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Abstract 
 
At present, approximately 81% of the world's primary energy use relies on fossil fuels 
(natural gas, coal, and oil). As a result, emissions of the greenhouse gas CO2 have 
increased dramatically, resulting in major effects on the climate of the globe. One 
option for reducing anthropogenic CO2 emissions to the atmosphere is to capture the 
CO2 produced by large, stationary point sources, such as power plants, and to store it 
in geological formations. 
There are basically three technologies for CO2 capture from power plants: post-
combustion, pre-combustion, and oxy-combustion. The use of mixed-conducting 
membranes for integrated air separation in oxy-combustion power plants is often 
referred to as a promising technology with a relatively small efficiency penalty. 
However, this type of membrane adds several operational and material constraints that 
need to be considered to obtain sound process performance. The membrane-based gas 
turbine power plant analysed in this work includes a membrane reactor, where large 
amounts of CO2 and H2O are recycled to moderate the combustion temperature and to 
increase the driving force for oxygen permeation rates through the membranes. The 
membrane operates in a narrow range with respect to temperature, interactions with 
gaseous species such as CO2, and temperature gradients. The use of mixed-conducting 
membranes for integrated air separation also creates a need for other critical process 
components that adds further constraints. 
The membrane-based power plant was analysed with respect to design performance, 
steady-state and transient part-load (off-design) operation, transient response to 
failures, and performance deterioration due to degradation of individual process 
components as well as start-up and shut-down procedures. There was an emphasis on 
operational and material constraints that need to be considered to achieve a reasonable 
lifetime of critical process components. 
A multi-scale modelling approach for the time and spatial domains was chosen for the 
detailed analysis of the membrane-based gas turbinef power plant. Key process 
components were based on spatially distributed conservation balances for energy, 
species, and mass. A stability diagram was incorporated into the membrane module 
model to investigate the risk of degradation. Performance maps were employed for 
proper off-design performance of the turbomachinery components. 
For part-load operation, two load-control strategies were analysed for a mid merit gas 
turbine operating at constant rotational speed. In the first load-control strategy, 
variable guide vanes in the gas turbine compressor were used to manipulate the mass 
flow of air to the gas turbine compressor. This degree of freedom was used to control 
the turbine exit temperature. In the second load-control strategy, variable guide vanes 
were not used and the turbine exit temperature was allowed to vary. The mean solid-
wall temperature of the membrane modules was maintained close to its design value, 
which leads to improved stability. Furthermore, the pressure in the recycle loop was 
controlled to minimize the mechanical load to the walls of the monolithic membrane 
modules and heat exchangers. Steam must be added to the membrane reactor to 
sustain sound process conditions. 
It was found that the membrane-based gas turbine power plant had a narrow operating 
window due to operational and material constraints, when compared to a conventional 
gas turbine power plant. Moreover, the membrane-based power plant exhibits rather 
slow dynamics. Fast load-following is thus not recommended, nor is it even possible. 
Two more general conclusions can be drawn from this work. First, the analysis of 
complex technical systems, such as the membrane-based power plant, should not be 



 
 

subdivided into (i) design, (ii) off-design, and (iii) transient analysis. For instance, a 
process may have inherent dynamics that lead to constraining conditions for off-
design operation. Secondly, operational and material constraints must be considered 
to arrive at a more realistic picture of the feasibility of novel processes. 
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1 Introduction 
 

1.1 Current Energy Situation 
 
Modern industrial as well as developing countries depend heavily on energy1. Future 
increases in energy consumption will be difficult to stop, in view of the expected 
growth of the global economy combined with the need to compensate for declining 
soil fertility and fresh water availability. At the same time, society has access to high-
quality reserves of fossil fuels and mineral ores [2]. Fully 81% of the globe’s primary 
energy comes from fossil fuels, with 13% from renewable energy, and 6% from 
nuclear energy sources [2]. Fossil fuels, in particular for power generation, are 
expected to remain dominant with roughly an 80% [2] share of total primary energy 
through to 2050 [2-4]. In 2006, modern renewable energy sources produced 
approximately 17EJ, with the largest share of 11.1EJ from hydropower and 4.6EJ by 
biomass2 [2]. Most of the renewable energy sources (45EJ) came from wood in 
developing countries. The average annual growth rate of modern renewable energy 
sources is about 3% [1]. The future potential of modern renewable energy sources is 
very sensitive to environmental changes, i.e. modern renewable energy sources can 
also have serious environmental impacts when used on a large scale [2-3]. 
At the end of 2007, more than 400 nuclear power plants were in operation with a total 
power generation capacity of 9.4EJ [2]. Recoverable conventional resources of 
uranium are estimated to 17.1 million tonnes, which would last for several hundred 
years at current rates of annual power generation [2]. During reactor operation, 
negligible amounts of CO2 are emitted. But nuclear power faces considerable public 
opposition, based on the high risk to human and ecosystem health and safety3,4. 
 
The switch from fossil fuels to renewable, and possibly to nuclear energy sources, is 
further hampered by the fact that the current infrastructure is based on the use of fossil 
fuels [12]. To employ alternative energy sources on a large scale, extensive changes 
and construction would be necessary5,6. This would lead to hasten climate change in 
addition to faster depletion of fossil fuel sources [2]. 
 
 

                                                 
1 In 2007, the total world consumption of fossil fuels corresponded to an equivalent of 
409,000,000,000,000,000,000J (409 exajoule) [1]. 
2 Other forms of renewable energy sources are sunlight, wind, temperature difference in soil and sea, 
chemical difference between fresh water and sea water, tides, and differences in elevation [4-9]. 
3 It should also be noted that in at least three countries (India, Iraq, and Israel) the use of research 
nuclear reactors has been aided to the development of nuclear weapons [10]. 
4 Other nuclear sources for power generation, such as fusion, are not expected to be of practical 
relevance in the next few decades [11]. 
5 Renewable technologies, such as wind power, could also produce greater risks of supply interruptions 
[12]. 
6 This is a global viewpoint, i.e. the distribution of energy sources may be very different for individual 
countries. In Norway for instance, power generation in 2007 was composed of hydro power, with a 
total share of 98.26%, wind power, with a total share of 0.65%, and heat power, with a total share of 
1.09% [13]. 
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1.2 CO2 Capture and Storage 
 
Climate models predict that if anthropogenic greenhouse gases are not curbed, 
extreme climate events, such as droughts and intense storms, will occur more 
frequently, with significant consequences for the global ecosystem and human 
welfare7 [3, 15-16, 25]. 
Carbon dioxide capture and storage (CCS) is one option in the portfolio of mitigation 
methods for the stabilization of anthropogenic greenhouse gases8,9 [4, 8, 12, 32, 37-
38]. In CCS, the CO2 is captured at large point sources (for instance power plants), 
transported to a storage site, and injected into a geological formation, such as depleted 
oil and gas fields, unmineable coal seams, and saline formations, as shown in Figure 
110,11. At present CCS is operating on a trial basis, with 3 megatons of CO2 per year 
captured from power plants or natural gas cleanup [12]. On a global scale, power 
generation is the largest contributor to anthropogenic CO2 emissions12,13 with over 7 
gigatonnes every year [33, 35, 43-45]. Total anthropogenic emissions are 3.67 trillion 
tonnes of CO2, about half of which has already been emitted since industrialization 
began [46]. 
 

