known Wagner equation 66 

= 4 + ln  (1.3) 

Figure 1.8. Schematic representation of the cubic 

perovskite structure. Figure made with Vesta.65
  

A-site

Oxygen

B-site
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where L is the membrane thickness,  and  are the partial ionic and electronic 

conductivities, and  and  the oxygen partial pressures maintained at the feed and 

permeate sides of the membrane, respectively. Other parameters in Eq. 1.4 have their 

usual significance. Eq. 1.4 is simplified to  

= 4 +  (1.4) 

for small  gradients across the membrane or when the partial conductivities appear to 

be invariant with oxygen partial pressure.  

The Wagner equation, predicting that the oxygen flux is inversely proportional to 

membrane thickness, no longer holds if surface exchange rate limitations come into play. 

These may become apparent upon reducing membrane thickness in an attempt to increase 

the oxygen flux. The overall exchange reaction can be written as, in Kröger-Vink notation, 

O + 2V∙∙ + 4e ⇆ 2O  (1.5) 

where V∙∙	 denotes a doubly positively charged oxygen vacancy, e  an electron, and O   a regular lattice oxygen. This reaction can be broken down in a number of elementary 

steps, each of which may be rate determining. To date, however, our understanding of 

the exchange kinetics between oxygen in the gas phase and oxygen in the oxide lattice is 

rather rudimentary. This is, at least in part, due to the difficulties in measuring oxygen 

surface exchange at elevated temperature, where these reactions are most pertinent. 

Assuming linear kinetics for the surface exchange reactions at both sides of the 

membrane, and in the limit of small  gradients, Bouwmeester et al. derived for the 

oxygen flux under mixed control of oxygen diffusion and surface exchange 67 

= 4 ( + 2 ) +  (1.6) 

where  is the characteristic membrane thickness below which the oxygen flux is 

predominantly controlled by oxygen surface exchange. Using the Nernst-Einstein 



19   Chapter 1 

equation while assuming ≫  (valid for most of the perovskite-type mixed 

conductors), it can be shown that 67 

=  (1.7) 

where  is the self-diffusion coefficient and  the surface exchange coefficient. Both 

parameters can be extracted simultaneously from data of 18O-16O isotope exchange 

experiments, followed by ex-situ depth profiling (IEDP), usually by scanning ion mass 

spectroscopy (SIMS) 68. Techniques used for measurement of these parameters include 

amongst others the pulse 18O-16O isotope exchange (PIE) technique (for measurement of 

k only) 69 and chemical relaxation measurements such as the electrical conductivity 

relaxation (ECR) technique 47,70,71, in which the electrical conductivity is monitored after 

a step-wise change in the ambient . For evaluation of  and  from experimental 

data, the latter technique requires supplementary data of the dependence of the oxygen 

nonstoichiometry of the perovskite oxide with oxygen partial pressure. The oxygen 

nonstoichiometry of the perovskite oxide relative to the initial condition can be 

investigated by thermogravimetry, neutron diffraction, or coulometric titration 43,72. A 

detailed descriptions of the ECR technique as employed in this PhD study is given in 

Appendix A3. 

One strategy to improve the oxygen flux is to reduce membrane thickness, provided 

that the oxygen flux is limited by bulk-diffusion. Below a thickness of approximately 

150 μm, a porous support is needed to provide sufficient mechanical robustness. The rate 

of the surface exchange reactions can be promoted by depositing a porous activation layer 

onto the dense and crack-free thin film membrane, effectively enhancing the available 

surface area for oxygen exchange, and/or by coating the surface with an appropriate 

catalyst, e.g., by infiltration of the porous activation layer. To avoid compatibility issues, 

such as thermal expansion differences, which may cause stress at elevated temperatures 

ultimately leading to cracks and mechanical instability, the porous support, thin film and 

activation layers are preferably made from the same perovskite composition. Different 
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ceramic methods have been exploited to fabricate the asymmetric membranes (see below). 

It is obvious that the porous support layer must facilitate fast gas transport, while being 

coated with a dense oxygen-permeable film layer. Recent observations made in a joint 

research effort of researchers of the Forschungszentrum Jülich and our group at the 

University of Twente made apparent that the support layer of asymmetric membranes of 

mixed ionic-electronic conducting perovskite-type oxides SrTi1-xFexO3-δ 

(STF; x=0.3, 0.5 and 0.7), BSCF and LSCF imposes a non-negligible resistance on the 

oxygen fluxes. From the results it is evident that more research needs to be done to 

optimize the gaseous transport path ways in the microporous support layers.  

1.5 Scope and outline of this thesis 
This thesis focuses on materials science aspects of OTMs such as synthesis, 

characterization and optimization of transport properties, and (chemical) stability of 

membrane materials. In addition, attention is devoted to design considerations and 

optimization of power plant processes in which OTMs are integrated.  

In Chapter 2, an improved auto-combustion method for the synthesis of powders 

of SrTi1-xFexO3-δ is presented. 

The performance of the state-of-the-art mixed ionic-electronic conducting 

perovskite oxide Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) is known to degrade with time due to 

(partial) decomposition. In Chapter 3, the thermal stability and oxygen transport 

properties of Y-doped BSCF, Ba0.5Sr0.5(Co0.8Fe0.2)1-xYxO3-δ, are assessed by long-term 

electrical conductivity relaxation (ECR) measurements and microstructural investigations  

Chapter 4 investigates structure and oxygen transport of perovskite-type CaMnO3δ 

after partial substitution of the manganese ions with either iron or titanium, or both.  

Chapter 5 focuses on improvement of the oxygen reduction reaction kinetics of the 

Ce0.8Tb0.2O2-δ-NiFe2O4 dual-phase membrane material. The surface area was increased 

by deposition of a porous scaffold on the membrane, which was subsequently infiltrated 

with Pr6O11 catalyst nanoparticles.  
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Chapter 6 deals with the thermodynamics and kinetics of carbonation of perovskite 

oxides. Thermogravimetry and temperature-programmed desorption experiments were 

carried out to investigate carbonation and decarbonation behavior .  

The integration of OTMs in different power plant scenarios is discussed in 

Chapter 7. The different process designs are evaluated in terms of efficiency, levelized 

cost of electricity, carbon capture performance, and suitability for application of OTMs.  

Chapter 8 provides a summary of the results described in this thesis and 

recommendations for future research. 
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CHAPTER 2 
Auto-combustion synthesis of perovskite-type oxides 
SrTi1-xFexO3-δ 

Abstract 

A versatile one-pot auto-combustion method for the synthesis of powders of iron 

doped strontium titanate, SrTi1-xFexO3-δ, has been developed. The synthesis is optimized 

by the combined use of EDTA and citric acid as chelating agents, and an appropriate 

balance between fuel and oxidising elements in the reaction mixture. The method 

produces immediately an almost phase-pure perovskite oxide powder, with an ultra-fine 

crystallite size of 20-40 nm, and with a low level of organic residues. Highly sinter-active 

powders are obtained after calcination and ball-milling of the powders.  
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2.1 Introduction 
The non-stoichiometric perovskite oxides SrTi1-xFexO3-δ (STF) are presently 

extensively investigated. The STF materials are good mixed ionic-electronic 

conductors 13, while other functional properties such as stability in reducing atmospheres, 

creep, and stability in CO2-containing atmospheres can be tuned by the Ti/Fe ratio. 

Especially the compositions with high Fe concentrations exhibit fast oxygen surface 

exchange and transport kinetics, which render them as viable candidates for use as cathode 

for solid oxide fuel cells (SOFCs) 4, and as dense ceramic membrane for oxygen 

separation 2. 

STF is known 5 to form a continuous solid solution between the two end members 

SrFeO3-δ and SrTiO3 over the whole composition range 0 < x < 1. At high temperatures, 

all compositions in the series SrTi1-xFexO3-δ adopt the cubic perovskite structure (space 

group Pm3m). While the end-member SrFeO3-δ undergoes a structural phase transition 

to the ordered orthorhombic brownmillerite SrFeO2.5 phase below ~800-900 °C 6, 

substitution of as little as 1% Fe by Ti is sufficient to prevent this transition from 

happening 5.  

STF powders are typically synthesized by a solid state reaction, in which a 

stoichiometric mixture of solid reactants, e.g. carbonates, hydrates, oxalates or nitrates, is 

calcined at elevated temperature 1,7-9. Multiple grinding and calcination steps are necessary 

to improve chemical homogeneity of the powder. The wide particle size distribution of 

the powder obtained via solid-state reaction often leads to poor sintering characteristics 1. 

Intimate mixing of reactants on a molecular level on the other hand is a key benefit of wet 

synthesis methods. Examples of wet synthesis methods include coprecipitation 9-11, 

hydrothermal synthesis 12,13, solvent vaporization (spray drying, spray pyrolysis, and freeze 

drying), and combustion synthesis methods 14-16. In general, these methods yield powders 

with higher compositional uniformity, smaller particle size and larger surface area than 

those prepared by solid-state reaction.  
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Combustion synthesis routes are inspired by the work of Pechini 16, in which citric 

acid and ethylene glycol are added to an aqueous solution of suitable metal salts or oxides, 

taken in appropriate proportions. Gelation occurs upon solvent evaporation due to 

polycondensation of the citric acid and ethylene glycol. Immobilisation of the metal 

citrate complexes in the gel prevents precipitation of the cations, ensuring that the 

chemical homogeneity is retained in the precursor solution during drying 17. After drying, 

the gel is fired at elevated temperature to obtain a finely dispersed powder of metal oxides 

and/or metal carbonates 18. A phase-pure ceramic powder is obtained after calcination at 

a suitable temperature.  

Alternatively, in modified Pechini synthesis routes, different chelating or combined 

chelating agents are employed 19. The synthesis typically consists of four steps: 

(i) formation of organometallic complexes in solution, (ii) solvent evaporation and gel 

formation, (iii) auto-combustion (pyrolysis) followed by (iv) a heat treatment of the 

obtained powder 20,21. Among several chelating agents, ethylene-diamine-tetra-acetic acid 

(EDTA) and citric acid (CA) are used most frequently 11,20. Due to its higher chelating 

power, a far more extensive range of cations can be chelated with EDTA compared to 

CA 22. Possessing three carboxyl groups and one hydroxyl group, however, CA is the 

chelating agent with the stronger gelation ability 23. The sole use of CA as chelating agent, 

however, may result in a highly exothermic, non-uniform combustion reaction, adversely 

affecting the morphology of the powder 24. For these reasons CA and EDTA are often 

employed as combined chelating agents 20,23,25,26.  

In this chapter, a versatile one-pot auto-combustion route for the preparation of 

SrTi1-xFexO3-δ (STF) powders is described, using EDTA and citric acid as combined 

chelating agents. The synthesis is exemplified by the preparation of SrTi1-xFexO3-δ with 

x = 0.3, x = 0.5 and x = 0.7 (abbreviated as STF30, STF50, and STF70, respectively). 

Water-soluble nitrates are used as precursors for strontium and iron, while 

titanium (IV) n-propoxide dissolved in ethanol is used as precursor for titanium. 
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2.2 Experimental 
Synthesis of STF powders was carried out following the scheme as depicted in 

Fig. 2.1. High purity (> 99%) Sr(NO3)2, Fe(NO3)3.9H2O, citric acid (CA, C6H8O7), 

ethylene-diamine-tetra-acetic acid (EDTA, C10H16N2O8), and 

titanium (IV) npropoxide, (Ti(OC3H7)4) were purchased from Sigma-Aldrich. In 

beaker 1, Ti(OC3H7)4 was dissolved in dry ethanol in a glove box under dry N2 conditions. 

Beaker 2 contained a solution of EDTA in Q2-distilled water brought to a pH of 5.5 by 

the addition of concentrated NH4OH (30 vol%, Sigma-Aldrich). In beaker 3, 

stoichiometric proportions of strontium and iron nitrates were dissolved in Q2-distilled 

water. The EDTA solution (beaker 2) was added to the titanium (IV) n-propoxide 

solution (beaker 1) under vigorously stirring followed by the addition of the metal nitrate 

solution (beaker 3). Next, CA powder was added to beaker 1 up to a CA /total metal 

molar ratio of 1.5. In selected experiments only EDTA or CA was used as chelating agent. 

In all cases the total chelating agent : total metal molar ratio was maintained at 2.5 : 1. 

The pH of the precursor solution was re-adjusted to a value of 7 with NH4OH 

(30 vol%, Sigma-Aldrich) before splitting of the solution into smaller batches.  

The solution was divided in batches; each batch comprised an amount equivalent to 

produce approximately 3.5 gram of powder, and was transferred to a tall glass beaker (2 

L borosilicate 3.3). The amount of oxidizer NH4NO3 (Sigma-Aldrich) added to the 

precursor solution was varied in different experiments to study its influence on 

combustion characteristics. After addition of NH4NO3, the precursor solution was heated 

on a ceramic hot plate, set to 350 °C, until a vigorously boiling gel was obtained. Upon 

further heating, a foam-like structure developed which eventually self-ignited. The 

temperature of the gel and that of the gas phase just above the gel during combustion 

were monitored using K-type thermocouples. These were positioned just below and ~10 

cm above the (initial) surface of the precursor solution, respectively, and were connected 

to a data logging device with a measuring frequency of 1 Hz. The beaker containing the 

precursor solution was covered with a stainless steel wire screen (100 mesh) to prevent 
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undesired powder loss during combustion. The obtained flakes were crushed with a single 

zirconia ball (ø 52 mm) to obtain a raw powder with a high pouring density.  

The powders were heat treated in air for 12 h either at 300, 500, 700, 900, or 

1100 °C, using heating and cooling rates of 5 °C·min-1. Powder X-ray diffraction patterns 

were obtained using a Bruker D2 Phaser with Cu-Kα radiation (λ = 1.54184 Å). The 

XRD patterns were fitted by a Monte Carlo and grid search using the X’Pert Highscore 

Plus software package (PANalytical, version 3.0e). Powder samples were imaged using 

a JEOL JSM-6010LA analytical scanning electron microscope (SEM), operated at an 

acceleration voltage of 5 kV. 

Raw powders obtained from synthesis were studied by thermogravimetric analysis 

(TGA) using a Netzsch STA 449 F3 Jupiter. The measurements were performed on 

10 mg of the sample enclosed in an α-Al2O3 crucible under a flow of synthetic air 

(70 ml·min-1 (STP)), using heating and cooling rates of 10 °C·min-1.  

To investigate the sintering activity of the powder, dilatometric measurements 

(Netzsch dilatometer 402 C) were performed on green rectangular bars in the temperature 

range 25 - 1400 °C, using heating and cooling rates of 2 °C·min-1. Prior to these 

measurements, the powders were calcined at 950 °C for 12 h in stagnant air and 

ballmilled in ethanol for 48 h. Green rectangular bars (15 × 4 × 4 mm3) were obtained 

by uniaxial pressing at 50 MPa followed by isostatic pressing at 400 MPa. 

2.3 Results and discussion 

2.3.1 Precursor solution 

Metal nitrates are widely used as precursors in aqueous synthesis routes 27. Due to 

its high volatility at room temperature, however, titanium nitrate is less suitable as 

precursor 28. For this reason, titanium (IV) n-propoxide dissolved in dry ethanol 

(beaker 1) was used in this study as precursor for titanium. After addition of the content 

of beaker 2, containing the aqueous solution of the EDTA with a pH of 5.5, a white 
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turbidity (due to precipitation of Ti(OH)2) appeared in the solution, disappearing within 

less than about 10 s, after which the solution became colourless and transparent again.   

Condensation of metal alkoxydes following hydrolysis by water can occur via two 

basic processes: (i) via the formation of hydroxy-bridges between the metal centres 

(olation) or (ii) via the formation of more stable oxo-bridges (oxolation) 29. Whether 

olation or oxolation occurs will depend strongly on the pH of the solution. In a test 

experiment, first Q2-distilled water with a pH of 11.8 was added to the solution of 

titanium (IV) propoxide in dry ethanol (beaker 1). Immediately, a white precipitate was 

formed. Next, EDTA in the form of powder was added to the solution, but the 

precipitation persisted even after stirring at 65°C for 24 h. This simple experiment 

demonstrates that it is important to control the pH of the solution in which hydrolysis 

and condensation of the titanium (IV) n-propoxide precursor occurs. 

Some precipitation was observed after the addition of the aqueous solution of iron 

and strontium nitrates (beaker 3). Addition caused a drop in the pH of the solution, 

lowering the EDTA solubility. Readjusting the pH to ~7 by adding NH4OH dissolved 

EDTA again, upon which a dark brownish solution was obtained. Unless specified 

otherwise, the CA : EDTA molar ratio during synthesis was 1.5 : 1, while the total 

chelating agent : total metal molar ratio was 2.5. After addition of CA, NH4OH was 

again used to readjust the pH to ~7 (Fig. 2.1). Subsequently, the precursor solution was 

divided into smaller batches for further processing.  

2.3.2 Combustion characteristics 

Traditionally, the constitution of a combustion reaction mixture is expressed in 

terms of the oxidizer-to-fuel ratio, ϕ, which quantity is referred to as the equivalence 

ratio 30. This concept is however less useful when the fuel molecules contain oxidizer 

elements and/or the oxidizer molecules contain fuel elements. Combustion reactions are 

redox reactions and, hence, oxidation numbers can be used to determine which elements 

in the reactant mixture act as an oxidizer, and which act as a fuel (i.e., reducing agent). 
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In this study, the method proposed by Jain et al. 30 was pursued by calculation of the 

socalled elemental stoichiometric coefficient for a given combustion reaction mixture: 

∅
∑ ,

∑ ,
 (2.1) 

where  nO,i and nR,j are the number of moles of oxidizing and reducing (fuel) elements in 

the reaction mixture, respectively, whilst zi and zj are their corresponding valences. Under 

stoichiometric conditions, the total number of oxidizing elements, i.e., oxygen, and 

reducing elements, such as carbon, hydrogen, and iron, in the reaction mixture are 

balanced, i.e., ϕe = 1. In calculation, the following valences were taken: z(O) = -2, 

z(H) = 1; z(C) = 4, z(Sr) = +2; z(Ti) = +4; z(Fe) = +3; z(N) = 0. These correspond to the 

valences in the products of the combustion reaction. It was further assumed that ethanol 

in the precursor solution was evaporated before the actual combustion reaction took place.  

Assuming complete combustion to CO2, H2O and N2, the overall stoichiometric 

reaction for the formation of, for example, SrTi0.5Fe0.5O3-δ (STF50) at a 

CA : EDTA ratio of 1.5 can be written as 

Hence, in this case 76.5 moles of oxidizer NH4NO3 per mole of product are required to 

achieve a stoichiometric balance of fuel and oxidizer. For a fuel-rich composition of the 

reaction mixture, O2 from the gas phase will be required to achieve complete combustion. 

To ensure complete combustion during synthesis of the different STF compositions an 

overstoichiometric amount of oxidizer NH4NO3 was added to the reaction mixture 

corresponding to a value for ϕe of 1.25. Gelation occurred after evaporation of the water, 

and in all cases the dried nitrate-citrate gels exhibited self-propagating combustion. 

Figure 2.2 shows the typical evolution of the temperature in the gel core and just above 

the gel with time during combustion synthesis of STF50. The results show that under 

Sr NO 0.5 Fe NO 0.5 Ti OC H 2C H N O EDTA

3C H O CA 76.5 NH NO

→ SrTi . Fe . O 44CO g 188 H O g 80.25 N g  

(2.2)
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the conditions of the experiment the onset of ignition occurs at a gel temperature of 

~220 °C, while the combustion is completed within about 50 s. The temperature in the 

core and above the gel reaches as high as ~800 °C and ~1100 °C, respectively. The data 

will depend on the exact positioning of the thermocouples in the glass beaker and the 

extent of swelling of the gel, and therefore should be taken with some care. The 

combustion was found to propagate like a wave through the gel. A video recording 

showing the auto-combustion reaction is available on-line 31. High local temperatures are 

maintained only for a short time and may lead to incomplete combustion. Some non-

combusted gel was indeed observed at the wall of the glass beaker after the combustion 

reaction when only EDTA was used as chelating agent, while the combustion was 

considered too violent when only CA was used as chelating agent.  

Figure 2.3a shows TGA patterns of the as-synthesized STF50 powder or ash obtained 

from synthesis using either EDTA or CA as chelating agent or using them as combined 

-100 -50 0 50
0

250

500

750

1000

 

T
 [

°C
]

t [s]

In gel

Above gel

Figure 2.2. Typical evolution of the temperature in the core

of the gel and in the gas phase just above the gel with time

during combustion synthesis of STF50. 



Auto-combustion synthesis of perovskite-type oxides SrTi1xFexO3δ   38 

chelating agents (in a ratio of CA : EDTA of 1.5). Data of mass spectroscopic analysis of 

the evolved gases in the effluent of the TGA indicates that up to ~150 °C (region I) 

mainly desorption of water and some organic species takes place, whilst the burn out of 

remaining organics occurs between 150 °C and 650 °C (region II). The temperature 

regions III-V are dominated by reversible oxygen non-stoichiometry changes of 

STF50 32. It is clear from Fig. 2.3a that the smallest fraction of organics in the 

assynthesized powder remains when during its synthesis CA is used as chelating agent, 

which is followed by the powder obtained from synthesis using EDTA and CA as 

combined chelating agents, and that using solely EDTA as chelating agent.  

In additional synthesis experiments, the amount NH4NO3 added to the reaction 

mixture was lowered to values for ϕe of 1 and 0.4, maintaining the CA : EDTA molar 

ratio at 1.5. The lower amount of oxidizer expectedly decreased the intensity of the 

combustion process, and led to a more incomplete combustion as quantified by 

subsequent TGA analysis of the powders obtained. As can be judged from the 
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Figure 2.3. TGA patterns during heating and cooling of as-synthesized STF50 powder

prepared by using (A) CA, EDTA or (EDTA + CA) as chelating agents (at ϕe =1.25), and

(B) at different values for ϕe  (at EDTA : CA molar ratio of 1.5). Regions I-V are explained

in the main text. 
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corresponding weight losses in Fig. 2.3b, the combustion efficiency is found to decrease 

with lowering ϕe. 

Based on above observations, it was decided to prepare powders of the other STF 

compositions using combustion reaction mixtures having a ϕe of 1.25, while using CA 

and EDTA as combined chelating agents (in a ratio of CA : EDTA of 1.5). Although 

the lowest organic residue in this work was found in the ash produced using solely CA as 

chelating agent, the combustion reaction with CA was considered too violent. TGA 

registered a weight loss of 8%-9% for the powder obtained from the synthesis using CA 

and EDTA as combined chelating agents (Fig. 2.3a). This value is favourably low when 

compared with weight losses between 22% and 50% as reported for powders from 

combustion syntheses of related perovskites oxides 14,25,33-35. 
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Figure 2.4. XRD patterns of as-synthesized STF50 powder (A) before, and 

after 12 h of calcination in air at (B) 300 °C, (C) 500 °C, (D) 700 °C, (E) 900 

°C, and (F) 1100 °C. The peak labelled with * is assigned to an impurity phase.
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2.3.3 Powder characteristics and sintering behavior 

XRD patterns were recorded for as-synthesized STF powders before and after 

calcination in air at different temperatures, as shown for STF50 in Fig. 2.4. A small peak 

at 2θ = 25° is assigned to an unknown impurity phase. It is no longer found to be present 

in the XRD pattern of the powder obtained after calcination at 700 °C. Similarly low 

calcination temperatures were required to obtain phase pure powders of STF30 and 

STF70.  

(a) (b)

 

(c) (d) 

 
Figure 2.5. SEM micrographs of as-synthesized STF50 powder calcined at (a) 500 °C, (b) 700 °C, 

(c) 900 °C, and (d) 1100 °C. 

Indexing of the XRD patterns confirms that all STF compositions adopt the cubic 

perovskite structure with cell parameters 3.8936(8) Å, 3.8910(2) Å and 3.8831(2) Å for 
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STF30, STF50 and STF70, respectively, in good agreement with literature 

data 2,36.Typical SEM micrographs of the ceramic powders obtained after calcination at 

different temperatures are given in Fig. 2.5. These show porous, agglomerated structures 

with an estimated particle size between 10 and 100 μm. The pictures clearly evidence 

densification of the grains in the temperature range between 700 and 900 °C along with 

pore coarsening.  The crystallite size, dc, of the STF powders after calcination at different 

temperatures was estimated from the (110) reflection at 2θ of about 32.3°, using the 

Scherrer equation 

cos
 (2.3) 

where k (= 0.94) is the Scherrer constant, λ (= 1.54184 Å) is the wavelength of CuKα 

radiation, θ is the Bragg angle, and β is the full width at half maximum of the (110) 

reflection. Corresponding results are displayed in Fig. 2.6.  
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Figure 1.6. Apparent crystallite size of STF powders as a function of

temperature. Data calculated by means of the Scherrer equation (Eq. 3) using

the (110) reflection of STF powders calcined at different temperatures. The

dashed lines are a guide to the eye. 
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The results confirm that nanosized crystallites (20-40 nm) are obtained from 

synthesis, and that densification and grain growth is initiated around 800 °C. The 

sintering behaviour of STF was further examined by dilatometric measurements. 

Figure 2.7 shows the densification behaviour for the three STF compositions. The results 

confirm that sintering starts around 800 °C, which is consistent with the SEM 

observations and the results obtained from the Scherrer equation. As shown in Fig. 2.7b, 
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Figure 2.7. A) Linear shrinkage, and B) linear shrinkage rate as 

a function of temperature during sintering of green compacts of 

STF in air. The dashed vertical lines in (b) denote the maximum

shrinkage rate temperature. 
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maximum sintering rates are between 1120 °C (STF70) and 1180 °C (STF30). These 

temperatures are 120-150 °C lower than those observed for STF powders prepared by the 

method of solid-state reaction 37. For STF70 some swelling is observed in the final stage 

of the sintering process. The swelling is related with oxygen nonstoichiometry changes 

with increase of temperature, and is due to the building up of high pressures in sub-

micron pores 38. As this is beyond the scope of this research, the observation was not 

further investigated.  

2.4 Conclusions 
In this work, combustion synthesis has been successfully employed for the 

preparation of powders of the perovskite oxide SrTi1-xFexO3-δ (STF). This synthesis 

method represents an alternative to the solid-state reaction method conventionally used 

for the preparation of STF powders. The synthesis is optimised by the combined use of 

EDTA and citric acid as chelating agents, and an appropriate balance between fuel and 

oxidising elements in the reaction mixture. Combustion is found to produce an almost 

phase-pure perovskite oxide powder with an ultra-fine crystallite size (20-40 nm), and 

with a low level of organic residues. Highly sinter-active powders are obtained after 

calcination and ball-milling of the powders.  
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CHAPTER 3  
Oxygen Transport and Phase Stability  
of Yttrium-Doped Ba0.5Sr0.5Co0.8Fe0.2O3-δ 

Abstract 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) in its cubic perovskite phase has attracted much 

interest for potential use as oxygen transport membrane (OTM) due to its very high 

oxygen permeability at high temperatures. However, performance degradation due to a 

sluggish phase decomposition occurs when BSCF is operated below 840 °C. Partial B-

site substitution of the transition metal cations in BSCF by larger and redox-stable cations 

has emerged as a potential strategy to improve the structural stability of cubic BSCF. In 

this study, the influence of yttrium doping (0 – 10 mol%) on oxygen transport properties 

and stability of the cubic BSCF phase is assessed by in situ electrical conductivity 

relaxation (ECR) during long-term thermal annealing both at 700 °C and 800 °C. A 

detailed phase analysis is performed by scanning electron microscopy (SEM) after long-

term annealing of the samples in air at four different temperatures to investigate the 

relation between the presence of non-cubic phases and the transport properties.* 

 

                                                           

* This chapter is based on the publication:  

Lana-Simone Unger, Rian Ruhl, Matthias Meffert, Christian Niedrig, Wolfgang Menesklou, 

Stefan F. Wagner, Dagmar Gerthsen, Henny J. M. Bouwmeester and Ellen Ivers-Tiffée, Yttrium 

Doping of Ba0.5Sr0.5Co0.8Fe0.2O3-δ Part II: Influence on oxygen transport and phase stability. J. Eur. 

Ceram. Soc. 2018, 38(5), pp. 2388-2395. DOI: 10.1016/j.jeurceramsoc.2017.12.042. 
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3.1 Introduction 

Three decades ago, Teraoka et al. drew first attention to fast oxygen transport 

exhibited by mixed ionic-electronic conducting (MIEC) perovskite-type oxides 

LaxA1-xCoyFe1-yO3-δ, where A = Ca, Sr, Ba 1,2. Partial A-site substitution of lanthanum by 

divalent earth-alkaline cations serves to create oxygen vacancies, and thereby to enhance 

oxygen ionic conductivity. In recent years, in particular, Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) 

has attracted much interest for potential use as oxygen transport membrane (OTM) due 

to its very high oxygen permeability at high temperatures 3-5. Baumann et al. reported an 

oxygen flux as high as 67.7 ml (STP) min-1 cm-2 through an asymmetric BSCF 

membrane, measured at 1000 °C, using pure oxygen as feed and argon as sweep gas 6. 

Being prone to significant performance degradation when exposed to even the smallest 

concentrations of acidic impurity gases such as CO2 and SOx, BSCF can only be used in 

environments free of these gases 7,8. Furthermore, performance degradation due to a 

sluggish decomposition of the cubic BSCF phase will occur when the material is operated 

at intermediate temperatures 3,9-15. 

Shao et al. showed the oxygen fluxes through BSCF membranes to decline over 

time when operated below ~850 °C 3, and Li et al. reported more than 50% degradation 

of the oxygen flux through undoped BSCF membranes after operation for 2000 h at 

800 °C 16. Detailed structural studies, using scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), and X-ray diffraction (XRD), have 

demonstrated that BSCF undergoes a partial transformation to a Fe-depleted hexagonal 

phase during long-term annealing at intermediate temperatures. The hexagonal phase is 

preferably formed at the grain boundaries, indicating that the latter act as nucleation 

sites 10,12,13. In addition to the hexagonal phase, the formation of cobalt oxide 

precipitates 17-19, Ban+1ConO3n+3(Co8O8) (n ≥ 2) (BCO) particles, and a phase with a plate-

like morphology are commonly observed 11,20. The latter has been identified as a lamellar 

intergrowth between cubic and hexagonal BSCF and BCO 20,21.  
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The relative stability of the perovskite structure is often rationalized in terms of 

the Goldschmidt tolerance factor  

√2
 (3.1) 

where rA, rB, and rO are the radii of the A- and B-site cations in the appropriate 

coordination, and that of the oxygen anions, respectively. For cubic perovskites, t lies 

between 0.8 and 1 22. The cubic perovskite structure is formed for t = 1, whilst for t < 1 

lower symmetry arrangements with tilted BO6 octahedra are commonly seen. For t > 1, 

hexagonal structures with near hexagonal close-packed layers of the A cations and O2- 

anions are formed. Indeed, partial B-site substitution of the transition metal cations in 

BSCF by larger and redox-stable cations such as Y3+ 23,24, Zr4+ 25-30, or Nb5+ 31,32 has 

emerged as a strategy to improve the structural stability of BSCF.  

This study consists of two parts, in part I the influence of yttrium doping on the 

evolution of the lattice parameters, stability under reducing conditions, electrical 

conductivity, and oxygen permeation has been studied 33. Here, we report our results from 

in situ electrical conductivity relaxation (ECR) and electrical conductivity measurements 

on undoped BSCF in comparison to different yttrium-dopant concentrations (1 mol%, 

3 mol% and 10 mol%) during long-term thermal annealing both at 700 °C and 800 °C. 

The work is complemented by a detailed phase analysis of the materials after long-term 

annealing in air at 640 °C, 760 °C, 880 °C, and 1100 °C by SEM.  

3.2 Experimental 

3.2.1 Preparation of samples 

Powders of Ba0.5Sr0.5(Co0.8Fe0.2)1-xYxO3-, with x = 0, 0.01, 0.03 and 0.10 

(BSCF:100xY), were prepared via solid state reaction. BaCO3 and SrCO3 (Merck KGaA, 

Darmstadt, Germany), Co3O4 (chemPUR, Karlsruhe, Germany), and Fe2O3 and Y2O3 

(Alfa Aesar, Karlsruhe, Germany) were used as starting materials. Multiple grinding and 
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calcination steps were carried out to achieve homogeneous powders. The final calcination 

temperatures were 900 °C for BSCF, BSCF:1Y, and BSCF:3Y and 950 °C for 

BSCF:10Y. The d50 values of the powders obtained after ball milling for 24 h were around 

2 μm as determined by dynamic laser scattering (CILAS 1064L, Orléans, France). The 

calcined powders were granulated and uniaxially pressed at 10 kN cm-2 into rectangular 

bars. Subsequently, these were annealed in ambient air for 1 h at 500 °C (heating rate 

1 K min-1), and sintered for 2 h at 1050 °C, 1100 °C, 1100 °C and 1150 °C for BSCF, 

BSCF:1Y, BSCF:3Y and BSCF:10Y, respectively, using heating and cooling rates of 

5 K min-1. The sintered ceramics were polished with three diamond slurries, in sequence, 

with grain sizes 9 μm, 3 μm, and 1 μm, respectively, down to dimensions of approximately 

17 × 6 × 1 mm3 for ECR measurements and 17 × 6 × 2 mm3 for long-term electrical 

conductivity measurements. The relative density of all sintered samples was above 96 %. 

X-ray diffraction (XRD) analysis (Siemens D8-ADVANCE A25 spectrometer, 

BrukerAXS, Karlsruhe, Germany) of the sintered ceramics revealed no indications of 

impurities or secondary phases (see Ref. 33).  

For microstructural analysis, sintered samples were annealed in air at 1100 °C for 

12 h, and subsequently subjected to long-term annealing at temperatures in the range 

640 – 880 °C for 10 d. Heating and cooling rates were 5 K min-1. After the long-term 

annealing, samples were quenched in water to room temperature. Reference samples were 

obtained after annealing in air at 1100 °C for 24 h, and quenching to room temperature. 

3.2.2 Electrical Conductivity Relaxation  

ECR measurements were performed during long-term thermal annealing of the 

samples at either 800 °C or 700 °C and at a pO2 of 0.215 bar. The transient conductivity 

following pO2 step changes between 0.215 bar and 0.316 bar was measured at regular 

intervals during the annealing procedure. Prior to use, the ceramics were cleaned with 

MilliQ water, followed by ethanol. A four-probe dc technique was used to collect 

conductivity data. Gold wires (0.25 mm in diameter, Alfa Aesar) were wrapped around 

each bar end. Two additional gold wires were wrapped around the bar 0.2 – 0.4 cm remote 
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from each bar end. Sulphur-free gold paste (MaTeck GmbH, Juelich, Germany) was used 

to ensure good electrical contact, and to completely cover both bar ends. The gold wire 

ends were wrapped around gold contacts present on the sample holder. The holder with 

sample was then placed inside an alumina cell with an internal volume of about 2.6 cm3 

for measurement. Care was taken to ensure a free gas flow around the sample. A K-type 

thermocouple was used to measure the temperature at a position a few millimeters 

beneath the sample. Two gas flow pathways with different pO2 values were maintained in 

the system, one of which was fed through the cell. The pO2 of the gas streams 

(300 ml min-1) was adjusted by mixing nitrogen and oxygen, using Brooks GF40 mass 

flow controllers, and monitored by an oxygen sensor (Systech Model ZR893/4). A 

pneumatically-operated 4-way valve was used to rapidly switch between both pathways to 

achieve an instantaneous step change in pO2. The flush time constant calculated assuming 

idealized continuous flow stirred tank reactor (CSTR) conditions was typically less than 

0.15 s. Two Keithley 2400 SourceMeters® were used for electrical measurements. One 

was used to supply a constant current of 300 mA through the sample, the other for voltage 

measurements.  

A LabVIEW program was used to monitor and control the temperature and pO2 

during ECR measurements, as well as for data acquisition. As visualized in Fig. 3.1, each 

Figure 3.1. Schematics of the temperature and pO2 steps during ECR measurements. 
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measurement started by ramping the temperature up to 900 °C at a rate of 10 K min -1, 

at which hexagonal phase formation does not occur, followed by a dwell at this 

temperature for 1 h (denoted by regions I and II in Fig. 3.1, respectively).  

Next, the sample was rapidly cooled to 800 °C (region III), at which the 

measurements started. Within every 30 min interval of the 200 h lasting thermal 

treatment, three subsequent oxidation and reduction runs were performed, after which 

the annealing at a pO2 of 0.215 bar was continued (region IV). A similar procedure was 

followed for the measurements at 700 °C. 

Fundamental descriptions of the ECR technique and the model used for data fitting 

have been given elsewhere 34,35. Appendix A2 contains a more detailed description of the 

methodology used for ECR experiments in this thesis. 

3.2.3 Microstructural investigations 

The samples annealed for microstructural investigations, prepared as described in 

Section 3.2.1, were polished using diamond lapping film with grit sizes starting at 30 μm 

down to 0.5 μm followed by an etching process involving a colloidal silicon dioxide 

suspension (MasterMet2, ITW Test & Measurement GmbH, Düsseldorf, Germany). 

Different secondary phases in BSCF exhibit characteristic contrast after etching which 

can be visualized by secondary electron (SE) SEM imaging. Details of this method can 

be found elsewhere 11. Images were recorded using the Everhart-Thornley detector in a 

FEI Quanta 650 FEG scanning electron microscope operated at 15 kV. 

3.3 Results and discussion 

3.3.1 Electrical Conductivity Relaxation (ECR) 

ECR measurements were performed on BSCF and Y-doped BSCF samples to 

evaluate whether the oxygen transport kinetics are subject to degradation during 

prolonged thermal annealing. Typical normalized conductivity transients for BSCF and 

BSCF:10Y recorded during annealing at 700 °C and 800 °C are presented in Fig. 3.2. 
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Shown in this figure is how the conductivity transients evolve over time under the thermal 

annealing treatments. Note that the x-axis scales of the top row figures is different than 

that of the bottom row figures, as the relaxation rate is much faster at 800 °C than at 700 

°C. The initial relaxation rate of both materials is comparable. However, BSCF ceramics 

show a clear increase in the re-equilibration time with increased time of annealing at both 

temperatures. For BSCF:10Y, the conductivity transients remain virtually unaltered 
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Figure 3.2. Normalized conductivity relaxation transients measured during long-term annealing at 

pO2 = 0.215 bar. At the top row, transients recorded at 800 °C after annealing for the indicated 

amount of time for BSCF (A), and BSCF:10Y (B) are shown. Likewise, at the bottom row the 

transients recorded at 700 °C for BSCF (C), and BSCF:10Y (D). For clarity reasons, only data 

from oxidation runs are shown. 
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during annealing at 800 °C, whilst at 700 °C the equilibration time increases with 

increased annealing time, albeit in a much less pronounced way than pure BSCF during 

annealing at this temperature. To further quantify the observed increase in equilibration 

time, the transient conductivity data were fit to Eqs. 3.3-3.5 to obtain Dchem and kchem. A 

typical fit and the related error plot are shown in Fig. 3.3. As the critical length scales Lc 

are found in the range 2.5 μm < Lc < 40 μm for all materials and temperatures, the re-

equilibration kinetics at given sample thicknesses (~1 mm) are under almost pure 

diffusion control 34. For this reason it was impossible to extract significant values of kchem 

from curve fitting.  

Figure 3.4 shows the values of Dchem as a function of annealing time for each of the 

compostions obtained from fitting. Because similar trends were observed for oxidation 

and reduction runs, only data obtained from oxidation runs are presented. It is seen that 

Dchem for BSCF, BSCF:1Y and BSCF:3Y decreases with the time of annealing, whilst 
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Figure 3.3. A) Normalized conductivity relaxation transient obtained in an ECR measurement

(orange symbols), and typical curve fit (blue line) of the according to Eqs. 3-5. Grey dots indicate 

the difference in the value of the measured data and the calculated value for each datapoint. Data 

were obtained using undoped BSCF with dimensions 11.17 x 6.08 x 0.89 mm3, at a temperautre of 

800 °C, and after annealing for approximately 20 h. B) Error plot showing value of 1/χ2, calculated 

at a 50 x 50 grid around the best fitting values of Dchem and kchem. The highest value of 1/χ2, which 

indicates the lowest deviation of the fitted values from the measured values, is found at the middle 

point by definition. The shape of the graph indicates the sensitivity of the fit for both parameters. 
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for BSCF:10Y it remains virtually constant over the duration of the measurement. Note 

that doping BSCF with 10 mol% yttrium lowers the initial value of Dchem. At the onset 

of the annealing procedure, the value for BSCF:10Y is about 30 % lower than that for 

pure BSCF. After 200 h of annealing, however, the ratio of Dchem for both compositions 

is almost reversed.  

In agreement with previously reported results 28, the lowering in Dchem of BSCF 

during annealing is observed to be much more pronounced at 700 °C than at 800 °C. This 

behavior is attributed to a decrease of the thermodynamic stability of the cubic phase 
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Figure 3.5. Chemical diffusion coefficient of BSCF and BSCF:10Y as a function of the annealing 

time at 700 °C. For clarity reasons, 1 out 7 data points and only data from oxidation runs are shown. 
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Figure 3.4. Chemical diffusion coefficients Dchem for BSCF, BSCF:1Y, BSCF:3Y, and BSCF:10Y 

as a function of the annealing time at 800 °C. For clarity reasons, 1 out of 7 data points and only 

data from oxidation runs are shown.  
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relative to that of hexagonal BSCF as well as impurity phases upon cooling from 800 °C 

to 700 °C.  

The above results confirm that deterioration of oxygen transport in BSCF at 800 °C 

can be suppressed by doping with yttrium. However, at the lower temperature of 700 °C, 

where deterioration is found most severe, doping with 10 mol-% yttrium cannot 

completely inhibit degradation of performance over time. It is noted from Fig.3.5 that 

the decrease in the magnitude of Dchem for BSCF:10Y over the 200 h-lasting anneal at 

700 °C is still about 20 %. 

3.3.2 Microstructural investigation 

Fig. 3.6 shows a representative SEM micrograph with secondary phases that are observed 

in undoped BSCF after annealing for 240 h at 760 °C in ambient air. Different phases 

can be distinguished on the basis of the different image intensities (different grey-scale 

values). As previously established using transmission electron microscopy (TEM), an 

intermediate intensity represents the cubic phase and dark areas depict the hexagonal 

phase 11. Plate-like regions appear with bright contrast and elongated shape. Cobalt-oxide 

phases, in this particular case Co3O4, appear with the brightest contrast.  

Figure 3.6. SEM micrograph showing the formation of seconda

sintered BSCF sample after annealing for 240 h at 760 °C in am

subsequent quenching in water. 
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Secondary phase formation in undoped and Y-doped BSCF is compared in Fig. 3.7. 

The samples were subjected to annealing treatments for either 24 h at 1100 °C or 240 h 

at temperatures in the range 880 – 640 °C in ambient air. Representative SEM images 

are shown for BSCF and BSCF:10Y (top and bottom row of Fig. 3.7). As most of these 

SEM micrographs do not show all microstructural features in one image, simplified 

Figure 3.7. Comparison of secondary phase formation in undoped and doped BSCF. SEM images

in the first and last row for BSCF and BSCF:10Y, respectively, after annealing for 240 h in ambient 

air. Schematic representation of secondary phase formation for all compositions in rows 2 to 5 at

temperatures between 640 °C and 1100 °C. 
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schemes are presented which summarize the findings from numerous SEM images and 

TEM studies (rows 2-5 in Fig. 3.7). Undoped BSCF (top two rows) does not contain any 

hexagonal phase segments after annealing at 1100 °C. Next to the main phase, cubic 

BSCF, some CoO particles with a diameter of approximately 1 μm are present. The latter 

precipitates appear with bright SEM contrast that is characteristic for CoxOy precipitates. 

After annealing at 880 °C, the presence of large plate-like precipitates (several μm in 

length) is observed, which consist of Ban+1ConO3n+3(Co8O8) (n ≥ 2) (BCO). Annealing at 

760 °C results in the formation of a percolating hexagonal phase along the grain 

boundaries (in agreement with findings from long-term conductivity measurements 14), 

in addition to the plate-like precipitates and Co3O4. The formation of the hexagonal 

phase is initiated by the increasing concentration of lattice oxygen with decreasing 

temperature, which results in oxidizing Co2+ to Co3+. Due to the resulting change in ionic 

radius – from ~65 pm (Co2+) to ~55 pm (Co3+) 36 – hexagonal phase formation is 

encouraged and will occur at suitable nucleation sites, i.e. grain boundaries, CoxOy, and 

plate-like precipitates. We note that the plate-like precipitates at temperatures below 

800 °C may contain a complex substructure consisting of lamellae of BCO, cubic and 

hexagonal BSCF 20. Secondary phase composition after annealing at 640 °C is similar to 

that at 760 °C, however, with a significantly smaller volume fraction of secondary phases 

due to slower formation kinetics. 

While the formation of plate-like, BCO, and CoxOy precipitates is only slightly 

reduced in BSCF:1Y, the formation of these secondary phases is completely suppressed 

at all investigated temperatures in samples with 3 and 10 mol-% Y content (rows 3-6). 

BSCF:3Y still suffers from the formation of a percolating network of the hexagonal phase 

along the grain boundaries at 760 °C and – to a lesser extent without percolation – also at 

the lowest temperature of 640 °C. These findings are in agreement with former phase 

analyses carried out on BSCF:3Y by Müller et al. 37. The suppression of CoxOy precipitates 

is essential, because they serve as nucleation centers for all other secondary phases. CoxOy 

precipitate suppression is related with B-cation deficiency because Y was found not only 

on the B-site – as intended – but also on the A-cation sites 24. 



61    Chapter 3 

 

A dopant concentration of 10 mol-% Y, however, appears to stabilize the cubic 

BSCF at all investigated temperatures above 760 °C (where small amounts of hexagonal 

phase can still be detected along some grain boundaries). Additional long-term annealing 

experiments do not show secondary phases in BSCF:10Y after 1000 h at 800 °C in 

ambient air 38. This may be due to the complete absence of CoxOy, plate-like, and BCO 

precipitates, that would serve as additional nucleation centers for the hexagonal phase, 

but also due to an increased Goldschmidt tolerance factor. The monovalent Y3+ has an 

ionic radius of ~90 pm which is considerably larger than both Co2+ (~65 pm) and 

Co3+ (~55 pm) 36. The apparent absence of the hexagonal BSCF phase after annealing at 

640 °C is attributed to the slow formation kinetics at this temperature. 

These results show improved thermal stability of the cubic phase of BSCF after 

doping with 10 mol% yttrium. This may be beneficial for the use of OTMs in applications 

which require membranes with a high oxygen flux as well as an operating temperature 

below 840 °C, the temperature below which the cubic phase of pure BSCF becomes 

unstable 10,13. A recently published study shows that doping yttrium into BSCF is not only 

beneficial for the thermal stability of the cubic phase, but also for the chemical stability 

in atmospheres containing up to 3% of CO2 39. This finding may further increase the 

viability of yttrium-doped BSCF for use as OTM. However, doping with yttrium has a 

limited effect on the A-site basicity. It could be expected that a concurrent decrease in 

operating temperature and increase in partial pressure of CO2 would lead to the formation 

of carbonates. Hence, long-term tests in the actual operating conditions are required to 

ensure the stability of the material.  

 

3.4 Conclusions 

Yttrium doping is a promising strategy to increase the thermal stability of 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF). In situ long-term electrical conductivity relaxation 

(ECR) measurements yield stable values for Dchem only at the operating temperature of 
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800 °C for BSCF:10Y. At 700 °C, however, the value of Dchem of this material decreases 

by about 20% during the 200 h measurement. BSCF doped with up to 3% of yttrium did 

not show a stable value of Dchem at any of the two temperatures. BSCF:10Y initially 

showed the lowest Dchem value of all four compositions. However, since it remained much 

more stable than the samples doped with less or no Y, it outperforms pure BSCF already 

after 75 hours (800 °C) or 20 hours (700 °C). 

Microstructural analyses demonstrate the suppression of all secondary phases except 

the hexagonal one at all investigated temperatures between 640 °C and 1100 °C for Y-

concentrations of at least 3 mol-%. With 10 mol-% of Y in BSCF, a stable cubic system 

was observed at all investigated temperatures, except for small amounts of non-

percolating hexagonal phase formed at 760 °C. 

Concluding, doping BSCF with 10 mol-% Y manages to extend the stability range 

of the cubic perovskite phase towards lower operating temperatures. In the doped 

material, no secondary phase formation/degradation is observed at 800 °C. Below that 

temperature, degradation is significantly reduced compared to pure BSCF. 
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Appendix A3  
 

 Detailed methodology for Electrical Conductivity Relaxation experiments 

Electrical Conductivity Relaxation (ECR) is a versatile characterization method for 

transport properties in MIEC oxides, as values for the chemical diffusion coefficient Dchem 

and chemical surface exchange coefficient kchem are obtained in a single measurement. 

Furthermore, that measurement can be performed in a large range of conditions, for 

example the temperature, oxygen partial pressure, concentrations of CO2 and SO2, and 

relative humidity can be varied. Various measurement modes are possible; typically, a 

series of experiments is performed to determine the values of Dchem and kchem as a function 

of the above-mentioned parameters. Otherwise, a series of experiments can be performed 

to determine the values of Dchem and kchem as a function of time to monitor the effect of 

structural changes in the ceramic. 

For the experiments in this thesis, a bar-shaped sample and the four-probe method 

were used to measure the electrical conductivity. The four-probe method requires two 

electrodes to supply the current and two separate electrodes to measure the voltage in the 

sample over a certain distance. This allows for a higher precision as compared with the 

simpler two-probe method since the lead and contact resistances of the voltage probes do 

Figure A3.1. ECR sample mounted in sample holder for electrical 

conductivity measurements using the four-probe method. 
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not contribute to the total resistance. An example of an ECR sample mounted on the 

sample holder is given in Figure A3.1. The relative dimensions of the sample are such 

that the surface area of the bar ends can be assumed not to contribute to any oxygen 

transport, allowing for the use of 2D model. Typically, the length, width and thickness 

of a sample are around 15 mm x 6 mm x 0.5 mm. The distance between the voltage and 

current probe on one side of the sample is about 2 mm. A sample of this size just fits into 

the sample chamber of the reactor, of which the dimensions are made small to reduce the 

flush time, a property that is part of the model used for fitting the obtained data. 

In a typical ECR measurement, the sample is inserted in the reactor, the initial gas 

flow is set, and the reactor is heated slowly (1 - 5 °C min-1) to the desired annealing 

temperature (usually slightly above the maximum temperature planned to reach in a series 

of experiments). The experiment starts after the annealing is complete, the desired 

starting temperature is reached, and the conductivity of the sample is stable. The mixture 

of gases must have a known partial pressure of oxygen. By rapidly switching a valve in the 

gas inlet trajectory, gas from a second supply line with a different pO2 as the gas from the 

first supply line, is led through the reactor. To induce an almost instantaneous change in 

the pO2 of the reactor, switching between the two inlet gas lines needs to be as fast as 

possible (preferably in the order of 10 ms). The reactor is considered as a continuously 

ideally stirred tank reactor (CISTR), thereby assuming perfect mixing. As described 

previously, in reality the switch cannot be instantaneous, and the model can be made more 

accurate by incorporating a flush time variable 34. 

After the initial flushing, the conductivity of the sample, given by Equation A3.1, 

starts to respond to the changed conditions in the reactor.  

  (A3.1)

Here,  is the current applied through the sample by probes I1 and I2,  the voltage 

measured over probes U1 and U2, d is the distance between probes U1 and U2, and  the 

cross-sectional sample area. Figure A3.2 schematically shows the response of the 
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conductivity to the step in pO2. As the current is kept constant throughout the 

measurement, the change in conductivity appears by a change in the voltage. For most of 

the measurements, a simple approximation may be that a stable equilibrium is reached 

after the measurement was performed during a time t = 15·τ, with τ representing the 

characteristic time of the exponential growth given by equation A3.2: 

	  1  (A3.2) 

Where g(t) is the normalized conductivity,  and  are the conductivities  at time 

t = 0 and t = ∞, respectively. At  t = 15·τ,	the value of the normalized conductivity  would 

reach a value of > 0.9999997 if Equation A3.2 would be valid, a value sufficiently close to 

the equilibrium value of 1. This approach worked well for automatically determining 

when a measurement could be stopped and a new step change in pO2 could be induced. 

This approach is best combined with a minimum relaxation time of about 5 minutes, 

which ensures that experiments with materials with a slow reaction to a step change in 

pO2 are not terminated too early due to the influence of noise. To obtain the values of 

Figure A3.2. Change in conductivity after an (almost)

instantaneous step change in pO2. 
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Dchem and kchem from ECR data, more elaborate equations than Eq. A3.2 are required. In 

this thesis, the model used to fit data obtained in ECR measurements is based on the 

model proposed by Watterud 2 and extended with the flush time correction proposed by 

den Otter 34. Equations A3.3 – A3.5 are used to fit the normalized conductivity data: 

  1
2

, ,

,
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∙ exp
, ,

exp  

(A3.3)

						 ,   
,
 (A3.4)

										   
	

, tan ,  (A3.5)

In these equations,  is the flush time constant of the reactor, and 2bi the sample 

dimension along coordinate i, whilst βm,i are the non-zero roots of Equation A3.5 34. 

Furthermore, ⁄  represents the critical length scale related to the 

influence of the chemical diffusion coefficient and chemical surface exchange coefficient 

on the re-equilibration behavior. This can also be expressed by the chemical Biot number, 

∙ , which shows a value of 1 if both coefficients are of equal importance to 

the rate of re-equilibration, values below 1 if the rate is mainly by limited by surface 

exchange processes, and  above 1 if it is mainly limited by solid state diffusion. If values 

below 0.03 or above 30 are obtained, the influence of one of the two processes on the re-

equilibration rate is theoretically too small to be determined reliably 34. In some cases 

however, it was observed that the upper boundary could be stretched to  a value of 

around 50 before the value of kchem became unreliable.  

Three parameters are evaluated simultaneously: the transport related parameters 

Dchem and kchem as well as the time at which the conductivity starts to change (t0). Fitting 

a dataset with a nonlinear equation requires the input of initial values for the fitting 

parameters which are close to the expected final values. Any influence of initial values on 
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the final result due to the convergence of the fitting routine to a local minimum should 

be avoided. Rather than repeating the fitting routine with a large variety of input data – as 

performed in literature 3 – we use approximate input values based on the measured data 

to save computation time. Equations A3.6 – A3.10 are used to calculated these input 

values. The value of Dchem,init is approximated by Eq. 11 in 34, the value of τ1 is calculated 

by solving 1 . This is done under the assumption that the 

relaxation is fully governed by solid state diffusion. 

, 4
 (A2.6) 

in which a is half the sample thickness, assuming that the thickness is much smaller than 

the length and width of the sample (2D geometry). The value of kchem,init is calculated by 

integration of the linear first order rate expression which governs the surface exchange 

reaction, in line with literature4 : 

, ∞  (A2.7) 

1
∞

,
 (A2.8) 

∞
0 ∞ exp

,
 (A2.9) 

 exp  
(A2.10) 

With substitution of 
, ,

 by , and assuming that the 

relaxation is fully governed by surface exchange kinetics, the value of ,  can be 

determined based on the measured value of . As oxygen diffusion pathways in ECR 

samples are from both the top and the bottom surface towards the middle of the sample, 

∞  represents the concentration of oxygen in the middle, and a represents half the 

sample thickness.  

Furthermore, the input value for t0,init is the x value of the intersect of the tangent 

lines through the data points measured before and after the pO2 switch takes effect. The 
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points obtained at the equilibrium before the switch are defined by g(t) < 0.005, while the 

first few points of the measurement are typically defined by g(t) < 0.05. The mentioned 

values may be changed if required due to a low signal-to-noise ratio or low sampling rate 

of the data. This procedure is schematically shown in A3.3.  

The direct influence of t0 on the value of  is limited, as a wrong value of t0 affects 

only a few data points. The initial value does likely not affect the optimal value strongly, 

as the magnitude of physically reasonable variations in t0 is small. As discussed in 

literature 5, in some cases it may be preferable not to treat t0 as a fitting parameter, but 

instead to calculate it by treating the reactor as a CISTR. Based on experimental results, 

this is true if the process is mostly limited by Dchem, hence when the Biot number is close 

to the maximum value at which the mixed regime is valid (Bi = 30). In that case, a good 

alternative is to assume that t0,init = t0. 

Figure A3.3. Determination of t0 based on measurement data 

by taking the intersection of tangent lines based on points at 

g(t) < 0.005 and 0.005 < g(t) < 0.05, respectively. 
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Fitting single data files and fitting multiple data files using a more constrained set 

of fitting parameters are both possible. For example, when comparing the effect of a 

surface coating on kchem, data from two samples can be fitted with a value of Dchem which 

is forced to be equal for both samples. A matrix of fitting parameters can be made, an 

example is given in Table A3.1. Assuming that two samples of equal composition are 

exposed to an equal step in pO2 at equal temperature T, one may expect to find the same 

value for Dchem in both samples and in all measurements. If large variations in the value of 

kchem are observed, it could be considered to remove t0 as fitting parameter, and to use the 

values determined by intersecting tangent lines instead. 

Table A3.1. Example of fitting parameters matrix. 

Sample 1 -  without surface coating Sample 2 -  with surface coating 

kchem,1 kchem,2 kchem,3 kchem,4 kchem,5 kchem,6 

Dchem

t0,1 t0,2 t0,3 t0,4 t0,5 t0,6 

 

To assess the quality of the fit, the goodness-of-fit parameter χ2 is used: 

,
 (A2.11) 

in which  and ,  represent the obtained value of normalized conductivity at data 

point k and the value predicted by the model. The difference between the measured and 

predicted values is inherently small when the new equilibrium has almost been reached 

and larger just after the sample starts to adapt to the changed atmosphere. The number 

of data points on which the goodness-of-fit is based thus affects the absolute value, hence 

no value could be quoted below which the model fits acceptably well to the data. To 

enable automation of the fitting procedure, data of a complete set of experiments are cut 

to an equal value of x·τ.	Values	of	x  are typically 8 – 10, an empirically determined range 

with values high enough to ensure that equilibrium is reached, but low enough to limit 
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the number of data points close to equilibrium. If most of the data points are found to be 

close to or scattering around the final normalized conductivity value of 1, the least-squares 

method may become less accurate, as it takes the noise around the final value into account 

to determine the optimal fit.  

Figure 4 shows typical normalized conductivity data (orange dots) as obtained by 

ECR measurements, together with the obtained fit (blue line) and the residual deviation 

between the calculated and the measured data (grey dots). Next to that, Fig. A3.4B shows 

the error plot which is used to determine if the fitting procedure has found a local 

minimum or the absolute minimum in χ2. To obtain this figure, the values of χ2 are 

calculated for a 50 x 50 grid of values for Dchem and kchem, spaced x around the values 

estimated by the fitting procedure. Based on this plot, the influence of both fitting 

variables on the value of χ2 can be judged: a curved figure and a large difference in χ2 

between the assessed points indicates that both parameters can be extracted with a high 

confidence. 

The estimated errors in the fitting constants are standard errors determined based 

on the Jacobian matrix which is generated during the fitting procedure. A detailed 

description of the procedure to calculate these errors is given in literature 6. 

Figure A3.4A) Normalized conductivity as a function of time, as measured in an ECR experiment.

B) Corresponding error plot. 
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As a final note on automated ECR measurements and fitting, one should be aware 

that automation is never perfect. Raw data should be checked during the measurement, 

most notably to check whether the sample is allowed sufficient time to reach an 

equilibrium state. If not, the measurement time may be too short, or the sample may be 

unstable due to a phase transition or the formation of a secondary phase. Furthermore, to 

determine the repeatability of re-equilibration, it is a good habit to start plotting and 

fitting the data while the measurement is running.  
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CHAPTER 4 
Structure, electrical conductivity and oxygen 
transport properties of perovskite -type oxides 
CaMn1x-yTixFeyO3-δ 

Abstract 

Calcium manganite-based perovskite-type oxides hold promise for application in 

chemical looping combustion processes and oxygen transport membranes. In this study, 

we have investigated the structure, electrical conductivity and oxygen transport properties 

of perovskite-type oxides CaMn1-x-yTixFeyO3-δ. Distinct from previous work, data of high 

temperature X-ray diffraction in the temperature range 600-975 °C demonstrates that 

CaMnO3-δ (CM) transforms from orthorhombic to a mixture of orthorhombic and 

tetragonal phases at temperatures exceeding ~ 880 °C. Partial substitution of manganese 

by iron and/or titanium to yield CaMn0.875Ti0.125O3-δ (CMT), CaMn0.85Fe0.15O3-δ (CMF), 

and CaMn0.725Ti0.125Fe0.15O3-δ (CMTF) leads to a different phase behaviour. While CMT 

remains orthorhombic up to 975 °C, corresponding to the highest temperature of the 

experiments, CMF and CMTF undergo an orthorhombic → tetragonal → cubic sequence 

of phase transitions. Electrical conductivity relaxation measurements are conducted to 

determine the chemical diffusion coefficient (Dchem) and the surface exchange coefficient 

(kchem) of the materials. The results demonstrate that oxygen transport is hindered in the 

tetragonal phase if occurring, which is attributed to a possible ordering of oxygen 

vacancies. The small polaron electrical conductivity of CM in the cited temperature range 

is lowered upon partial manganese substitution, by about 10% for CMF and up to half an 

order of magnitude for CMF and CMTF. 
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4.1. Introduction 

Oxygen carrier materials (OCMs) for chemical looping combustion (CLC) share 

similar requirements with materials used for oxygen transport membranes (OTMs). Both 

applications require materials showing fast oxygen transport kinetics and reliable 

operation in atmospheres containing CO2, SO2, and/or water. Calcium manganite, in 

which 12.5 mol% of manganese is substituted by titanium, was shown to hold promise 

for CLC applications 1-3. More recently, it was demonstrated that an improved 

performance was found for CaMn0.875−xFexTi0.125O3−δ. The partial co-substitution of 

manganese by iron enhances the oxygen storage capacity and release kinetics, and lowers 

the degradation rate. Optimal performance was found for the composition with 15 mol% 

iron 4. Asymmetric OTM membranes based on CaTi0.6Fe0.15Mn0.25O3-δ operated in 

CO2containing atmospheres showed a stable oxygen flux over a period of 6 months, 

without significant degradation.5 In this work, we have determined the evolution of 

structure and oxygen transport properties of CaMnO3-δ (CM), CaMn0.875Ti0.125O3-δ 

(CMT), CaMn0.85Fe0.15O3-δ (CMF), and CaMn0.725Ti0.125Fe0.15O3-δ (CMTF) with 

temperature, using high-temperature X-ray diffraction, thermal analysis, 

thermogravimetry and electrical conductivity relaxation measurements.  

4.2. Experimental 

 Powder synthesis and sintering  

CM, CMT, CMF and CMTF powders were synthesized as described previously 4. 

The powders were milled in a planetary mill (Retsch PM 100) in ethanol for 30 min at 

250 rpm in a 150 mm diameter zirconia bowl using 5 mm zirconia balls. The powder was 

dried and sieved, and the fraction below 45 µm was pressed into a pellet, which was 

further compacted in a cold isostatic press. The green pellet was placed onto a platinum 

foil inside a tubular furnace and heated (200 K h-1) under a flow of 2% H2 in nitrogen up 

to ~800 °C. Upon reaching that temperature, the atmosphere was changed to a flow of 

pure nitrogen, and the sample further heated with an unchanged rate until the sintering 
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temperature was reached (1450 °C for CM and CMT, 1400 °C for CMF and CMTF). 

After a 12 h dwell, the sample was cooled down to 1250 °C at a rate of 5 °C min-1, and 

after reaching this temperature, the gas flow was changed to 10% oxygen in nitrogen. The 

sample was kept for 6 h at 1250˚C, and slowly cooled down (1 °C min-1) to room 

temperature in order to avoid the formation of cracks. Dense ceramic pellets were 

obtained with relative densities in excess of 99%, as measured by Archimedes’ method.  

 X ray diffraction  

X-ray powder diffraction measurements (XRD) at room temperature were 

performed on a Bruker Da Vinci diffractometer with a LYNXEYE XE detector using 

CuKα radiation accelerated at 40 kV and 40 mA. Finely ground and sieved powder 

(<90 μm) was placed into a back-loaded sample holder and data was collected from 

15° to 75° with a step size of 0.013° and 1 s counting time. For high temperature X-ray 

diffraction measurements (HT-XRD) measurements, a Rigaku Ultima IV instrument 

with CuKα radiation accelerated at 40 kV and 40 mA was employed. The powder samples 

were heated to 975˚C under a 30 ml min-1 flow of synthetic air. XRD patterns were 

recorded from 975˚C down to 600˚C with 25 °C intervals. At each temperature the 

sample was allowed to equilibrate for 10 min. Data were acquired in the 2θ range 10-75° 

with a step size of 0.02° and scan speed of 1 °C min-1. The GSAS-II software package 

was used for Rietveld refinements of the patterns 6. 

 Thermal analysis 

Differential thermal analysis (DTA) and thermogravimetric analysis (TGA) data 

were collected on a Netzsch STA 449 F3 Jupiter instrument. For DTA experiments, an 

Al2O3 crucible filled with about 50 mg of powder was placed onto the sample holder. The 

sample was heated to 1000 °C under a synthetic air flow. After a 30 min dwell, the sample 

was cooled to 100 °C, and a second thermal cycling procedure to 1000 °C and back to 

100 °C was performed. Throughout the experiment, the flow rate was kept constant at 

100 ml min-1, and heating and cooling rates were 10 °C min-1. Netzsch Proteus software 
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was used to record the voltage difference between the thermocouples touching the sample 

crucible and a similarly sized empty crucible. 

For determination of changes in the oxygen stoichiometry of the samples, TGA 

experiments were performed using larger crucibles to increase the experimental accuracy 

of the instrument. About 175 mg of powder was placed into the crucible. Data were 

collected in the range 650 -1000°C, with intervals of 25 °C, at 4.5, 10, 21, 42 and 90% 

O2 in N2, maintaining a flow rate of 200 ml min-1 (STP), while using heating and cooling 

rates of 10 °C min-1. The chosen partial pressures of oxygen correspond with those used 

in the electrical conductivity relaxation (ECR) experiments. At each temperature and 

oxygen partial pressure, the sample was allowed to equilibrate. Dwell stages were at least 

30 min in the range 1000 °C – 775 °C, 45 min at 750 and 725 °C, 60 min at 700 and 

675°C, and 90 min at 650 °C. The data was corrected for the buoyancy effect by 

performing measurements with an empty alumina crucible under identical flow rates and 

gas atmospheres. 

 Electrical conductivity and conductivity relaxation measurements  

Thin rectangular bars with approximate dimensions 12 × 6 × 0.5 mm3 were cut out 

of the sintered sample pellets, and the two largest surfaces polished until a mirror-like 

finish was obtained. The final thicknesses of the samples were 0.64 mm, 0.57 mm, 0.47 

mm and 0.46 mm for CM, CMT, CMF, and CMTF, respectively. A four-probe dc 

method was used to collect data of electrical conductivity of the samples. Two gold wires 

(Alfa Aesar, 99.999%, 0.25 mm diameter and approximately 4 cm in length) were 

wrapped around the sample close to the bar ends to serve as current leads. Two additional 

gold wires were wrapped around the sample, about 2 mm remote from the previously 

fixed electrodes, as voltage probes. Prior to mounting, four indents were manually cut 

using a diamond blade along each long side of the sample to keep the electrodes fixed in 

their position. Sulphur-free gold paste (MaTeck GmbH, Jülich, Germany) was applied 

to improve the electrical contact between the electrodes and sample. Finally, the sample 
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was thermally treated in air to sinter the gold paste, using a chamber furnace at a 

temperature of 950 °C, and heating and cooling rates of 1 °C min-1. 

The sample was suspended above an alumina rod that functions as sample holder 

by tightly wrapping the sample electrodes around the Au wires of the sample holder. Care 

was taken that gas could flow freely around the sample. The sample holder was slid into 

the Al2O3 reactor with a diameter of 12 mm, thereby confining the sample to a chamber 

of 2.6 cm3. Using a gas flow rate of 280 ml min-1, and assuming a continuously ideally 

stirred tank reactor, the small reactor volume ensures a flush time between 0.13 s at 925 °C 

and 0.16 s at 650 °C. A K-type thermocouple was placed a few millimetres beneath the 

sample and used to continuously monitor the temperature. Two parallel gas streams, each 

with a total flow rate of 280 ml min-1 and with a controlled oxygen partial pressure 

(between 0.01 and 1 atm) were created by mixing dried oxygen and nitrogen in the desired 

ratios using Brooks GF040 mass flow controllers. One of these streams was led through 

the reactor and subsequently through the oxygen sensor (Systech Zr893/4), which was 

used to monitor the pO2. Once an oxidation or reduction process was completed, a 

pneumatically-operated four-way valve was used to rapidly switch to the other gas stream, 

thereby aiming to achieve an instantaneous step change in pO2. A Keithley 2400 

SourceMeter® was used to provide a current of 30-100 mA through the sample, 

depending on the sample conductivity. Another instrument of the same type was used to 

measure the voltage over the sample with a sampling rate of about 10 Hz. 

The sample was heated to 925 °C with a heating rate of 1 °C min-1 under a 

280 ml min-1 flow of synthetic air. Electrical conductivity relaxation (ECR) 

measurements were performed after step changes in pO2 between 0.147 to 0.215 atm. It 

was assumed that equilibrium was reached after a time of 15τc, where τc is the 

characteristic time when the transient conductivity is fitted to a regular exponential 

function of the elapsed time. A series of five oxidative and five reductive steps was 

performed for each temperature in the range 925 - 650 °C. The temperature was changed 

step wise, with intervals of 25 °C, using cooling rates of 1 °C min-1. To check the 
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reproducibility, the same series of oxidative and reductive steps was repeated upon 

increasing the temperature back to 925 °C and measuring at each 25 °C interval. The 

series of measurements was set up with a custom-made LabVIEW program, which was 

also used for data acquisition. Data of the electrical conductivity of the samples in 

synthetic air (pO2 = 0.21 atm) of the samples was collected at each temperature.  

The transient conductivity after each pO2 step change was normalized according to 

Eq. 4.1. Normalized data were cut off at 10τC and fitted to Eqs. 4.2-4.4 to obtain the 

chemical diffusion coefficient Dchem and the surface exchange coefficient kchem. 

𝑔𝑔(𝑡𝑡) =
𝜎𝜎(𝑡𝑡) − 𝜎𝜎0
𝜎𝜎∞ − 𝜎𝜎0
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= 𝛽𝛽𝑚𝑚,𝑖𝑖 tan𝛽𝛽𝑚𝑚,𝑖𝑖  (4.4) 

In these equations, g(t) is the normalized conductivity, 𝜎𝜎0 and 𝜎𝜎∞ are the conductivities 

𝜎𝜎(𝑡𝑡) at time t = 0 and t = ∞, respectively, 𝜏𝜏f the flush time constant of the reactor, and 2bi 

the sample dimension along coordinate i, whilst 𝛽𝛽𝑚𝑚,𝑖𝑖 are the non-zero roots of Eq. 4.4. 

The critical thickness 𝐿𝐿c = 𝐷𝐷chem/𝑘𝑘chem is the critical thickness below which oxygen 

surface exchange prevails over bulk oxygen diffusion in determining the rate of re-

equilibration rate after a pO2 step change. The flush time 𝜏𝜏f was calculated from  

𝜏𝜏f =
𝑉𝑉r

𝜃𝜃v

𝑇𝑇STP

𝑇𝑇r
 (4.5) 

in which Vr is the volume (2.58 cm3) of the chamber in which the sample is located, 𝜃𝜃v 

the gas flow rate through the reactor, Tr the temperature in the reactor, and TSTP the 

temperature at standard conditions. Dchem and kchem, together with t0, were fitted using a 

non-linear least-squares program based on the Levenberg-Marquardt algorithm. To 
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prevent finding local minima in the fitting routine, initial estimates for the fitting 

parameters were calculated, using 

𝐷𝐷𝑖𝑖nit ≈
𝑏𝑏𝑧𝑧
𝜏𝜏c

 (4.6) 

𝑘𝑘init ≈
𝑏𝑏𝑧𝑧
𝜏𝜏c

 (4.7) 

where Dinit and kinit are the initial values for the fitting parameters Dchem and kchem, 

respectively, and bz is half the sample thickness, noting that bz << bx, by. Equation 4.6 

assumes that diffusion governs the relaxation process, while Eq. 4.7 assumes that surface 

exchange governs the relaxation. The intersection between the tangent line of the 

conductivity before the pO2 step and that of the conductivities between g = 0.005 and 

g = 0.05 served as the initial value for the parameter t0. Values of Dchem and kchem obtained 

from fitting data of at least three subsequent reduction steps were averaged. More detailed 

descriptions of the ECR technique and the model used for data fitting are given 

elsewhere 7,8.  

4.3. Results and discussion 

 Structure and phase stability 

Room temperature XRD powder diffractograms of all compositions studied in this 

work are shown in Fig. 4.1. Corresponding cell parameters from Rietveld profile 

refinements in the orthorhombic space group Pnma are listed in Table 4.1. Single phase 

perovskites were obtained for CM, CMT, and CMTF. A few extra peaks observed at 

2θ = 32° – 34° observed in the pattern for CMF are attributed to the presence of an 

impurity phase.  

The room temperature cell parameters obtained for CM as listed in Table 4.1 are 

found to be in good agreement with a = 5.281(1) Å, b = 7.453(1) Å and c = 5.266(1) Å 

reported by Leonidova et al. 9, a = 5.274(3) Å, b = 7.467(5) Å and c = 5.277(2) Å by 

Rørmark et al. 10, and a = 5.282 Å, b = 7.452 Å and c = 5.265 Å by Taguchi et al. 11. The 
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small differences between the obtained data in each of these studies and the current study 

might be related to a different oxygen stoichiometry of the samples, depending on the 

atmosphere and cooling rate.  

Table 4.1. Cell parameters obtained from Rietveld refinements of room 
temperature XRD patterns. 

 
a 

[Å] 

b 

[Å] 

c 

[Å] 

CM 5.2810(8) 7.4567(4) 5.2671(7) 

CMT 5.2985(2) 7.4783(8) 5.2820(8) 

CMF 5.2978(7) 7.4829(4) 5.2881(5) 

CMTF 5.3148(2) 7.5076(1) 5.3056(1) 

 

Fig. 4.2 shows the HT-XRD patterns of CM recorded in air on cooling from 

975 °C to 600 °C with 25 °C intervals. Inspection of the diffraction data reveals that above 

800 °C some additional reflections appear in the 2θ region 38.5-42.0° with relative 

intensities less than 1 %. A magnification of this part of the diffraction pattern is given 

Fig. A4.1. The additional reflections are ascribed to partial demixing of CM, which would 

suggest that the composition at high temperature lies in a miscibility gap, or the 

exsolution of an impurity phase takes place.  