                                                 
7 Of much concern is the fact that the Earth’s climate represents a strongly nonlinear complex system 
[14-19] exhibiting feedbacks and emergent behavior, i.e. it is predisposed to unexpected outcomes [20-
23]. Hence, certain phenomena may reinforce and prolong the multi-century-long recovery process 
until the climate has stabilized [15, 24]. Sea levels, for instance, may continue to rise even after land 
areas have begun to cool [15]. 
8 The dominant anthropogenic global warming contribution is from CO2 emissions because of its long 
lifetime in the atmosphere [26]. But other non-CO2 ‘Kyoto gases’, such as methane, nitrous oxide, 
hydrofluorocarbons, perfluorocarbons, and SF6, are expected to produce as much warming as 125 Gt 
of carbon in the form of CO2 would [27], or one-third of total CO2 equivalent [28]. Moreover, further 
complications arise as a result of specific properties of chemical species. Methane, for example, is 
chemically reactive leading to additional effects [29]. Consequently, a focus on CO2 may prove 
insufficient in the near term if pollutants with shorter lifetimes do not gain comparable attention [26, 
30-31]. 
9 The concentration of CO2 in the atmosphere has increased from a pre-industrial level of about 
280ppm to the current concentration of 385ppm [4, 19, 32]. Proposals to limit atmospheric CO2 to a 
concentration that would prevent most damaging climate change have focused on a goal of 500±50ppm 
[8, 33]. But leading environmental scientists suggest a limit of not more than 350ppm [27]. Ergo, CO2 
levels already exceed those that would provide long-term safety, and we need to do more than just stop, 
we need to reverse course [27]. In this respect photosynthesis is currently the only practical form of air 
capture [34]. Air capture has been ignored by the IPCC, but Canada, the United States and Switzerland 
have further developed this technology in form of prototypes [23, 35]. Geoengineering approaches 
have also been proposed to cope with global warming, such as by reducing the amount of energy 
entering the Earth by increasing the amount of sunlight that bounces back out into space without being 
absorbed [32, 36]. 
10 On a global basis, the original static estimates of storage capacity are now being substantially 
downgraded to several decades rather than hundreds of years of emissions. It needs to be determined if 
CCS can provide a major contributor or a niche for CO2 emissions mitigation [12]. Estimates of 
worldwide potential storage capacity range from 1700 to almost 11000 gigatonnes of CO2 [39]. 
11 First proposed in 1977 [40], ocean storage of CO2 has also received considerable attention, but due 
to environmental, legal, and economic concerns, interest in ocean storage has declined [7, 34, 41]. 
12 In 2007, there were 2211 power plants that emitted at least 1 megaton of CO2: 1068 were in Asia 
with 559 in China alone; 567 in North America, with 520 in the United States; 375 in Europe, and 157 
in Africa [42]. 
13 The ocean is the largest carbon source with an outgassing of more than 90 gigatonnes per year. But it 
also absorbs over 92 gigatonnes per year [43]. 



3 
 

 
 

 
 

Figure 1: CO2 capture and sequestration[32]. 
 
 
 
CCS assumes that small amounts of CO2 will leak back from the storage sites to the 
atmosphere. In order to benefit from the use of CCS, the leakage rate and energy 
penalty must be lower than cases where CCS had not been implemented. In addition 
to major engineering challenges, decisions regarding the implementation of CCS also 
depend on political and economic considerations [47-48], since the capture process 
accounts for more than 70% of overall cost [7, 12, 49]. Implementation of CCS results 
in less efficient power plants in the sense that they produce more CO2 for a given 
output of electricity. The additional energy requirement for CCS is in the range of 10-
40% [4]. Available CO2 capture technology is expected to capture about 85-95% of 
the CO2 produced [4]. 
 
 

1.3 Power Cycles 
 
There are three basic approaches for CO2 capture from fossil fuel-based power 
generation processes: (i) post-combustion, (ii) pre-combustion, and (iii) oxy-
combustion [4, 50-51], which will be briefly explained in the following subchapters. 
 
 

1.3.1 Post-Combustion Processes 
 
The post-combustion concept is shown schematically in Figure 2, where fuel is 
burned in air and the CO2 is captured afterwards from the flue gas. The 
thermodynamic driving force for CO2 separation is relatively small due to the high 
dilution with nitrogen in conjunction with a low total pressure. Chemical absorption is 
usually used with low CO2 pressures. For high CO2 pressures, physical absorption is 
used because it is less energy intensive than a chemical absorption process [52]. CO2 
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capture from post-combustion power plants has the advantage that it can be applied to 
already constructed plants14. But major disadvantages include the large size of the 
equipment and the production of toxic by-products during the regeneration process of 
the solvent [12].  
 
 

 
 

Figure 2: Post-combustion CO2 capture from power plants [4]. 
 
 
 

1.3.2 Pre-Combustion Processes 
 
In pre-combustion processes, shown in Figure 3, the fuel reacts with oxygen in an 
under-stoichiometric atmosphere to produce a synthetic gas (syngas) with high 
concentrations of carbon monoxide, hydrogen, water vapour, and CO2. After CO shift 
conversion, the CO2 is separated and the hydrogen is burned as fuel, for instance in an 
Integrated Gasification Combined Cycle plant (IGCC). Gasifiers can operate at 
pressures of 6.5MPa or higher. The thermodynamic driving force for the CO2 
separation is hence high, which allows for the use of cheaper capture processes [7]. 
On the other hand, pre-combustion capture is expected to have high construction costs 
and decreased short-term flexibility [12]. 
 
 

 
Figure 3: Pre-combustion CO2 capture from power plants [4]. 
 