On the basis of a combined DTA and HT-XRD (at room temperature, 900 and 

920 °C) study, Taguchi et al. 11 proposed a phase transition sequence for CM from 

orthorhombic (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) to tetragonal (𝐼𝐼4/𝑃𝑃𝑚𝑚𝑃𝑃) at 896 °C, and from tetragonal to cubic 

(𝑃𝑃𝑃𝑃3�𝑃𝑃) at 913 °C. In subsequent thermal analysis studies 10, 12, the two sequential peaks 

have also been assigned to these phase transitions. Pseudo-cubic lattice parameters 

obtained from Rietveld refinements of the HT-XRD patterns recorded for CM in this 

study are given in Fig. 4.3a. Our results reveal that CM remains orthorhombic up to 

875°C, while at higher temperatures the refinements yield a mixture of orthorhombic and 

tetragonal phases, i.e., from 10% tetragonal at 900 °C to 71% at 975°C. No evidence is  
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Figure 4.1. Measured (red symbols) and calculated (black line) XRD patterns 
for CM, CMT, CMF and CMTF at room temperature. Bragg positions and 
the residual plot are indicated. Extra peaks, attributed to copper Kβ and 
tungsten Lα are labeled with v and *, respectively. 
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There are only small discrepancies between the onset temperatures found in this study 

(903 °C and 921°C) and those reported by Taguchi et al. 11 (896 °C and 913 °C) and 

Rørmark et al. 10 (904 °C and 923 °C). 

Lattice parameters from Rietveld refinements of the HT-XRD patterns for CMT are 

given in Figs. 4.3b. The DTA curve recorded for this material is shown in Fig. 4.4b, from 

which it becomes clear that the endothermic phase transitions observed on heating of 

CM are shifted to slightly higher temperatures (927 °C and 942 °C) in CMT. The 

Rietveld refinements for CMT, however, do not give evidence for a phase transition in 

this material. The HT-XRD patterns (Fig. 4.3b) can be indexed orthorhombically up to 

Figure 4.2. HT-XRD patterns of CM recorded in air on cooling from 975 °C to 600 °C. 
Stars denote regions in which aberrations of the instrument are known to be present. A 
magnification of the 2θ region 38.542.0° is given in the appendix of this chapter 
(Fig. A4.1), showing the appearance of a new phase at temperatures above approximately 
800 °C. 
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the maximum temperature of 975 °C covered by the experiments. The refinements of 

HT-XRD patterns for CMF and CMTF (Figs. 4.3c and d, respectively) clearly show an 

orthorhombic → tetragonal → cubic sequence of transitions occurring in both materials 

upon heating. The corresponding XRD patterns are compatible with space groups 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, 

𝐼𝐼4/𝑃𝑃𝑚𝑚𝑃𝑃, and 𝑃𝑃𝑃𝑃3�𝑃𝑃, respectively, consistent with the sequence of transitions in CM 

reported by Taguchi et al. 11. The same sequence of phase transitions has been reported 
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Figure 4.3. Pseudo cubic lattice parameters as a function of temperature for (a) CM, (b) CMT, (c) 

CMF, and (d) CMFT. Lattice parameters were calculated, using: 𝑃𝑃c = 𝑃𝑃ortho/√2, 𝑏𝑏c = 𝑏𝑏ortho/

√2, and 𝑃𝑃c = 𝑚𝑚ortho/2 for the orthorhombic (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) structure, and  

 𝑃𝑃c = 𝑏𝑏c = 𝑃𝑃tetra/√2 and 𝑚𝑚c = 𝑚𝑚tetra/2 for the tetragonal (𝐼𝐼4/𝑃𝑃𝑚𝑚𝑃𝑃) structure. For the cubic 
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for CaFexTi1-xO3-δ.13,14 The DTA curves recorded for CMF and CMTF are shown in 

Fig. 4.4c and d, respectively. No peaks can be discerned, indicating that the structural 

transformations in both materials are continuous.  

 

 Oxygen nonstoichiometry 

The temperature-induced phase transitions as observed in CM, CMF and CMTF 

may result from cooperative tilting of BO6 octahedra, which is the most commonly 

observed distortion in perovskite structures 15,16. The orthorhombic 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 structure, in 
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Figure 4.4. DTA curves for (a) CM, (b) CMT, (c) CMF, and (d) CMTF recorded under 
heating and cooling in synthetic air. The insets in (a) and (b) show magnified regions 
around the endothermic phase transitions occuring upon heating in CM and CMT, 
respectively. 
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Glazer’s notation 17,18 denoted by a-a-c+, is one of the most common perovskite variants 

with a three-tilt system 15,16. With increasing temperature, materials with this structure 

lose their tilts via a series of transitions, ending up with the ideal cubic 𝑃𝑃𝑃𝑃3�𝑃𝑃 structure, 

in which there are no tilts (a0a0a0) 19. Several authors have discussed that the sequence of 

structural phase transitions in parent CM is influenced by the degree of oxygen 

nonstoichiometry exhibited by the material 9,10. From the pO2-T- δ phase diagram of CM  

published by Leonidova et al. 9 it may be inferred that the intermediate tetragonal 

𝐼𝐼4/𝑃𝑃𝑚𝑚𝑃𝑃 structure with tilt configuration a0a0c- is absent at ideal oxygen stochiometry. 

Results of density functional theory (DFT) calculations indicate that the phase may 

appear as a result of ordering of oxygen vacancies 19. 

The temperature and oxygen partial pressure dependence of the oxygen 

nonstoichiometry of CM, CMT, CMF and CMTF in this work was studied by TGA. 
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Figure 4.5. TGA of CM, CMT, CMF and CMTF during 
heating and cooling in synthetic air at 10 °C min-1. The inset 
shows a magnification of the temperature region where phase 
transitions occur in CM and CMT. 
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Fig. 4.5 shows the corresponding weight changes as a function of temperature during 

heating in synthetic air (pO2 = 0.21 atm). The weight changes are reversible on heating 

and cooling (not shown). The temperature at which oxygen loss starts in CMF and 

CMTF is 350-400 °C, while for CM and CMT it is not released below about 650 °C. 
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Figure 4.6. Oxygen stoichiometry (3- δ) at different temperatures for (a) CM, (b) CMT, (c) 
CMF) and (d) CMTF calculated from data of TGA. Lines help to guide the eye. 
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The degree of oxygen nonstoichiometry is notably more pronounced for the former two 

materials, which is ascribed to the presence of the more reducible iron cations.  

The inset in Fig. 4.5 shows that the slope of the temperature dependence of the 

weight change in both CM and CMT changes slightly after the apparent phase 

transitions occurring in both materials. For CM, this observation is consistent with the 

phase diagram published for this material by Leonidova et al. 9. The observed onset 

temperatures, 902°C and 927°C for CM and 921°C and 950°C for CMT, are in fair 

agreement with the corresponding results from DTA (see Fig. 4.4).  

As shown by Leonidova et al. 9 and Rørmark et al. 10, the phase transition 

temperatures in CM decrease with increasing oxygen deficiency. It is therefore postulated 

here that the lower transition temperatures observed for CMF and CMTF (cf. Figs. 4.3c 

and d) compared to those reported for CM by, e.g., Taguchi et al.11 might be related to 

the comparatively high oxygen deficiencies exhibited by the former two materials. This 

further suggests that the transition temperatures can be tuned by the degree of manganese 

substitution. Additional research is required to demonstrate our hypothesis.  

The oxygen stoichiometry (3-δ) as a function of log (pO2) for the different materials 

is presented in Fig. 4.6. The corresponding TGA measurements were performed to 

support analysis of data obtained from ECR measurements as will be discussed below. 

For the evaluation it was assumed that δ = 0 at room temperature. 

 Electrical conductivity 

Fig. 4.7 shows the temperature dependences of the electrical conductivity of the 

investigated materials in this study as a function of temperature at pO2 = 0.21 atm. The 

conductivity of CM, CMF and CMTF show Arrhenius behaviour with activation 

energies in the range 80 – 92 kJ mole-1. For CMT, a change in activation energy is 

apparent at ~800°C. 
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Electrical conductivity in undoped CM is due to the formation of small polarons, 
which migrate via thermally activated hopping 14,15. Charge disproportionation, involving 
the transfer of an electron between adjacent Mn4+ ions,  

2MnMnx = MnMn′ + MnMn∙  (4.8) 

leads to the formation of localized electrons Mn3+ (MnMn′ ) and electron holes 

Mn5+ (MnMn∙ ) that are trapped by local lattice distortions due to electron-phonon 

coupling: these are the n-and p-type small polarons, respectively. The negative sign of the 

Seebeck coefficient confirms that the n-type polarons are the dominant charge carriers in 

CM 9, 15. The p-type polaronic charge carriers in CM appear to be effectively immobile 9. 

The electrical conductivity in CM is thus expected to obey: 𝜎𝜎 ∝ [MnMn′ ][MnMnx ]. Since 

variations in [MnMnx ] are very small 14, the conductivity is essentially governed by the 

concentration of Mn3+ cations ([MnMn′ ]). In addition to reaction (4.9), their concentration 

is affected by the exchange of oxygen between the gas phase and the oxide, 
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O2(𝑔𝑔) + 2 VO∙∙ + 4 MnMn′ = 2 Oo
x + 4 MnMnx  (4.8) 

and by aliovalent doping. Charge neutrality requirements predict that acceptor doping, 
e.g. Fe3+ substituted for Mn4+ (FeMn′ ) will lower the electrical conductivity, which is in line 
with the observation that the electrical conductivity decreases on going from CM to CMF 
(Fig. 4.7).  

Such an explanation is also consistent with the increase in electrical conductivity observed 
upon donor doping of CM with Nb5+ 16. It is further seen from Fig. 4.7 that the electrical 
conductivity of CM drops almost half an order of magnitude after the isovalent 
substitution of Mn4+ with Ti4+ ions, suggesting that it is the mobility of the n-type small 
polarons that is highly affected by the titanium substitution. A detailed study, however, 
is required to substantiate this conclusion and to provide further insights in the 
mechanism of electrical conduction in these solids.  

 Electrical conductivity relaxation  

The oxygen transport properties of CM, CMT, CMF and CMTF were evaluated 
by ECR experiments. Normalized conductivity curves acquired from 925 to 650 °C after 
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Figure 4.8. Normalized conductivity curves for CMT. Data are acquired 
from 650 to 925 °C with 25 °C intervals, after a pO2 step change from 0.215 
to 0.146 atm. Data for other compositions are given in the appendix of this 
chapter. 
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a pO2 step change from 0.215 to 0.146 atm for CMT are shown in Fig. 4.8. Excellent 
reproducibility was found during heating and cooling experiments. Similar results were 
obtained for the other compositions. In general, faster re-equilibration times after a pO2 
step change are observed with increase of temperature, although it should be noted that 
in the specific case of CMT (as can be inferred from Fig. 4.8) and that of CM (not shown) 
the re-equilibration times at the highest temperatures are observed to increase again with 
further increase of temperature. 

A typical fit and error colour map obtained from fitting of data of a single relaxation 
experiment are given in Fig. 4.9. Analysis of experimental data allows simultaneous 
determination of Dchem and kchem provided that both processes contribute in a quantifiable 
manner to the overall relaxation process. The latter is constrained by the accuracy of 
measurements, e.g., the noise of data, but also by the extent to which the re-equilibration 
after a pO2 step change is determined by diffusion and surface exchange. A useful quantity 
in this respect is 𝑏𝑏𝑧𝑧/𝐿𝐿𝑐𝑐 =  𝑏𝑏𝑧𝑧𝑘𝑘chem/𝐷𝐷chem (cf. Eq. 4.4, noting that 𝑏𝑏𝑧𝑧 ≪ 𝑏𝑏𝑥𝑥 , 𝑏𝑏𝑦𝑦), which 
can be identified with the Biot number (Bi) commonly used in analysis of mass transport, 
and which parameter represents the ratio between two characteristic times: 𝑏𝑏𝑧𝑧2/𝐷𝐷chem for 
diffusion and 𝑏𝑏𝑧𝑧/𝑘𝑘chem for surface exchange. A Biot plot for the data obtained in this 
study is given in Fig. 4.10, showing that for given thicknesses and conditions (see the 
experimental section) oxygen transport in CMT, CMF and CMTF over the entire range 
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in temperature is in the mixed controlled region (0.03 ≤ 𝐵𝐵𝐵𝐵 ≤ 30) 7, whereas that of 
CM is in the diffusion-controlled region. Over a large range in temperature it was not 
possible to extract values of 𝑘𝑘chem for CM from the data of experiments. Though a few  
data points of Bi for CM are shown in Fig. 4.10, the corresponding values of kchem are not 
considered very accurate.  

Arrhenius plots of Dchem and kchem f derived from the data of ECR measurements on 

CM, CMT, CMF and CMTF are shown in Fig. 4.11. A reasonable to good agreement 

of the values extracted from data of oxidation and reduction runs is obtained, suggesting 

that at given experimental conditions the constancy of Dchem and kchem over the applied the 

pO2 step change as assumed in the fitting procedure is satisfied accordingly 7. Fig. 4.11 

shows that the Arrhenius plots of Dchem and kchem for all four compositions studied are 

subject to significant curvature. The curvature of the plots appears to be highly similar for 

both parameters, which holds for CMT, CMF and CMTF, suggesting that for each of  

these materials Dchem and kchem are strongly correlated. Other authors have arrived at 
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similar conclusions on the basis of studies on different materials. For example, see Refs. 

24-27. A similar statement cannot be made for CM as, as was mentioned above, accurate 

values for kchem for CM could not be obtained from the fitting procedure. 
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Figure 4.11. Inverse temperature dependence of the chemical diffusion coefficient (Dchem) 
and the surface exchange coefficient (kchem ) for (a) CM, (b) CMT, (c) CMF, and (d) 
CMTF. Dashed lines serve as a guide to the eye. The filled and open symbols represent 
the data of oxidation and reduction step changes, respectively. The structures occurring in 
the different temperature regions are designated by their space groups. The vertical dashed 
lines denote by approximation the temperatures at which the phase transitions occur. 
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To further analyse the data, the oxygen self-diffusion coefficients, 𝐷𝐷s, and the oxygen 

vacancy diffusion coefficients, 𝐷𝐷V, for CM, CMT, CMF and CMTF were evaluated from 

the measured values of Dchem, using the relationships 

𝐷𝐷chem = 𝛾𝛾O𝐷𝐷S
 (4.10) 

𝐷𝐷chem = 𝛾𝛾V𝐷𝐷V
 (4.11) 

where 𝛾𝛾O and 𝛾𝛾V are the thermodynamic factors 23, 

𝛾𝛾O =
1

2

𝜕𝜕 ln(𝑝𝑝𝑂𝑂2)

𝜕𝜕 ln(3 − 𝛿𝛿)
=

(3 − 𝛿𝛿)

2

𝜕𝜕 ln(𝑝𝑝𝑂𝑂2)

𝜕𝜕(3 − 𝛿𝛿)
 (4.12) 

𝛾𝛾V =
1

2

𝜕𝜕 ln(𝑝𝑝𝑂𝑂2)

𝜕𝜕 ln(𝛿𝛿)
=
𝛿𝛿

2

𝜕𝜕 ln(𝑝𝑝𝑂𝑂2)

𝜕𝜕(𝛿𝛿)
= −

𝛿𝛿

2

𝜕𝜕 ln(𝑝𝑝𝑂𝑂2)

𝜕𝜕(3 − 𝛿𝛿)
 (4.13) 

which can be derived from corresponding data of the oxygen nonstoichiometry for each 

of the compositions (Fig. 4.6). Strictly speaking, Eqs. (4.10) and (4.11) hold for materials 

with predominant electronic conductivity 23. Corresponding results for 𝐷𝐷S and 𝐷𝐷V for all 

four compositions are given in Figs. 4.12 and 4.13, respectively. The results reveal that 

for CMT (Figs. 4.12b and 4.13b) both parameters show Arrhenius behaviour over the 

entire range in temperature covered by the experiments. For CM (Figs. 4.12a and 4.13a), 

the linear behaviour extends up to ~880 °C, at which temperature the material transforms 

partially from orthorhombic (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) to a mixture of orthorhombic  (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) and 

tetragonal (𝐼𝐼4/𝑃𝑃𝑚𝑚𝑃𝑃) phases. The high values observed for the average activation energies 

of 𝐷𝐷S, 236 ± 8 kJ mol-1  and 260 ± 4 kJ mol-1 for CM and CMT, respectively, confirms 

that there are very few oxygen vacancies in both materials. The latter is reflected in the 

much lower activation energies found for 𝐷𝐷V of both compositions, 123 ± 10 kJ mol-1  and 

102 ± 5 kJ mol-1 for CM and CMT, respectively. 

Contrary to the corresponding results for CM and CMT, the temperature 

dependences of 𝐷𝐷S (Figs. 4.12c and 4.12d) and 𝐷𝐷V (Figs. 4.13c and 4.13d) for CMF and 
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CMTF show significant departures from linear Arrhenius behaviour. For both 

compositions, the log(𝐷𝐷S) vs 1/T and log(𝐷𝐷V) vs 1/T plots show a reverse S-shape, i.e., 

the log(𝐷𝐷S) and log(𝐷𝐷V) values levelling off in the intermediate temperature region, while 

increasing again at higher temperatures. The different temperature regions can be clearly 
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linked to the orthorhombic → tetragonal → cubic transformations occurring in both 

materials.  

Overall, the results in this study suggest that oxygen transport in the tetragonal 𝐼𝐼4/𝑃𝑃𝑚𝑚𝑃𝑃 

phase, which occurs in CM, CMF and CMTF, and possibly also in CMT at higher 

temperatures than those covered by the present investigations, is reduced, e.g., by (partial) 
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Figure 4.13. Inverse temperature dependence of the oxygen vacancy coefficient (𝐷𝐷V) for (a) CM, 
(b) CMT, (c) CMF, and (d) CMTF. Dashed lines serve as a guide to the eye. The filled and open 
symbols represent the data of oxidation and reduction step changes, respectively. The structures 
occurring in the different temperature regions are designated by their space groups. The vertical 
dashed lines denote by approximation the temperatures at which the phase transitions occur. 
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ordering of oxygen vacancies. The latter would be consistent with the results of recent 

DFT calculations on the parent phase CM by Klarbring and Simak,19 in which the 

authors show that it is unlikely that the tetragonal phase appears as a result of a purely 

displacive mechanism, but rather may appear as a result of an ordering of oxygen 

vacancies. Further structural investigations using high-temperature neutron diffraction 

would be required to confirm these findings.   

4.4. Conclusions 

The present study reveals that CaMnO3-δ (CM) transforms from orthorhombic to 

a mixture of orthorhombic and tetragonal phases at temperatures exceeding ~ 880 °C. It 

is further found that in the temperature range 600-975 °C covered by the HT-XRD 

experiments CaMn0.85Fe0.15O3-δ (CMF) and CaMn0.725Ti0.125Fe0.15O3-δ (CMTF) undergo 

a sequence of phase transitions from orthorhombic to tetragonal to cubic. 

CaMn0.875Ti0.125O3-δ (CMT) is found to remain orthorhombic up to highest temperatures 

covered by the HT-XRD experiments. The small polaron hopping conductivity of CM 

is reduced by partial manganese substitution with iron and/or titanium. Distinct 

departures of the temperature dependences of the oxygen self-diffusion and oxygen 

vacancy diffusion coefficients for CM, CMF and CMFT from Arrhenius-type of 

behaviour are interpreted to reflect reduced oxygen transport in the tetragonal phases 

occurring in these materials. The latter is consistent with recent results of DFT 

calculations on the parent phase CM showing that the tetragonal phase may appear as a 

result of an ordering of oxygen vacancies 19. 
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Appendix A4 

Figure A4.1. Magnification of the HT-XRD pattern of CM in the 2θ region 38.5°-42.0°. 

0 200 400 600 800
0.0

0.2

0.4

0.6

0.8

1.0

g(
t)

t [s]

 925 °C  775 °C
 900 °C  750 °C
 875 °C  725 °C
 850 °C  700 °C
 825 °C  650 °C
 800 °C CM

a)

Figure A4.2. Normalized conductivity curves for CMT. Data are acquired from 
650 to 925 °C with 25 °C intervals, after a pO2 step change from 0.215 to 
0.146 atm. 
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Figure A4.2 - Continued. Normalized conductivity curves for b) CMF, and c) 
CMTF. Data are acquired from 650 to 925 °C with 25 °C intervals, after a pO2 
step change from 0.215 to 0.146 atm. 





CHAPTER 5 
Enhancing oxygen flux through dual-phase oxygen 
transport membranes using Pr6O11 nanoparticles 

Abstract 
Fe2NiO4–Ce0.8Tb0.2O2-δ (NFO-CTO) composite membranes are of interest to 

separate oxygen from air. This chapter describes a method to improve the oxygen 
permeation rate through NFO-CTO membranes. Specifically, the effect of activating 
porous NFO-CTO layers – sandwiched on both sides of the dense NFO-CTO 
membrane – with Pr6O11 nanoparticles is studied. Measurements in the temperature 
range 850 – 700 °C revealed a 2-4 fold increase in the oxygen flux after coating a 

30-µm-thick porous NFO-CTO layer on both membrane sides, and a 6-12 fold increase 
relative to the bare membrane after activating the porous layers with Pr6O11 nanoparticles 
into both coated layers. No degradation of the oxygen fluxes was found in 
CO2-containing atmospheres. Pulse isotopic exchange measurements confirmed an 
increase in the oxygen surface exchange rate of more than one order of magnitude after 
dispersion of Pr6O11 nanoparticles on the surface of NFO-CTO composite powders. 
Electrochemical impedance spectroscopy measurements on symmetrical cells, using 
Gd-doped ceria (CGO) as the electrolyte and Pr6O11-activated NFO-CTO electrodes, 
showed a 10-fold decrease in the polarization resistance compared to non-infiltrated 
electrodes in air. Modification of porous layers by activation with Pr6O11 nanoparticles is 
considered a viable route to enhance the oxygen fluxes across composite membranes. * 

This chapter is based on the publication*: Julio García-Fayos, Rian Ruhl, Laura Navarrete,  

Henny J. M. Bouwmeester,, and Jose M. Serra, Enhancing oxygen permeation through 

Fe2NiO4Ce0.8Tb0.2O2-δ composite membranes using porous layers activated with Pr6O11 

nanoparticles. J. Mater. Chem. A, 2018, 6, pp. 1201-1209. doi:10.1039/C7TA06485C. 
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5.1 Introduction 
The production of oxygen is a key step in several industrial processes. 

Approximately 150 million tons of oxygen are produced each year 1, setting oxygen as the 
third largest chemical commodity worldwide 2. Main applications are industrial 
manufacture (in particularly in the steel industry), power generation and medical uses. In 
addition, process efficiencies can in some industrial applications be enhanced by using 
pure oxygen instead of air. This is especially the case for power generation applications, 
in which the use of pure oxygen improves overall process efficiency and avoids emission 
of greenhouse gases. Combustion in oxygen-rich atmospheres leads to an increase of the 
flame temperature, either reducing the fuel consumption or enabling the use of alternative 
fuels with lower heat capacity (and lower cost). Moreover, mass and volume of flue gases 
are considerably reduced (up to 75%), and therefore smaller installations and equipment 
are needed, reducing capital and O&M costs. As a result of using oxygen-rich streams, 
flue gases mainly consist of CO2 and H2O. CO2 can be easily separated from H2O by 
condensing the water, yielding a pure stream of CO2. Once purified, CO2 can be utilized 
in several industrial processes, such as supercritical applications, carbonation of beverages, 
polymer foam blowing, urea production and medical gases 3. Cryogenic distillation of air 
is presently the standard technology for the production of pure oxygen. Nevertheless, high 
energy costs and the need of huge installations make the application of this technology 
economically unfeasible for most of the target applications 4. Therefore, oxygen transport 
membrane (OTM) technology is presented as an appealing alternative for the supply of 
oxygen in small and medium-scale installations 5-7. 

Since the pioneering works on OTMs in the 70s 8-10, and after a large number of 
studies during the last decades, several materials with high oxygen permeation rates have 
been developed 11,12. Despite the high oxygen fluxes reached with perovskite-type oxides 
like Ba0.5Sr0.5Co0.2Fe0.8O3-δ (BSCF), issues such as a lack of mechanical and chemical 
stability 13 and a complete loss in performance when exposed to CO2-containing 
environments 14-16, limit their industrial applicability. To overcome these, several groups 
are developing CO2-stable dual-phase materials 17-19. Amongst all studied materials, one 
of the most promising is the dual phase composite 60-40 vol% Fe2NiO4 –Ce0.8Tb0.2O2-δ  
(NFO-CTO) 20-22. This spinel-fluorite dual-phase material has been studied under 
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oxyfuel-like environments with excellent results in terms of stability 20-22 and performance, 
i.e. thin NFO-CTO membranes deposited on LSCF freeze-casted supports reached 
oxygen fluxes above 1-2 ml min-1 cm-2 under CO2-containing environments at 850 °C 21. 
However, the fluxes are still below 5-10 ml min-1 cm-2, which are required to ensure 
techno-economic feasibility of OTMs 23. Strategies to optimize the performance of 
OTMs include reduction of membrane thickness and surface modification, especially via 
catalytic activation. The latter represents an effective method for improving the oxygen 
fluxes when the oxygen fluxes are limited by the surface exchange kinetics, i.e. for 
relatively thin membranes and/or at intermediate temperatures (below 800 °C). The 
addition of a porous layer can enhance the membrane performance by increasing the 
specific surface area and thereby increasing the number of active sites for oxygen 
exchange 24,25. For composite materials, these are the triple phase boundaries (TPB) where 
the gas phase meets the ionic and electronic conducting phases and where oxygen 
incorporation and release reactions occur. As sketched in Fig. 5.1, the fine-grained porous 
layer provides a much larger number of TPB sites than the bare membrane surface. The 
porous layers are of a similar composition as the dense layer to warrant thermo-
mechanical compatibility. 

In recent years, infiltration of active components into porous scaffolds has been 
gaining increased attention to enhance the performance of SOFC electrodes 26, as 
previously practiced to improve the performance of La0.8Sr0.2MnO3-δ-Ce0.8Gd0.2O2-δ 
cathodes 27. Following previous studies of modification of SOFC cathodes by infiltration 
with praseodymium oxide (Pr6O11) nanoparticles 27-29, the present work focuses on 

enhancing the oxygen permeation rate of Fe2NiO4–Ce0.8Tb0.2O2-δ (NFO-CTO) 
dualphase composite membranes, with a 60:40 ratio between the spinel (NFO) and 
fluorite (CTO) phases. This is achieved by activating the porous NFO-CTO layers with 
Pr6O11 coated on both membrane sides. Electrochemical impedance spectroscopy (EIS) 
and pulse isotopic exchange (PIE) are used to investigate the influence of Pr6O11 
activation on surface exchange kinetics. 
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5.2 Experimental 

5.2.1 Preparation of samples 

NFO and NFO-CTO composite powders were prepared via a one-pot Pechini 
process. To this end, corresponding metal nitrates were dissolved in distilled water 
(Ce(NO3)3·6H2O, and Fe(NO3)3·9H2O were provided by Sigma Aldrich, 
Tb(NO3)3·6H2O and Ni(NO3)3·6H2O by ABCR GmbH). Subsequently, citric acid 
(Sigma Aldrich) and ethylene glycol were added as chelating and gelating agents in a 
molar ratio of metal:citric acid:ethylene glycol 1:2:4. After drying (up to 270 °C), the 
obtained gel was fired at 600 °C to obtain finely dispersed powders with the correct 
structural phases, as confirmed by X-ray diffraction (XRD). Dense NFO and NFO-CTO 

Bare Activated

Triple Phase Boundary
Oxygen atoms / ions

Electron

Electronic phase (Fe2NiO4)

Ionic phase (Ce0.8Tb0.2O2-δ)

Figure 5.1. Schematics showing the ionic and electronic percolative paths and the 
distribution of TPB sites for an NFO-CTO composite membrane with and without a 
porous activation layer (of similar composition). Transport of oxygen ions and electrons 
in the activation layer is enabled via percolative pathways for both charge carriers. 
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ceramics were obtained by uniaxial pressing of the corresponding powders at 125 MPa, 
followed by sintering of the obtained disks in air at 1400 °C for 10 h (2 °C min-1 heating 
rate, 5 °C min-1 cooling rate). For oxygen permeation measurements, membranes with a 
diameter of 15 mm and thicknesses of 0.6-0.7 mm were obtained from the sintered 
NFOCTO disks after grinding and polishing with sandpaper.  

Powders of CTO and Ce0.8Gd0.2O1.9 (CGO) were synthesized by the co-
precipitation method 30. CGO was co-doped with cobalt to improve the sinterability of 
the powder. This was done by impregnating Co(NO3)2·6H2O dissolved in deionized 
water to reach a final 2 mol % content. The obtained powders were calcined in air at 
800 °C for 5 h. Dense ceramics were obtained after uniaxial pressing of the powders, 
followed by sintering the obtained disks in air at 1480 °C for 4 h (2 °C min-1 heating rate 
and 5 °C min-1 cooling rate). The densities of all the samples were checked by the 
Archimedes method, resulting in relative densities above 98%. 

For EIS and oxygen permeation measurements, 30-µm-thick porous layers of 
NFO-CTO were screen-printed on both sides of either CGO electrolyte disks or 
NFOCTO membranes. Ink for screen-printing was made by mixing a 1:2 weight ratio 
of NFO-CTO powder previously ball-milled for 8 h and an ethyl cellulose 
(6 wt%) solution in terpineol in a three roll mill. After deposition, the obtained composite 
ceramic structures were sintered in air at 1100 °C for 2 h. Catalytic activation of the 
porous NFOCTO scaffold layers was accomplished by infiltration, ensuring proper 
dispersion of catalyst particles 31. To this end, a 2 M solution of Pr(NO3)3·6H2O 
(SigmaAldrich) in ethanol-water (in a volume ratio 1:1) was dripped onto the porous 
composite scaffold layers, being infiltrated by capillary forces. After infiltration, the 
samples were dried at 80 °C for 1 h, and calcined in air at 850 °C for 2 h. 

NFO, CTO and NFO-CTO composite powders for PIE measurements were 
obtained by crushing dense sintered ceramics, and subsequent sieving of the obtained 
powder through a 100 μm mesh. Composite powders for PIE measurements were 
activated with Pr6O11 nanoparticles by incipient wetness impregnation using a 2 M 
solution of Pr(NO3)3·6H2O (Sigma Aldrich) in ethanol-water (in a volume ratio 1:1) and 
subsequent calcination for 2 h at 850 °C in air. 
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5.2.2 Samples characterization 

Microstructural study 
Identification of the crystalline phases of the samples was done by means of Xray 

diffraction (XRD). The measurements were carried out using a PANalytical CubiX fast 
diffractometer, using CuKα1 radiation (λ = 1.5406 Å) and a X'Celerator detector in 
Bragg−Brentano geometry. XRD patterns recorded in the 2θ range from 10° to 90° were 
analyzed using X’Pert Highscore Plus software. Scanning Electron Microscopy (SEM) 
and Energy-dispersive X-ray spectroscopy (EDX) analyses were performed using a 
ZEISS Ultra55 field emission scanning electron microscope. In these experiments, cross 
sections of the membranes before and after the permeation tests were analyzed. A 
backscattered electron detector (BSD) was used for investigating the distribution of the 
phases in the dual-phase composite. 

Pulse Isotopic Exchange measurements 
PIE measurements were conducted using a home-made set-up 32. The powder 

sample was loaded in the centre of a quartz tubular micro-reactor with an inner diameter 
of 2 mm. Quartz wool plugs were used to secure the packed powder bed. The length and 
mass of the packed bed were typically 10 mm and 0.08 g, respectively. 16O2 mixed with 
Ar was used as carrier gas, and fed through the reactor with a total flow rate of 30 ml min1 
(NTP). Gases were dried using Agilent gas clean moisture filters before entering the 
reactor. Oxygen isotope gas was purchased from Cambridge Isotope Laboratories, Inc. 
(> 97 atom% 18O2). A six-port valve with a 500 μl sample loop was used for injection of 
the 18O2/N2 pulse into the 16O2/Ar carrier gas, the pulse having the same pO2 as the carrier 
gas. The diluent nitrogen in the pulse was used for internal calibration of the mass 
spectrometer (Omni Star TM GSD 301 Pfeiffer-Vacuum). The mean residence time of 
the reactor varied between 10 and 30 ms, depending on temperature. Prior to 

measurements, the sample was pre-treated at 850 °C for 2 h (heating rate 5 °C min-1) to 
remove possibly adsorbed water and CO2, and subsequently cooled to 50 °C at rate of 
5 °C min-1. Measurements were performed at a pO2 of 0.21 atm. Averaged values of the 
18O2 and 16O18O effluent fractions in three pulse experiments, at a given temperature, 
were used for calculation of the exchange rate. The reactor was equilibrated prior to each 
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measurement before data acquisition. The overall surface exchange rate, 

ℜ0 [mol (O) m2 s-1], was calculated from 32,33 

ℜ0 =
2𝐹𝐹𝑚𝑚
𝑆𝑆

ln�
𝑓𝑓i18

𝑓𝑓e18
� (4.1) 

where  and  are the 18O isotope fractions in the pulse at the inlet and exit 
of the reactor, respectively, Fm is the molar flow rate of oxygen through the packed bed, 
S the total surface area of the sample. The fraction 𝑓𝑓18 is calculated from  
𝑓𝑓18 = 0.5𝑓𝑓34 + 𝑓𝑓36. 

 Electrochemical impedance spectroscopy 
NFO-CTO/CGO/NFO-CTO symmetrical cells for two-electrode impedance 

measurements were prepared by coating 30 µm-thick NFO-CTO layers onto both sides 
of a 0.8 mm-thick CGO electrolyte disks. Measurements were performed at zero bias and 
an excitation voltage of 20 mV in the frequency range 0.01 – 3·105 Hz, using a Solartron 
1470E multichannel potentiostat and a 1455A frequency response analyzer. 
Measurements were performed at 850 °C, under different atmospheres (N2, CO2) and at 
different pO2 (0.05-0.21 bar). In all cases, the total flow remained constant 
(100 ml min1). The impedance spectra were analysed using ZView®2 software. The 
impedance spectra were fitted using the equivalent circuit LRe (R1Q1)(R2Q2)(R3Q3) 
(see Fig. S2c), where L is an inductance, Re the apparent electrolyte resistance, Ri 
(I = 1,2,3) a resistance, and Qi (I = 1,2,3) a constant phase element. 

Oxygen permeation measurements 
Oxygen permeation studies were carried out in a lab-scale quartz reactor. Synthetic 

air (100 ml min-1) was used as feed gas, while pure argon or a gas mixture containing 
30 vol% CO2, balance argon, were used as sweep gases (150 ml min-1). Both gas streams 
were at atmospheric pressure. The temperature was measured by a thermocouple attached 
to the membrane. A PID controller maintained the temperature within 2 °C of the set 
point. Sealing was achieved using Au and Ag O-rings applying different sealing 
temperatures, i.e. 1000 °C and 850 °C, respectively. The bare membrane was sealed with 
Au O-rings whereas Ag O-rings were used for sealing activated membranes. This was 
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done in order to avoid coarsening phenomena of catalyst particles at higher temperatures. 
The permeate gas stream was analyzed by online gas chromatography, using a Varian 
CP4900 micro-GC equipped with Molsieve5A, PoraPlot-Q glass capillary, and CPSil 
modules. The leakage of oxygen was subtracted in the calculation of the oxygen flux. The 
contribution of leakage to the apparent oxygen flux was below 3% in all cases. The data 
reported here were all obtained after steady state was achieved. Each measurement was 
repeated three times to minimize the experimental error, which was typically below 0.5%. 

5.3 Results and discussion 

5.3.1 Microstructural study 

Microscopy was conducted on membranes with pristine (non-infiltrated) and 
infiltrated activation layers. Figure 5.2a shows a cross-sectional Scanning Electron 
Microscope (SEM) image of the interface between the dense membrane and the 
NFOCTO activation layer. The activation layer is highly porous and shows a good 
attachment to the membrane surface. An enlarged view of the activation layer is given in 
Fig 5.2b. Grain sizes of NFO and CTO phases range between 50-100 nm, and both 
phases appear to be well intermixed. In Fig. 5.2c, an activation layer is shown after 
infiltration and subsequent calcination at 850 °C. Nanoparticles are deposited all over the 
surface of the porous NFO-CTO scaffold as needle-like structures of about 500 nm 
length. No significant pore blocking is observed when activating with Pr6O11 (see 
appendix, Fig. A5.1), therefore catalyst infiltration is not expected to imply a hindrance 
in the gas flow through the porous layer. 

X-ray diffraction (XRD) analysis revealed that the infiltrated catalyst after sintering 
in air at 850 °C is present as Pr6O11 particles 34. Fig. 5.2d shows the XRD pattern of the 
Pr6O11-activated layer, confirming the presence of NFO, CTO and Pr6O11. No evidence 
of impurity phases is found. 
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5.3.2 Oxygen permeation 

Oxygen permeation measurements were performed on NFO-CTO membranes 
with thicknesses in the range of 0.6-0.7 mm. Three types of membranes were 
measured: (i) a bare membrane, (ii) a membrane on both sides coated with 30 µm-thick 
porous NFO-CTO layers, and (iii) a membrane having Pr6O11 nanoparticles activating 
the porous NFO-CTO layers. In Figure 5.3a, the oxygen permeation fluxes for the three 
membranes measured under air/Ar gradient are plotted as a function of temperature. The 
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Figure 5.2. BSD-SEM images of activated NFO-CTO membranes: a) cross-sectional view of the 
porous scaffold/dense membrane interface of a non-infiltrated sample; bright grains represent the 
CTO phase and dark grains the NFO phase, magnification views of b) non-infiltrated composite 
scaffold, c) composite scaffold infiltrated with Pr6O11 nanoparticles , d) XRD pattern of the 
Pr6O11-infiltrated activation layer. 
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addition of a porous NFO-CTO layer improves the oxygen flux from a value of 
0.025 to 0.064 ml min-1 cm-2, at 850 °C, corresponding to a 2.5-fold improvement, while 
at 750 °C a fourfold improvement is observed. The enhancement in oxygen flux induced 
by the deposition of porous layers on both membrane surfaces can be ascribed to the 
concomitant increase in specific surface area (Fig. 5.1) and, thus, in the number of TPB 
sites available for oxygen exchange. Similar improvements in the oxygen flux obtained via 
surface activation of single-phase membranes through deposition of porous layers have 
been reported previously 35,36. For the dual-phase NFO-CTO membrane, the porous 
fine-grained NFO-CTO layers provide much larger numbers of TPB sites compared to 
the bare membrane surface, facilitating the oxygen reduction and evolution kinetics (see 
also Fig. 5.1) 37,38. The improvement in the oxygen permeation flux becomes more 
significant for the membrane presenting Pr6O11 nanoparticles in the porous NFO-CTO 
layers. A sixfold improvement is obtained at 850 °C reaching an oxygen flux of 0.14 ml 
min-1 cm-2. At lower temperatures the positive effect of membrane activation is even more 
evident: a twelvefold increase is found at 750 °C with respect to the bare membrane, thus 
confirming the promoting effect on the surface exchange reactions, typically limiting 
permeation at these temperatures. This is also confirmed by observing the activation 
energies (Ea) estimated for the different samples, which are included in Fig. 5.3a. For the 
case of the non-activated membrane, the Ea is estimated at 152 and 171 kJ mol-1 in the 
temperature ranges of 1000 – 850 °C and 850 – 750 °C, respectively. When activating a 
membrane with NFO–CTO porous layers, a significant decrease in Ea from 152 to 
97 kJ mol-1 is observed in the range 850–775 °C, ascribed to the improvement in surface 
kinetics by the increase of TPB sites. Nevertheless, the fact that below 775 °C the Ea 
becomes equal for the bare and for the NFO–CTO membrane denotes a strong thermal 
limitation of surface reactions at these low temperatures. The latter does not occur with 
the Pr6O11-activated membrane, presenting Ea values of 86 kJ mol-1 in the full temperature 
range of the measurement. In conclusion, impregnation of the porous layer with Pr6O11 
nanoparticles leads to an improvement in the processes related to permeation over the full 
temperature range.  
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Figure 5.3A) Temperature dependence of the oxygen flux for (i) a bare NFO-CTO membrane, (ii) 
a membrane with porous layers at both surfaces, and (iii) a membrane after activation of the porous 
layers with Pr6O11 nanoparticles. B) Stability of oxygen flux through samples with and without 
Pr6O11 nanoparticles at 850 °C, with indicated sweep gases. Activation energies are specified for 
each of the materials and temperature regions. 

Additionally, oxygen permeation was studied over a prolonged time to investigate the 
stability of the activated membrane at work (Figure 5.3b). First, the NFOCTO+Pr 
coated membrane was subjected to an air/argon gradient at 850 °C for 30 hours. After 
this, no significant change in the permeation rate was found. The value of 𝐽𝐽O2stabilized 
at 0.13 ml min-1 cm-2. Subsequently, the sweep gas was changed to a 30% CO2 in Ar 
mixture (mimicking oxyfuel conditions with respect to pCO2) while the feed gas was not 
changed. The gas switching does not induce a significant change in 𝐽𝐽O2 although previous 
studies revealed a slight drop under similar operating conditions for ceria-based 
membranes 21. The small loss in oxygen flux can be related to a stronger CO2 adsorption 
on the active sites generated by Pr6O11 activation, hindering the oxygen reduction 
reactions involved in the oxygen permeation.During the following 24 hours on stream, 
the Pr6O11-activated membrane exhibited stable behavior. Regarding the membrane 
coated with porous layers (labeled as NFO-CTO), similar test conditions were applied 
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with a continuous 30% CO2 in Ar sweeping during 24 h. In contrast to the 
Pr6O11activated layer, the oxygen flux exhibits a very minor increase upon switching to 
CO2 sweep gas. This beneficial effect of CO2 as sweep gas has been previously observed 
for NFO-CTO membranes at temperatures above 850 °C 20,22. This is ascribed to the 
better sweeping properties and higher thermal emissivity of CO2 with respect to Ar. The 
actual net effect of CO2 depends on how surface exchange limits the overall membrane 
permeation with respect to ionic bulk and gas-phase transport.  

5.3.3 Pulse isotopic exchange 

Pulse Isotopic Exchange (PIE) measurements clearly demonstrate that the 
Pr6O11activated NFO-CTO composite powder is much more active than the bare 
(i.e., nonactivated) NFO-CTO powder for oxygen exchange. Figure 5.4 shows the 
oxygen isotope fractions as a function of temperature for both materials. At a temperature 
of around 800 °C, about half of the original fraction of 18O2 in the pulse volume is 
converted into 16O2 and 16O18O for the bare composite powder, whereas this temperature 
is lowered to about 570 °C after activation with Pr6O11. 
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Figure 5.4. Oxygen isotope fractions as a function of temperature from PIE measurements, at 
pO2 = 0.21 atm, on powders of a) NFO-CTO and b) NFO-CTO activated with Pr6O11. Note 
that the x-axis scales are different. Dashed lines serve as guides to the eye. 
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Figure 5.5 shows the calculated surface exchange rates (ℜ0) of the bare and Pr6O11-
activated NFO-CTO powders as well as corresponding values derived from 
measurements on powders of the individual NFO and CTO phases. The results show 
that NFO exhibits poor oxygen exchange kinetics, which is attributed to a low oxygen 
vacancy concentration of this material 39. The values of ℜ0 for bare NFO-CTO and CTO 
are close to each other above ~725 °C, suggesting that the faster surface exchange of the 
CTO phase determines the exchange rate found for the composite. The observation that 

the bare composite exhibits a higher value of ℜ0 below ~725 °C than both constituents is 
interpreted to reflect a synergy between both phases. The enhanced exchange rate at these 
low temperatures might be due to the availability of electrons provided by the NFO phase, 
while at higher temperatures p-type conductivity in CTO may start to play a role in the 
elctrical conductivity of the composite. The enhanced exchange rate is further observed 
for composites with different NFO to CTO ratios (See Fig. A5.2). However, more 
research is needed to explain this observation. Furthermore, the exchange rate of 
NFOCTO is increased by more than one order of magnitude after activation with Pr6O11 
nanoparticles (Fig. 5.5), in line with permeation results (Fig. 5.3) and previous reports on 
SOFC cathodes 27-29, 44. The impregnation does not affect the activation energy of the 
composite. 

With regard to the activation energies, NFO results present a significantly low Ea 
value, with only 11 kJ mol-1, mainly due to its predominant electronic conductivity and 
the minor effect of temperature on improving oxygen exchange for such a material. In 
contrast, CTO performance is highly influenced by temperature with higher 
Ea (105 kJ mol-1), as previously described for ionic conductors based on different doped 
cerias 40-42. For the case of NFO–CTO, two different Ea regions can be identified: 
T > 725 °C with a value close to that of CTO, and T < 725 °C, much closer to NFO 
behavior. This Ea change reflects a change in the prevailing gas exchange mechanism, 
being related to the CTO exchange mechanism40 at high temperature and to NFO below 
725 °C, where the surface concentration of oxygen vacancies is much lower than that for 
CTO, thus diminishing the concentration of active sites available for O2 adsorption and 
incorporation. The latter behavior may be linked to the change in the Ea slope observed 
for the permeation measurement through the NFO–CTO activated membrane 
(Fig. 5.3a). When activating with Pr6O11, and assuming the same tendency for the values 



Enhancing oxygen flux through dual-phase oxygen transport membranes  120 

above 700 °C, a significant difference for the Pr6O11-activated NFO–CTO sample can be 
observed with respect to the non-activated sample, with a diminution in the Ea from 
136 to 109 kJ mol-1.  

5.3.4 Electrochemical characterization 

To further investigate the catalytic effect of Pr6O11 addition into the NFO-CTO 
activation layers, EIS measurements were performed on NFO-CTO/CGO/NFO-CTO 
symmetrical cells. Figures 5.6a and 5.6b show impedance spectra of cells with non-
activated and Pr6O11-activated NFO-CTO electrodes recorded in air, 5% of O2 in N2, 
and 5% of O2 in CO2 after subtraction of the apparent electrolyte resistance. The 
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Figure 5.5. Temperature dependence of the surface exchange rate of 
NFO, CTO, non-activated and Pr6O11-activated NFO-CTO 
composite powders. Activation energies are specified for each of the 
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polarization resistance (Rp) increases for both electrodes when switching from air to gases 
with 5% of O2 as well as after the replacement of N2 by CO2, but to a minor extent. This 
phenomenon should be ascribed to the reduction of the available oxygen on the electrode 
surface for the oxygen reduction reaction. In the case where the atmosphere is changed 
from air to 5% of O2, the increase in Rp is only related to the lower pO2 in the electrode, 
worsening the surface processes and increasing the resistance of the low frequency 
processes. On the other hand, CO2 competes with O2 for the oxygen reduction reaction 
active sites. This effect mainly affects the resistance at low frequencies (surface processes) 
and shifts the relaxation frequency to lower values. After Pr6O11 activation of the 
NFOCTO electrodes, Rp is one order of magnitude lower regardless of the atmosphere 
composition. Figures 5.6c and d show the Bode plots corresponding to the Nyquist plots 
in 5.6a and b, and reveal that Pr6O11 activation ameliorates processes appearing at 
frequencies ranging from 0.1 to ~10 Hz.  

Figure 5.6. (a) Nyquist plot of NFO–CTO, (b) Nyquist plot of NFO–CTO impregnated with 
Pr6O11, (c and d) Bode plots corresponding to the Nyquist plots, (e) total polarization 
resistance, (f) fitting results of the bare and Pr6O11-impregnated NFOCTO electrodes in 
different atmospheres at 850 °C at high frequency and (g) low and medium frequencies. 
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EIS spectra fitting using the proposed equivalent circuit provides further evidence 
about the magnitude and origin of this improvement (See Figs. 5.6e-g). In the case of the 
pristine NFO-CTO electrode, three arcs were distinguished: two at low frequencies 
(LF1, 1-2 Hz and LF2, 3-4 Hz), and another at high frequencies (HF, 1516 kHz). 
Upon activation with Pr6O11, the LF arcs are reduced by two orders of magnitude, and 
become negligible in air (for LF1). The low frequency arcs have been associated with 
surface processes like oxygen adsorption, dissociation, or reduction  43-45. However, in the 
Pr6O11-activated electrode, two arcs are present in the Nyquist spectrum, one at low 
frequencies (LF2, 12 Hz) and another one at medium frequencies (MF, 200500 Hz). 
Both arcs are one or even two orders of magnitude smaller than the LF1 resistance of the 
pristine sample. This effect is attributed to the above-observed enhancement of the 
surface exchange reaction. In addition, the contribution of HF processes decreases, and 
this can be  assigned to transport properties of Pr6O11 oxide covering the NFO–CTO 
electrode surface, which may favor the surface transport of both oxygen species and 
electron holes 27,28. Furthermore, Pr6O11 possesses relatively high electronic conductivity 
and improves the oxygen surface processes 27,28,46 and the surface exchange rate at the 
tested temperatures (Fig. 5.5).  

The influence of different atmospheres on the electrochemical performance was 

further studied. The dependency of the resistance on pO2 (𝑅𝑅 ∝ 𝑝𝑝O2
−𝑚𝑚𝑖𝑖) can shed further 

light on the nature of the limiting steps in the oxygen reduction process 47-49. The 
untreated electrode shows a pO2-independent contribution at HF, which can be assigned 
to solid-state oxide ion transport through the composite. Nevertheless, the infiltrated 

NFO-CTO electrode presents a small dependence on pO2 (𝑚𝑚HF ≈ 0.19 in 𝑅𝑅HF ∝ 𝑝𝑝O2
−𝑚𝑚𝑖𝑖), 

which can be ascribed to the p-type electronic conductivity (𝜎𝜎 ≈ 𝑝𝑝O2
1
6� ) conferred by the 

infiltrated Pr6O11. As shown in Fig. 5.6f, the LF1 resistance of the non-infiltrated 

electrode is pO2 dependent (𝑚𝑚LF1 ≈ 0.32 in 𝑅𝑅LF ∝ 𝑝𝑝O2
−𝑚𝑚𝑖𝑖) and can be related to the 

diffusion of atomic oxygen species as well as charge transfer (Oads + e- → O-
ads) 44,47. In the 

case of the treated electrode, the resistance at medium frequency  
(MF, 𝑚𝑚LF1 ≈ 0.38) can be assigned to the same limiting process, but in this case the 
resistance is reduced by more than one order of magnitude. The activation of the porous 
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layer with Pr6O11 enhances the reduction of the adsorbed oxygen and shifts the frequency 
to higher values 50.  

The coupled effect of low pO2 and presence of CO2 was studied with the 
Pr6O11activated NFO-CTO electrodes to mimic membrane sweeping conditions. CO2 
induces a rise in MF and LFs resistances and this stems from the competitive adsorption 
of O2 and CO2 at the active sites, having a stronger effect for the Pr6O11activated sample 
with a higher increase in LF2 resistance (Fig. 6c and 6d). This increase in MF and LF 
frequencies when the electrodes were contacted with CO2 is in agreement with results 
from oxygen permeation experiments (Figure 5.3b) in which 𝐽𝐽O2 of the Pr6O11-activated 
membrane slightly decreased when switching to a CO2containing atmosphere. 
Furthermore, the bulk transport properties of the electrode are not influenced by the CO2 
presence, since the resistance at HF remains constant 51. 

5.4 Conclusions 
NFO-CTO dual-phase composite membranes were coated on both sides with 

30 µm-thick porous scaffolds of the fine-grained NFO-CTO that were further activated 
with Pr6O11 nanoparticles to enhance surface exchange kinetics. Measurements in the 
temperature range 850 – 700 °C revealed a 2-4 fold increase of the oxygen flux after 
coating porous NFO-CTO layers on both sides of the dense membrane, and a 6-12 fold 
increase relative to the bare membrane after activation with Pr6O11 nanoparticles into both 
coated layers. No degradation of the oxygen fluxes was found in CO2-containing 
atmospheres, illustrating the potential use of the developed NFO-CTO membranes in 
oxyfuel applications. 

PIE measurements confirmed an increased exchange rate of composite NFO-CTO 
powders by more than one order of magnitude after activation with Pr6O11 nanoparticles. 
Furthermore, EIS measurements on NFO-CTO/CGO/NFO-CTO symmetrical cells 
showed a strong decrease in the polarization resistance after Pr6O11 activation of the 
porous NFO-CTO electrodes. The present results demonstrate that addition of Pr6O11 
nanoparticles into porous activation layers is a promising route to enhance oxygen 
permeation fluxes across dual-phase membranes. 
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Appendix A5 

 

Figure A5.1 shows two examples of pore structures, as observed when looking at 
cross sections of the porous backbone. The presence of Pr6O11 particles does not lead to 
significant pore blockage, as the amount and size of open space are roughly equal before 
and after impregnation.  

Figure A5.2 shows the dependence of the activation energy of the overall surface 
exchange coefficient on temperature. This dependence is reported in the main paper for 
CTO-NFO containing 60 mol% NFO and 40 mol% CTO, and it is visible for different 
ratios of the composite constituents as well as shown in this appendix. Note further that 
increasing the amount of fluorite in the composite leads to an increased overall surface 
exchange rate at temperatures above roughly 725 °C, while it is disadvantageous for the 
exchange rate at lower temperatures. This may partly be due to the effect which also 
causes the nonconstant activation energy, i.e. the occurrence of p-type conductivity in 
CTO becoming relevant for the total electrical conductivity at temperatures above around 

Figure A5.1. Micrographs made with the Scanning Electron Microscope using backscattered 
electrons, with a) NFO-CTO backbone, and b) backbone after impregnation with Pr6O11 
nanoparticles. 
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725 – 750 °C. At temperatures where CTO is a mixed conductor, the influence of NFO 
on the overall surface exchange rate will be lower than at temperatures where its electronic 
conductivity is required for the surface exchange. Composites with higher concentrations 
of the fluorite therefore show faster surface exchange at higher temperatures.  

Figure A5.2. Temperature dependence of overall surface exchange rate of NFO-
CTO composites with three different molar ratios of constituents (with the 
spinel phase indicated first). 

Figure A5.3. Capacity (a) and frequency (b) obtained from fitting the electrochemical impedance 
spectra. Data were measured at 850 °C and in the indicated gas mixtures. 







CHAPTER 6 

Carbonation and decarbonation characteristics of 
strontium-containing perovskite-type ferrites  

Abstract 

The isothermal carbonation of perovskite-type oxides SrFe0.9Al0.1O3-δ and 

SrFe1xTixO3-δ (x = 0.1, 0.2, 0.5) upon exposure to 25% CO2 in Ar has been investigated 

at temperatures in the range 600-850 °C by combined thermogravimetric analysis (TGA) 

and temperature-programmed desorption/decomposition (TPD). Both methods yield 

consistent results, showing that SrFe0.9Ti0.1O3-δ is more resistant to carbonation than 

SrFe0.9Al0.1O3-δ. The latter is explained by the higher acidity of Ti4+ compared to Al3+. 

Both solids exhibit a maximum CO2 uptake around 700 -750 °C, which is accounted for 

by a balance between thermodynamics and kinetics of the carbonation reaction. Most 

notably, TPD experiments reveal for the partially carbonated perovskite phases a 

correlation between the onset temperature of decarbonation, To, and the temperature 

maintained during the carbonation pre-treatment. This behavior is attributed to the SrO 

activity in the carbonated perovskite phase, i.e., To decreases with decreasing SrO activity. 

To verify this hypothesis, To for SrCO3 decomposition was measured by TGA in powder 

mixtures with Sr4Fe6O13, SrFe12O19 and Fe2O3, as a function of CO2 partial pressure 

(pCO2). The results graphically represented in an Ellingham diagram confirm that To for 

SrCO3 decomposition in the said mixtures decreases with decreasing SrO activity in the 

ferrites and decreasing pCO2. Of the perovskite oxides investigated in this study only 

SrFe0.5Ti0.5O3-δ is found to be resistant to carbonation under 0.25 bar of CO2 at 700 °C. * 

* This chapter is to be submitted for publication as: R. Ruhl, T.N. Phung, H.J.M. Bouwmeester; 

Carbonation and decarbonation characteristics of strontium-containing perovskite-type ferrites. 
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6.1 Introduction 

Many perovskite oxides are targeted for applications that bring the oxide in contact 

with acidic gases. Examples of such applications include, amongst others, their use as 

catalyst for methane reforming 1 and reduction of CO2 2 or NOx 3, as sorbent material, 

e.g., for absorption of CO2 from flue gases 4, as electrode material 5 or as oxygen transport 

membrane (OTM) 6,12. Mixed ionic-electronic conducting (MIEC) perovskite oxides, 

such as Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) 7-9, La0.5Ba0.5CoO3−δ (LBC) 10, or SrCo1−xFexO3−δ 

(SCF) and derivatives 11,12, show excellent performance as a SOFC cathode. However, 

the alkaline-earth containing perovskite oxide are susceptible to carbonate formation 

already upon exposure to the low but significant level of CO2 (380 ppm) in air, leading to 

performance deterioration with time 13. Numerous reports have also been made of studies 

in which the oxygen flux through the MIEC perovskite oxides used as OTM is found to 

degrade with time, or is blocked instantaneously, when CO2 is used as the sweep gas 1416. 

Not only the formed carbonate may limit the oxygen permeation flux 14, 17-19, , carbonation 

(and decarbonation) processes may also alter the microstructure and/or composition of 

the original perovskite oxide, which ultimately may cause membrane failure 14,20,. In the 

reported studies on BSCF 20, SCF 21, Ba(Co, Fe, Zr)O3−δ 14 , Ba(Co, Fe, Nb)O3−δ 16, 

scanning electron microscopy revealed formation of a surface carbonate layer followed by 

an alkaline-earth depleted layer on top of the original perovskite membrane layer. The 

original microstructure and oxygen permeation fluxes are (partially) recovered if the 

perovskite oxide is treated in a CO2-free atmosphere. Clearly, an improved understanding 

of the impact of CO2 on the stability of alkaline-earth containing perovskites is required 

from the perspective of using these materials as OTMs in oxygen fuel combustion or 

catalytic membrane reactors.  

Up to the present, our understanding about the thermodynamics and kinetics of 

carbonate formation on alkaline-earth perovskite oxides remains rather poor. Relative 

stabilities of the perovskite oxides with emphasis on the role of the SrO activity have been 

discussed by Yokokawa et al. 22,23. Guidelines for improving their CO2 resistance have 
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been presented by Brandão et al. 24. For a recent review on stability and CO2-resistance 

of MIEC perovskite and perovskite-related structured membranes, see Zhang et al. 25. 

Doping of the perovskite oxides with high-valent, redox-stable acidic cations such as Al3+, 

Ti4+, Nb5+, Sb5+, Mo5+ and Ta5+ has been recognized as an option to enhance stability and 

CO2 resistance of the perovskite oxide against carbonation (or sulfonation)  25. As the first 

part of this study, we have examined carbonation of SrFe0.9Al0.1O3-δ (SFA10) and 

SrFe1xTixO3-δ (x = 0.1, 0.2, 0.5, abbreviated as SFT10, SFT20 and SFT50, respectively) 

by combined thermogravimetric analysis (TGA) and temperature programmed 

desorption/decomposition (TPD). Compositions in the SFT series have been reported as 

promising SOFC cathode 26,27 and OTM 28 materials. As the second part of this study, 

we have measured the onset temperatures of thermal decomposition of SrCO3 in the pure 

carbonate and in powder mixtures with either Sr4Fe6O13, SrFe12O19 or Fe2O3 at different 

values of CO2 partial pressure (pCO2). These measurements were conducted to verify the 

hypothesis whether the onset temperature of decarbonation of partially carbonated 

perovskite phases is linked with the SrO activity in the latter. 

6.2 Experimental 

6.2.1. Synthesis and sample preparation 

Powders of SrFe0.9Al0.1O3-δ (SFA) and SrFe1-xTixO3-δ (SFT; x = 0.1, 0.2, 0.5) were 

prepared by a modified Pechini method. Precursor materials, Sr(NO3)2 and 

Fe(NO3)3·9H2O, with purities of > 99%, and Ti(OC3H7)4 (titanium (IV) propoxide), 

with a purity of >98%, were purchased from Sigma-Aldrich, while Al(NO3)3·9H2O with 

a purity of >99% was purchased from Acros Organics. C6H8O7 (citric acid, >99.5%) and 

C10H16N2O8 (EDTA, >99%) were used as chelating agents. Both were purchased from 

Sigma-Aldrich as well. EDTA was dissolved in Milli-Q water. The pH of this solution 

was raised to 4 by dropwise addition of NH4OH (30 vol%). Stoichiometric amounts of 

the metal nitrates were dissolved in Milli-Q water to which the EDTA solution was 

added and after which the pH was adjusted to 7 using NH4OH (30 vol%). For the 
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synthesis of SrFe1-xTixO3-δ (SFT), titanium (IV) isopropoxide was dissolved in dry ethanol 

in a glovebox under a dry N2 atmosphere. A stoichiometric portion of the EDTA solution 

was heated to 60 °C and the Ti(OC3H7)4 solution added under vigorous stirring. 

Precipitation of TiO2 was not observed. The pH of the obtained solution was raised to 7 

by dropwise addition of NH4OH (30 vol%) and subsequently mixed with the solution of 

the other chelated metal ions. The metal-EDTA complexes were fixed into a polymeric 

network by addition of citric acid powder. The molar ratio of citric acid : EDTA : metal 

ions was 1.5 : 1 : 1 in all cases.  

For the preparation of powders from the obtained precursor solutions, an 

appropriate amount of NH4NO3 was added to serve as oxidant in the auto-combustion 

reaction. The viscous solution was transferred into a stainless-steel pot and heated on a 

hot plate, set to 350 °C. Evaporation of the water caused formation of a vigorously boiling 

gel that eventually self-ignited. The obtained fluffy powders were crushed in a bowl using 

a single agate ball with a diameter of 5 cm. The powders were calcined at 950 – 1000 °C 

for 10 – 12 h to obtain single-phase perovskites, as confirmed by X-ray diffraction (XRD) 

measurements using a Bruker D2 Phaser instrument with Cu-Kα radiation (λ = 1.54184 

Å). After calcination, the powders were ball-milled in ethanol for 24 h and dried. The 

resultant powders were manually ground in an agate mortar until they passed through a 

120 mesh sieve (d < 125 µm). The sieved powders were annealed in air at 1000 °C for 1 

h and then cooled to room temperature.  

SrCO3 and Fe2O3 (both> 99%) were purchased from Sigma-Aldrich, and 

SrFe12O19 (99.5%) from Alfa Aesar. Sr4Fe6O13 was prepared by solid state reaction. To 

this end, stoichiometric amounts of SrCO3 and Fe2O3 were mixed in an agate mortar. 

The powder mixture was calcined in air at 1000 °C for 10 h using heating and cooling 

rates of 5 °C min-1. XRD confirmed formation of Sr4Fe6O13. No evidence of impurities 

or formation of second phases was found. For measurements of the onset temperature of 

thermal decomposition of SrCO3 in mixtures with different ferrite oxides, powders of 
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Sr4Fe6O13, SrFe12O19 or Fe2O3 were manually mixed with powder of SrCO3 in a ratio 

2:1, 11:1, 2:1, respectively, using an agate mortar and pestle set.  

6.2.2. Characterization 

Thermogravimetric analysis (TGA) data were collected using a 

Netzsch TG 449 F3 Jupiter. About 225 mg of powder was put into an Al2O3 crucible and 

placed in the TGA. Measured weight data were corrected for buoyancy effects. For the 

isothermal carbonation experiments, the powder was heated up to the desired set-point 

temperature at a rate of 5 °C min-1 in Ar (75 ml min-1; purity ≥ 99.996%) and allowed to 

equilibrate at this specific temperature for at least 2 h prior to measurements. After mixing 

CO2 (≥ 99.996%) into the Ar stream up to a total flow rate of 100 ml min-1, the weight 

change due to carbonation was measured as a function of time up to 15 h.  

For measurements of the onset temperature of thermal SrCO3 decomposition, To, 

in pure SrCO3 powder and in powder mixtures with either Sr4Fe6O13, SrFe12O19 or Fe2O3, 

a CO2 - Ar gas mixture with known pCO2 was fed into the TGA reactor, with a total 

flow rate of 100 ml min-1. The powder or powder mixture was heated to 600 °C with a 

rate of 20 °C min-1, and subsequently to temperatures 1100-1300 °C with 2 °C min-1. The 

onset temperature was determined at pCO2 values of 0.02, 0.05, 0.10, 0.25 and 1 atm. 

The temperature at which the mass loss was 0.1% of the initial mass (at 600 °C) was taken 

as the value for To. The initial and final sample masses were used for normalization of the 

observed mass.  

For temperature-programmed desorption/decomposition (TPD) measurements, 

the powders were uniaxially pressed into pellets at 25 MPa. These were manually crushed 

and sieved, while the sieved fraction in the range 125 < d < 300 μm was used    

packed bed, typically with a mass and length of 200 mg and 20 mm, respectively. The 

powder-packed bed was fixed in the centre of a tubular quartz reactor with an inner 

diameter of 3 mm using quartz wool plugs. Prior to measurement, the powder was 

carbonated in situ. To this end, the reactor was heated at a rate of 20 °C min-1 under 
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Ar (37.5 ml min-1) up to the temperature (600 – 850 °C) at which carbonation was carried 

out, held isothermally at this temperature for 15 min, and then CO2 was mixed in with 

the Ar stream up to a total flow rate of 50 ml min-1. Maintaining these conditions, the 

powder was carbonated for 15 h. Hereafter, the powder was quenched to room 

temperature by taking the reactor out of the oven. TPD data were collected by heating 

the reactor from room temperature to 900 °C at a rate 5 °C min-1, using Ar as carrier gas. 

The m/z = 44 signal intensity was monitored at a sampling rate of 12 Hz using an on-line 

mass spectrometer (MS, Pfeiffer Vacuum OmniStar GSD 301) at the exit of the reactor. 

The temperature at which the MS signal reached 0.1% of the maximum value of the CO2 

desorption peak was taken as the onset temperature for decarbonation. 

6.3 Results and discussion 

6.3.1. Carbonation of SrFe0.9Al0.1O3-δ and SrFe1-xTixO3-δ (x = 0.1, 0.2, 0.5) 

Exposure of SrFe0.9Al0.1O3-δ (SFA10) and SrFe0.9Ti0.1O3-δ (SFT10) to 25% CO2 in 

Ar in the range of temperatures 600 – 850 °C leads to carbonation of both perovskite 

oxides. Figure 6.1 shows the mass increase for both solids measured by TGA as a function 
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Figure 6.1. CO2 uptake as a function of time for (a) SFA10 and (b) SFT10 in 25% CO2 
in Ar at different temperatures as measured by TGA. 
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of time at various carbonation temperatures. The shape of the obtained curves suggests 

that the reaction after 15 h of exposure is not complete (the samples subsequently being 

referred to as partially carbonated). At all temperatures, the CO2 uptake observed for 

SFA10 exceeds that of SFT10, which clearly indicates that the more acidic Ti4+ cation is 

the more effective substituent in reducing carbonation. At 700 °C, the CO2 uptake for 

SFA10 after 15h of exposure is 8.4 wt.% to be compared with 0.6 wt.% observed for 

SFT10.  

Figure 6.2 shows the CO2-TPD profiles for both compositions after pre-treatment of the 

powders in 25% CO2 in Ar for 15 h at different temperatures. The duration and 

carbonation conditions are chosen similar to those maintained in the TGA experiments. 

Several interesting features can be noted from the figure. First, consistent with the results 

from the TGA experiments (Fig. 6.1), the CO2 desorption peak area – which reflects the 

degree of carbonation - is found to be a function of the temperature of carbonation 

temperature. Second, the onset temperature of decomposition of the formed carbonate, 

To, on the partially carbonated perovskite phase gradually shifts to lower temperature if 

the CO2 pre-treatment (carbonation) is carried out at a lower temperature. 
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Figure 6.3 shows that the trend in the CO2 desorption peak area (normalized to the 

value at 700 °C) with carbonation temperature is similar to that derived for the overall 

mass change observed during the TGA experiments. Both methods thus reveal that the 

maximum carbonation degree after the CO2 treatment occurs for SFA10 at a temperature 

of 700 °C, while for SFT10 it is evaluated to occur between 700 and 750 °C. We attribute 

the observations to a balance between thermodynamics and kinetics of the carbonation 

reaction. With lowering the temperature, the affinity (defined as the negative of the molar 

reaction Gibbs energy, ∆rG) of the carbonation reaction increases 22, and hence the rate 

of reaction. However, at too low temperatures the kinetics of the reaction becomes 

sluggish, which ultimately leads to a maximum carbonation rate at a specific temperature. 

It is to be noted that other parameters such as composition, particle size, oxygen 

nonstoichiometry, gas flow rates etc. in addition may impact the rate of the carbonation 

reaction.  

With the decrease of the CO2 pre-treatment temperature from 750, 700, 650 to 

600°C, To of partially carbonated SFA10 shifted to 611, 563, 519 to 480°C, respectively. 

The corresponding To values for partially carbonated SFT10 are 712, 558, 528 and 445°C, 
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Figure 6.3. Comparison of TGA and TPD data for (a) SFT10 and (b) SFA10 after isothermal 
carbonation in 25% CO2 in Ar at different temperatures (Tc). Shown are the normalized data 
for both compositions from Figs. 1 and 2, respectively. The full lines serve as a guide to the eye. 
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respectively. Similar observations were made for Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) after a 

pre-treatment in 1% CO2 in He for 2 h at various temperatures, and was explained by the 

authors in terms of a decreasing bond strength of CO2 with decreasing temperature 29. 

We attribute the observed lowering of To with the temperature of carbonation to the 

decreasing thermodynamic activity of SrO (aSrO) in the partially carbonated, i.e., 

decomposed, perovskite phases. Although such a trend can be inferred from stability 

diagrams of related alkaliearth perovskites 30, we have chosen to validate this hypothesis 

by the measurement of onset temperatures of SrCO3 decomposition mixed with powder 

of either Sr4Fe6O13, SrFe12O19 or Fe2O3. These investigations are presented in the next 

section.  

As mentioned above, an effective way to enhance the CO2 resistance is by partial 

substitution of the B-site cations with more acidic ions. Figure 6.4 shows the CO2 uptake 

at 700°C as a function of the duration of exposure (25% CO2 in Ar) for SrFe1-xTixO3-δ, 

confirming that enhanced stability towards CO2 is obtained by increasing the partial 

substitution of Fe with Ti.  
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at 700°C as measured by TGA.  
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6.3.2. Thermal decompostion of SrCO3 in mixtures with different 
strontium-oxide ferrites 

TGA experiments were performed on powder mixtures of strontium carbonate and 

different ferrites in the binary oxide system SrO-Fe2O3 to investigate the influence of aSrO 

in the ferrite oxide on the onset temperature of decomposition of SrCO3. Several 

intermediate phases with different structures are known to occur in the SrO-Fe2O3 

system, which can be represented as (1-x) SrO + FeO1.5 = Sr1-xFeO2.5-x. In the range 

0 ≤ x ≤ 1, these are Sr2Fe2O5 (x= 0; space group Ibm2 31), Sr4Fe6O13 (x = 1/3; space group 

Icc21 
31), SrFe2O4 (x = 1/2; space group Pnam 32), SrFe12O19 (x = 11/12; space group 

P63/mmc 31), and Fe2O3 (x = 0; space group R3c 31), which includes the end members. To 

avoid oxidation of the oxidation state +3 for iron to +4, the TGA experiments were 

conducted in an inert (‘oxygen-free’) atmosphere so that iron remains in its 3+ oxidation 

state over the entire range in temperature. For example, when the Sr/Fe ratio is unity, 

oxidation of orthorhombic brownmillerite Sr2Fe2O5 may lead to formation of the 

oxygendeficient cubic perovskite phase SrFeO3-δ 31. 

Thermodynamics 

The thermal decomposition of SrCO3 is represented by 

SrCO3 (s) → SrO (s) + CO2 (g) (6.1) 

The free Gibbs energy change for the reaction can be written as  

∆𝐺𝐺r(𝑇𝑇, 𝑝𝑝CO2) = ∆𝐺𝐺r0(𝑇𝑇) + 𝑅𝑅𝑇𝑇 ln(𝑝𝑝CO2) (6.2) 

Decomposition occurs when ∆𝐺𝐺r(𝑇𝑇, 𝑝𝑝CO2) < 0 kJ mol−1, while the onset temperature, 

To, at given pCO2, can be calculated from 

∆𝐺𝐺r0(𝑇𝑇o) = −𝑅𝑅𝑇𝑇o ln(𝑝𝑝CO2) (6.3) 

noting that the activity for pure solids such as SrO is unity: aSrO = 1.  
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For a mixture consisting of SrCO3 and Sr1-xFeO2.5-x, the overall reaction can be 

written as 

SrCO3 +
1

𝑥𝑥 − 𝑥𝑥′
Sr1−𝑥𝑥FeO2.5−𝑥𝑥 ⇌

1
𝑥𝑥 − 𝑥𝑥′

Sr1−𝑥𝑥′FeO2.5−𝑥𝑥′ + CO2 

  

(6.4) 

where (𝑥𝑥 − 𝑥𝑥′) represents the change in SrO stoichiometry in Sr1-xFeO2.5-x per mole of 

SrCO3. Here, we have ignored the change in the oxygen stoichiometry of Sr1-xFeO2.5-x by 

possible exchange of oxygen between the oxide and the gas phase. As mentioned above, 

this is why we have chosen to conduct the TGA experiments in an ‘oxygen-free’ 

atmosphere. Reaction (4) can be resolved into  

SrCO3 (s) ⇆ SrO(sol. ) + CO2 (g) 

SrO(sol. ) +
1

𝑥𝑥 − 𝑥𝑥′
Sr1−𝑥𝑥FeO2.5−𝑥𝑥(s) ⇆

1
𝑥𝑥 − 𝑥𝑥′

Sr1−𝑥𝑥′FeO2.5−𝑥𝑥′(s) 

(6.5) 

(6.6) 

The free Gibbs energy change for the overall reaction reads 

∆𝐺𝐺r(𝑇𝑇, 𝑝𝑝CO2) = ∆𝐺𝐺r0(𝑇𝑇) + 𝑅𝑅𝑇𝑇 ln(𝑝𝑝CO2) +𝑅𝑅𝑇𝑇 ln(𝑎𝑎SrO) (6.7) 

where the term 𝑅𝑅𝑇𝑇 ln(𝑎𝑎SrO) refers to the thermodynamic work required to dissolve 

1 formula unit of SrO into the host structure Sr1-xFeO2.5-x at constant pressure and 

temperature. By analogy to the above, the onset temperature of thermal decomposition 

of SrCO3 in the mixture, at given pCO2, is calculated from 

∆𝐺𝐺r0′(𝑇𝑇o) = −𝑅𝑅𝑇𝑇o ln(𝑝𝑝CO2) (6.8) 

where we have defined ∆𝐺𝐺r0
′(𝑇𝑇) = ∆𝐺𝐺r0(𝑇𝑇) + 𝑅𝑅𝑇𝑇 ln(𝑎𝑎SrO). Hence, when aSrO < 1, To in 

the powder mixture is lowered relative to that observed for the pure carbonate. The SrO 

activity in the double oxide Sr1-xFeO2.5-x follows from the apparent change in the standard 

free Gibbs energy of thermal decomposition of SrCO3 in the presence of the double oxide: 

𝑅𝑅𝑇𝑇 ln(𝑎𝑎SrO) =  ∆𝐺𝐺r0
′(𝑇𝑇) − ∆𝐺𝐺r0(𝑇𝑇). 