 
 

                                                 
14 It is expected that amine scrubbing will probably be the dominant technology for CO2 capture from 
coal-fired power plants in 2030 [53]. 
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1.3.3 Oxy-Combustion Processes 
 
In oxy-combustion power plants, fuel is burned in a nearly stoichiometric atmosphere, 
i.e. oxygen purities are higher than 95%. The main products in the flue gas are then 
water vapour and CO2. Oxygen can basically be produced either by external air 
separation or integrated air separation. Figure 4 shows the block diagram for oxy-
combustion power plants with external air separation. The characteristic feature is the 
recycling of conversion products (mainly water vapour and CO2) to moderate the 
combustion temperature. In this respect, different methods are possible: (i) recycling 
of water vapour and CO2 in gas form, (ii) separation of water vapour and CO2 with 
subsequent water vapour recycling, or (iii) liquid water recycling, or (iv) recycling of 
gaseous CO2. Impurities such as water (vapour), oxygen, and nitrogen15 are removed 
before end storage. The principle of integrated air separation is shown in Figure 5. 
 
 

 
 

Figure 4: Oxy-combustion CO2 capture from power plants with separate air separation [4, 54]. 
 
 
 

                                                 
15 Entering the carbon side through the fuel. 
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Figure 5: Oxy-combustion CO2 capture from power plants with integrated air separation [4, 54]. 
 
 

1.4 Importance of Membrane-based Power Plants with CO2 
Capture 

 
As stated above, one option for power plants with CO2 capture is the oxy-combustion 
concept, where dilution of CO2 with nitrogen is avoided. Cryogenic air separation, 
usually applied in the large-scale production of oxygen, is very energy-intensive [55] 
and does not offer many possibilities for system improvements. The membrane-based 
combined cycle power plant analysed in this work16 was introduced as a highly 
efficient and cost-effective process for CO2 capture [50, 56-57] with an efficiency 
penalty of only four percentage points, including the compression of the CO2 to 100 
bar [56] (6.2 percentage points were found in this work, including compression of the 
CO2 to 110 bar). In addition to the relatively low efficiency penalty, the membrane-
based power plant concept relies on standard air-based gas turbine technology [56]. 
As a result, large modifications of the turbomachinery are not required when 
compared to other oxy-combustion power plants, which use CO2 and/or water 
(vapour) as working fluid [58-59]. The basic process of the membrane-based gas 
turbine power plant was originally invented by StatoilHydro (formerly Norsk Hydro, 
Norway) [56]. 
 
For the analysis of (power) processes (with CO2 capture), modelling and simulation 
plays a vital role. Despite the plethora of publications dealing with novel processes, 
there is a lack in our current understanding of the interplay of process components in 
off-design or transient operation, and even more, in the quantitative analysis of (long-
term) stability, failure response, and operability in general. Furthermore, even for the 
analysis of off-design and transient process behaviour, highly simplified (zero-
dimensional) models are often used. It is just not possible to make quantified 

                                                 
16 In the literature, this is usually referred to as the so-called Advanced Zero Emission (gas turbine 
power) Plant (AZEP) [56]. 
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statements of internal phenomena. The design, off-design, and transient analysis of 
processes must be carried out together. For instance, conclusions drawn from an off-
design analysis may not be true for the process during transients. 
 
The overall aim of this work was to obtain fundamental insights into gas turbine 
power plants with mixed-conducting membranes for integrated air separation by 
means of mathematical modelling and numerical simulation. Several material-specific 
properties of the oxygen mixed-conducting membrane17, obtained experimentally [56, 
60-72], were incorporated into a detailed gas turbine power plant model. The main 
modelling and simulation tool used in this work was gPROMS [73-74], a state-of-the-
art equation-oriented software tool. 
 
 

1.5 Applied Methods for the Analysis of a Membrane-Based 
Gas Turbine Power Plant 

 

1.5.1 Multi-Disciplinary Analysis 
 
This work underlines the strong interaction between process engineering, applied 
mathematics, material science, and cybernetics, as shown in Figure 6, to provide high-
quality information about the feasibility of a membrane-based power plant. 
 
 

 
 

Figure 6: Multi-disciplinary approach for the analysis of a membrane-based power plant. 
 
 
                                                 
17 Mixed-conducting membranes for oxygen separation are also referred to with acronyms such as 
OMCMs (Oxygen Mixed-Conducting Membranes) ITMs (Ion Transport Membranes), OTMs (Oxygen 
Transport Membranes), and MIEC (Mixed Ionic Electronic Conducting) membranes. 

Material Science

Process 
Engineering

Cybernetics Applied 
Mathematics
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1.5.2 Multi-Scale Modelling 
 
The membrane-based gas turbine power plant, and related complex (technical) 
systems in general, are characterized by phenomena that span a large range of spatial 
and time scales. These phenomena are in many cases a result of the compounding role 
between individual sub-systems in these two domains. The multi-scale modelling 
approach18 has found its way into many fundamental as well as applied scientific 
disciplines, such as mathematics, medicine, and chemical engineering [76-87]. At 
present, it is dominantly used by the material science community [85, 87]. 
In this work, a multi-scale modelling approach was applied to incorporate knowledge 
from different disciplines. The essential step for successful multi-scale modelling is to 
focus on the right level of description [88] and the most important phenomena in the 
system. There is a delicate balance between the inclusion of sufficient details to 
account for individual process component behaviour, and the limitations on the most 
essential phenomena to make it possible to solve the model with current state-of-the-
art simulation tools19. The most detailed process component in the membrane-based 
gas turbine power plant model is the membrane module itself. Apart from the solid 
phase for the insulation, which was modelled in two dimensions, species and energy 
conservation balances were formulated in one dimension. A two- or even a three-
dimensional model would lead to a considerably larger model size without gaining 
more insight into the physics of the system. Furthermore, it is expected that gPROMS 
would not sustain the numerical robustness that was obtained in this work20. 
The step from steady-state to transient models leads to a much larger impact in terms 
of system complexity than the consideration of an additional spatial coordinate. This 
is because the resulting dynamics of a complex system may be very different from 
those of individual process components. For instance, whereas thermal inertia of the 
stand-alone membrane module was found to be rather fast (paper I), when the module 
is included in the power plant, much longer transients were found for the whole 
system (paper III). Conclusions drawn from the behaviour of individual process unit 
could not be transferred a priori to the highly integrated process. 
 
 

1.5.3  Simulation Tools 
 

                                                 
18 The expressions ‘scales’ and ‘level’ are used interchangeably in the literature by several authors. 
Here, we follow the approach used by Li et al. [75], where a level can include several scales in the 
system's hierarchy. 
19 It can also be stated as follows: "A good theoretical model of a complex system should be like a good 
caricature: It should emphasize those features which are most important and should downplay the 
inessential details" [83]. 
20 One monolithic membrane module and heat exchanger, respectively, consists of approximately 6600 
gas channels. The membrane reactor assumed in this work is connected to a mid merit gas turbine with 
a power output of approximately 20MW and includes 576 monoliths of each type (membrane module, 
high-temperature heat exchanger, low-temperature heat exchanger, and bleed-gas heat exchanger). 
Modelling of all gas channels in the membrane reactor would lead to a set of several million energy 
balances for the gas phase alone. An even more dramatic increase would arise when considering all 
chemical species in the system. In comparison, the power plant model used in this work consists of 
approximately 14000 equations. 
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The main simulation tool for the analysis of the membrane-based power plant was 
gPROMS [73-74], a commercially available state-of-the-art equation-oriented 
modelling and simulation software package. gPROMS is able to solve a mixed set of 
time-dependent partial differential, integral, and algebraic equations of nearly 
arbitrary complexity. The equations are solved simultaneously rather than 
sequentially, which is one of the main advantages of gPROMS21. The current version 
of gPROMS (3.2.0) offers only one solver (DASOLV solver) for the solution of 
mixed differential and algebraic equations. The DASOLV solver applies the implicit, 
variable time step/variable order backward differentiation formulae22 [74]. The time 
step is automatically adjusted. Physical gas phase properties were taken from 
Multiflash [74]. 
The membrane-based gas turbine power plant model included a number of parameters 
that were based on experimental data and tentative diagrams. To generate a 
continuous function of the set of specific values, non-linear least squares regression 
was applied using DataFit23 [91]. Regression was used for: 
 
 Transport parameters for the membrane, including temperature-dependent 

oxygen ion concentration (c0), oxygen self-diffusion coefficient (D0), and 
fitting parameter for the oxygen partial pressure dependency of oxygen flux 
(n) used in the calculation of the oxygen permeation (Papers I-IV) 

 
 Approximate stability limits with respect to temperature, CO2 as well as 

oxygen pressure, specifying unstable regimes due to carbonate formation and 
oxidation (Papers II-IV) 

 
 compressor off-design performance maps with respect to mass flow, pressure 

ratio, isentropic efficiency, and surge line (Papers II-IV) 
 
 gas turbine turbine off-design performance maps with respect to isentropic 

efficiency (Papers II-IV) 
 
 cooling flow requirements for the gas turbine turbine (Papers II-IV) 

 
 part-load performance maps of the membrane-based gas turbine power plant, 

with and without afterburners, and the two load-control strategies, with and 
without variable guide vanes, with respect to mass flow of air, steam, fuel to 
the catalytic combustors as well as afterburners, and total pressure in the 
recycle loop as a function of the power output (Papers II-IV). 

 
 
The steam cycle and heat recovery steam generator in design and part-load (off-
design) was executed in GTPRO/GTMASTER [92] (Paper II). 
                                                 
21 In fact, for a sparse, square set of equations there can be found irreducible subsets of equations that 
can be solved themselves without involving all unknowns of the problem [89]. 
22 The second solver (SRADAU) is based on a variable time step, fully-implicit Runge-Kutta method 
[74]. The solution of the models developed in this work using the SRADAU solver of previous 
gPROMS versions showed that both solvers give similar performance in terms of accuracy, numerical 
stability, and required CPU time. 
23 DataFit utilizes the Levenberg-Marquardt method, which represents an optimal compromise between 
steepest descent (only efficient far from the minimum) and the Gauss-Newton method (only efficient 
when close to the minimum) [90]. 
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It was found that Multiflash gives rather poor fluid properties at low temperatures. 
Therefore, the heat exchanger for steam production and cooling before flash 
condensation were executed in Aspen HYSYS [93] (Paper II). 
Matlab[94] was used for system analyses of the membrane module as well as 
conventional and membrane-based gas turbine power plants after linearization in 
gPROMS. More specifically, it was used for: 
 
 Model reduction of the membrane module model (Paper I) 

 
 Calculation of the eigenvalues for the membrane module model (Paper I) 

 
 Calculation of the relative gain arrays for the conventional and membrane-

based power plant with and without afterburners and the two load control 
strategies at different load points and frequencies (Papers II-IV). 

 
 

1.6 Project Description 
 

1.6.1 Thesis Structure 
 
The following chapters in this part of the thesis provide a brief overview of natural 
gas-fired power plants with CO2 capture using mixed-conducting membranes. A 
separate chapter was dedicated to a more general overview of mixed-conducting 
membranes, including materials, crystal structure, mechanisms of oxygen transport, 
stability and module designs, with an emphasis on La2NiO4+δ, which was the 
prototype membrane material assumed in this work. The first part closes with some 
recommendations for further work. 
The second part of the thesis deals with the detailed modelling of a monolithic 
membrane module for integrated air separation in oxy-combustion power plants. 
Steady state as well as transient analyses were performed with the membrane module 
model. Moreover, linear model reduction was used to generate models with a lower 
number of system states while preserving their main dynamic characteristics. This 
reduced-order model can be used for control purposes (Paper I). 
In the third part of the thesis, the membrane module model was extended by adopting 
a tentative stability diagram to analyse the risk of degradation. The membrane module 
model was included in a detailed gas turbine power plant model for integrated air 
separation. Operational and material-specific constraints were included to provide 
more realistic conditions for the power plant analysis. For part-load operation, two 
different load control strategies were investigated for the turbomachinery operating at 
constant rotational speed. The gas turbine power plant was linked to a bottoming 
steam cycle and CO2 conditioning system to analyse the overall effect of CO2 capture 
in comparison to a conventional combined cycle power plant (Paper II). 
The fourth part of the thesis deals with the transient analysis of the membrane-based 
gas turbine power plant for the two load-control strategies. The operational and 
material-specific constraints were emphasized to obtain suitable load-decrease as well 
as load-increase rates of the power plant. Possible start-up and shut-down procedures 
were presented on a qualitative basis (Paper III). 
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The fifth part of the thesis analyses the effect of the degradation of individual gas 
turbine power plant components on its overall performance. Based on experimental 
and literature data, global degradation rates were included in the power plant model. 
Degradation of the membranes was emphasized. But performance deterioration of 
turbomachinery components was also included (Paper IV). 
 