Although not of interest in this study, the host structure may undergo one or 

more structural transformations upon dissolving SrO in Sr1-xFeO2.5-x, depending on the 
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extent of reaction. It is further noted that evolution of CO2 from the sample by 

decomposition of SrCO3 at T > To and concomitant increase of the SrO activity in the 

oxide (which tends to increase the value of To) may obscure experimental determination 

of To. Furthermore, at T < To, carbonation of the sample at given pCO2 may occur, 

lowering the SrO activity in the oxide. Carbonation eventually stops when aSrO reaches a 

value at which the decomposition pressure equals the ambient partial pressure of CO2. 

Ellingham diagrams 

Figures 6.5 shows normalized mass changes for pure SrCO3 measured by TGA, 

and the Ellingham diagram constructed from the observed onset temperatures of thermal 

decomposition at different values of pCO2. Also shown in Fig. 6.5b are the standard free 

Gibbs energies of reaction calculated from data of other studies using TGA 33-36, 

equilibrium pressures measured using manometry 34,37 , and from thermodynamic 

databases 38,39.  

It is to some surprise to see that in Fig. 6.5b significant differences are observed 

among the results of different studies. In particular, the results from calculations based on 

the compilation of thermochemical compilation by Barin 39 highly underestimate the 

observed onset temperatures. For comparison, T0 at pCO2 = 1 bar (∆𝐺𝐺r0(𝑇𝑇) = 0 kJ mole1) 

on the basis of the data provided by Barin 39 is calculated to be 1435 K, which is much 

lower than 1493 K observed by Shirhat et al. 33, 1505 K by Tsuji et al. 36, 1532 K by 

Baker 35, and the 1548 K by Scholten et al. 34, where we have limited comparison to values 

of T0 extracted from data of TGA experiments. The extrapolated value of T0 at 

pCO2 = 1 bar from this work, 1524 K, is comparatively close to the value observed by 

1532 K by Baker et al. 35. At least, in part, the scatter in the results can be assigned to 

different heating/cooling in the reported studies, which varied from 2 °C min-1 in the 

present study and that of Baker et al.35 to 20 °C min-1 used in the study of Scholten et al. 34, 

and in part, to different definitions of the onset temperature, either the extrapolated onset 

temperature (recommended by ASTM® 40) or the true onset temperature (where the 

measured values begin to deviate from the base line). The heating rate is preferably as low 
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as possible. In this study the heating rate was set to 2 °C min-1 to avoid that the 

measurements would become prohibitively time-consuming. As mentioned in the 

experimental section, the temperature at which the observed mass loss upon heating was 

0.1% of the initial mass was taken as the value for To. In the study of Baker et al. 35, an 

average was taken between the onset temperatures observed upon heating (decarbonation) 

and cooling (carbonation), which explains that the observed values for To in this study are 

slightly higher than those found by Baker et al. 35. We conclude that the above comparison 

provides a justification of our experimental approach, but also that the results urge for a 

re-evaluation of thermodynamic data published for SrCO3 as noted before by others 33,34. 

Figure 6.6a shows TGA curves for pure SrCO3 and mixtures of it with different 

strontium oxide ferrites recorded in 10% CO2 (balance Ar), confirming that the onset 

temperature of SrCO3 decomposition in the powder mixtures is lowered in the sequence 

SrCO3 > {SrCO3 + Sr4Fe6O13} > {SrCO3 + SrFe12O19} > {SrCO3 + Fe2O3}. Similar results 

are obtained at other CO2 concentrations (see Figs. A6.1-A6.3). Figure 6.6b shows the 

Ellingham diagrams constructed from the estimated onset temperatures for each of these 

curves. For the mixture {SrCO3 + Sr4Fe6O13} measured in 90% CO2 evaluation of To was 

not possible with high enough accuracy due to carbonation of Sr4Fe6O13 under the given 

conditions prior to reaching the onset temperature of thermal decomposition of SrCO3 

in the mixture (Fig. A6.3). Equations for the apparent standard Gibbs free energies of 

the reactions can be expressed as: ∆𝐺𝐺r0(𝑇𝑇) = A + B𝑇𝑇. Values for A (the standard enthalpy 

of reaction, ∆𝐻𝐻r0) and B (negative of the standard entropy change of the reaction, ∆𝑆𝑆r0) 

are listed in Table 6.1. Estimates for the SrO activities in Sr4Fe6O13 and SrFe12O19 

obtained from these relationships are listed in Table 6.2, assuming validity of 

extrapolation of the ∆𝐺𝐺r0(𝑇𝑇) relationship for pure SrCO3 to ranges of temperature of the 

corresponding relationships obtained for the powder mixtures. It is quite clear from this 

table that the SrO activity in both double oxides is quite low, a feature which reflects their 

chemical stability. 
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Table 6.1 Standard Gibbs free energy change of SrCO3 decomposition in pure 
SrCO3 and in mixtures of SrCO3 and different strontium oxide ferrites: ∆𝐺𝐺r0(𝑇𝑇) =

A + B𝑇𝑇. 

 

A 

[kJ mol-1] 

B 

[kJ mol-1 K-1] 

Range 

[K] 

SrCO3 236.2 -0.1542 1216-1584 

{SrCO3 + Sr4Fe6O13} 277.4 -0.2265 1023-1260 

{SrCO3 + SrFe12O19} 244.6 -0.2134 943-1184 

{SrCO3 + Fe2O3} 224.6 -0.2012 907-1160 

 

Table 6.2 Activities of SrO in Sr4Fe6O13 and SrFe12O19. 

T 

[K] 

aSrO in Sr4Fe6O13 

[-] 

aSrO in SrFe12O19 

[-] 

1000 2.36 × 10-2 2.22 × 10-3 

1050 4.51 × 10-2 5.12 × 10-3 

1100 8.12 × 10-2 1.09 × 10-2 

1150 1.59 × 10-1 2.19 × 10-2 

1200 2.27 × 10-1 4.12 × 10-2 

 

The value of aSrO is determined by the stabilization energy of the double oxide 

(enthalpy of formation from the constituent oxides) and temperature. Following 

Yokokawa et al. 22, the stabilization energy of Sr1−𝑥𝑥FeO2.5−𝑥𝑥 may be defined as  

δ(Sr1−𝑥𝑥FeO2.5−𝑥𝑥) = ∆𝐺𝐺f(Sr1−𝑥𝑥FeO2.5−𝑥𝑥) − {(1 − x)∆𝐺𝐺f(SrO) + 𝑥𝑥∆𝐺𝐺f(FeO1.5)} (6.9) 

where the ∆𝐺𝐺f′𝑠𝑠 are the Gibbs free enthalpies of formation of the corresponding oxides. 

The value of aSrO will be smaller with higher stabilization energy. Even within the 

coexistence region of the double oxide phase, the value of aSrO may vary in a range 

depending on the co-existing phases. It is further noted that also the oxygen potential will 

affect the apparent SrO activity. As discussed by Yokokawa et al. 22 for perovskite oxides 
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(La,Sr)MnO3 −δ, (La,Sr)CoO3 −δ and (La,Sr)FeO3 −δ, in these cases the valence stability of 

the transition metal ion will influence the apparent value of aSrO. 

The Ellingham diagram shown in Fig. 6.6b suggests that, at any given pCO2, 

thermal decomposition of SrCO3 (decarbonation) occurs when T > To, but that 

carbonation occurs when T < To. As mentioned above, only for the mixture 

{SrCO3 + Sr4Fe6O13} exposed to 90% CO2 in Ar carbonation of the double oxide was 

traced prior to reaching the onset temperature of decomposition of SrCO3 in the powder 

mixture (Fig. A6.3). This observation suggests that, contrary to the rate of decarbonation, 

the kinetics of carbonation are in general poor, especially at low SrO activity in the ferrite 

oxide and at low values of pCO2. Rather than the long-term exposure to a 

CO2containing atmosphere at a given temperature, the present method, i.e. 

measurement of the onset temperature of SrCO3 decomposition in a powder mixture with 

the SrOcontaining double oxide, represents a fast and reliable route to establish the 

stability limits of the double oxide under investigation. It is anticipated that the method 

can be extended to other earth alkaline-containing double oxides and related oxides, such 

as the perovskitetype oxides proposed for use as OTM membrane. At the time of writing 

this thesis, such measurements are in progress. 

6.4 Concluding remarks 

In this study, we have investigated the carbonation characteristics of SFA10 and 

SFT10 by combined TGA and TPD measurements. At the specific conditions of partial 

pressures of CO2, temperature and duration of the CO2 treatment (25% CO2 in Ar, 

600850 °C, 15 h) carbonation of both oxides is found to occur, albeit that that SF10 is 

found way more resistant to carbonation (as reflected by the much higher weight increase) 

than SFA10. The latter is explained by the higher acidity of Ti4+ compared to Al3+. While 

STF10 and STF20 are subject to carbonation, STF50 appears to be resistant to 

carbonation on ageing in 25% CO2 at 700 °C.  
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SFA10 and SFT10 both exhibit a maximum CO2 uptake around 700 -750 °C, 

which is accounted for by a balance between thermodynamics and kinetics of the 

carbonation reaction. The TPD experiments further reveal a correlation between the 

onset temperature of decarbonation and the temperature maintained during the 

carbonation pre-treatment. Thermal analyses of powder mixtures of SrCO3 and double 

oxides in the SrO-Fe2O3 system, i.e., measurement of the onset temperature of thermal 

decompostion (‘decarbonation’) of SrCO3 in these mixturexs, substantiate the conclusion 

that the different onset temperatures observed for decarbonation of the partially 

carbonated phases are related to the SrO activity in the latter. Analysis permits evaluation 

of the strontium oxide activity in the double oxides. It is anticipated that this approach 

can be extended to establish the stability limits of other Sr- and earth-alkaline containing 

materials.  
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Figure A6.1. Normalized mass change by TGA of pure SrCO3 and powder 
mixtures of SrCO3 with the indicated oxides in 2% CO2 (balance Ar) during 
heating at 2 °C min-1. 
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Figure A6.2. Normalized mass change by TGA of pure SrCO3 and powder 
mixtures of SrCO3 with the indicated oxides in 25% CO2 (balance Ar) during 
heating at 2 °C min-1. 
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Figure A6.3. Normalized mass change by TGA of pure SrCO3 and powder 
mixtures of SrCO3 with the indicated oxides in 90% CO2 (balance Ar) during 
heating at 2 °C min-1. Note that for the mixture {SrCO3 + Sr4Fe6O13} carbonation 
of Sr4Fe6O13 occurs, prior to decomposition of SrCO3.  







CHAPTER 7 
Evaluation of power plant process designs with 
integrated Oxygen Transport Membranes 

Abstract 
In this chapter, we aim to find the most efficient and economically attractive way to 

use oxygen transport membranes (OTMs) for the supply of oxygen to combined cycle 

power plants. Using Aspen Plus, process simulations of integrated gasification combined 

cycle (IGCC) plants with pre-combustion or oxyfuel carbon capture technology, pre-

combustion integrated reforming combined cycle (IRCC), and oxyfuel combustion 

natural gas combined cycle (NGCC) power plants are assessed. The oxyfuel NGCC 

power plant with OTM-based oxygen production shows the highest net efficiency 

(38.8%HHV) among the simulated processes. At a CO2 avoidance rate of 83.4%, the lowest 

LCOE of $177 per MWh is calculated for the pre-combustion IRCC process. This is 

26% lower than the LCOE of the oxyfuel IGCC, which is the most expensive process at 

$239 per MWh. The specific pure oxygen demand (sPOD, the pure oxygen mass required 

to produce a unit of energy) differs by more than a factor 3 between the pre-combustion 

IRCC and oxyfuel IGCC process. The sPOD is a good predictor for the LCOE, hence 

minimization of the sPOD should be an important part of the design of power plants 

with integrated OTMs. ‡

 Part of this chapter is to be submitted to Applied Energy for publication as: R. Ruhl, L.B.J. van den Enk, R. 
Menke, L. Mathijssen, W.A. Meulenberg, P. Veenstra, A.G.J. van der Ham, H.J.M. Bouwmeester, A. 
Nijmeijer; Evaluation of power plant process designs with integrated Oxygen Transport Membranes. 
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 Introduction 
Carbon capture in fossil-fueled power plants and subsequent storage or utilization 

cover a range of processes that prevent CO2 emission into the atmosphere. In these 

processes, CO2 is produced by combustion of a fossil fuel feedstock, separated before 

emission, and used as a resource in other chemical processes (CCU, Carbon Capture and 

Utilization), stored underground (CCS, Carbon Capture and Storage), or both 

(CCUS, Carbon Capture, Utilization, and Storage). Although the idea of carbon capture 

in power generation units already exists for more than 25 years 1, currently only three 

commercial scale power generation facilities perform carbon capture 2.  

Several reasons for the slow development of carbon capture can be indicated. First, 

implementing a carbon capture process into a power plant will lead to a higher energy 

price, because part of the thermal energy is required to power the carbon capture process. 

This causes electricity from fossil fuel based power plants with carbon capture to come 

with relatively high operational costs when compared to nuclear or wind power 3. When 

compared to power from coal-fired power plants that pay for a CO2 emission allowance, 

costs of power generation with carbon capture can be considerably higher. This is true if 

the allowance price (mean value in the period 2013-2017 equals €6.98 tonCO2
−1 ) is lower 

than the CO2 avoidance cost (typically €20 - €80 tonCO2
−1  4,5, depending on assumptions 

and reference values) plus costs associated with transport of produced CO2. As noted in 

literature, this is indeed the case for mature technologies, and likely as well for 

technologies under development 6. Second, carbon capture technology has not been 

proven in industrial-scale power plants before 2014. As the technology is not fully 

matured, the risk for cost overrun is still high. This is demonstrated in the Kemper 

County Energy Facility carbon capture project in the USA 7,8. In this project, the final 

costs rose to more than twice the estimated costs, before finally deciding to change the 

fuel from coal to natural gas and to abandon carbon capture. Last, although various small-

scale projects have shown and still continue to show that CO2 can be stored underground 

reliably 9,10, the long-term liability for stored CO2 could be an unwanted risk for both 



161  Chapter 7 

companies and governments. Moreover, before such a CO2 storage project could start, a 

number of regulatory issues have to be dealt with and permits have to be obtained 11. The 

CCS demonstration project in Barendrecht, Netherlands, has shown that the largely 

negative public opinion on underground CO2 storage could limit the issuing of permits 

and contribute to canceling the project 12.  

Power plants that perform CCS or CCU on a commercial scale currently use 

postcombustion technology 13-15. Plans to build oxyfuel, pre-combustion, and 

postcombustion based CCS or CCU facilities exist 15, indicating that all three techniques 

are considered as viable options for scaling up. Factors such as fuel source and price, 

electricity price, plant location, plant size, plant manufacturer, and CO2 capture or CO2 

avoidance target may all influence which technology is selected.  

Oxyfuel combustion processes always require the supply of (almost pure) oxygen, as 

the name suggests, and most pre-combustion processes require oxygen as well. The most 

common process to produce oxygen for large-scale coal-fired power plants is cryogenic 

distillation 16. Since large quantities of gases have to be liquefied at temperatures well 

below the environmental temperature, the process is energy-intensive 

(160 – 240 kWh per ton of oxygen with 75 – 99% purity 17) and therefore expensive. As 

an alternative, Oxygen Transport Membranes (OTMs) could be used: a technology that 

is generally considered to be less energy-intensive than cryogenic distillation 16-19. To the 

best of the authors’ knowledge, no commercial-scale electrical power generation process 

with carbon capture based on OTMs has started to operate yet. Praxair filed several 

patents on this topic in the last few years 20-22, one of the few signs that companies consider 

the commercial operation of OTM-based oxygen production.  

In this paper, we focus on Integrated Gasification Combined Cycle (IGCC), 

Integrated Reforming Combined Cycle (IRCC), and Natural Gas Combined Cycle 

(NGCC) power plants, because of their high net efficiencies as compared to supercritical 

or ultrasupercritical pulverized coal power plants 23-25. We first optimize process schemes 

to evaluate the plant efficiency, defined as the net amount of produced electricity divided 
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by the energy content of the fuel. Then, levelized cost of electricity (LCOE) and cost of 

CO2 captured and avoided among these power plants fitted with OTMs. The unabated 

coal-fired IGCC plant in Puertollano, Spain, with an installed gross power output of 

335 MW 26, is taken as the reference case. We discuss an oxyfuel IGCC process, pre-

combustion IGCC processes with cryogenic distillation (abbreviated to ASU 

(Air Separation Unit) in tables and figures) and OTMs as oxygen supply technologies, as 

well as a pre-combustion IRCC and oxyfuel NGCC design. Assumptions for process 

conditions, energetic losses, and costs are generalized as much as possible for all assessed 

combinations of technologies to enable a comparison between layouts. This paper aims 

to assess whether or not it would be advantageous to implement OTM technology into 

various types of power plants in terms of efficiency and costs.  

 General process design 

7.2.1. Goals and restrictions 

All processes are individually tuned to maximize efficiency and minimize the 

electricity price, both in terms of used pieces of equipment and in terms of temperatures, 

pressures, and mass flows of streams. As the raw material prices are fixed at equal values, 

the main factors that distinguish the LCOE of the different processes are the Capital 

Expenditures (CapEx) and the energy efficiency. The influence of the Operating 

Expenditures (OpEx) is less strong, as many factors are equal for all process designs, and 

factors that differ are typically calculated as a percentage of the CapEx.  

 Furthermore, a few design restrictions were applied. The 335 MW coal-fired 

IGCC power plant in Puertollano, Spain 26, serves as the reference plant for designing 

processes. Since this plant started to operate in 1997 and combined cycle technology has 

strongly advanced since, some pieces of equipment are not the state-of-the-art. This is 

especially true for the gas turbine, of which the operating temperature is limited to 
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1125 °C. Furthermore, the stringent impurity levels for CCS processes are taken into 

account for the produced CO2 27, equipment is based exclusively on mature technology 

(apart from the OTM and the oxyfuel combustion technology), and the goal for the 

amount of CO2 avoided per unit of produced energy is set to > 70% as compared to the 

reference plant. Design choices and differences therein among the processes are discussed 

in detail. 

7.2.2. Reference plant design 

ELCOGAS is the former operator of the Puertollano IGCC power plant and was 

a partner in the EU-funded GREEN-CC project. In this role, the company provided 

data on the plant layout, fuel composition and price, flue gas composition, and CapEx of 

plant sections, which serve as a basis for this study. Some of these data can be found in 

the literature 26, others have been obtained through personal correspondence. In literature, 

simulations of similar processes have been described 28-30, sometimes also covering the 

Puertollano IGCC power plant 29,30.  
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Figure 7.1 shows a simplified process scheme of the Puertollano IGCC power plant. 

It resembles the standard scheme of an oxyfuel combustion IGCC power plant. In the 

gasifier, pulverized coal is converted into syngas using oxygen with a purity of 85% ± 5%. 

Oxygen is produced by a cryogenic distillation process, which is often referred to as an 

Air Separation Unit (ASU). Heat produced by the exothermic gasification reactions is 

used to produce steam in high and medium pressure boilers (HP and MP). The syngas is 

purified and combusted in the gas turbine. Heat produced by this combustion is converted 

into steam in the heat recovery steam generator (HRSG). Together with the steam from 

the HP and the MP boiler, it is used to drive a steam turbine. Nitrogen produced by 

cryogenic distillation is used both to transport coal into the gasifier, and to control the 

temperature in the gas turbine. A detailed process flow diagram of the plant as simulated 

in this study is presented in the supporting information (Fig. A7.2), together with tables 

indicating the temperature, pressure, mass flow rate, mass vapor fraction, and 

composition of each of the streams. Similar information is also given for the other process 

designs. 

7.2.3. Composition of coal and natural gas 

The simulated power plants are fed with 29 kg s-1 of a low-grade coal and petroleum 

coke (pet-coke) mixture with a mass ratio varying around 1:1. The results of the proximate 

and ultimate analyses of the Puertollano fuel mixture are shown in Table 7.1 for a given 

point in time. The results are close to those of the mixture used in the Puertollano plant 

as specified in literature 26. Slight differences observed between the literature data and the 

data used here are ascribed to differences in the coal and pet-coke compositions and 

differences in the mass ratio between the two types of fuel. Calculations of the LHV and 

HHV are shown in the supplementary information (A7.1).  
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Table 7.1. As-received fuel composition and heating values of the pet-coke/coal 
mixture and of methane. 

Component Unit Coal/pet-
coke mixture Methane 

Moisture [wt%] 9.40  
Ash [wt%] 22.85  
Carbon [wt%] 65.35 74.87 
Hydrogen [wt%] 3.09 25.13 
Nitrogen [wt%] 1.50  
Oxygen [wt%] 3.66  
Sulfur [wt%] 3.54  
LHV [MJ kg-1] 25.07 50.12 
HHV [MJ kg-1] 26.94 55.52  

 

With the given fuel flow rate and a Lower Heating Value (LHV) of the mixture of 

25.07 MJ kg-1, the plant has a total energy input of 700 MWLHV or 727 MWHHV under 

full load conditions. Natural gas, used as primary fuel in the IRCC and NGCC plants 

and as secondary fuel to pre-heat the OTM feed in the oxyfuel and pre-combustion 

IGCC plants, is assumed to consist of pure methane. The HHV of methane is 

890.6 kJ mol-1 31, or 55.52 MJ kg-1 when recalculated into a mass-base value. 

7.2.4. CO2 purity requirements 

The minimum purity of the CO2 product stream used in this study is based on the 

requirements of CO2 transport through pipelines, as described in detail by de Visser et al. 
27. An overview of the specifications is also given in Table 7.2.  
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Table 7.2. Maximum impurity concentrations in CO2 based on 
DYNAMIS quality recommendation. Reprinted from Ref. 27, 
with permission from Elsevier. 

Component Range Unit 
Temperature ≤30 °C 
Pressure 110 – 150 bara 
Phase liquid  

CO2 >95 vol.% 
H2O <500 ppm 
H2S <200 ppmv 
N2 <4 vol.% 
Ar <4 vol.% 
H2 <4 vol.% 
O2 <100 ppmv 
CH4 <4 vol.% 
SO2 <100 ppmv 
CO <0.2 vol.% 
NOx <100 ppmv 

 

7.2.5. Oxygen supply 

Typically, industrial processes that have a large oxygen demand rely on cryogenic 

distillation 32. According to an estimation of Air Products made in 1989, and to results 

obtained until 1997 from a lab-scale demonstration unit of the same company, OTM 

technology could enable 30 percent cost saving over conventional air separation 

technology such as cryogenic distillation or pressure swing adsorption (PSA). In more 

recent literature, authors often mention that OTMs are more energy-efficient than 

cryogenic distillation when integrated into coal-fired power plants 23,28,33-35; typically an 

increase of the total plant efficiency of 13 percent points (pp) is reported. To compare 

oxygen supply by cryogenic distillation with supply by OTM technology, the 

precombustion IGCC process is simulated with either of the two options in this study. 

Designs of the other processes have been limited to OTM-based oxygen supply only.  
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OTMs in this study have a rectangular flat sheet geometry with variable width and 

length, identical to the geometry under study within the EC-FP7 GREEN-CC 

(Graded Membranes for Energy Efficient New Generation Carbon Capture Process) 

project. Diffusion of oxygen through a 100 µm thick dense separation layer is assumed to 

be the only resistance for oxygen permeation. The membranes are sealed into a module, 

which is designed such that counter-current flow conditions are obtained. Previous 

calculations in literature have shown that the OTMs can be operated more efficiently 

using a sweep gas (four-end mode) than using vacuum (three-end mode) 35,36. In this 

study, we therefore use various sweep gases to transport the permeated oxygen from the 

membrane into the coal gasifier. Multiple trains of modules, here referred to as the 

assembly, are used in a parallel arrangement to obtain a membrane island sufficiently large 

to supply all pure oxygen to the simulated power plants. 

The membrane material of choice in this study is La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF). 

LSCF was selected because of its relatively high oxygen flux compared to many other 

perovskite oxides 37, and higher stability than perovskite oxides with even higher fluxes 

such as Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) 38, as well as for the large amount of experimental 

data on oxygen permeation that is available. The standard OTM operating temperature 

is in this study fixed at 850 °C: a temperature which was expected to give a good balance 

in the membrane performance on the one hand, and in the amount of energy required for 

feed pre-heating on the other hand. Furthermore, the temperature influences the 

membrane lifetime. More severe chemical instability may be encountered at lower 

temperatures, as demonstrated in literature for La0.6Sr0.4CoO3 −δ 39, while at high 

temperatures the chance of membrane failure due to creep rupture is higher 40. As the 

conditions vary among processes studied here, a single optimal temperature in terms of 

membrane failure may not exist.  

 Design of processes 
The scope of this paper is limited to four process designs, which were defined within 

the GREEN-CC project as promising candidates for detailed analysis. All cases consider 
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combined cycle power plants, the differences lay in primary fuel type (coal and pet-coke, 

or natural gas) and plant design. The following cases are discussed:  

• Coal-fired oxyfuel IGCC with oxygen supply by OTMs; 

• Coal-fired pre-combustion IGCC with oxygen supply through OTMs or cryogenic 

distillation; 

• Natural gas-fired pre-combustion Integrated Reforming Combined Cycle (IRCC) 

with oxygen supply by OTMs; 

• Oxyfuel combustion Natural Gas Combined Cycle (NGCC) with oxygen supply by 

OTMs. 

In the sections hereafter, the process schemes and design choices are shortly 
discussed for each of the cases. More details, such as stream data and detailed process flow 
diagrams are presented in Appendix A7. In contrast to the Puertollano IGCC reference 
plant, the processes described hereafter perform carbon capture, producing liquid CO2 at 
a pressure of 120 bar and complying with the specifications for pipeline transport shown 
in Table 7.2. 

7.3.1. IGCC with pre-combustion carbon capture 

Figure 7.2 shows a simplified scheme of the simulated IGCC plant with pre-

combustion layout. Like in the reference plant, coal and pet-coke are gasified with 

oxygen. Exhaust gas leaving the gasifier is quenched with another recycle stream, aiming 

to solidify sticky or molten particles that may otherwise cause blockages. Oxygen is 

provided by an OTM operated in the four-end mode, in which the sweep gas could be 

CO2, steam, or air. CO2 is not favorable as membrane sweep gas in a pre-combustion 

process, since it would push the equilibrium of the water gas shift reaction away from 

hydrogen.  

Air can be used as sweep gas in a pre-combustion process, as the purity of obtained 

CO2 and the efficiency of the Selexol-based H2/CO2 separation process do not 

significantly depend on the presence of nitrogen in the syngas. Furthermore, since air 

contains about 21% of oxygen, the oxygen flux through the OTMs can be lower to obtain 
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a stream with an equal oxygen mass flow rate as compared to a steam sweep. Therefore, 

the required membrane area is smaller when using air as sweep gas than when using steam. 

Due to the rapid increase in pO2 over the length of a membrane when a steam sweep flow 

is enriched with permeating oxygen, the counteracting effect of the smaller pO2 gradient 

over air-swept membranes on the required membrane area is limited. Sweeping with air 

thus turned out to be the best option. To compare between cryogenic distillation and 

OTMs, the same plant is simulated with air-swept OTMs as well as with cryogenic 

distillation. For the air-swept OTM, the driving force for oxygen permeation is created 

by using air at an absolute pressure of 10 bar in the feed and 1 bar in the sweep stream.  

The CO:H2 ratio of the syngas is shifted in a dual-stage water gas shift reactor to 

which liquid water is added at 216 °C at an intermediate point in the reactor. Feeding 

this extra water cools the temperature down to the initial 250 °C. By using a non-

conventional CoMoOx-based catalyst doped with about 10 wt% K2O, the steam demand 

for the shift is lowered compared to conventional sour water gas shift processes 41. This 

leaves more steam to be used in the steam turbine, thereby increasing the plant efficiency. 
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Complete removal of NO, NO2, NH3, HCN, S, SO2, SO3, H2S and COS impurities is 

done within a section treated as a black box, since studying this separation process was 

out of the scope of this paper. This section is not taken into account for efficiency or cost 

calculations. Separation of CO2 from the clean syngas, which further contains hydrogen 

and nitrogen, is performed in a subsequent section. A single-step Selexol process, which 

uses dimethyl ethers made from poly(ethylene glycol) with chain lengths ranging 

between 3 and 11 repeating units as the absorbing solvent mixture 42, was selected. In this 

process, water vapor and CO2 are selectively absorbed by the solvent and subsequently 

separated in a flash vessel. In the three-stage CO2 compression, intercooling and flashing 

are performed to increase the compression efficiency and to remove remaining water. 

Carbon monoxide which is not converted to CO2 in the WGS and hydrogen are led to 

the gas turbine, in a stream which also contains all nitrogen and about 7% of the CO2 of 

the syngas. These gases are burnt with air in the gas turbine; the temperature of the 

turbine inlet is regulated by using oxygen-depleted air from the OTM and additional 

compressed air. With cryogenic distillation as oxygen supply, the turbine inlet 

temperature is regulated with nitrogen and additional air. The heat of the turbine exhaust 

gas is used to produce steam, and the combined steam flows are expanded in steam 

turbines.  

7.3.2. IGCC with oxyfuel combustion carbon capture 

Figure 7.3 shows a simplified scheme of the simulated IGCC plant with oxyfuel 

carbon capture. In this plant, coal and pet-coke are gasified with oxygen. Oxygen is 

provided by an OTM operated in the four-end mode, in which the sweep gas could be 

either CO2 or steam. Air sweeping is not an option since the presence of large quantities 

of nitrogen in the flue gas obliges to add a CO2/N2 separation to the process. Steam turns 

out to be the most efficient sweep gas for the oxyfuel combustion IGCC design, mainly 

due to its availability in the process at the desired pressure. Part of the gas turbine exhaust 

gas is recycled to control the turbine inlet temperature. Exhaust gas leaving the gasifier is 

quenched with another recycle stream, aiming to solidify sticky or molten particles that 

may otherwise cause blockages. The gas is further cooled in two subsequent steam boilers 
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(HP, MP) to reach a suitable temperature for further purification, which is assumed to 

be equal as in the pre-combustion process. Clean syngas is burnt with oxygen and the 

resulting gases are used to drive a turbine. The heat of the turbine outlet gases is used to 

produce steam in a heat-recovery steam generator (HRSG).  

The steam flow at the highest pressure is expanded to medium pressure in a steam 

turbine, after which it is combined with the rest of the medium pressure steam available 

from other plant sections. The medium pressure steam is again expanded in a steam 

turbine, combined with low pressure steam flows, and finally turned into liquid water by 

a condensing turbine. 

The design of the oxyfuel combustion IGCC plant resembles that of Mletzko et al. 
43, the main difference being that the cryogenic distillation based oxygen separation has 

been replaced by OTM technology in this study.  
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7.3.3. IRCC with pre-combustion carbon capture 

Figure 7.4 shows a simplified process scheme of the natural gas-fired pre-

combustion IRCC power plant. Autothermal reforming (ATR) was selected as the best 

option among three processes that can be used to convert natural gas in syngas (with 

partial oxidation and hydrogen-fired steam-methane reforming as the alternatives), 

mainly because of its low oxygen consumption. In a pre-treatment step, which is beyond 

the scope of this paper, sulphur-containing compounds are converted into H2S and 

alkanes. Hydrogen sulfide is subsequently taken away from the methane, for example by 

absorption, and higher alkanes converted into methane by pre-reforming 44. The 

desulphurization process is not included in the simulation, and therefore not taken into 

account when calculating the plant efficiency and LCOE. After desulphurization, the gas 

is mixed with steam, preheated using an external furnace (which is included in the 

simulation, and taken into account in calculations), and fed into the ATR. Oxygen from 

the OTM is fed to the ATR as well. Heat from the resulting CO/H2 stream is exchanged 

with water to produce steam. In the current design, no additional steam is added in the 

WGS section to maximize the CO conversion into CO2, and therewith to improve the 

purity of captured CO2. The inlet temperatures are set to 300 °C for the high temperature 
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water gas shift reactor and to 200 °C for the low-temperature water gas shift reactor, 

respectively. Water is condensed by cooling the stream, and the pressure is decreased from 

40 bar to 16 bar in an expander to match the gas turbine inlet pressure of the other 

processes. Carbon dioxide is separated from hydrogen by an absorption-based process 

such as the Selexol process, equal to CO2/H2 separation in the other process designs. 

Hydrogen and some residual methane and CO are led to the gas turbine, in which they 

are combusted. The turbine inlet temperature is adjusted to 1125 °C using oxygen-

depleted air from the OTM (at 413 °C) and additional compressed fresh air. The heat of 

the combustion products is used to superheat the saturated steam. In this process, a single 

pressure (70 bar) steam cycle was chosen, in which the pressure was high enough to supply 

steam to the ATR. Compared to using the triple-pressure steam cycle of the pre-

combustion and oxyfuel IGCC in the IRCC process, the simplicity of the single pressure 

cycle leads to a lower investment and a marginally lower energy-efficiency. 

The furnace used to pre-heat the autothermal reformer feed is not integrated into the rest 

of the plant. That is, combustion products of this furnace are sent to a stack, with the 

purpose to keep the CO2 emission per MWh of produced electricity comparable to that 

of other assessed processes (see Table 9 for details). By mixing the combustion products 

of this furnace with the autothermal reformer products, the produced CO2 would be 

captured and a zero-emission plant could be designed. This would however require an 

extra compressor, as the ATR products are at a much higher pressure than the combustion 

products, and would introduce unwanted N2 into the stream of ATR products. Another 

option would be to pre-heat the ATR feed using an oxygen-fired furnace. This may be a 

good solution to design a zero-emission plant, but it comes with relatively high costs due 

to the increased pure oxygen demand (POD). 
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7.3.4. NGCC with oxyfuel carbon capture 

Figure 7.5 shows a simplified process scheme of a Natural Gas Combined 

Cycle (NGCC) power plant as simulated in this study. The gas turbine combustor is fed 

with natural gas which is cleaned from sulphur in an equal way as in the IRCC process 

(again, not included in the simulation). CO2 is used as OTM sweep gas and takes along 

oxygen to the gas turbine. The heat in the gas turbine outlet stream, mainly consisting of 

the combustion products CO2 and H2O, is used to produce superheated steam in an 

HRSG. Upon further cooling, H2O is condensed out from the flue gas in a flash vessel. 

The resulting CO2 is split in three fractions: one fraction (6 mol%) is compressed for 

storage or utilization, a second fraction (3 mol%) is heated to 850 °C in a heat exchanger 

and a furnace, and used as sweep gas for the oxygen transport membrane, and the largest, 

third fraction is used as an inert gas to limit the gas turbine inlet temperature to the design 

specification of 1125 °C. Like in the pre-combustion IRCC, a single-pressure steam cycle 

is used and an external furnace is used to pre-heat the OTM feed. Again, flue gases of 

the external furnace are sent to the stack, and not all CO2 is captured to minimize 

differences between the process schemes. 
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The oxyfuel NGCC process described here partly resembles the Allam cycle 45, since 

both use CO2 as the main gas turbine working fluid, and both have a large CO2 recycle 

stream. The main difference is that CO2 in the Allam cycle process remains in a 

supercritical state, while it is in the gaseous state in the NGCC process described here 

and shown in Figure 7.5.  

 Methods and assumptions 
The Puertollano plant was simulated in such a way that the real plant is resembled 

as closely as possible with the available data. In the reference process simulation, plant 

sections that are not (much) affected by carbon capture and the incorporation of OTMs 

have been simplified, including for example the electrical power generation and 

conversion, the Claus plant, and the flue gas treatment. A similar approach is used for the 

other process designs. 

The net energy efficiency ηHHV with which a plant converts fuel into electricity is 

calculated with Eq. 7.1, in which the input energy Ein is based on higher heating value 

(HHV) of the fuel. The gross amount of produced electricity is given by Eout, and the 

ancillary energy consumption Ea is the amount of energy required to drive plant 

equipment. Finally, the net energy production Enet is equal to the numerator in Eq. 7.1: 

𝜂𝜂HHV =
𝐸𝐸out − 𝐸𝐸a

𝐸𝐸in
 (7.1) 

In analogy to wastewater treatment, the total oxygen demand (TOD) could be 

defined as the amount of oxygen required in all plant sections together to achieve full 

oxidation. Full oxidation of methane, along the reaction given by Eq. 7.2, requires 2 mol 

of oxygen per mol of methane, or 4 kg of oxygen per kg of methane.  