 

1.6.2 Author’s Scientific Contributions with Respect to Findings 
 
 Combining academic analysis methods with highly practical issues 

 
 Emphasizing the importance of incorporating substantial knowledge from 

material science and control engineering into process engineering by means of 
a multi-scale modelling approach (spatial and time domain) 

 
 Development of a detailed transient model of a monolithic mixed-conducting 

membrane module 
 
 Adoption of material-specific properties into the membrane module model to 

define its operating window 
 
 Development of transient membrane-based gas turbine power plant models 

(with and without afterburners) using the models mentioned above 
 
 Collection of material and operational constraints for individual membrane 

reactor components and the gas turbine power plant to define the operating 
window for the safe operation of gas turbine power plants 

 
 Determination of design specifications for the gas turbine power plants where 

material and operational constraints were not violated 
 
 Determination of part-load operating windows for the gas turbine power plants 

for two load-control strategies where material and operational constraints were 
not violated 

 
 Determination of suitable load change rates (decreases and increases) for the 

gas turbine power plants using the two load control strategies where material 
and operational constraints were not violated 

 
 Implementation of degradation effects of individual process components to 

analyse the long-term stability of the power plants 
 
 Development of start-up and shut-down procedures for the gas turbine power 

plants that lead to minimized stresses for the membrane modules and other 
critical membrane reactor components 

 
It is important to mention that the entire gas turbine power plant models with all 
physical properties (thermodynamic properties, performance maps, and material-
specific properties) were implemented in one simulation tool only, namely gPROMS. 
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1.6.3 Author’s Research Contributions with Respect to Papers I-IV 
 

Paper I 

 
The author conceived of the paper concept, performed the main simulation work as 
well as the interpretation of results, and wrote the paper. 
 
 

Paper II 

 
The author conceived of the paper concept, performed the main simulation work as 
well as the interpretation of results, and wrote the paper. 
 
 

Paper III 

 
The author conceived of the paper concept, performed the simulation work as well as 
the interpretation of results, and wrote the paper. 
 
 

Paper IV 

 
The author conceived of the paper concept, performed the simulation work as well as 
the interpretation of results, and wrote major parts of the paper. The experimental data 
used for the selection of some model parameters and validation of selected results, 
were provided by Dr Vladislav Kharton (University of Aveiro, Portugal) and his 
colleagues from the University of Aveiro and from the Belarus State University, 
Minsk. The author participated in the analysis of the experimental data, and 
performed the interpretation necessary for the model formulation. 
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2 Natural Gas-Fired Power Plants with Mixed-
Conducting Membranes 

 

2.1 Conventional Combined Cycle Power Plant without CO2 
Capture 

 

2.1.1 Gas Turbine Power Plant (Brayton Cycle) 
 
A conventional gas turbine power plant is shown in the upper part of Figure 7. The 
corresponding pressure-volume and temperature-entropy slopes for the ideal process 
are shown in Figure 8. The working fluid (air) is compressed isentropically (1→2), 
mixed with the fuel and burnt under isobaric conditions (2→3). The hot exhaust gas is 
afterwards expanded isentropically through the turbine (3→4) [95-96] and fed to the 
steam cycle. 
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Figure 7: Conventional combined cycle power plant [97-98]. 
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Figure 8: Pressure-volume and temperature-entropy slope for the ideal Brayton cycle shown in 
the upper part of Figure 7 [95-96]. 
 
 
 

2.1.2 Steam Cycle (Rankine Cycle) 
 
The steam cycle of a combined cycle power plant is shown in the lower part of Figure 
7, with the corresponding temperature-entropy diagram in Figure 9. The feed pump 
raises the pressure of the water isentropically (5→6), and supplies it to the heat 
recovery steam generator, where it is first heated to the boiling point isobarically 
(6→6’). The steam is then further heated isothermally (6’→6’’) and finally 
superheated isobarically to raise the temperature to the desired operating value24 
(6’’→7). The superheated steam is expanded isentropically through the steam turbine 
to generate power (7→8). The steam emerges from the turbine outlet both cooled and 
wet. The remaining moisture is condensed out isothermally and returned to the feed 
pump (8→5) to start the cycle again [95-96]. Combined cycle power plants achieve 
high efficiencies in the range of 50-60% and are used for base-load power generation 
[97-99]. 
 

                                                 
24 Supplementary firing could also be applied [99]. 
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Figure 9: Pressure-volume and temperature-entropy slopes in the ideal Rankine cycle shown in 
the lower part of Figure 7 [95-96]. 
 
 
 

2.2 Mechanism of Air Separation by Membranes 
 
In general terms, a membrane is regarded as a barrier between two enclosures that 
preferentially allows one molecule to permeate owing to the presence of a driving 
force. Figure 10A-D gives a brief overview of air separation mechanisms using 
membranes [100-106]. 
 
 

2.2.1 Porous Membrane 
 
Figure 10A shows the principle of air separation using a porous membrane where the 
diffusivity of oxygen is higher than that of nitrogen. However, the small difference 
between the kinetic diameter of nitrogen (3.64Å) and oxygen (3.46Å) molecules 
makes air separation very difficult by a size separation mechanism [107-108]. 
 
 

2.2.2 Solid Electrolytes 
 
Figure 10B shows a solid oxide electrolyte that is sandwiched between two gas-
permeable electron-conductive electrodes. The oxygen ion conductor is dense and gas 
tight. The direct passage of oxygen molecules is hence blocked, but oxygen ions can 
migrate through the membrane. Electric charge neutrality is maintained by a 
simultaneous flux of electrons in the opposite direction using an external circuit. 
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2.2.3 Mixed-Conducting Membranes 
 
Compared to solid electrolytes, mixed-conducting materials have the ability to 
conduct both ions and electrons. External circuitry is therefore not required. The 
principle is schematically shown in Figure 10C. Mixed-conducting membranes will be 
further discussed in Chapter 3. 
 
 

2.2.4 Dual-Phase Membranes 
 
Figure 10D shows a dual-phase membrane that can be visualized as a dispersed 
metallic phase in an oxygen ion conductor. 
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Figure 10: Oxygen transport mechanisms in membranes: (A) Porous membrane, (B) Solid 
electrolyte cell, (C) mixed-conducting oxide, and (D) dual-phase membrane [100-106]. 
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2.3 Mixed-Conducting Membrane-based Combined Cycle 
Power Plant for Oxygen Production 

 

2.3.1 Gas Turbine Power Plant (Brayton Cycle) 
 
Mixed-conducting membranes can be integrated into conventional gas turbine power 
plants for the separation of oxygen from air, as shown in Figure 11 [54, 109-111]. The 
temperature of the compressed air from the gas turbine compressor is too low for 
sufficient oxygen transport through the membranes. They must thus be located after a 
combustor. However, there is a trade-off between the temperature increase and the 
oxygen that is available for separation. The oxygen permeation rate increases with 
both temperature and the oxygen pressure gradient. Furthermore, there is a higher 
temperature limit for the membrane that should not be exceeded to maintain stability. 
The higher temperature limit of the membrane is well below the temperature limit of 
modern gas turbines. Afterburners can be applied to raise the temperature of the gas to 
the turbomachinery limit, resulting in higher power output and increased efficiency. In 
order to increase the driving force for the oxygen transport through the membranes, 
different techniques can be applied, depending on the membrane module design: (i) 
pressurizing the oxygen-rich gas stream, (ii) producing a vacuum on the permeate side 
of the membranes, and (iii) use of a sweep gas that can easily be separated from the 
oxygen product by condensation, such as steam25. 
 