CH4 + 2 O2 → CO2 + 2 H2O (7.2) 

For the coal and pet-coke mixture, the amount of oxygen required for full oxidation 

depends on the exact composition. Nitrogen and ash are assumed to be inert, carbon, 
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hydrogen, and sulphur are assumed to be fully oxidized, and oxygen present in coal to be 

used for the oxidation. The stoichiometric oxygen mass required to completely oxidize 

coal is calculated by 

8
3
∗ 𝑚𝑚C + 8 𝑚𝑚H +  𝑚𝑚𝑆𝑆 −  𝑚𝑚O (7.3) 

with mC, mH, mS, and mO representing the mass fraction of carbon, hydrogen, sulphur and 

oxygen in coal expressed in weight percent. In the reference process as well as all 

precombustion processes, excess oxygen (11% - 14 % excess) is present in the gas turbine 

input gas. Nitrogen for cooling the turbine blades is supplied by air, thus taking in extra 

oxygen as well. For the oxyfuel processes, cooling is provided by CO2, and stoichiometric 

combustion is assumed. Nevertheless, the concentration of partly oxidized combustion 

products in the compressed CO2 and flue gas streams is below 0.1% in all processes, and 

is therefore of negligible influence on the final energy efficiency of the process designs. 

7.4.1. Oxygen permeation model and process equipment & design 

First, regarding the oxygen transport membranes and the model used to calculate 

the oxygen flux through the membranes: 

• We do not aim to provide a detailed model for oxygen transport through the OTM; 

diffusion is the only transport resistance taken into account. The oxygen flux 

through membranes could in reality also be limited by the surface exchange kinetics, 

concentration polarization in porous supports, and oxygen diffusion in the feed and 

sweep gases. Which of these effects leads to the strongest limitation on oxygen 

permeation depends on the membrane material and microstructure, gas flow rates 

and flow regimes around the membrane and in the porous support, as well as 

operating conditions. For a comprehensive overview of these effects, the reader is 

referred to literature 46. The solid state diffusion model used in this study, as well as 

the input parameters that have been used, are described in A7.3.  
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• The expected degradation of the oxygen flux over time is taken into account when 

calculating the required membrane area. The expected flux at the end of the 

membrane lifetime is described by 𝐽𝐽𝑂𝑂2,end =  𝐽𝐽𝑂𝑂2,init ∗  (1 − 𝑟𝑟𝑑𝑑)𝑡𝑡/1000, with t the 

amount of accumulated operating hours until membrane replacement and rd the 

relative decrease of the oxygen flux over 1000 h. The value of rd is taken from long-

term experiments with SOFCs 47. The required membrane area to supply enough 

oxygen to the power plant during the complete membrane service life is then 

calculated by 𝐴𝐴adjusted =
𝐽𝐽𝑂𝑂2,end

𝐽𝐽𝑂𝑂2,init
𝐴𝐴model, with Amodel the required membrane area as 

calculated by the OTM model, and Aadjusted the membrane area corrected for ageing. 

Second, regarding process equipment and design: 

• All coal-fired power plants have an equal coal and pet-coke mixture input of 

727 MWHHV, as stated in Section 7.2.3. In the oxyfuel as well as the pre-combustion 

IGCC, the membrane feed is heated using natural gas, the heat input required to 

reach the feed temperature of 850 °C is not equal. The IRCC and NGCC plants 

have a natural gas input flow of 0.75 kmol s-1 to the gas turbine, and a secondary 

natural gas input to the OTM feed furnace. Due to the feed temperature reached by 

heat exchanging, the heat rate of the secondary furnace and therewith of the whole 

process varies among the different plants. 

• Types of equipment which are under development, but not considered deployable 

technology, are not included in any of the processes if the design allows that. OTMs 

and oxyfuel combustion may not be considered to be mature technologies, and are 

the only non-mature technologies used in the designs here. This choice leaves room 

for future optimization of the presented designs as soon as more advanced 

equipment becomes available. 

• Heat exchangers are used to pre-heat the OTM feed stream to temperatures 

between 385 and 790 °C. The chosen heat exchanger feed temperatures are limited 

by the availability of high temperature process streams. Furthermore, the yield 
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strength and costs of materials used for heat exchangers are taken into account when 

choosing these temperatures. Extra heat required to increase the OTM feed 

temperature to 850 °C is added to the pre-heated feed in a natural gas-fired furnace. 

• In the coal-based designs, NO, NO2, NH3, HCN, S, SO2, SO3, H2S and COS are 

separated from the syngas in a single piece of equipment (component splitter) at 

235 °C. In practice, this purification process requires several pieces of equipment. 

Details of the syngas purification are out of the scope of this paper and are not taken 

into account when calculating the plant efficiency and LCOE. Furthermore, the 

equipment required for separating H2 and CO2 in pre-combustion processes is 

simulated in a side project of this study, for which the pre-combustion IGCC design 

was used. The separation process which ranks highest in terms of energy efficiency 

and cost is a single-step Selexol process (as detailed in Section 3.1), which is 

implemented as a black box into the main simulation. In the natural gas-based 

designs, a feed of pure methane is assumed, and therefore no feed gas cleaning is 

simulated.  

• The maximum temperature of superheated steam is set to 550 °C, a value taken 

directly from the specifications of the Puertollano plant. This temperature could 

however not be reached in all simulated designs. Furthermore, the gas turbine inlet 

temperature (TIT) is limited to 1125 °C to comply with the limit of the gas turbine 

used in Puertollano (Siemens V94.3 class E). Literature shows that the plant 

efficiency increases strongly with an increasing TIT 48,49. It may thus be expected 

that the plants simulated here reach a lower efficiency than some plants described in 

literature and plants that are built currently or in the future. 

• CO2 is compressed from 1 to 74 bar in a four-stage integrally geared compressor 

with inter-stage cooling. Using chilled water, the CO2 is cooled further to 15 °C, at 

which it condenses. Finally, a pump is used to compress the liquid CO2 to a final 

pressure of 120 bar. Considering that the volume of CO2 available for sale will 
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increase with the number of carbon capture projects, and that the number of projects 

will increase steeply, a selling price of 1/3rd of the lowest ‘breakeven cost’ for 

capturing CO2 ($9 t-1 for Coal-to-Liquids and Gas-to-Liquids processes 50) is 

assumed. The revenue per ton of produced CO2 is thus assumed to be less than half 

the cost to emit the same amount of CO2.  

• The Soave-Redlich-Kwong equation of state was applied as thermodynamic model 

for the steam cycle in the simulations, and the Peng–Robinson equation of state was 

used elsewhere.  

• During periods in which an OTM-based process is not operated, it may be beneficial 

to maintain the OTM temperature at its normal working temperature. This would 

decrease the risk for failure due to heat gradient induced stress experienced during 

heating or cooling of membranes. Furthermore, maintaining a constant temperature 

could help to decrease the startup time of an OTM-based process. For a further 

study it would be useful to evaluate whether an additional ASU for use during plant 

startup would be economically attractive. In that case, oxygen production and carbon 

capture may start after the gasification and gas turbine are brought up to speed with 

the ASU. 

• The operating capacity factor, defined as the ratio between productive hours divided 

by total number of hours in a time period, is taken as 85% (7446 productive hours 

per year) for estimating costs of coal-fired plants, a number based on the estimation 

of maximum availability of a new IGCC plant based on the Puertollano design 26,51. 

For gas-fired plants, the operating capacity factor was set to 90%. Their higher 

capacity factor is justified by not having to handle solids, which causes many of the 

availability issues in an IGCC 51. 
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7.4.2. Economic evaluation 

The LCOE is calculated by means of a net present value (NPV) analysis based on 

a method described in literature 52. The LCOE is the parameter for which the set of 

equations in the NPV analysis, described in detail in Appendix A7, is solved. This is done 

such that the NPV after 20 years of production equals zero, represented mathematically 

by 

NPV20(LCOE) = 0 (7.4) 

To compare the LCOE for the studied designs, assumptions for variables required 

in the calculation have been standardized as much as possible. Table 7.3 gives an overview 

of some of the most crucial values, together with a short description of the information 

source and if available the literature reference. The reference year 2014 is used for all 

capital expenditures calculations in this study if no other year is specifically noted. Based 

on the results of plant design simulations, the size of each piece of equipment was 

assessed. For common types of equipment, the purchase cost was calculated from cost 

correlations based on sizing variables obtained from literature 53. Hand factors were used 

to calculate the installed cost 53. For more complex equipment, for example the gasifier, 

reformer, and gas turbine, purchase price values were estimated by experts in personal 

correspondence. Location factors were not accounted for, whereas inflation was taken 

into account by correcting the CapEx with the Chemical Engineering Plant Cost Index 

(CEPCI) 54, and using that as a basis for most other cost calculations. Values used for 

sizing variables, Hand factors, and the CEPCI are specified in A7.4. The total depreciable 

cost (TDC) consists of the total installed cost of equipment inside battery limits (ISBL) 

and surcharges for 

• Modification outside the plant infrastructure (OSBL = 20% of ISBL); 

• Engineering, procurement and construction (10% of the sum of ISBL and OSBL); 

• and Contingency charges (10% of the sum of ISBL and OSBL). 
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Raw material expenditures are based on energy input and prices of materials stated 

in Table 7.3. Cost estimations for operations, maintenance, overhead, and taxes, are based 

on multiplication factors obtained from literature 55,56. Together with the costs of capital 

and depreciation, based on the period of depreciation, the operational expenditure 

(OpEx) is calculated.  

Membranes represent a large share of the CapEx in all OTM-based designs, and 

by taking OpEx as a percentage of the CapEx, the membrane surface area significantly 

influences the OpEx. To dampen this effect, OpEx is calculated based on the total 

depreciable capital excluding OTMs and modules but including the assembly of stacks. 

In this way, pieces of equipment that may need inspection, maintenance, or operation, 

such as gaskets, pipes, valves, and instrumentation are taken into account for the OpEx. 

Furthermore, heat exchangers and air compressors present in the membrane island are 

also taken into account for the same reason. In contrast, OTMs and modules, which are 

replaced after 7 years but don’t need maintenance in the meantime, are not taken into 

account for the OpEx. 

With CapEx and OpEx information as input, and together with assumptions based 

on variables such as the plant capacity factor, depreciation periods, taxes, and discount 

factor, net present value (NPV) calculations were done for each design. Fixed costs of 

production (FCOP), variable costs of production (VCOP), and depreciation are the 

negative cash flows which are taken into account. The revenue is calculated by multiplying 

the amount of generated electricity by an assumed value for the LCOE. Taxes are 

calculated by multiplying the taxable income by the tax rate; the taxable income is the 

revenue minus FCOP, VCOP, and depreciation. Using Eqs. 7.4 – 7.6, the yearly cash 

flow, discounted yearly cash flow (DCF), and NPV are calculated, where d is the yearly 

discount factor (7.5%). By setting the NPV to zero for the plant service life, and solving 

the system iteratively, the LCOE required for break-even operation over 20 years is 

obtained. Calculations are explained in detail in the supplementary information 

A7.4 (CapEx), A7.5 (OpEx) and A7.6 (NPV).  
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Table 7.3. Overview of assumed values for variables used to calculate LCOE. 

Variable Value Explanation / source 

Coal and pet-coke price $3.31 GJHHV-1 ELCOGAS personal correspondence 

Natural gas price $5.27 GJHHV-1 
Mean daily Henry Hub industrial price in 
the period January 2001 to October 
2017 58 

€/$ ratio 1.25 2010 – 2017 average 59 

Plant service life n 20 years  

Discount factor d 7.5%  

Tax rate tr 25%  

CO2 revenue $3 ton-1 See Section 7.4.2. 

CO2 emission allowance $6.98 ton-1 
Mean daily EEX Primary auction spot 
price in the period 20132017 60 

OTM price $1000 m-2 Raw materials and membrane fabrication 

Membrane module price $2000 m-2 
Raw materials and machining of metal 
housing, membrane sealing, leakage 
testing 

Assembly of modules into 
trains 

$200 m-2 Piping and instrumentation  

Service life of OTMs 7 years See Section 7.4.2 

Service life of  
module and assembly 

20 years Equal to service life of the rest of the plant 

OTM flux degradation  
rate rd 

0.3% / 1000 h Based on SOFC results  

IGCC capacity factor 85% See Section 7.4.2 

IRCC and NGCC capacity 
factor 

90% See Section 7.4.2 

Reference year for  
financial calculations 

2014  
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𝐶𝐶 =  Revenue − Taxes paid − FCOP − VCOP − Investment (7.5) 

DCF(y) =  𝐶𝐶(1 + 𝑑𝑑)−𝑦𝑦 (7.6) 

NPV𝑛𝑛 = �DCF(𝑦𝑦)
𝑛𝑛

𝑦𝑦=1

 (7.7) 

Several IGCC power plants are commercially operated, and a small amount of data 

on the operating capacity factor is publicly available. Depending on the process design, 

the amount of major equipment breakdowns, and the maturity of the used technology, 

typically operating capacity factors of 75% - 90% have been achieved after three to five 

years of operation 57. For future IGCC plants, a capacity factor (assumed availability) of 

85% or higher would be realistic 51. Furthermore, since solid-handling plants typically 

have a higher downtime than gas-handling plants, we assumed in this study that the 

IRCC and NGCC plants could achieve a capacity factor of 90%. These values are in line 

with the values assumed by the IEA Greenhouse Gas R&D Programme 61. 

7.4.3. Costs of CO2 avoided and captured 

Cost of CO2 captured (Cc) and cost of CO2 avoided (Ca), both expressed 

in $ tonCO2
−1 , are metrics that are often used in literature  to compare costs among various 

power plant designs with carbon capture facilities 50,62-65: 

𝐶𝐶c =
LCOE − LCOEref
𝑀𝑀C −𝑀𝑀C,ref

  (7.8) 

𝐶𝐶a =
LCOE − LCOEref
𝑀𝑀A −𝑀𝑀A,ref

  (7.9) 

in which LCOEref and LCOE are the values for LCOE, expressed in $ MWh-1, obtained 

for the unabated reference process and the relevant carbon capturing process, respectively. 

MC,ref and MC represent the specific mass of captured CO2 in the reference and carbon 

capture scenario, respectively, and are expressed in kg MWh-1. As the reference process 

does not carbon capture, MC,ref equals zero. MA,ref and MA are as well expressed in 

kg MWh-1 and represent the specific mass of CO2 avoided in the reference and carbon 
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capture scenario, respectively. Again, the avoided mass of CO2 equals zero in the unabated 

process.  

7.4.4. Sensitivity analysis 

Assessing costs relies for a large part on assumptions; assumptions are kept equal 

for all designs as much as reasonably possible. Nevertheless, an inaccuracy in an 

assumption could have a small effect on the outcome of the simulation in one case, and a 

large effect in another case. To determine which plausible inaccuracy would have the 

strongest effect on the LCOE, a sensitivity analysis is performed. This is done by 

perturbing the simulation input values, one by one, to the lower and upper bound of the 

range of plausible input values. After each input value adjustment, the value of the LCOE 

of the corresponding process is calculated by setting the NPV to 0. In this subchapter, 

the range of plausible input values is determined for each of the assessed parameters. 

Table 4 lists the operations used to calculate the lower and upper bounds of the ranges 

within which the parameters are assessed.. An overview of the expected values and the 

lower and upper bound values calculated using the operations shown in Table 4 is given 

in Appendix A7. 

Table 4. Operations to determine upper and lower bounds of parameters in 
sensitivity analysis, with E the expected factor and σ the standard deviation. 

Variable Lower bound Upper bound 

Coal price  -σ +σ 

NG price -σ +σ 

CO2 allowance cost +σ -σ 

TDCe -30% +30% 

Membrane + module price  -50% +200% 

Membrane area -20% 20% 

OTM lifetime  +50% -50% 

Operating capacity factor  +5 pp -15 pp 
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Expected fuel prices and standard deviations have been calculated based on 

literature data for the monthly-averaged Australian thermal coal price 66, monthly Henry 

hub natural gas price for the period January 2001 through October 2017 58, and the daily 

EEX Primary auction spot price for CO2 in the period Jan 7, 2013 through December 15, 

2017 60. Most other variables that are subject to the sensitivity analysis could not be 

analyzed in the same way as the fuels, since no statistical data is available. Instead, lower 

and upper boundaries have been chosen based on assumptions.  

Membrane and module prices for OTMs are not easily estimated, nor reported in 

detail in the literature. Variables such as the surface area per individual membrane, the 

membrane and module geometry, the placement in the module, the amount and type of 

steel required for the module, labor required for production of the modules time, and 

many more, could all influence the price of the membrane plus module. Due to this high 

number of unknown factors, the upper boundary price is 200% above the base value. 

Large-scale production of OTMs could lead to a lower price per unit of membrane area, 

a 50% decrease with respect to the base value is assumed in this study and taken as the 

lower bound for the sensitivity analysis. The value obtained in that case, $1500 m-2, is also 

the target price for an operational module mentioned by den Exter et al. 68.  

Furthermore, the LCOE may be sensitive to parameters related to the oxygen flux 

through the membranes. For example, the oxygen transport properties and long-term 

performance relate directly to the membrane material. Process conditions such as the feed 

and sweep gas pressure, membrane temperature, oxygen recovery rate, and sweep flow 

rate strongly influence the required membrane area. Module design in terms of gas flow, 

leakage, and mechanical strength need to be taken into account as well. Since OTMs have 

not been commercially operated, an error in any of the assessed variables could be 

expected. For this reason, the required membrane area is varied with +20% and -20% 

around the area calculated by the transport model. The service life of OTMs can be 

related to that of fuel cells. Solid Oxide Fuel Cells (SOFCs), which contain more different 

components than OTMs, have been operated for > 66,500 h ( > 7.5 years) non-stop 47. 
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Although the components are comparable, for OTMs no such proof-of-principle is 

known to the authors. Hence, the sensitivity analysis shows the influence of 

±50% deviation in service life from the expected value of 7 years.  

Lastly, as discussed by Casero et al. 26, plant availability and continuity of electricity 

demand and production are – for the Puertollano IGCC plant – some of the main factors 

determining the OpEx. The lower boundary of -15 pp is similar to the lowest reported 

values for comparable processes 57, while the factor of +5 pp represents a world-class 

capacity factor 69. For the natural gas based processes, the same values are taken as 

boundaries. 

 Results and discussion 
s is within an accuracy of estimation of ± 30%, which is the value expected for a 

factorial analysis 53. The slightly higher TDC for the real plant likely originates from 

omitting the gas cleaning equipment in the simulation and from encountered issues with 

the coal gasification in the actual plant. 

The specific TDC of the pre-combustion IRCC is close to that of the reference 

IGCC, even though the pre-combustion IRCC designs contains equipment to capture 

CO2. Furthermore, the values of TDCe for coal-based processes are close to each other, 

and so are the values of TDCe for natural gas-based processes. When including the costs 

of OTMs and modules, the values of the specific TDC increase significantly for all 

membrane-based processes. For oxyfuel processes, this increase is more significant than 

for pre-combustion processes. 
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Table 7.5 shows an overview of key parameters for each of the processes. To enable 

direct comparison among different plants, TDC and OpEx values normalized to the net 

power production, further referred to as specific costs, are given next to the raw data. 

Values are analyzed in the forthcoming section, together with more detailed data. 

The net efficiency of the reference process is calculated to be 39.5%HHV, which is 

below the reported value of 41.1%HHV 
26. When considering that syngas purification is not 

taken into account in the simulation, the differences would become slightly larger still. 

Even though the reference plant contains some pieces of power-consuming equipment 

that have been neglected, the actual plant can thus operate more efficiently than the 

simulated plant. This is attributed to the lower level of detail and optimization and the 

lower integration level of air compressors (which could be shared between the oxygen 

production and gasification sections) in the simulation as compared to the reference plant. 

Furthermore, coal is used ‘as received’ in the simulation, while in the actual plant some 

drying is performed. Drying may have a positive influence on the plant efficiency. 

The capital cost of construction (which is assumed to include the same costs as 

TDC) of the actual Puertollano plant was €1997 601 million 26. Using CE1997 = 368 56 

and CE2014 = 576.1 54, TDC equals €2014 941 million and $2014 1177 million when 

escalated to the base year of this study. The TDC calculated for the simulated unabated 

IGCC is $2014 1055 million, without taking costs for gas cleaning into account. The 

difference between the TDC of the simulated and the actual process is within an accuracy 

of estimation of ± 30%, which is the value expected for a factorial analysis 53. The slightly 

higher TDC for the real plant likely originates from omitting the gas cleaning equipment 

in the simulation and from encountered issues with the coal gasification in the actual 

plant. 

The specific TDC of the pre-combustion IRCC is close to that of the reference 

IGCC, even though the pre-combustion IRCC designs contains equipment to capture 

CO2. Furthermore, the values of TDCe for coal-based processes are close to each other, 

and so are the values of TDCe for natural gas-based processes. When including the costs  



 

Ta
bl

e 
7.

5.
 O

ve
rv

ie
w

 o
f k

ey
 p

ar
am

et
er

s f
or

 e
ac

h 
of

 th
e 

pr
oc

es
se

s. 
En

er
gy

 in
pu

t i
s s

pl
it 

in
to

 so
lid

 (p
et

-c
ok

e 
an

d 
co

al
) a

nd
 g

as
 (n

at
ur

al
 g

as
). 

TD
C

e r
ep

re
se

nt
s 

al
l d

ep
re

ci
ab

le
 c

ap
ita

l n
ot

 re
la

te
d 

to
 O

TM
s a

nd
 m

od
ul

es
, w

hi
le

 T
D

C
 in

cl
ud

es
 th

es
e.

  

Pr
oc

es
s 

E
ne

rg
y 

in
pu

t 
so

lid
/g

as
 

N
et

 p
ow

er
 

pr
od

uc
tio

n 
(E

ne
t) 

𝜂𝜂 H
H
V

 
T

D
C

e /
  

T
D

C
  

Sp
ec

ifi
c T

D
C

e /
 

sp
ec

ifi
c T

D
C

 
O

pE
x 

an
d 

sp
ec

ifi
c 

O
pE

x 

[M
W

H
H

V
]  

[M
W

el]
 

[-
] 

[1
06  $

20
14

] 
[$

20
14

 k
W

-1
 gr

os
s i

ns
ta

lle
d] 

[1
06  $

20
14

 y
ea

r-1
] /

  
[$

20
14

 M
W

h-1
] 

Pu
er

to
lla

no
 re

fe
re

nc
e 

72
7 

/ 0
 

29
9 

41
.1

%
 

11
77

 / 
- 

37
08

 / 
- 

24
7 

/ 1
11

 

IG
C

C
 w

/o
 C

C
 

72
7 

/ 0
 

28
7 

39
.5

%
 

10
55

 / 
- 

36
74

 / 
- 

24
0 

/ 1
12

 

O
xy

fu
el 

IG
C

C
 

72
7 

/ 2
42

 
34

7 
35

.8
%

 
13

46
 / 

21
66

 
38

77
 / 

62
41

 
32

1 
/ 1

24
 

Pr
e-

co
m

bu
sti

on
 IG

C
C

 w
/ A

SU
 

72
7 

/ 0
 

23
8 

32
.7

%
 

97
7 

/ -
 

41
05

 / 
- 

21
7 

/ 1
22

 

Pr
e-

co
m

bu
sti

on
 IG

C
C

  
72

7 
/ 1

5 
22

8 
30

.7
%

 
93

2 
/ 1

27
7 

40
88

 / 
56

00
 

22
0 

/ 1
29

 

Pr
e-

co
m

bu
sti

on
 IR

C
C

 
0 

/ 7
53

 
28

5 
37

.8
%

 
86

3 
/ 1

07
7 

30
29

 /3
78

1 
25

4 
/ 1

13
 

O
xy

fu
el 

N
G

C
C

 
0 

/ 8
53

 
33

1 
38

.8
%

 
10

22
 / 

17
76

 
30

87
 /5

36
6 

30
3 

11
6 

  



Evaluation of power plant process designs with integrated OTMs 189 

of OTMs and modules, the values of the specific TDC increase significantly for all 

membrane-based processes. For oxyfuel processes, this increase is more significant than 

for pre-combustion processes. 

7.5.1. CapEx breakdown  

Table 7.6 shows ISBL costs of all assessed processes, which are estimated with an 

accuracy of ± 30%. Due to differences in allocation of equipment to plant sections, large 

differences in ISBL costs between plant sections can be observed for the actual and 

simulated Puertollano IGCC plant w/o carbon capture. The total ISBL costs are however 

relatively close to each other, indicating that the assessment of TDC gives reasonable 

values. Values of the specific TDC given in are among the highest of specific TDC values 

of 15 pre-combustion IGCC processes listed in literature 70. After recalculation to the 

year 2014 using the relative CEPCI values 54,71, an expected value of the specific TDC of 

$2014 2679 kW-1 with a standard deviation of $2014 934 kW-1 was found based on gross 

installed capacity. Only one of the processes in literature showed a higher specific TDC 

than the pre-combustion IGCC process in this study. The least expensive process of these 

15 showed a specific TDC 55% below that of the pre-combustion IGCC process with 

ASU-based oxygen supply simulated in this study ($2014 4105 kW-1), indicating that the 

error margins are wide. Discussed literature data are not obtained from actual plants but 

based on a literature review, cost models, prefeasibility studies, or expert opinions; hence, 

care should be taken when comparing assessed costs reported in literature with values 

obtained the current study. 

The actual Puertollano plant required a specific TDC of €1997 1892 kW-1
gross installed 26; 

the specific time-corrected TDC based on net power corresponds 

to $2014 3708 kW1
gross installed. The calculated TDC of the simulated reference process is 

less than 1% lower. Casero et al. report about the learning curve and the high number of 

changes and replacements in the first few years of operation the Puertollano IGCC 

plant 26. It was one of the few IGCC plants using coal as a fuel, and also used a prototype 

gasifier and gas turbine. Based on that, the actual CapEx of the Puertollano plant is likely  
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higher than what would be expected based on equipment sizing and factorial 

analysis if contingency costs are not taken into account. This illustrates that the plant 

taken as reference for this study can be expected to show a high specific CapEx compared 

with more recently built nth-of-a-kind plants. 

The design constraints applied in this study to comply with the Puertollano design, as 

discussed in Section 7.4.1, likely lead to relatively high specific TDC values in this study 

as well. Whereas this issue complicates the comparison between estimated specific TDC 

– and therefore all other cost-related variables – of the studied designs with literature 

values, comparisons between simulated values are unaffected. 

7.5.2 Oxygen demand and operational expenses 

With the oxygen permeation model used here, the averaged oxygen flux is around 

1.1·10-6 mol cm-2 s-1 or 2.6 10-2 Nml cm-2 s-1 for all processes (more values are shown in 

Table A7.3). The required membrane areas in the different processes depend on the 

amount of pure oxygen that needs to be produced, of which values are specified in Table 

7.7. Design choices such as the stage-cut (the ratio between the permeate flow rate and 

feed flow rate), the sweep gas type, and the feed and sweep gas pressures influence the 

required membrane area. These design choices are kept equal as much as possible to focus 

on the effect of integrating OTMs into various processes rather than to fully optimize the 

conditions in each of the processes. Details of membrane specifications and design choices 

are available in Table A7.3. 

Pure oxygen is used in coal gasification (IGCC) or natural gas reforming (IRCC), 

as well as in the combustion of syngas in the gas turbine (oxyfuel combustion processes). 

Oxyfuel combustion IGCC and NGCC have a higher specific total oxygen demand 

(sTOD) and specific pure oxygen demand (sPOD) than the pre-combustion based 

processes, since oxyfuel processes require pure oxygen for coal gasification as well as for 

syngas combustion. In pre-combustion processes, however, air is used as oxidant in the 

gas turbine. It provides a large part (~40%) of the total required oxygen, as the presence 

of nitrogen in the gas turbine does not negatively influence the CO2 purity. For that 
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reason, the sPOD of pre-combustion processes is more than a factor 1.5 smaller than that 

of oxyfuel combustion processes, which is reflected by the large difference in membrane 

area and OTM-related CapEx.  

Furthermore, in the pre-combustion IRCC process, 20% of the total oxygen flow is 

provided by steam in the autothermal reforming section. Therefore, the pure oxygen 

production by OTMs is 36% lower in the pre-combustion IRCC than in the  

precombustion IGCC process, which enables the pre-combustion IRCC to be the 

process requiring the smallest membrane area. 

As shown in Table 7.6, the membrane island is the most capital-intensive part of all 

OTM-based processes. For the oxyfuel combustion cases, the membrane island remains 

among the most expensive parts of the plant even if the membranes and membrane 

modules would be obtained for free. This is due to the compressors and heat exchangers 

in the membrane island, which increases in size with an increasing demand of pure 

oxygen. In the coal-fired pre-combustion IGCC, the membrane island dominates the 

CapEx as well, but less strongly than for the oxyfuel designs. Using cryogenic distillation 

as oxygen supply for the pre-combustion IGCC, the total CapEx is assessed to be 

considerably lower than with OTMs. This however depends strongly on the assumed 

membrane-related parameters, such as the oxygen flux, costs for raw materials, 

machining, and the lifetime of the membranes.  

As shown in Table 7.8, natural gas-based processes have higher specific fuel costs 

than coal/pet-coke based processes, as expected based on the 60% higher cost per unit of 

energy content ($3.31 GJHHV-1 for the coal/pet-coke mixture and $5.27 GJHHV-1 for 

natural gas). Coal and pet-coke are cheaper fuels than natural gas. Nevertheless, natural 

gas-based electricity production processes can show lower specific OpEx than coal-based 

processes, as demonstrated in Table 7.5. 

The low specific OpEx of the pre-combustion IRCC process compared to other 

processes with carbon capture is due to the low CapEx, the high plant efficiency and low  
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demand of oxygen. However, the natural gas price is much more volatile than the 

coal price 72, leading to a larger expected fluctuation in OpEx. The effect of that 

fluctuation on the LCOE is discussed in the sensitivity analysis.  

Furthermore, the oxyfuel IGCC process is the only process that uses significant 

quantities of both types of fuel. Whereas the coal/pet-coke mixture is used as the primary 

fuel, natural gas is used for pre-heating the membrane feed to 850 °C and accounts for 

25% of the total energy input. The yearly natural gas expense is 35% of the total fuel 

expense, since natural gas is more expensive per unit of energy than coal and pet-coke. In 

the pre-combustion IGCC process, enough heat is available to bring the OTM feed to 

780 °C by heat exchanging. In reality, the actual temperature of the OTM feed reached 

by heat exchanging partly depends on the material selection and design of the heat 

exchangers. Notwithstanding these choices, the amount of natural gas required for further 

heating is limited in comparison to the oxyfuel IGCC process. Due to the lower plant 

efficiency, however, the specific fuel cost is higher than that in the oxyfuel IGCC process. 

Table 7.8. Fuel type and estimated cost for each of the designs. 

Process Coal/pet-
coke input 

[PJHHV/year] 

Natural gas 
input 

[PJHHV/year] 

Specific fuel cost 
[€ MWh-1 
produced] 

IGCC w/o CC 19.5 0 30.2 

Oxyfuel IGCC 19.5 6.49 38.2 

Pre-combustion IGCC + ASU 19.5 0 36.4 

Pre-combustion IGCC + OTM 19.5 0.41 39.3 

Pre-combustion IRCC  21.4 50.1 

Oxyfuel NGCC  24.2 48.9 

 

The average yearly OpEx and specific OpEx for the reference IGCC plant were 

calculated to be $293 million and $112 MWh-1, respectively (see Table 7.5). As shown in 

Figure 7.6, the specific OpEx of all other processes is higher, both due to the lower plant 
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efficiency caused by carbon capture and to the higher CapEx. Details of the OpEx 

calculation can be found in Appendix A7.5, in which detailed results are given for the 

pre-combustion IRCC plant. 

Since coal-fired power plants process a solid, it is expected that they need more 

operations and maintenance staff than gas-fired plants. This is related to a higher chance 

of equipment or piping blockage, and increased wear due to erosion. In this study, it was 

assumed that the gasification section of coal-fired plants requires four operators per shift, 

while all other sections require two operators per section and shift. Labor costs for 

operations represent just 3-6% of the OpEx, and differences in labor costs between coal- 

and gas-fired plants are therefore small. Labor and materials costs of the maintenance 

department were taken as a percentage of the CapEx, and both represent a large share in 

the maintenance costs. The maintenance costs therefore differ considerably among the 

process designs, for example, the maintenance costs of the oxyfuel IGCC are 36% higher 

than the maintenance costs of the pre-combustion IRCC. Gas-fired plants show lower 

Oxyfuel NGCC

Pre-combustion IRCC

Pre-combustion IGCC + OTM

Pre-combustion IGCC + ASU

Oxyfuel IGCC

IGCC w/o CC

0 30 60 90 120 150

Specific OpEx [$ MWh-1]

 Fuel  Maintenance
 CO2 allowance  Overhead
 Operations  Taxes and insurance

Figure 7.6. Specific OpEx of all assessed processes. 
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maintenance costs per MWh of generated electricity than coal-fired plants, both due to 

their lower CapEx and their higher plant efficiency and net power production. The 

oxyfuel IGCC shows relatively low maintenance costs as well, due to its higher net power 

production compared to the pre-combustion IGCC processes. 

7.5.3 Energy efficiency and LCOE 

Figure 7.7 shows the two key metrics, plant efficiency and LCOE, for each of the 

assessed processes. The Puertollano IGCC base case without carbon capture (CC) shows 

the highest efficiency (ηnet = 39.5%HHV), immediately followed by the oxyfuel combustion 

NGCC process. The oxyfuel IGCC process is 3.7 pp less efficient than the base case, less 

efficient, respectively. The natural gas-fired processes, while performing carbon capture, 

show efficiencies of 37.8%HHV for the IRCC process and 38.8%HHV for the NGCC 

whereas these steps are not required for natural gas-based processes, while the pre-

combustion IGCC processes with ASU and OTMs are 6.8 pp and 8.8 pp  The higher 

number of process steps in coal-fired plants in which heat transfer or chemical reactions 

take place causes the efficiency of coal-fired plants to be lower than that of gas-fired 

plants. 

The efficiency of the reference process ( ηHHV = 39.5%) is about 10 pp lower than 

that of a typical modern unabated IGCC power plant reported in literature 

( ηHHV = 49.1%) 73, of which about 7 pp can be ascribed to the low turbine inlet 

temperature used (1125 °C in this study, 1600 °C in state-of-the-art process) 73. Other 

contributions include a lower gasifier temperature, lower steam temperature, and lower 

isentropic efficiency of compressors in the processes discussed in this work. Having based 

the design of all carbon capturing plants on the specifications of the old Puertollano plant, 

the efficiency of the processes described here is strongly affected by the low efficiency of 

the reference plant. Optimization of the design of processes with a TIT of 1600 °C and 

OTM integration was not within the scope of this study, but would be interesting for 

future research. Due to the larger amount of heat available in such a plant, and therefore 



197  Chapter 7 

the lower required heating duty in an external furnace, it could be expected that the 

efficiency of OTM-based processes would increase significantly with an increased TIT.  

The unabated reference plant shows the lowest LCOE among all processes. 

Furthermore, three clear trends can be distinguished. First, the OTM-based IGCC 

process produces more expensive electricity than the ASU-based IGCC process, which is 

likely due to the large contribution of membranes and modules to the total CapEx. 
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Figure 7.7. Comparison of HHV-based plant efficiency and levelized cost of electricity (LCOE) 
for all simulated plant designs. Dots show the plant efficiency on the right y-axis, while columns 
show the LCOE on the left y-axis of the figure. The black column represents the simulated 
unabated Puertollano plant. The grey columns represent the other coal-fired designs, and the green 
columns represent the gas-fired designs. On the x-axis, ASU denotes oxygen supply by cryogenic 
distillation; in the other carbon-capturing processes OTMs are used to supply oxygen.  
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Second, oxyfuel combustion processes produce electricity at higher costs than 

precombustion processes, even though the efficiencies of oxyfuel processes are higher. 

Again, this is attributed to the high CapEx associated with membranes and modules. 

Third, natural gas based processes show lower costs than their coal-based counterparts, 

even though their specific feedstock costs are higher. This is due to the higher CapEx 

and lower net efficiency of coal-based processes, as well as the high CapEx-intensity of 

all processes in general. 

Zooming in further, the lowest LCOE among abated processes is found for the 

precombustion IRCC, and the highest for the oxyfuel IGCC process. These processes 

also require the smallest and largest membrane area, respectively. The importance of the 

sPOD on the LCOE is illustrated by Figure 7.8, in which 68% of the variability in the 

LCOE is explained by the variability in POD.  
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Figure 7.8. Specific pure oxygen demand as predictor variable for 
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7.5.4 Costs of CO2 avoided and captured  

Table 7.9 shows the amounts of produced, captured, emitted and avoided CO2 per 

unit of produced electricity, the relative amount of CO2 captured, as well as the cost of 

CO2 avoided and cost of CO2 captured. The costs of CO2 avoided are between 

$41  tonCO2
−1  for the pre-combustion IRCC and $146  tonCO2

−1  for the oxyfuel IGCC. The 

cost of captured CO2 is in all cases much higher than the expected selling price of 

$3 tonCO2
−1 , hence the selling price of CO2 is expected not to influence the economic 

viability of the discussed processes. The cost of captured CO2 is the highest 

($173  tonCO2
−1 ) for the oxyfuel NGCC, due to both the relatively small amount of CO2 

captured and the relatively high LCOE.  

The influence of the reference plant LCOE on the costs per ton of CO2 avoided is strong, 

as shown in literature 74. If an old subcritical pulverized coal power plant would be taken 

as the reference plant, with twice as low LCOE and 50% higher specific CO2 production 

than the Puertollano IGCC, the costs of CO2 captured and avoided of the assessed 

process would be much closer to each other. The factor 3.6 difference between the cost 

of CO2 avoided of the oxyfuel IGCC and pre-combustion IRCC would decrease to a 

factor 1.7, which might make it a less important factor to consider when making decisions 

on which type of plant to build. 
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7.5.5. OTM or ASU – case study in pre-combustion IGCC 

Among the three coal-fired plants, pre-combustion carbon capture with cryogenic 

distillation (ASU) as method for oxygen production turns out to be both most efficient 

and least expensive. Compared to pre-combustion capture with OTM-based oxygen 

supply, the higher efficiency is mainly due to a more efficient supply of quench gas to the 

gas turbine in terms of gas volume and temperature. Large quantities of cold nitrogen are 

available from the cryogenic distillation, while the OTM-based pre-combustion design 

uses depleted air from the membrane together with additional compressed air, at 

temperatures of 280 – 320 °C. The quenching capacity of hot depleted air is less than that 

of cold nitrogen, causing an increase of about 10 MW in the required duty for additional 

compressed air and a decrease in efficiency of 2 pp. In literature, a similar comparison led 

to the opposite conclusion that an OTM-based coal-fired pre-combustion plant is 1 pp 

more efficient than the same plant with ASU-based oxygen supply 77. In that case, the 

heat available in oxygen produced by OTMs was an advantage instead of a disadvantage, 

possibly due to the higher turbine inlet temperature compared with the current study.  

From a cost perspective, the OTM is less attractive than the ASU as well. The 

investment required for the production of oxygen is 2.4 times higher with OTMs than 

with the ASU in the pre-combustion IGCC (ISBL investment of 374 M$2014 and 156 

M$2014, respectively). Even if the membranes would be acquired at no cost, the higher 

efficiency of the ASU-based process would still cause the related LCOE to be lower than 

that of the OTM-based process. 

Competition with energy produced with renewable sources 
Electricity generation based on renewables is the logical competition of combined 

cycle processes with carbon capture when considering building new power stations with 

a small CO2 footprint. Mean LCOE values for onshore wind farms entering service in 

2019 ($2014 80 MWh-1) or for solar power from large, ground-mounted photovoltaic cells 

($2014 130 MWh-1) 78, are lower than that of the pre-combustion IRCC 

($2014 177 MWh1), which shows the lowest LCOE among the OTM-based processes. 
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However, solar and wind power are non-dispatchable technologies: electricity is not 

produced on demand. A more fair comparison would also include the costs of 

(shortterm) energy storage, for example using batteries, chemicals, heat, or pressure. In 

a recent study, the levelized cost of storage was calculated to be €2015 50 - €90 MWh-1 

using pumped storage hydroelectricity, €2015 70 – 120 MWh-1 for compressed air energy 

storage, and more expensive for all other systems 79. Although not all generated wind and 

solar energy needs to be stored, adding (part of) the LCOS to the LCOE would bring 

the costs of sun power and wind power close to that of IRCC and IGCC with pre-

combustion carbon capture. Taking into account that not all geological locations are well 

suitable for wind based or solar based electricity production, IGCC and IRCC power 

plants with carbon capture could be viable options to serve as baseload plants. Another 

interesting option is to combine biobased IGCC with carbon capture, resulting in 

processes with a negative CO2 emission 80. Such IGCC power plants with a biobased 

feedstock could serve as baseload plants, and could be used next to peak load plants such 

as solar farms or wind farms. According to literature, the economics of this process 

strongly depends on the price of biomass 80-81. Likewise, a pre-combustion IRCC process 

using bio-methane as a feedstock could be designed. For each set of demands, an 

individual evaluation will be required to determine which type of power plant should be 

built. 

Membrane sweep options 
As described in Sections 3.2 – 3.5, different process designs require different 

membrane sweep gases. First of all, in oxyfuel designs the membrane sweep gas should 
not contain nitrogen. Nitrogen in the sweep gas ends up in the compressed CO2, since 
no separation takes place further downstream. Presence of nitrogen negatively affects the 
CO2 purity and the compression duty. Two viable sweep gas options for oxyfuel processes 
are CO2 and steam; steam turned out to be best solution in this study in terms of heat 
integration. For deciding which sweep gas would be preferred, the stability of OTMs in 
the respective atmosphere is not taken into account. However, Bucher and Sitte showed 
that sweeping with steam could severely degrade OTMs made from LSCF 82. On the 
other hand, LSCF membranes stable in a steam sweep – on relatively short time scales as 
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compared to power plant overhaul schedules – have been reported as well 83. For the effect 
of sweeping with CO2 on the membrane service life, the same is true: depending on the 
membrane material, operating temperature and pressure, as well as the presence of 
impurities, the OTM material might or might not be stable. Dual-phase composite 
membranes are more resistant to acidic gases, and may present a viable alternative to 
perovskite oxides 84-85. Another factor to take into account is that volatile chromia species 
could be present in the sweep vapor due to contact with chromium-containing steels at 
high temperatures. This might lead to degradation of OTMs as well, as shown for LSCF 
in the case of a combined CO2 and steam sweep 86. Using air as sweep gas, like in the 
pre-combustion IGCC process in this study, might reduce the reactivity between 
membrane and sweep gas. Due to the high nitrogen concentration in air, this strategy 
would not work for oxyfuel combustion processes. In oxyfuel processes, the best solution 
may be either to use membranes stable with the applied sweep gas or to use a three-end 
layout.  

OTM operating temperature 
The operating temperature of OTMs was fixed to 850 °C. From a materials science 

point-of-view, an ideal operating temperature is a compromise between a high oxygen 

flux, which increases with increasing temperature, and a good long-term stability, which 

typically decreases with temperature. High temperatures are not desirable from a process 

engineering point of view, since they complicate heat exchange processes and cause a need 

for more expensive process equipment materials.  

The availability of heat is insufficient to raise the OTM feed temperature to 850 °C 

in all studied plants. OTM feed streams therefore require pre-heating with a methane-

fired furnace. Not only is the increase in LCOE due to pre-heating significant, but it also 

requires coal-fired plants to always use a secondary fuel. A preliminary result obtained in 

this study indicates that OTMs operating at a temperature below roughly 600 – 650 °C 

could eliminate the need for such a furnace, depending strongly on the outlet temperature 

of the gas turbine. A higher TIT results in a higher outlet temperature, which 

subsequently allows for more heat being exchanged between combustion products and 

OTM feed. Furthermore, the membrane surface area is one of the main cost drivers in 
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OTM-based power plants, and a low oxygen flux is therefore of large impact on the 

LCOE. The oxygen flux through an LSCF OTM would decrease with about two orders 

of magnitude upon decreasing the temperature from 850 °C to 600 °C 87, thus requiring 

a comparable increase in membrane area. Using currently known OTM materials, the 

LCOE increases strongly upon such a temperature decrease. This was confirmed for the 

oxyfuel IGCC process, for which the LCOE increased with a factor 40 to more than 

$2014 8000 upon decreasing the operating temperature to 600 °C, due to the increase in 

membrane area discussed previously. To operate in an economically viable way at this 

intermediate temperature, future materials with a flux roughly equal to the current 

materials’ flux at 850 °C and good stability in atmospheres containing CO2, SO2, and 

steam are required. Materials such as Ruddlesden-Popper structured materials, which 

have shown a low polarization resistance in impedance spectroscopy experiments at 

600 °C 88, or less conventional molten carbonate based materials which have shown high 

ionic conductivity at equal temperature 89 may be better candidates for OTMs at 

temperatures around 600 °C, but seem to be far from industrial operation still. 

7.5.6 Evaluation of parameter sensitivities on LCOE 

Figure 7.9 shows the results of the sensitivity analysis, indicating the assessed 

sensitivity of the LCOE of each of the processes on the parameters discussed in 

Section 7.4.4. The impact of the parameters on the LCOE decreases from the top to the 

bottom of the graph. For example, price fluctuations of natural gas and the CO2 allowance 

price are shown to have the highest and lowest impact on LCOE for the pre-combustion 

IRCC design, respectively. The base LCOE values shown in Fig. 7.9 are equal to the 

values in Fig. 7.7 and represent the LCOE if the most likely values for all parameters are 

used for the calculation. The variations of parameters are discussed in Section 7.4.4. 

Values of assessed variations are displayed left and right of the bars in Fig. 7., and are 

used to indicate the spread in LCOE as a result of these variations. In this graph, 

variations of parameters are expressed in percent points, percentages relative to the  
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Figure 7.9. Sensitivity of LCOE to various parameters in all 
assessed processes. 
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Figure 7.9 - Continued. Sensitivity of LCOE to various 
parameters in all assessed processes. 
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expected value, and the standard deviation σ. An overvie       

the upper and lower bounds is given in A7.7. 

The LCOEs of oxyfuel combustion IGCC and NGCC are highly sensitive to the 

costs of membranes and modules, due to their comparatively large required membrane 

area. In contrast to the results of our study, Maas et al. 63 showed that the costs of 

membranes represent only a few percent of the LCOE when using three-end OTMs in 

an oxyfuel IGCC 63, whereas the membrane island of the oxyfuel IGCC in this study 

represents more than half of the CapEx of that process (Table 7.6). Besides some 

differences in process architecture and amount of produced power, different assumptions 

related to OTMs should account for the observed large difference in the assessed impact 

of OTMs on the LCOE. For example, the membrane area per MWel installed and the 

estimated CapEx of OTMs are a factor 4 and a factor 6 higher in our study, respectively, 

giving a factor 24 difference in membrane investment. To improve the accuracy of the 

LCOE of OTM-based processes, and to decrease the differences between studies, more 

accurate data on initial and long-term OTM performance, costs of fabricating 

membranes, modules, and systems, and on OTM service life are required.  

The operating capacity factor has a strong effect on the LCOE as well, according 

both to Figure 7.9 and to literature about the real Puertollano plant 26. This is highly 

relevant, as the actual number of operating hours may be much lower than the 

theoretically possible number for both coal- and natural gas-fired plants. The increasing 

penetration of non-dispatchable renewables in the electricity market causes the supply to 

become more volatile.  

Processes of which the LCOE is more sensitive to the capacity factor are likely also 

more sensitive to volatility of the electricity market. Due to the lower startup time of 

natural gas-fired combined cycle plants (120 – 280 min cold start 75) than of coal/pet-

coke fired IGCC plants (12 – 72 h cold start 26), the number of shutdown and startup 

cycles per time unit will have less impact on the capacity factor of the former. 

Furthermore, during startup of the coal/pet-coke fired IGCC, natural gas has to be used 
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as fuel for the gas turbine 26, thereby increasing the LCOE (this effect was neglected in 

the sensitivity analysis). Both factors make the IRCC more attractive compared to the 

other processes than it appears from Fig. 7.7. For the oxyfuel NGCC, the level of 

integration is higher, as a large part of the produced CO2 is recycled back into the gas 

turbine and used as sweep for OTMs. Therefore, a long startup time may be expected for 

the NGCC as well. Alternatively, an extra air compressor may be installed to provide air 

as coolant to the gas turbine. In case the air compression for the gas turbine and oxygen 

supply section is fully integrated (a single compressor is used to deliver compressed air to 

both plant sections), a cold plant start takes longer than if it is only partially or not at all 

integrated. Integrated compressors therefore penalize peak load plants. The capacity 

factor was reported to be extremely important for the finances of the Puertollano plant 26. 

For future IGCC plants, the influence of design choices on the capacity factor therefore 

requires thorough evaluation. 

Common to all designs is the high sensitivity to inaccuracies in the estimation of 

the TDC. This is due to the high capital intensity of fossil fuel powered plants that 

perform carbon capture 76. OTMs and modules have not been taken into account for 

calculations of TDC. Yet, the relative sizes and capacities of compressors and heat 

exchangers in the membrane island depend on the specific pure oxygen demand and are 

taken into account for TDC calculations. Nevertheless, pre-combustion processes are 

slightly more sensitive towards inaccuracy in TDC calculations than oxyfuel processes. 

Fuel costs are of high impact on the LCOE of pre-combustion processes, but of 

lower impact on the LCOE of oxyfuel combustion processes. In absolute terms, the 

impact of varying fuel costs by one standard deviation in the positive and negative 

direction is comparable for all processes ($23 – $38 MWh-1). Due to the high impact of 

membrane-related parameters on the LCOE, oxyfuel combustion processes are relatively 

less sensitive to variations in fuel costs than the other processes. 

The CO2 allowance price does not have a strong influence on the LCOE in any of 

the processes. Although a weak impact may be expected for the plants that perform 
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carbon capture, it is remarkable that the impact of the CO2 allowance price on the LCOE 

of the reference unabated IGCC process is the lowest among all assessed factors. This 

can be seen as an indication that the price of CO2 allowances needs to increase 

significantly to become a decisive factor. An allowance cost of $40 tonCO2
−1  (equal to 20· σ 

above the expected value of $6.98 tonCO2
−1 ) was sufficient in the study of Maas et al. to find 

a lower LCOE for all carbon capturing processes than of the base case 63. In our study 

however, the CO2 allowance cost needs to be at least $45 tonCO2
−1  to let the pre-

combustion IRCC show a lower LCOE than the unabated reference process. Only above 

an allowance cost of $130 tonCO2
−1 , the LCOE of all carbon capturing processes were found 

to be lower than that of the reference process. As these are unrealistic prices at least at the 

short term, the effect of the CO2 allowance price on the costs of power plants using 

OTMs to supply oxygen is not decisive in any of the assessed cases. 

7.5.7. Discussion 

Among the three coal-fired plants, pre-combustion carbon capture with cryogenic 

distillation (ASU) as method for oxygen production turns out to be both most efficient 

and least expensive. Compared to pre-combustion capture with OTM-based oxygen 

supply, the higher efficiency is mainly due to a more efficient supply of quench gas to the 

gas turbine in terms of gas volume and temperature. Large quantities of cold nitrogen are 

available from the cryogenic distillation, while the OTM-based pre-combustion design 

uses depleted air from the membrane together with additional compressed air, at 

temperatures of 280 – 320 °C. The quenching capacity of hot depleted air is less than that 

of cold nitrogen, causing an increase of about 10 MW in the required duty for additional 

compressed air and a decrease in efficiency of 2 pp. In literature, a similar comparison led 

to the opposite conclusion that an OTM-based coal-fired pre-combustion plant is 1 pp 

more efficient than the same plant with ASU-based oxygen supply 77. In that case, the 

heat available in oxygen produced by OTMs was an advantage instead of a disadvantage, 

possibly due to the higher turbine inlet temperature compared with the current study.  
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From a cost perspective, the OTM is less attractive than the ASU as well. The 

investment required for the production of oxygen is 2.4 times higher with OTMs than 

with the ASU in the pre-combustion IGCC (ISBL investment of 374 M$2014 and 

156 M$2014, respectively). Even if the membranes would be acquired at no cost, the higher 

efficiency of the ASU-based process would still cause the related LCOE to be lower than 

that of the OTM-based process. 

Electricity generation based on renewables is the logical competition of combined 

cycle processes with carbon capture when considering building new power stations with 

a small CO2 footprint. Mean LCOE values for onshore wind farms entering service in 

2019 ($2014 80 MWh-1) or for solar power from large, ground-mounted photovoltaic cells 

($2014 130 MWh-1)78, are lower than that of the pre-combustion IRCC 

($2014 177 MWh1), which shows the lowest LCOE among the OTM-based processes. 

However, solar and wind power are non-dispatchable technologies: electricity is not 

produced on demand. A more fair comparison would also include the costs of (short-

term) energy storage, for example using batteries, chemicals, heat, or pressure. In a recent 

study, the levelized cost of storage was calculated to be €201550 - €90 MWh-1 using 

pumped storage hydroelectricity, €2015 70 – 120 MWh-1 for compressed air energy storage, 

and more expensive for all other systems 79. Although not all generated wind and solar 

energy needs to be stored, adding (part of) the LCOS to the LCOE would bring the costs 

of sun power and wind power close to that of IRCC and IGCC with pre-combustion 

carbon capture. Taking into account that not all geological locations are well suitable for 

wind based or solar based electricity production, IGCC and IRCC power plants with 

carbon capture could be viable options to serve as baseload plants. Another interesting 

option is to combine biobased IGCC with carbon capture, resulting in processes with a 

negative CO2 emission 80. Such IGCC power plants with a biobased feedstock could serve 

as baseload plants, and could be used next to peak load plants such as solar farms or wind 

farms. According to literature, the economics of this process strongly depends on the price 

of biomass 80-81. Likewise, a pre-combustion IRCC process using bio-methane as a 
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feedstock could be designed. For each set of demands, an individual evaluation will be 

required to determine which type of power plant should be built. 

As described in Section 7.3, different process designs require different membrane 

sweep gases. First of all, in oxyfuel designs the membrane sweep gas should not contain 

nitrogen. Nitrogen in the sweep gas ends up in the compressed CO2, since no separation 

takes place further downstream. Presence of nitrogen negatively affects the CO2 purity 

and the compression duty. Two viable sweep gas options for oxyfuel processes are CO2 

and steam; steam turned out to be best solution in this study in terms of heat integration. 

For deciding which sweep gas would be preferred, the stability of OTMs in the respective 

atmosphere is not taken into account. However, Bucher and Sitte showed that sweeping 

with steam could severely degrade OTMs made from LSCF 82. On the other hand, LSCF 

membranes stable in a steam sweep – on relatively short time scales as compared to power 

plant overhaul schedules – have been reported as well 83. For the effect of sweeping with 

CO2 on the membrane service life, the same is true: depending on the membrane material, 

operating temperature and pressure, as well as the presence of impurities, the OTM 

material might or might not be stable. Dual-phase composite membranes are more 

resistant to acidic gases, and may present a viable alternative to perovskite oxides 84-85. 

Another factor to take into account is that volatile chromia species could be present in 

the sweep vapor due to contact with chromium-containing steels at high temperatures. 

This might lead to degradation of OTMs as well, as shown for LSCF in the case of a 

combined CO2 and steam sweep 86. Using air as sweep gas, like in the pre-combustion 

IGCC process in this study, might reduce the reactivity between membrane and sweep 

gas. Due to the high nitrogen concentration in air, this strategy would not work for 

oxyfuel combustion processes. In oxyfuel processes, the best solution may be either to use 

membranes stable with the applied sweep gas or to use a three-end layout.  

The operating temperature of OTMs was fixed to 850 °C. From a materials science 

point-of-view, an ideal operating temperature is a compromise between a high oxygen 

flux, which increases with increasing temperature, and a good long-term stability, which 
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typically decreases with temperature. High temperatures are not desirable from a process 

engineering point of view, since they complicate heat exchange processes and cause a need 

for more expensive process equipment materials.  

The availability of heat is insufficient to raise the OTM feed temperature to 850 °C 

in all studied plants. OTM feed streams therefore require pre-heating with a methane-

fired furnace. Not only is the increase in LCOE due to pre-heating significant, but it also 

requires coal-fired plants to always use a secondary fuel. A preliminary result obtained in 

this study indicates that OTMs operating at a temperature below roughly 600 – 650 °C 

could eliminate the need for such a furnace, depending strongly on the outlet temperature 

of the gas turbine. A higher TIT results in a higher outlet temperature, which 

subsequently allows for more heat being exchanged between combustion products and 

OTM feed. Furthermore, the membrane surface area is one of the main cost drivers in 

OTM-based power plants, and a low oxygen flux is therefore of large impact on the 

LCOE. The oxygen flux through an LSCF OTM would decrease with about two orders 

of magnitude upon decreasing the temperature from 850 °C to 600 °C 87, thus requiring 

a comparable increase in membrane area. Using currently known OTM materials, the 

LCOE increases strongly upon such a temperature decrease. This was confirmed for the 

oxyfuel IGCC process, for which the LCOE increased with a factor 40 to more than 

$2014 8000 upon decreasing the operating temperature to 600 °C, due to the increase in 

membrane area discussed previously. To operate in an economically viable way at this 

intermediate temperature, future materials with a flux roughly equal to the current 

materials’ flux at 850 °C and good stability in atmospheres containing CO2, SO2, and 

steam are required. Materials such as Ruddlesden-Popper structured materials, which 

have shown a low polarization resistance in impedance spectroscopy experiments at 

600 °C 88, or less conventional molten carbonate based materials which have shown high 

ionic conductivity at equal temperature 89 may be better candidates for OTMs at 

temperatures around 600 °C, but seem to be far from industrial operation still. 
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 Conclusions 
In this chapter, the integration of oxygen transport membranes (OTMs) into four 

different power plant processes has been studied. Discussed processes include coal-fired 

integrated gasification combined cycle (IGCC) plants with pre-combustion and oxyfuel 

combustion technology, natural gas-fired integrated reforming combined cycle (IRCC) 

with pre-combustion carbon capture, and natural gas combined cycle (NGCC) power 

with oxyfuel combustion carbon capture. Oxygen production by cryogenic distillation and 

by OTMs have been compared for the pre-combustion IGCC process.  

Among the assessed carbon capturing plants, the oxyfuel combustion NGCC plant 

shows the highest efficiency (38.8%HHV). High efficiency and low costs do not necessarily 

go together, as it is also the second most expensive among the carbon capturing processes 

discussed here. The pre-combustion IRCC process shows the lowest LCOE 

($177 MWh-1) and the lowest cost per ton of CO2 avoided ($41 tonCO2,A
−1 ), while the 

efficiency is only 1 pp lower than that of the NGCC. The pre-combustion IRCC process 

is likely the most attractive process to combine with OTMs among the processes 

discussed here because of its low OTM area, lowest LCOE and relatively high 

energy efficiency. 

With the assumptions made in this study, OTM-based oxygen supply is not more 

efficient and neither less expensive than oxygen supply by cryogenic distillation. The 

energy efficiencies of the pre-combustion IGCC with ASU and OTM are 32.9%HHV and 

30.9%HHV, respectively. This 2 pp difference in energy-efficiency is mainly attributed to a 

more efficient use of the gas turbine in the ASU-based process. Without restricting the 

turbine inlet temperature (TIT) to 1125 °C, the advantage in energy-efficiency of the 

ASU-based process would likely disappear.  

The LCOE of OTM-based processes depends strongly on the costs of membranes 

and modules. Whereas oxyfuel combustion processes require pure oxygen in coal 

gasification or natural gas reforming as well as in the gas turbine, pre-combustion 

processes require it only in the coal gasification or natural gas reforming sections. Hence, 
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for oxyfuel combustion processes the dependency of LCOE on membrane and module 

costs and area is stronger than for pre-combustion processes. The use of steam as oxidant 

in the pre-combustion IRCC further decreases the pure oxygen demand (POD) as 

compared with the pre-combustion IGCC process, and thereby as well the membrane 

area and the resulting LCOE. All in all, the specific pure oxygen demand differs by more 

than a factor 3 between the pre-combustion IRCC and oxyfuel IGCC processes 

(5.46 vs 17.32 mol pure O2 kWh-1), which is the main reason for the 26% lower LCOE 

of the former.  

 Outlook 

A promising idea is to step away from using steam to drive a generator in IGCC 

plants. In an Allam cycle, supercritical CO2 is used rather than steam as energy transport 

medium. The efficiency of Allam-cycle based plants is projected to be much closer to the 

Carnot efficiency than that of steam-based cycles 45,90. It is predicted that with the Allam 

cycle, both the capital investment and the operating costs could be lowered significantly 

compared to other power generation processes that operate CCS 65,91. In comparison with 

the most profitable modern generation coal-fired power plants that do not capture CO2, 

the LCOE seems to be on par 91, and in comparison with other carbon capturing 

processes, the estimated efficiency is high while the capture rate is high too 92. However, 

this process has matured even less than other CCS processes. Gas turbines that operate 

with supercritical CO2 as the working fluid are still in the prototype phase 93. In future 

research, it would be interesting to investigate the efficiency and economic viability of 

Allam cycle power plants with OTMs as oxygen supply technology. 
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Appendix A7 
 

Fuel analysis 

The higher heating value (HHV) of the coal/pet-coke mixture used in all coal-fired 
plants can be calculated using the following empirical equation 94: 

HHV = 0.0211𝑚𝑚a + 0.3491𝑚𝑚c + 1.1783𝑚𝑚h + 0.0151𝑚𝑚n 
−0.1034𝑚𝑚o + 0.1005𝑚𝑚s 

(A7.1.1) 

in which m with subscripts a, c, h, n, o, and s represent the mass fractions of ash, carbon, 

hydrogen, nitrogen, oxygen, and sulphur, respectively. Values of these parameters are 

listed in Table A7.10.  

The lower heating value (LHV) is calculated by taking the formation of water vapor into 

account, 

LHV = HHV −𝑚𝑚w∆𝐻𝐻vap (A7.1.2) 

𝑚𝑚w = 𝑀𝑀 + 9𝐻𝐻 + 𝛾𝛾𝑎𝑎𝑤𝑤𝑎𝑎 (A7.1.3) 

in which 𝑚𝑚w represents the mass of water formed upon combustion of coal, 𝑚𝑚m the 

fraction of moisture in as-received coal expressed in kg H2O / kg coal, ∆𝐻𝐻vap the latent 

heat of vaporization of water, 𝛾𝛾𝑎𝑎 the relative humidity of air used in the combustion 

process in the gas turbine, and 𝑤𝑤𝑎𝑎 the air mass supplied in the combustion process per kg 

of coal. Furthermore, natural gas was assumed to consist of pure methane (CH4). The 

HHV of methane is 890.6 kJ mol-1 96, or 55.52 MJ kg-1 when expressed in a mass-based 

unit.  

Process designs and stream properties 

Figure A7.2, displayed on the next page, shows the process flow diagram (PFD) of the 

simulated unabated reference Integrated Gasification Combined Cycle (IGCC) power 

plant. On the following pages, Table A7.2 indicates temperature, pressure, total flow, 

mass vapor fraction Χ, and composition of each of the streams. The labeling of the streams 

is denoted in the PFD; prefixes I, O, and S represent input, output, and internal streams,  
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Table A7.10. Properties of coal/pet-coke mixture and of its combustion. *Values resulting from 
proximate and ultimate analyses were obtained by personal correspondence with ELCOGAS. 

 Unit Value Reference 

Moisture wt% of coal in proximate analysis 9.4 * 

Ash wt% of coal in ultimate analysis 22.85  

Carbon wt% of coal in ultimate analysis 65.35  

Hydrogen wt% of coal in ultimate analysis 3.09  

Nitrogen wt% of coal in ultimate analysis 1.50  

Oxygen wt% of coal in ultimate analysis 3.66  

Sulfur wt% of coal in ultimate analysis 3.54  

𝛾𝛾𝑎𝑎 % 45 Assumed 

𝑤𝑤𝑎𝑎 kg air kg-1 coal 0.900 
From Aspen Plus 
simulation 

∆𝐻𝐻vap MJ kg-1 2.395 95 

HHV MJ kg-1 26.94  

LHV MJ kg-1 25.07  

 

respectively. Similar figures of the other process designs discussed in Chapter 7 will be 

made available online as supplementary information of the publication. 

In Fig. A7.2, input streams are marked green and output streams are marked blue. 

A zero in Table A7.2 indicates the presence of the component with a molar fraction below 

0.0005, and a dash (-) the total absence of a component. Molar fractions above 0.999 

were truncated rather than rounded and trailing zeroes were removed from all values. 

Molar fractions were listed for the most abundant molecules only; hence, the sum of the 

shown fractions is not necessarily equal to unity. Streams which mainly contain impurities 

may show a sum of molar fractions far below unity. The composition of the coal/pet-coke 

mixture cannot be expressed by the fractions used in Table A7.2; instead, the reader is 

directed to Table A7.1 in which the specifications of the mixture are listed. 
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Table A7.2. Stream contents and properties in the unabated reference IGCC process. 

IGCC w/o carbon capture 

Property Unit Stream 

Mol fraction  I1 I2 I3 I4 I5 (COAL) I6 

O2 [-] 0.209 0.85 - - n.a. 0.018 

H2O [-] - - 1 - n.a. - 

H2 [-] - - - - n.a. - 

CO [-] - - - - n.a. - 

CO2 [-] 4E-4 - - - n.a. - 

N2 [-] 0.781 0.145 - 1 n.a. 0.982 

Ar [-] 0.009 0.005 - - n.a. - 

Mass flow kg s-1 463.9 25.71 0.145 2.54 29 67.23 

Χ [-] 1 1 0 1 0 1 

Temperature °C 15 85 195 60 15 359 

Pressure bar 1.013 23 34 25 1 18.4 

 
Table A7.2 - continued. Stream contents and properties in the unabated reference IGCC process. 

IGCC w/o carbon capture 

Property Unit Stream 

Mol fraction  O1 O2 O3 (SLAG) O4 (NOx) O5 (SOx) 

O2 [-] 0.209 0.104 - - - 

H2O [-] - 0.035 - - - 

H2 [-] - 0 - - - 

CO [-] - 0 - - - 

CO2 [-] 4E-4 0.092 - - - 

N2 [-] 0.781 0.761 - - - 

Ar [-] 0.009 0.007 - - - 

Mass flow kg s-1 122.4 459 6.003 0.002 1.08 

Χ [-] 1 1 0 1 1 

Temperature °C 194.2 135 1493 235 235 

Pressure bar 14.2 0.96 25 24 24 
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Table A7.2. - continued. Stream contents and properties in the unabated reference IGCC process. 

IGCC w/o carbon capture 

Property Unit Stream 

Mol fraction S1 S2 S3 S4 S5 S6 S7 S8 

O2 [-] 0.209 0.209 0.209 0.209 0.209 0.209 0.209 0.209 

H2O [-] - - - - - - - - 

H2 [-] - - - - - - - - 

CO [-] - - - - - - - - 

CO2 [-] 4E-4 4E-4 4E-4 4E-4 4E-4 4E-4 4E-4 4E-4 

N2 [-] 0.781 0.781 0.781 0.781 0.781 0.781 0.781 0.781 

Ar [-] 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 

Mass flow kg s-1 154.5 154.5 154.9 154.5 154.5 154.9 463.9 463.9 

Χ [-] 1 1 1 1 1 1 1 1 

Temperature °C 15 15 15 194.2 194.2 194.2 194.2 35 

Pressure bar 1.013 1.013 1.013 4.2 4.2 4.2 4.2 4.2 

 

Table A7.2. - continued. Stream contents and properties in the unabated reference IGCC process. 

IGCC w/o carbon capture 

Property Unit Stream 

Mol fraction S9 S10 S11 S12 S13 S14 S15 S16 

O2 [-] 0.209 0.209 0.209 0.209 0.209 0.209 0.209 0.209 

H2O [-] - - - - - - - - 

H2 [-] - - - - - - - - 

CO [-] - - - - - - - - 

CO2 [-] 4E-4 4E-4 4E-4 4E-4 4E-4 4E-4 4E-4 4E-4 

N2 [-] 0.781 0.781 0.781 0.781 0.781 0.781 0.781 0.781 

Ar [-] 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 

Mass flow kg s-1 154.5 154.5 154.9 154.5 154.5 154.9 463.9 341.5 

Χ [-] 1 1 1 1 1 1 1 1 

Temperature °C 35 35 35 194.2 194.2 194.2 194.2 194.2 

Pressure bar 4.2 4.2 4.2 14.2 14.2 14.2 14.2 14.2 
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Table A7.2. - continued. Stream contents and properties in the unabated reference IGCC process. 

IGCC w/o carbon capture 

Property Unit Stream 

Mol fraction S17 S18 S19 S20 S21 S22 S23 S24 

O2 [-] - - - - - - - - 

H2O [-] 0.104 0.104 0.104 0.104 0.104 0.104 0.758 0.048 

H2 [-] 0.035 0.035 0.035 0.035 0.035 0.035 0.009 0.241 

CO [-] 0 0 0 0 0 0 - 0.642 

CO2 [-] 0 0 0 0 0 0 - - 

N2 [-] 0.092 0.092 0.092 0.092 0.092 0.092 - - 

Ar [-] 0.761 0.761 0.761 0.761 0.761 0.761 0.228 0.022 

Mass flow kg s-1 459 459 459 459 459 459 28.4 29 

Χ [-] 1 1 1 1 1 1 1 0.078 

Temperature °C 1136 567 525 501.9 280 261.6 73.1 15 

Pressure bar 16 0.96 0.96 0.96 0.96 0.96 23 1 

 
Table A7.2. - continued. Stream contents and properties in the unabated reference IGCC process. 

IGCC w/o carbon capture 

Property Unit Stream 

Mol fraction S25 S26 S27 S28 S29 S30 S31 S32 

O2 [-] 0 0 - 0 - 0 0 0 

H2O [-] 0.044 0.044 1 0.044 1 0.044 0.044 0.044 

H2 [-] 0.198 0.198 - 0.198 - 0.198 0.198 0.198 

CO [-] 0.606 0.606 - 0.606 - 0.606 0.606 0.606 

CO2 [-] 0.037 0.037 - 0.037 - 0.037 0.037 0.037 

N2 [-] 0.101 0.101 - 0.101 - 0.101 0.101 0.101 

Ar [-] 0.002 0.002 - 0.002 - 0.002 0.002 0.002 

Mass flow kg s-1 51.39 128.6 70.83 128.6 13.33 128.6 128.6 51.39 

Χ [-] 1 1 0 1 0 1 1 1 

Temperature °C 1493 766.5 307 370 195 235 235 235 

Pressure bar 25 24 126.5 24 34 24 24 24 
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Table A7.2 - continued. Stream contents and properties in the unabated reference IGCC process. 

IGCC w/o carbon capture 

Property Unit Stream 

Mol fraction S33 S34 S35 S36 S37 S38 S39 S40 

O2 [-] 0 0 - - - - - - 

H2O [-] 0.046 0.046 1 1 1 1 1 1 

H2 [-] 0.2 0.2 - - - - - - 

CO [-] 0.614 0.614 - - - - - - 

CO2 [-] 0.037 0.037 - - - - - - 

N2 [-] 0.102 0.102 - - - - - - 

Ar [-] 0.002 0.002 - - - - - - 

Mass flow kg s-1 50.31 50.31 70.83 13.33 13.33 84.17 70.83 70.83 

Χ [-] 1 1 0.725 0.831 1 1 1 1 

Temperature °C 126 260 327.8 240.6 505 356.9 511 329 

Pressure bar 24 24 126.5 34 33 33 124.5 33 

 

Table A7.2 - continued. Stream contents and properties in the unabated reference IGCC process. 

IGCC w/o carbon capture 

Property Unit Stream 

Mol fraction S41 S42 S43 S44 S45 S46 S47 S48 

O2 [-] - - - - - - - - 

H2O [-] 1 1 1 1 1 1 1 1 

H2 [-] - - - - - - - - 

CO [-] - - - - - - - - 

CO2 [-] - - - - - - - - 

N2 [-] - - - - - - - - 

Ar [-] - - - - - - - - 

Mass flow kg s-1 84.17 84.17 84.17 84.17 84.17 84.17 15.6 68.7 

Χ [-] 1 1 1 0 0 0 0 0 

Temperature °C 518 292.7 18.5 50.6 50.9 204.1 204.1 204.1 

Pressure bar 33 5 0.11 0.11 34 34 34 34 
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Table A7.2 - continued. Stream contents and properties in the unabated reference IGCC process. 

IGCC w/o carbon capture 

Property Unit Stream 

Mol fraction S49 S50 S51 S52 S53 

C [-] - - - - - 

O2 [-] - - - 0 0 

H2O [-] 1 1 1 0.044 0.044 

H2 [-] - - - 0.198 0.198 

CO [-] - - - 0.606 0.606 

CO2 [-] - - - 0.037 0.037 

N2 [-] - - - 0.101 0.101 

Ar [-] - - - 0.002 0.002 

Mass flow kg s-1 68.57 68.57 68.57 77.24 77.24 

Χ [-] 0 0.74 0 1 1 

Temperature °C 206.4 327.8 307 235 235 

Pressure bar 126.5 126.5 126.5 24 24 

Discrete modeling of the oxygen flux through a planar OTM membrane  

In the model used for modelling the oxygen flux through the planar OTM 
membrane, oxygen permeation is assumed to be fully governed by solid state diffusion 
through the membrane. Resistances due to oxygen surface exchange, gas phase diffusion 
of oxygen towards the membrane surface, and mixing of the gas in the module are 
considered to be insignificant relative to the resistance due to solid state diffusion. It is 
further assumed that no temperature gradients over the membrane exist. The governing 
equation describing diffusional transport of oxygen across the OTM membrane is the 
Wagner equation 97, 

𝐽𝐽𝑂𝑂2 =
𝑅𝑅𝑅𝑅

42𝐹𝐹2𝑎𝑎 �
𝜎𝜎𝑒𝑒𝜎𝜎𝑖𝑖
𝜎𝜎𝑒𝑒 + 𝜎𝜎𝑖𝑖

𝑑𝑑 ln𝑝𝑝O2

ln𝑃𝑃𝑂𝑂2
′′

ln𝑃𝑃𝑂𝑂2
′

 (A7.3.1) 

where T is the temperature, a the membrane thickness, 𝜎𝜎𝑒𝑒 and 𝜎𝜎𝑖𝑖 are the electronic and 

ionic conductivities, respectively, and 𝑝𝑝O2 and 𝑝𝑝O2
′  the oxygen partial pressures maintained 

at the feed and permeate sides of the membrane, respectively. For the perovskite oxide 
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La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF6428), the electronic conductivity prevails over the ionic 

conductivity, which allows simplification of Eq. A7.3.1 into  

𝐽𝐽𝑂𝑂2 =
𝑅𝑅𝑅𝑅

42𝐹𝐹2𝑎𝑎 � 𝜎𝜎𝑖𝑖  𝑑𝑑 ln 𝑝𝑝𝑂𝑂2

ln𝑃𝑃𝑂𝑂2
′′

ln 𝑃𝑃𝑂𝑂2
′

 (A7.3.2) 

The ionic conductivity of LSCF6428 at conditions relevant to this study can be 

approximated by the power law expression 

𝜎𝜎𝑖𝑖 = 𝜎𝜎𝑖𝑖0𝑝𝑝𝑂𝑂2
𝑛𝑛 (A7.3.3) 

Substitution in Eq. A7.3.2 gives 

𝐽𝐽𝑂𝑂2 =
𝑅𝑅𝑅𝑅𝜎𝜎𝑖𝑖0

(4𝐹𝐹)2𝑛𝑛𝑎𝑎 �𝑝𝑝𝑂𝑂2
𝑛𝑛 − 𝑝𝑝𝑂𝑂2

′ 𝑛𝑛� (A7.3.4) 

Oxygen permeation across the OTM can be schematically represented by Fig. A7.3. 