2.3.2 Steam Cycle (Rankine Cycle) 
 
Steam can be supplied from the steam cycle when it is used as a sweep gas in the 
membrane modules, as shown in Figure 11. 
 
 
 

                                                 
25 Direct conversion of the oxygen at the permeate side (e.g. oxidation of methane) to increase the 
oxygen chemical potential gradient is possible as well [54, 112-113]. However, problems related to 
stability of the membrane are then more pronounced and many high-permeability materials, such as 
La2NiO4, cannot be used [54, 114]. 
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Figure 11: Membrane-based combined cycle power plant for oxygen production [54, 109]. 
 
 
 

2.4 Mixed-Conducting Membrane-based Combined Cycle 
Power Plant with Integrated Air Separation 

 

2.4.1 Gas Turbine Power Plant (Brayton Cycle) 
 

External Reactor Concept 

 
The concept of an external combustor in gas turbine power plants has been put into 
use previously, for instance by ABB26 (single silo-type combustor) and Siemens (two 
silo-type combustors) [115-116]. The important characteristics of this design are the 
relatively low fluid velocity, resulting in reduced pressure drops, and improved burn-
                                                 
26 One example is the ABB GT13E machine. 
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out of fuel27 due to longer residence time28 of the fluid in the combustors. Moreover, 
with the higher turbine inlet temperature, this arrangement requires large amounts of 
cooling air, i.e. the negative effect of the large areas of cool surface on the burn-out 
becomes more pronounced at off-design in addition to being less resistive in terms of 
damage due to transient forces. For these and other structural reasons, manufacturers 
have moved away from silo-type arrangements and turned towards the annular 
combustors design29. Part-load can then be achieved by burner group staging [98, 116, 
118]. In the membrane-based power plant shown in Figure 12, an external reactor 
system is used. 
 

                                                 
27 In particular for lower quality fuels. 
28 But longer residence times lead to increased formation of NOx [98]. 
29 In the annular design, burners are arranged in rings around the annulus [117]. 
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Figure 12: Membrane-based combined cycle power plant for integrated air separation [54, 56, 
119]. 
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Oxygen Mixed-Conducting Membrane Reactor 

 
In the membrane reactor, the compressed air coming from the gas turbine compressor 
is split, where the majority is led to the low-temperature heat exchangers to raise the 
temperature of the air. Afterwards, the compressed air enters the membrane modules 
where oxygen is transported from the air to the sweep gas side. The temperature of the 
oxygen-depleted air is further raised before it is fed into the high-temperature heat 
exchangers. The minor part of the compressed air from the gas turbine compressor is 
led to the bleed-gas heat exchanger branch where the temperature of air is further 
increased by the combustion products of the catalytic combustors30. Fuel is induced to 
the membrane reactor by ejectors. Steam is added to the fuel to ensure proper ejector 
performance. In the catalytic combustors, the highly diluted oxygen in the sweep gas 
is burnt at nearly stoichiometric conditions. Excess oxygen is, however, required for 
stable combustor operation and to avoid the formation of unfavourable species, such 
as carbon monoxide. 
Standard combustor technology cannot be applied due to the low oxygen 
concentrations and high dilution with water vapour and CO2 [120-122]. The bulk of 
the combustion products are fed into the branch comprising the high-temperature heat 
exchanger, membrane modules, and low-temperature heat exchangers. In conjunction 
with the ejectors and catalytic combustors, this branch represents a recycle loop, as 
indicated in Figure 12. The heated oxygen-depleted gas from the high-temperature 
heat exchanger as well as the air coming from the bleed-gas heat exchanger are mixed 
before being fed into the afterburners where the temperature is further raised. 
A certain amount of CO2 is emitted when using afterburners31. A technological 
realization of the membrane reactor is shown in Figure 13 [56], where the membrane 
modules and heat exchanger are fabricated as two-fluid monoliths in counter-current 
flow mode [119], indicated in Figure 14. The use of monolith-type modules leads to a 
high packing density with a quite homogeneous temperature distribution [111, 123-
124]. However, the two-fluid monolith technology results in a complex manifold 
system [111]. 
 

                                                 
30 In fact, all the compressed air could be directly fed to the low-temperature heat exchanger, but the 
use of the bleed-gas heat exchanger has the advantage that the temperatures of the low-temperature heat 
exchanger, membrane module, and high-temperature heat exchanger are higher, which leads to 
improved operation in terms of material constraints. Nevertheless, cooling of the sweep gas before 
entering the heat recovery steam generator is necessary in any case. 
31 This power plant is also known as the AZEP85. The CO2 capture rate is approximately 85% [51, 57]. 
In this work, a capture rate of approximately 71% was found for the design case of the power plant 
with afterburners (Paper II). The power plant configuration without afterburners (AZEP100) would in 
theory lead to 100% CO2 capture rates. 
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Figure 13: Membrane reactor [56]. 
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Figure 14: Mixed-conducting membrane module: Two-fluid monolith (top), modelling manifold 
(bottom) [119]. 
 
 
 

2.4.2 Steam Cycle (Rankine Cycle) 
 
The membrane reactor requires external steam for proper ejector performance. Water 
can be extracted from the steam cycle, which is then heated by a heat exchanger using 
the heat from the combustion products prior to CO2-compression, see Figure 12. 
Excess steam can be sent back to the steam cycle for additional power generation 
(Figure 2 in paper II). 
 
 

2.4.3 CO2 Conditioning and Compression 
 
The product fluid from the catalytic combustors mainly consists of water vapour and 
CO2 and can easily be separated by condensation. However, the excess oxygen that is 
required for stable operation of the catalytic combustors in the membrane reactor 
leads to undesirable dilution of the CO2-rich gas stream with oxygen. After passing 
the steam-producing heat exchanger, the CO2-rich gas is further cooled before 
entering the flash condenser, where most of the water leaves the line. The CO2-rich 
gas is then compressed and inter-cooled before being fed to the purification system, 
which produces a highly concentrated CO2 stream. The remaining impurities like 
water vapour and oxygen are among those compounds that need to be removed due to 
specifications set by the industry [125]. When leaving the purification system, the 
CO2-rich fluid is in liquid form and then compressed to the end pressure for transport 
and storage. 
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3 Air Separation with Mixed-Conducting Membranes 
 

3.1 Air Separation 
 
Oxygen constitutes approximately 20.9% of the dry atmosphere32 and represents the 
third largest volume of chemicals produced worldwide [54], with major consumption 
areas in the primary metal production, chemicals, and gasification industry [127]. 
 

3.2 Oxygen Mixed-Conducting Membranes 
 
Mixed-conducting membranes have the potential to be a clean, efficient, and 
economical method for oxygen production as well as integrated air separation in oxy-
combustion power plants. In the absence of leaks and cracks, mixed-conducting 
membranes show an infinite permselectivity for oxygen. However, elevated operation 
temperatures are required, typically higher than 950K [100-101, 110, 128-131], so 
some integration is necessary. Furthermore, the operating window of mixed-
conducting membranes is relatively narrow because of several counteractive material 
properties. These include a desired high oxygen permeation rate, but at the same time 
low thermal and chemical expansion rates, mechanical strength, resistance in 
atmospheres containing large amounts of CO2 and water vapour, sufficient resistance 
to CO and sulphur, compatibility with other materials, and low cost. 
 
 

3.2.1 Materials for Oxygen Mixed-Conducting Membranes 
 
Most of the materials that are suitable for mixed-conducting membranes belong to the 
families with perovskite (ABO3), Ruddlesden-Popper type (An+1BnO3n+1), fluorite 
(AO2), pyrochlore (A2B2O7) and brownmillerite (A2B2O5) crystal structures, and their 
derivatives [54, 101, 103, 132-133]. The ideal perovskite structure is shown in Figure 
15. The A-site cation is ideally coordinated to 12 oxygen ions and the B-site cation is 
coordinated to six oxygen ions. Normally, the A site cation is larger than the B site 
cation33,34. Within the family of perovskite-related materials, the Ruddlesden-Popper 
compounds An+1BnO3n+1 have attracted particular attention due to specific properties 

                                                 
32 Other main components of the dry atmosphere are N2 with 78.12% and Ar with 0.93%  [126]. 
33 The radius of the cations, which can be incorporated into the A and B sites of the perovskite lattice, 
can be specified by the Goldschmidt tolerance factor, defined by 
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 [102, 134-135]. Per definition, an ideal cubic perovskite has a tolerance factor of one. 

A perovskite structure is usually formed in an approximate range of s0.75<t <1 [134-135]. 
34 The ideal perovskite is not able to conduct oxide ions, so a certain number of oxygen vacancies must 
therefore be available. When variable-valence cations are present in the B sublattice, the oxides are 
then likely to become oxygen deficient under reducing conditions and at elevated temperatures [136]. 
In the mixed-conductor, electro-neutrality must be fulfilled, i.e. the sum of charges of the A and B 
cations must be equal to the total charge of oxygen anions [134]. 
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originating from their layered structures, built of alternating ABO3 perovskite-like 
layers and rock-salt AO sheets [54, 103]. Since the early studies by Teraoka et al. 
[137-139], a wide range of materials belonging to the class of acceptor-doped 
perovskites have been investigated [104, 140-141]. These materials show a high 
degree of oxygen deficiency, that is, generation of oxygen vacancies in the crystal 
lattice, enabling the oxygen anions to have relatively high mobility. The high 
electronic conductivity stems from the electronic structure of the transition metal 
cations, in particular their capability to exist in variable valence states under the 
membrane operation conditions [141]. The properties of the (Ln,AE)TMO3 perovskite 
materials where Ln, AE, and TM are lanthanide, alkaline-earth, and transition metal 
cations, respectively, depend strongly on the dopant type and concentration. Due to 
their precursor cost and cation size, the most common trivalent A-site cation is 
lanthanum [102]. The alkaline earth elements35 introduced in the A-sublattice are 
calcium, strontium, and barium [102-103]. The choice of the A-site element has a 
definite influence on the perovskite properties, but there is a stronger impact created 
by the ratio of tri- and divalent cations. 
 
 

B OA

 
 

Figure 15: Ideal perovskite structure [142]. 
 
 
 

3.2.2 Ruddlesden-Popper Phase La2NiO4+δ 
 
In La2NiO4+δ, consecutive perovskite layers (LaNiO3) alternate with rock-salt layers 
(LaO), according to the general formula of Ruddlesden-Popper nickelates 
(LaO)(LaNiO3)n

36,37 with n=1. This structure belongs to the K2NiF4 type and is shown 

                                                 
35 Alkaline-earth elements comprise Be, Mg, Ca, Sr, Ba, and Ra. 
36 The oxygen non-stoichiometry ‘δ’ (a number of extra oxygen anions or vacancies charge-
compensated by the formation of electronic defects, per formula unit) in La2NiO4+δ can vary widely and 
can reach values up to 0.25 [143-147]. 



27 
 

in Figure 16. The advantages of this material are a relatively high oxygen-ionic and p-
type electronic conductivity, moderate thermal expansion coefficients, and moderate 
dimensional change on varying partial pressure of oxygen [71, 147-151]. Moderate 
acceptor doping of La2NiO4+δ with alkaline earth elements increases the electrical 
conductivity and decreases the oxygen content [147]. On the other hand, alkaline-
earth and rare-earth elements38 tend to react with CO2 [133]. 
 
 

 
 

Figure 16: Crystal structure of La2NiO4+δ on the basis of neutron diffraction data taken from 
[144]. Figure taken from [149]. 
 
 
 
Other materials, such as A-site deficient perovskites and fluorites, are more stable in 
relation to CO2 than La2NiO4+δ. Examples of relatively stable perovskites reported in 
the literature include La0.5Sr0.5FeO3-δ, La0.2Sr0.8Co0.41Fe0.41Cu0.21O3-δ, and 
La0.85Ce0.1Ga0.3Fe0.65Al0.05O3-δ [152-153]. On the other hand, thermal and chemical 
expansion rates are also among the factors that cause the most deterioration, leading 
to mechanical stresses. As a general rule, the perovskite structure is characterized by 
higher expansivity when compared to the layered structures. There are several groups 
of perovskite-type mixed conductors, which show higher oxygen permeation rates 
than La2NiO4+δ, such as (AE,Ln)(Co,Fe)O3-δ (AE=Sr, Ba). However, these also have 
an extremely high thermal expansion and high reactivity with CO2 [128]. 
Coating a thin membrane layer onto a porous substrate of the same or similar 
composition, instead of using a relatively thick self-supported membrane, resulted in a 
                                                                                                                                            