At either side of the membrane, the oxygen concentration at coordinate i along the flow 

direction is different from that at a nearby point i+1. Gas phase diffusion tends to equalize 

both concentrations. Assuming that no exchange of oxygen by gas phase diffusion occurs 

between ‘packages’ traveling along either side of the membrane, the mass balance 

equations at both sides membranes read 

𝐹𝐹(𝑖𝑖) 𝐹𝐹(𝑖𝑖 + 1)

𝐹𝐹′(𝑖𝑖)

𝐹𝐹 1

𝐹𝐹′ 1

Δ𝑥𝑥

𝐹𝐹 𝑁𝑁 + 1

𝐹𝐹′ 𝑁𝑁 + 1
𝐹𝐹′(𝑖𝑖 + 1)

𝑝𝑝O2(inlet)

𝑝𝑝O2(inlet)
′

𝑖𝑖 − 1 𝑖𝑖 𝑖𝑖 + 1 

∆𝑥𝑥 𝑏𝑏 𝐽𝐽𝑂𝑂2(𝑖𝑖,𝑘𝑘)

1 𝑁𝑁

Figure A7.3. Schematic representation of the OTM after discretization. A countercurrent 
flow is assumed for feed and permeate gases. 
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𝜕𝜕𝜕𝜕(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝑡𝑡 = −

𝜕𝜕𝐹𝐹(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝜕𝜕 −

𝐽𝐽𝑂𝑂2(𝑥𝑥, 𝑡𝑡)𝜕𝜕𝐴𝐴
𝜕𝜕𝜕𝜕  (A7.3.5) 

𝜕𝜕𝜕𝜕′(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝑡𝑡 =

𝜕𝜕𝐹𝐹′(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝜕𝜕′ +

𝐽𝐽𝑂𝑂2(𝑥𝑥, 𝑡𝑡)𝜕𝜕𝐴𝐴
𝜕𝜕𝜕𝜕′  (A7.3.6) 

In these equations, c is the oxygen concentration in the gas phase, F the oxygen molar 

flow rate, A the incremental surface area, x the length coordinate, and t the time. The 

prime notation is used to denote the various parameters at the permeate side of the 

membrane. At steady-state conditions, Eqs. A7.3.5 and A7.3.6 simplify to 

𝜕𝜕𝐹𝐹(𝑥𝑥)
𝜕𝜕𝑥𝑥 = 𝑏𝑏 𝐽𝐽𝑂𝑂2(𝑥𝑥) (A7.3.7) 

𝜕𝜕𝐹𝐹′(𝑥𝑥)
𝜕𝜕𝑥𝑥 = − 𝑏𝑏 𝐽𝐽𝑂𝑂2(𝑥𝑥) (A7.3.8) 

where b represents the width of the membrane.  

Because of the difficulty in solving Eqs. A7.3.5 and A7.3.6 analytically, both 

equations were discretized and solved self-consistently by means of iteration (using 

Microsoft Excel). The discretized forms of both equations can be represented by 

𝜕𝜕(𝑖𝑖, 𝑘𝑘 + 1) = c(𝑖𝑖, 𝑘𝑘) −
𝐹𝐹(𝑖𝑖 + 1, 𝑘𝑘) −  𝐹𝐹(𝑖𝑖,𝑘𝑘) + ∆𝑥𝑥 𝑏𝑏 𝐽𝐽O2(𝑖𝑖, 𝑘𝑘)

∆𝜕𝜕 ∆𝑡𝑡 (A7.3.9) 

   𝜕𝜕′(𝑖𝑖, 𝑘𝑘 + 1) = 𝜕𝜕′(𝑖𝑖, 𝑘𝑘) +
𝐹𝐹′(𝑖𝑖 + 1,𝑘𝑘) − 𝐹𝐹′(𝑖𝑖, 𝑘𝑘) +  ∆𝑥𝑥 𝑏𝑏 𝐽𝐽O2(𝑖𝑖,𝑘𝑘)

∆𝜕𝜕′ ∆𝑡𝑡 (A7.3.10) 

The number of elements ranges between i = 1 and i = N.2 The parameter ∆𝑡𝑡 is the 

time step per iteration, the total passed time is k∆𝑡𝑡. As a rule of thumb, the time step was 

chosen two orders of magnitudes smaller than the average residence time of the gas in the 

OTM unit. The concentration of oxygen at both sides of the membrane in any element 

was regarded as uniform. The oxygen flux 𝐽𝐽O2(𝑖𝑖, 𝑘𝑘) for element i after the kth   iteration is 

calculated using Eq. A7.3.4, which reads after discretization  

2 Note from Fig. SI3.1 and Eq. SI3.13 that virtual element number N+1 is used for 
defining the inlet molar flow rate at the permeate side of the membrane. 
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𝐽𝐽O2(𝑖𝑖,𝑘𝑘) =
𝑅𝑅𝑅𝑅𝜎𝜎𝑖𝑖0

(4𝐹𝐹)2𝑛𝑛𝑎𝑎 �𝑝𝑝O2(𝑖𝑖,𝑘𝑘)𝑛𝑛 − 𝑝𝑝O2
′ (𝑖𝑖,𝑘𝑘)𝑛𝑛� (A7.3.11) 

where the oxygen partial pressures on either side of the membrane are calculated using 

the ideal gas law. The molar flow rates of oxygen at the inlets at both sides of the 

membrane are invariant with time and are calculated from (using the ideal gas law), 

𝐹𝐹(1) =
𝐺𝐺𝑝𝑝O2(inlet)

𝑅𝑅𝑅𝑅  (A7.3.12) 

𝐹𝐹′(𝑁𝑁 + 1) =
𝐺𝐺′𝑝𝑝O2(inlet)

′

𝑅𝑅𝑅𝑅  (A7.3.13) 

where the quantities 𝐺𝐺 and 𝐺𝐺′ are the total volumetric flow rates, and 𝑝𝑝O2(inlet) and 

𝑝𝑝O2(inlet)
′  the corresponding oxygen partial pressures at the inlet of the feed and permeate 

side of the membrane, respectively. The molar flow rates for other elements are calculated 

from the mass balance equations,  

𝐹𝐹(𝑖𝑖 +  1, 𝑘𝑘) = 𝐹𝐹(𝑖𝑖,𝑘𝑘) + ∆𝑥𝑥 𝑏𝑏 𝐽𝐽O2(𝑖𝑖, 𝑘𝑘) (A7.3.14) 

𝐹𝐹′(𝑖𝑖 +  1, 𝑘𝑘) = 𝐹𝐹′(𝑖𝑖, 𝑘𝑘) − ∆𝑥𝑥 𝑏𝑏 𝐽𝐽O2(𝑖𝑖,𝑘𝑘) (A7.3.15) 

Note that these equations are the discretized forms of Eqs. A7.3.7 and A7.3.8, and 

are strictly speaking only valid at steady state conditions. Once the iteration procedure 

has reached steady-state, the total oxygen flux through the OTM equals  

𝐽𝐽O2,tot =  
𝐹𝐹(𝑁𝑁 + 1) − 𝐹𝐹(1)

𝐴𝐴 =
𝐹𝐹′(1) − 𝐹𝐹′(𝑁𝑁 + 1)

𝐴𝐴  (A7.3.16) 
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Table A7.3. Parameters used in calculation of the oxygen flux through the OTM and calculated 
membrane area for each of the process designs. 

Parameter Unit 

Process 

Oxyfuel 
IGCC 

Pre-combustion 
IGCC 

Pre-combustion 
IRCC 

Oxyfuel 
NGCC 

T K 1123 1123 1123 1123 

𝜎𝜎𝑖𝑖0 S m-1 12.94 12.94 12.94 12.94 

n - 0.43 0.43 0.43 0.43 

a mm 0.1 0.1 0.1 0.1 

b m 105 105 105 105 

θ - 0.5 0.5 0.5 0.5 

𝐽𝐽O2,tot
 kmol s-1 1.670 0.699 0.432 1.536 

Feed side      

𝐺𝐺 m3 s-1 707.3 296.2 182.9 650.4 

𝑝𝑝O2(inlet) bar 2.1 2.1 2.1 2.1 

Sweep side  Steam Air Steam CO2 

𝐺𝐺′ m3 s-1 196.5 82.31 51.84 180.7 

𝑝𝑝O2(inlet)
′  bar 1·10-5 0.21 1·10-5 1·10-5 

𝑝𝑝O2(outlet)
′  % 77.8 77.8 77.8 77.8 

Calculated membrane area    

𝐴𝐴tot m2 116200 66400 41200 141800 

 

Iterative calculations of the oxygen flux were performed for the OTM, operating at 

1123 K, for a  given thickness a, oxygen partial pressure at the permeate side outlet of the 

membrane 𝑝𝑝O2(outlet)
′ , and stage cut θ. Corresponding values of 𝜎𝜎𝑖𝑖0  and n values were 

derived from experimental data of the oxygen flux through LSCF6428 membranes 98-100. 

Values of 𝐺𝐺 and 𝐺𝐺′ were obtained from the Aspen Plus calculation used for simulation of 

the different process designs (See main text). The membrane area A was adapted until 

𝐹𝐹′(1) matched the Pure Oxygen Demand (POD) specified by the Aspen Plus simulation 
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for each of the process designs. Table A7.3 lists parameters used in the oxygen flux 

modeling and the calculated membrane areas needed for each of the process designs. 

CapEx calculation 

Estimations of the cost of purchased equipment 𝐶𝐶p were performed with the 

parametric cost function 101  

𝐶𝐶p = 𝑎𝑎 + 𝑏𝑏 ∙ 𝑆𝑆𝑛𝑛 (A7.4.1) 

Cost constants a (expressed in $), b (expressed in the inverted unit of S multiplied by $), 

and n (without unit), were obtained from literature 101. The unit in which the cost 

governing parameter S is expressed differs between equipment types, as the quantity that 

indicates the size of different equipment types differs as well. For example, the value of S 

of a blower is related to its gas flow rate, and the unit in which S is expressed is then 

m3 h1. Values of S were directly obtained from the Aspen Plus simulations if available. 

For heat exchangers and flash and pressure vessels, the value of S could not be retrieved 

from the Aspen Plus simulation directly. The area of heat exchangers and coolers was 

calculated using  

𝐴𝐴 =
𝑄𝑄

𝑈𝑈 ∙ 𝐿𝐿𝑀𝑀𝑅𝑅𝐿𝐿 (A7.4.2) 

with A the heat-exchanging area in m2, Q the duty in W, LMTD the logarithmic mean 

temperature difference 101, and U the heat transfer coefficient in W m-2 K-1. Values for 

the heat transfer coefficient depend on the hot and cold medium, and are 160, 65, and 

30 W m-2 K-1 for gas / liquid, gas / high pressure steam, and gas / gas media combinations, 

respectively 102. For all pressure vessels and flash vessels, the shell mass was taken as the 

cost governing parameter. The shell mass was calculated based on the volume, material 

type and wall thickness of the vessel. The shell surface area was determined based on the 

ratio between height and diameter (ranging between 2.5 and 6, increasing with pressure) 

and the required volume. Finally, for more complex equipment (gasifier, reformer, and 

gas turbine), values of Cp were estimated by experts in personal correspondence.  
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To calculate the cost of installed equipment, the cost of purchased equipment was 

multiplied by the installation factor H, following the method proposed by Hand 101:  

𝐶𝐶i = 𝐶𝐶p𝐻𝐻 (A7.4.3) 

Table A7.4.1 shows the values of the constants, which are valid for the year 2010 

(at which the Chemical Engineering Plant Cost Index (CEPCI) was 550.8 103). 

Table A7.4.1. Sizing variable S, cost constants a, b, and n, and installation factor H for commonly 
used categories of equipment. Reprinted from Ref. 100, with permission from Elsevier.  

Equipment type 

S a 

[$2014] 

b 

[various 
units] 

n 

[-] 

H 

[-] 

Boiler 
steam production 

[kg h-1] 
130,000 53 0.9 4 

Blower 
Gas flow rate 

[m3 h-1] 
4,450 57 0.8 2.5 

Compressor, 
centrifugal 

Driver power 

[kW] 
580,000 20,000 0.6 2.5 

Heat exchanger, 
shell and tube 

Area [m2] 28,000 54 1.2 3.5 

Furnace Duty [MW] 80,000 109,000 0.8 2 

Pressure vessel, 
vertical 

Shell mass [kg] 11,600 34 0.85 4 

Pump, centrifugal Flow rate [L s-1] 8,000 240 0.9 4 

Condensing steam 
turbine 

Power [kW] -14,000 1,900 0.75 3.5 

Cooling tower Flow rate [L s-1] 170,000 1,500 0.9 1 
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The Inside Battery Limits (ISBL) cost was calculated according to 101: 

ISBL[$2014] = �𝐶𝐶𝑖𝑖
CEPCI 2014
CEPCI 2010

 (A7.4a) 

ISBL[$2014] = ISBL[$1997]�
CEPCI 2014
CEPCI 1997

 (A7.4b) 

in which CEPCI 𝑦𝑦 corresponds to the value of the index in the year y. Equation A7.4a was 
used to calculate the ISBL cost in the year 2014 of the processes simulated with 
Aspen Plus, while the ISBL cost of the Puertollano reference plant in the year 2014 was 
calculated using Eq. A7.4b and the literature ISBL value for the year 1997 104. Location 
factors were not accounted for, whereas inflation was corrected for by the CEPCI. 
Table A7.4.2 lists the CEPCI values for the years 1997, 2010, and 2014 which were used 
in the calculation of ISBL in the reference year 2014. 

Table A7.4.2. CEPCI values used in this study. 

Year CEPCI index value Source 

1997 368 100 

2010 550.8 102 

2014 576.1 105 

 

Table A7.4.3 shows the values of the ISBL cost per plant section, based on literature for 

the reference plant 104 and based on calculations using Eqs. A7.4.1 – A7.4.4 for all 

processes simulated with Aspen Plus including the unabated reference IGCC process. 

The cost of auxiliary equipment (called balance of plant) was not derived from the 

simulations but assumed to be equal to that of the Puertollano IGCC plant for each of 

the processes. OTMs and modules were depreciated to zero value in seven years, which 

is the expected lifetime. However, the assembly (tubing, auxiliary equipment and 

instrumentation) related to oxygen production is assumed have the same lifetime as the 

rest of the plant (20 years).  
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The total ISBL cost including and excluding the cost of OTMs and modules are 

abbreviated as ISBL and ISBLe, respectively. Both are shown in Table A7.4.3. The total 

depreciable capital (TDC) is calculated by 101 

TDC = ISBL + OSBL + EPC + CC 
= ISBL + 0.2 ∙ ISBL + 2 ∙ 0.1�(ISBL + OSBL) 

(A7.4.5) 

Modifications outside the plant infrastructure (OSBL), Engineering, Procurement and 

Construction (EPC), and Contingency Charges (CC) were all calculated based on the 

ISBL cost. Note that the values used here are at the optimistic ends of the given ranges 101. 

Table A7.4.4. shows the values of the TDC for all process designs. 
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241 Chapter 7 

OpEx calculation 

Table A7.5 shows the result of OpEx calculations for the pre-combustion IRCC 

process. Nomenclature used in this table is explained in Appendix A7.8. Costs of all types 

but feedstock and emissions were estimated based on values and equations from 

literature 101, 106.  

Fuel and utility costs have been discussed in Appendix A7.1. The CO2 allowance 

price was calculated to be €20145.58 t-1CO2 or $20146.98 t-1 when recalculated into dollars, 

based on the mean daily price at the EEX spot primary market for CO2 through the years 

2013 – 2017 107. To calculate MW&B, the TDC excluding OTMs and modules but 

including membrane assembly was taken (further abbreviated to TDCe). Omission of 

costs for OTMs and modules was justified by the assumption that OTMs do not to 

require any maintenance during their 7 years of service life, while the heat exchangers, 

compressors, piping and valves do require maintenance.  
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Table A7.5. Overview of OpEx for the pre-combustion IRCC process. 

Category Type Value Unit  Cost  
[106 $2014] 

Variable costs  

Feedstock  
Coal  3.31  € GJHHV-1  0 
Pet-coke  1.53  € GJHHV-1 0 
Natural gas 5.27 € GJHHV-1 113 
Utilities 4.5 106 $ 4.5 

Emissions CO2 allowance 6.98 $ tonCO2
−1  3.0 

Fixed costs     
Operations   

Direct wages and 
benefits (DW&B)  

35  $ h-1  3.6 

Supervision and 
engineering 

15  % of DW&B  0.5 

Operating supplies 
and services  

6  % of DW&B  0.2 

Technical assistance 
to manufacturing  

60,000  $/OSY  3.0 

Control laboratory  65,000  $/OSY  3.3 
Maintenance (M)  

Wages and benefits 
(MW&B)  

4.5 % of TDCe 38.8 

Supervision and 
engineering 

25  % of MW&B  9.7 

Materials and services  100  % of MW&B  38.8 
Maintenance overhead  5.0  % of MW&B  1.9 

Operating  
overhead (O) 

 
General plant overhead  7.1  % of SW&B  3.8 
Mechanical department 
services  

2.4  % of SW&B  1.3 

Employee relations 
department  

5.9  % of SW&B  3.1 

Business services  7.4  % of SW&B  3.9 

Property taxes  
and insurance 

 
2.0  % of TDC  21.5 

OpEx    254 



243 Chapter 7 

Net present value (NPV) analysis 

The levelized cost of electricity (LCOE) is calculated by means of a net present 

value (NPV) analysis 108 in which the LCOE is chosen such that the NPV after 

20 years of production equals zero, represented mathematically by 

NPV20(LCOE) = 0 (A7.6.1) 

To calculate the NPV, the annual cash flow C was determined for each of the 20 

years 108: 

𝐶𝐶 =  Revenues − Taxes − FCOP − VCOP − Investment (A7.6.2) 

in which Variable Costs Of Production (VCOP) and fixed costs of production 

(FCOP) are defined by  

VCOP =  Raw materials + Utilities + Emission allowances (A7.6.3) 

FCOP =  OpEx − VCOP (A7.6.4) 

Initial investments are done in the years -2 to 0, where 0 is the year of the 

production start. Equipment is assumed to have a lifetime of 20 years, equal to the 

analysis period of the NPV analysis. As the only exception, the OTMs and modules 

are replaced every seven years.  

Table A7.6.1. Cost schedule during building and starting up. 

Year Costs Revenue 

-2 30% of TCI 0 

-1 
50% of TCI + 100% investment for 
OTMs, modules and assembly;  

0 

0 20% of TCI; FCOP; 30% of VCOP 30% of max. revenue 

1 FCOP; 90% of VCOP 90% of max. revenue 

2 FCOP; VCOP Max. revenue 
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Table A7.6.1 shows the cost schedule for the first five years of the analysis, where the 

investment is expressed as a percentage of TCI.  

Depreciation is a virtual expense which is not included in the cash flow, however, the 

taxable income is affected by deducting depreciation from the revenue. The yearly 

depreciation is calculated by taking 14.3% of TDCm plus 5% of TDCe; the taxable 

income and the due taxes are calculated by 

Taxable Income =  Revenues − FCOP − VCOP − Depreciation (A7.6.5) 

Taxes paid =  Taxable Income ·  𝑡𝑡𝑟𝑟 (A7.6.6) 

The tax rate tr is assumed to be 25%.The future values of the total cash flow is 

accounted for with a discount factor d of 0.075, the average of the values used by the 

International Energy Agency in their 2015 report 109. The discounted cash 

flow (DCF) in year y and the net present value for a plant lifetime of n years NPVn 

can be calculated by: 

DCF(y) =  𝐶𝐶(1 + 𝑑𝑑)−𝑦𝑦 (A7.6.7) 

NPV𝑛𝑛 = �DCF(𝑦𝑦)
𝑛𝑛

𝑦𝑦=1

 (A7.6.8) 

The salvage value of all plant equipment is assumed to be equal to the 

decommissioning cost. The solver in Microsoft Excel is used to find the value of 

LCOE at which the value of NPV20 is exactly zero for each of the process designs. 

Table A7.6.2 shows the NPV analysis results for the pre-combustion IRCC process. 

The capital is fully depreciated in the year 2036, after 20 years of production. In the 

year 2023, 7 years after installing the first set of OTMs, the second set of membranes 

and modules is installed. This is accounted for by the investment in that year. The 

same investment is projected for the year 2030, in which the last set of membranes is 

installed. To obtain the values given in Table A7.6.2, valid for the pre-combustion 

IRCC, solving the system of equations gave LCOE = $ 178 MWh-1. 
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247 Chapter 7 

Sensitivity analysis  

In Tables A7.7.1 through A7.7.3, the lower bound, mean value, and upper bound 

of the variables assessed in the sensitivity analysis are shown. These values have been 

calculated by the operations indicated in Table 7.4 of the main text.  
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Nomenclature and symbols 

Table A7.8.1. List of abbreviations. 

Section of 
Appendix A7 Abbreviation Significance 

2,4 ASU 
Air Separation Unit  
(referring to cryogenic distillation) 

4 CapEx Capital Expenditures 
4 CC Contingency Charges 

4 CEPCI Chemical Engineering Plant Cost Index 
6 DCF Discounted cash flow 
5 DW&B Direct Wages and Benefits 

4 EPC Engineering, Procurement and Construction 

5 EEX European Energy Exchange 
6 FCOP Fixed Cost of Production 
1 HHV Higher Heating Value 
4 ISBL Inside Battery Limits 

2,4 IGCC Integrated Gasification Combined Cycle 

2,4,5 IRCC Integrated Reforming Combined Cycle 

3 LSCF La0.6Sr0.4Co0.2Fe0.8O3-δ  
6 LCOE Levelized Cost of Electricity 
1 LHV Lower Heating Value 

6 MW&B Maintenance Wages and Benefits 
6 NG Natural Gas 
2,4 NGCC Natural Gas Combined Cycle 
6 NPV Net Present Value 
5,6 OpEx Operating Expenditures 
4 OSBL Outside Battery Limits 
4,6 OTM Oxygen Transport Membrane 

5 O&M Sum of operations and maintenance costs 

3 sPOD / POD (specific) Pure Oxygen Demand 

2 PFD Process Flow Diagram 

6 SW&B Salaries, Wages and Benefits (DW&B+MW&B) 
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Table A7.8.1 – Continued. List of abbreviations. 

Section of 
Appendix A7 Abbreviation Significance 

4,5 TDC Total Depreciable Cost 

5 TDCe 
Total Depreciable Cost excluding OTMs and 
modules, including costs related to the membrane 
assembly 

6 TDCm Total Depreciable Cost of OTMs and modules 

6 VCOP Variable Cost of Production 

2,4 w/o without 
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Table A7.8.2. List of symbols. 

Section of 
Appendix A7 Symbol Unit Significance 

3 A m2 Surface area of membrane 

4 A m2 Surface area of heat exchanger 

4 Amin m2 Minimum cross-sectional area of flash vessel 

3 a m Membrane thickness 

4 a $ Cost constant 

4 b Variable unit Cost constant 

3 b m Membrane width 

3 c mol m-3 Oxygen concentration in gas phase 

4 Ci $ Cost of installed equipment  

4 Cp $ Cost of purchased equipment 

6 C M$ Cash flow 

6 d [-] Discount factor 

3 F C mol-1 Faraday constant 

3 
F(x,t) mol s-1 

Oxygen molar flow rate at position x and time 
t 

3 G(x,t) m3 s-1 Volumetric flow rate at position x and time t 

1 ∆𝐻𝐻vap MJ kg-1 Latent heat of vaporization of water 

Table A7.8.2 – Continued. List of symbols. 
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Section of 
Appendix A7 Symbol Unit Significance 

4 H [-] Installation factor 

3 i [-] 
Membrane element number in oxygen 
permeation model 

3 𝐽𝐽O2 mol cm-2 s-1 Oxygen flux through membrane 

3 𝐽𝐽O2 mol cm-2 s-1 Oxygen flux through membrane 

3 k [-] Iteration number 

4 LMTD [-] Logarithmic mean temperature difference 

1 
ma, mc, mh, 
mn, mo, ms 

wt% 
Mass fractions of ash, carbon, hydrogen, 
nitrogen oxygen, and sulfur, respectively 

1 mw kg kg-1 
Mass of water vapor formed upon combustion 
of pet-coke/coal mixture 

6 n year Service life of plant 

3 n [-] Power variable 

4 n [-] Cost constant 

3 N [-] 
Number of membrane elements in oxygen 
permeation model 

3 𝑝𝑝O2 bara Oxygen partial pressure 

4 Q [MW] Duty of heat exchanger 

3 R J mol-1 K-1 Gas constant 

3 S mol s-1 Total oxygen flux 

4 S Variable unit Sizing variable 100 

3 t s Time 

3 T K Temperature 

4 U W m-2 K-1 Heat transfer coefficient 

3 V m3 Volume  
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Table A7.8.2 – Continued. List of symbols. 

Section of 
Appendix A7 Symbol Unit Significance 

1 wa kg kg-1 
Total air mass, normalized to fuel mass, 
supplied for gasification, reforming, and 
combustion processes 

3 
x m 

Length coordinate in oxygen permeation 
model 

1 γa % Relative humidity of air 

3 θ [-] Stage cut 

3 σe, σi S cm-1 Conductivity, electronic and ionic 
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CHAPTER 8 
Reflections and perspectives 

 Introduction 
The work described in this thesis all aims to develop Oxygen Transport Membranes 

(OTMs) for use in carbon capture processes. Ultimately, but within a limited time frame, 
OTMs should be economically viable and technologically mature enough to be 
considered as an industrially relevant technology. As discussed in the introduction, carbon 
capture is one of the technologies required to mitigate the temperature rise on earth. 
According to climate prediction models also discussed in the introduction, the likelihood 
of limiting the average temperature increase to 2 °C is low if we do not start to capture 
CO2 within a few years and on a relevant scale. Whether or not the scale of carbon capture 
technology will be increased to the proposed levels is merely dependent on politics, as the 
required technology exists. For OTM technology to be relevant in the portfolio of carbon 
capture technologies, it needs to be at least on par with other technologies in terms of 
process economy and reliability within the same few years. We will not judge whether or 
not this is a realistic target, but rather focus on the current and foreseen challenges and 
indicate some possible solutions or directions. Here, the added value of the research 
presented in this thesis is discussed and put in perspective, and some directions are given 
for future research. 

 Reflections 
During the trajectory of the PhD project, wide ranges of materials, measurement 

methods, and phenomena have been used and studied. To end up with the results 
displayed in this thesis, many more measurements were performed, which were in 
hindsight not the ideal ones due to various reasons.  

8.2.1 Synthesis and sample preparation 

In terms of synthesis and sample preparation, a few things need to be highlighted. 
First, the fabrication of dense pellets is required for many transport-related 
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characterization techniques, such as Electrical Conductivity Relaxation (ECR), oxygen 
permeation, and Pulse Isotopic Exchange (PIE) measurements. The fabrication of dense 
samples is not trivial for materials with poor sinter activities, for example due to the 
chosen calcination conditions or to insufficient milling and sieving. Calcination, which is 
performed to obtain a phase-pure powder with the desired crystal structure, may have to 
be performed at temperatures close to the temperature at which evaporation becomes 
significant. In such case, no sintering temperature yielding a dense sample may be found. 
Alternative sintering routes such as field-assisted sintering 1, microwave-assisted 
sintering 2, or hot isostatic pressing 3, or temperature profiles with a short time at the 
maximum temperature and fast heating and cooling rates may all be considered as 
alternative routes to achieve densification. Should time have permitted to do so, it might 
have been convenient to use such techniques, for example, in Chapter 4, in which it might 
have been possible to fabricate samples of better quality with a reduced number of trials.  

Another sample preparation related issue concerns the fabrication of samples with 
nanoparticles at the surface. Such samples were claimed to show catalytic effects for the 
Oxygen Reduction Reaction 4. While performing such experiments, we encountered 
various challenges. First, the surface roughness of polished dense samples should be either 
quantified or manufactured with high reproducibility, both of which could have been 
given more attention. Automation of sample polishing and quantifying the surface 
roughness and its effect on the surface exchange rate should be considered before studying 
the effect of nanoparticle deposition on OTM surfaces. Second, the deposition of 
nanoparticles and the quantification of the deposited amount are not trivial either. Dip-
coating, drop-coating, and spin-coating of dissolved metal nitrates with subsequent 
calcination are methods which enable the deposition of oxide or carbonate nanoparticles. 
Again, the reproducibility of these methods is not ideal due to them being (partly) 
manually operated. Metal nanoparticles can be deposited by sputtering, after which the 
particles can be pinned to the surface by a calcination treatment. Quantifying the number 
of deposited particles may be done by image analysis or by weight analysis, none of which 
proved easy and reliable. The more elegant and possibly more reproducible method to 
obtain nanoparticles atop a surface is exsolution 5-8. With this method, the composition 
of the sample together with thermodynamics and kinetics determine the presence, size, 
amount, and distribution of particles.  
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8.2.2 Optimization of measurements 

Measurements form the main part of any research project. However, without a 
thorough plan, performing measurements will likely not yield the desired results. In such 
a plan, some key parts are the questions which should be answered by the experiments, 
the techniques required to measure the data, and the order and conditions in which 
experiments are performed. For the experiments described in this thesis, most of the 
optimization related to measurements was found in improving the data quality and 
reproducibility of measurements. Especially in the case of ECR and PIE experiments this 
was the case, as these techniques rely on custom-built setups. For example, to perform 
the ECR measurements described in Chapter 3, both the setup and the measurement 
method required adjustments. First, the temperature control had to be improved to 
decrease the overshoot on heating and cooling. This enabled to start a measurement 
sooner after a new temperature was established. Second, the sampling rate had to be 
increased to > 10 Hz in order to record a sufficient number of data points per relaxation 
event to enable fitting with the model. Third, to enable continuous measurements of 200 
h or more, the setup had to be fully automated in terms of both hardware and software. 
Automation turned out to be both highly time-consuming to realize (~1 year) and very 
useful once it worked sufficiently well. Naturally, debugging and incorporating new ideas 
were done simultaneously with performing the experiments, and will never be fully 
complete. 

Next to measurement automation, a key aspect in obtaining high quality ECR data 
is the sample itself. Typically, in case ECR data could not be fitted to the model properly, 
this was due to undesired sample-related effects. For example, surface restructuring, 
restructuring of the crystal during ageing at certain temperatures and pO2, contamination 
of the sample surface, or the formation or propagation of (micro)cracks could all hamper 
the quality of obtained data. Whereas in some cases it could be sufficient to repeat the 
measurement with another specimen, in other cases it may be necessary to adjust the 
measurement order, maximum temperature, annealing time at a certain temperature.  

8.2.3 Modeling and data analysis 

After automation of the ECR measurements, a new method to analyze the data was 
required. As a data file is recorded for every single step in pO2, the continuous 
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measurements during ~200 h in Chapter 3 generated 2400 data files per experiment (three 
oxidation and three reduction runs per hour). Previously, the data was treated manually, 
i.e. plotting, normalization, and fitting were performed manually in a file-by-file 
workflow. To increase the efficiency, a Matlab routine was written which can perform 
these steps automatically after the experimenter has specified a few parameters. After 
fitting of the files has completed, the experimenter just has to verify that the values of the 
fitting parameters are in a plausible range, that the data and fitting quality are both 
sufficient, and that the reproducibility is good. It is strongly advisable to start fitting the 
data while the measurement is running to save experimental time. Not only is the data 
quality more easily judged after fitting, but also could the user decide to perform 
additional experiments if the data obtained during part of an experiment is not 
satisfactory. 

8.2.4 Applications 

During the GREEN-CC project, which consisted of academic as well as industrial 
partners, one of the recurring questions was one related to strategical decisions: should 
we design an OTM in terms of materials, microstructure, and macrostructure based on 
the needs in a specific chemical process, or should we adapt the process conditions and 
design to the best possible OTM? Logically, this question has no definitive single answer, 
as an answer is heavily dependent on the role of the person answering the question. Both 
parties have to speak each other’s language to find the best solution for the specific case. 
Possibly, the etc. Propitiously, in case OTMs remain an academic product rather than an 
industrial one, the knowledge obtained while performing research into OTMs is relevant 
for other applications, such as Solid Oxide Fuel Cell cathodes, electrolyzers, or 
perovskite-based catalysts.  

 Perspectives 
The wide range of topics covered by this thesis, including synthesis aspects, the 

enhancement and understanding transport properties, the chemical stability of oxides in 
CO2, as well as the design of carbon capture power plants based on OTMs, can be 
interpreted in various ways. Most notably, the large variety in the topics may indicate that 
there is still a significant amount of work to be performed OTMs can be applied in an 
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industrially viable way. First, some general topics will be discussed here, after which some 
reflections on specific chapters are given. 

In the field of OTMs, the common mode towards progress seems to be the 
optimization of properties by endless substitution of certain cations for others. Materials 
become more and more complex as a larger number of different cations is used. However, 
a significant increase in oxygen flux at a concomitant decrease in operating temperature 
is asked for. Meanwhile, concessions in price and availability of raw materials, safety 
aspects, mechanical properties, and stability should be avoided as well, since most of these 
aspects are not sufficient for industrial scale use of OTMs yet. Tuning the materials’ 
properties by substituting one cation for another may improve some of these parameters, 
but this is typically at the expense of other properties. The required large step may more 
likely be found by understanding the fundamentals, and designing the materials 
accordingly. Some inspiring publications based on this philosophy were published 
recently related to oxygen surface exchange processes 9-12. While molecular dynamics 
simulations and density functional theory calculations may be of good use in 
understanding the fundamentals, it will remain challenging to translate their results into 
materials with improved properties. Meanwhile, materials scientists can continue to 
contribute to the fundamental understanding of oxygen transport, surface exchange 
kinetics, and stability by systematically investigating series of materials, as for example 
carried out by Wang et al. 13.  

Based on the current status of the literature as well as on this thesis, the most urgent 
but likely also the most challenging problem for OTM technology is the oxygen flux as 
function of temperature. At high temperatures, typically 900 °C and above, the oxygen 
flux through selected mixed ionic-electronic conductors such as Ba0.5Sr0.5Co0.8Fe0.2O3-δ 
(BSCF) is high. High temperatures however come at the expense of many other 
parameters which determine the amount and quality of produced oxygen. For example, 
the membrane sealing quality and stability 14, the compatibility with the steel or alloy 
membrane housing and the OTM itself in terms of thermal expansion and reactivity 15, 
the need for a type of steel or alloy which can withstand the high temperature under 
oxidative conditions 15, and the amount of heat available in a typical plant which is too 
little to reach the membrane operating temperature by heat integration (see Chapter 7). 
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Second to that, most materials that have shown the highest oxygen fluxes, such as 
BSCF or La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF), typically come with unfavorable stability. 
Phenomena such as phase transitions, mechanical strength, and reactivity in atmospheres 
containing CO2, SO2, or steam, may limit the practical use of the materials with high 
oxygen fluxes. At the other side of the spectrum, some materials have been studied which 
show much better stability but also much smaller oxygen fluxes. Examples in this category 
are dual-phase composites which do not contain alkaline earth cations 16,17, or perovskite 
oxides with a high content of stable cations due to donor doping (for example containing 
Ta6+ or Nb5+) 18,19.  

Further complications include issues related to the raw materials, including the 
safety aspects (for example, Co and Ni salts or oxides are often toxic or carcinogenic), the 
scarcity (many of the cations used in OTMs have been listed as critical raw materials by 
the EU 20), and the prices of some of the cations. Next to that, issues with the mechanical 
strength exist, such as the insufficient sinterability of some types of perovskite oxides, the 
largely different thermal expansion coefficient of some combinations of membrane, 
sealing, and housing, and degradation due to chemical reactions with gases, metals, or 
sealing materials. Finally, only very little results have been published regarding the reliable 
upscaling of membrane production in terms of the size of individual membranes and of 
total membrane area. Before production of OTMs can take place at an industrially 
relevant scale, the production process needs to be reliable. 
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