37 This material shows several different structures, depending on the temperature as well as small 
changes in the stoichiometry [148]. 
38 Rare-earth elements comprise Sc, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and 
Lu. 
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breakthrough. In addition to providing sufficient mechanical strength, the support 
layer increases the specific membrane-surface area and, in a partly reduced state, may 
act as catalyst for oxygen exchange. For most known mixed-conductors, a 
catalytically active layer is necessary to provide sufficient performance, including all 
SrCoO3- and SrFeO3-based phases [154]. The porous support layer for La2NiO4+δ will 
increase its stability in the presence of CO2 due to increasing oxygen fluxes and, 
therefore, the oxygen chemical potential at the membrane permeate-side surface, and 
to the diffusion limitations for CO2 transfer towards the dense membrane surface in 
the pores. 
A reasonable compromise between oxygen permeation rates as well as thermo-
mechanical and thermodynamic stability in atmospheres with CO2 and water vapour 
can be achieved by using composite membranes [54, 100, 102, 155]. For instance, 
mixed-conductors with high electronic and ionic conductivities such as 
La0.7Sr0.3MnO3-δ, can be combined with suitable oxide solid electrolytes, such as 
Ce0.8Gd0.2O2-δ [155]. But long-term stability may be again a problem due to the 
formation of blocking layers between the constituent phases at elevated temperatures 
[155]. 
Membrane performance can be further improved by a proper choice of the module 
design, thermodynamic conditions during heating/cooling, and operating conditions. 
On the other hand, changes in these parameters may lead to a non-negligible increase 
in manufacturing and operation costs. 
Moreover, the use of mixed-conducting membranes for integrated air separation in 
gas turbine power plants results in substantially higher process complexity. Operation 
at critical process conditions may be beneficial from a material point of view, but may 
also raise the need for unconventional (and expensive) control systems. 
 
 

3.2.3 Oxygen Transport 
 
In mixed-conducting membranes in an oxygen chemical potential gradient, oxygen 
ions and electrons migrate simultaneously through the membrane bulk but in opposite 
directions39. This simultaneous transport of both charge carriers is the key difference 
between mixed-conducting membranes and fuel cells, such as solid-oxide fuel cells40. 
In a general case, the overall oxygen permeation through a nonporous ceramic 
membrane is controlled by bulk ambipolar diffusion, governed by the ionic and 
electronic conductivities, and surface exchange kinetics [71, 106]. Surface exchange 
reactions may involve many sub-steps, including adsorption from the gas phase, 
charge transfer reactions between the adsorbed species and the bulk, and their reverse 
reactions [101, 147, 156-159]. Each of these surface reactions can be rate-controlling 
[100]. The oxygen transport through thick membranes, meaning membranes with a 
thickness greater than the characteristic length41, is controlled by bulk diffusion. 

                                                 
39 The oxygen ions and electrons can either be transported in the same phase (single-phase membrane) 
or in different phases (dual-phase membrane), as shown in Figure 10D. 
40 The solid electrolyte in fuel cells is a pure ionic conductor. Electrons are transported via an external 
conduction pathway from the anode (oxidation) to the cathode (reduction), as shown in Figure 10B. 

41 The characteristic length is given by s
c

s

D
L

k
 , with sD  and sk  as the self-diffusion and surface-

exchange coefficient, respectively [100]. 



29 
 

Reducing the membrane thickness results in enhanced oxygen permeation as long as 
bulk diffusion prevails, but eventually the surface reactions become rate-limiting [71, 
100]. 
A membrane exposed to an oxygen partial pressure gradient can be visualized by 
dividing it into three zones: an interfacial zone on the high oxygen partial pressure 
(air) side, a central bulk zone, and an interfacial zone on the low oxygen partial 
pressure (sweep gas) side, as shown in Figure 17. 
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Figure 17: Oxygen permeation through the oxygen mixed-conducting membrane and lattice 
diffusion mechanism (a) via vacancy, (b) via interstitial positions. 
 
 
 
In contrast to oxygen transport through perovskite compounds, oxygen transport 
through the La2NiO4+δ-bulk is anisotropic [104] and proceeds via a combination of 
interstitial oxygen ion ( ''

iO ) migration through the rock-salt layers and anion migration 

through oxygen vacancies ( ..
oV ) in the perovskite layers, formed according to [100-

101, 159-160] 
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where 2O  represents the oxygen molecule, x

oO  a  regular oxygen anion having an 

effective neutral change in the lattice, and h a p-type electronic charge carrier 
(electron hole). 
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3.2.4 Stability 
 
The operating conditions for mixed-conducting membranes (in energy applications) 
are very demanding, often combining elevated temperature, large gradients in partial 
pressures, and the presence of reactive species. The stability of these devices is 
therefore of particular interest and will be briefly discussed in the following 
subchapters. 
 

Kinetic Stability 

 
When exposing an oxide material to various gradients (chemical, thermal, electrical, 
mechanical) the mobile component fluxes can result in different degradation 
phenomena of kinetic origin. That means if the applied thermodynamic gradient is 
removed, the direct fluxes will disappear, but the material can be irreversibly 
degraded [55]. 
 
 
Kinetic demixing refers to the change of state of a multi-component material from 
originally homogeneous to chemically inhomogeneous, within the phase stability 
domain [55, 161]. In a ternary oxide like La2NiO4+δ, demixing of the different cations 
will occur because the A- and B-site cations have different mobilities. Kinetic 
demixing can occur even if the ternary compound is in equilibrium [161]. In general, 
the degree of demixing increases with larger differences in mobility between the 
cations as well as decreasing thickness of the material. The result is a concentration 
gradient with an enrichment of the more mobile cation species on the high oxygen 
potential side while the slower component is left behind and becomes enriched on the 
low oxygen potential side [55, 161-163], as shown in Figure 18. However, this simple 
mechanism may be influenced by microstructural factors, because the cation diffusion 
processes in the major phase, in pores, in formed secondary phases, and along grain 
boundaries are different. Degradation by demixing of thin membrane layers coated 
onto a porous support to enhance the driving force may thus be more pronounced 
when compared to thicker self-supported (bulk-controlled) membranes. In an ideal 
case, demixing is a purely kinetic effect and is not directly related to the 
thermodynamics of the system [55, 162]. For oxygen-deficient perovskite materials 
containing no alkaline metal cations, the cation diffusion is usually several orders of 
magnitude lower than the oxygen diffusion and the cation contribution to the 
electrical conductivity can be neglected [55, 164]. However, the effect of kinetic 
demixing is of paramount importance in the long-term stability of the membrane [55, 
164]. 
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Figure 18: Cation chemical potential and transport in La2NiO4+δ [55]. 
 
 
 
Kinetic decomposition refers to the decomposition of the material and formation of 
secondary phases [55, 163-164]. The origin of this phenomenon is again the 
difference in cation mobility, but now demixing is driven to the point where the 
stability field of the oxide is left [163]. 
 
 

Thermodynamic Stability 

 
The thermodynamic stability domain describes equilibrium conditions when a given 
phase exists. For the processes under consideration, the reactions leading to 
membrane decomposition include reduction (low-p(O2) stability boundary), oxidation 
(high-p(O2) stability boundary), and the formation of carbonates and hydroxides 
expressed by the corresponding partial pressures of CO2 and water vapour. An 
extended discussion on the thermodynamic stability of La2NiO4+δ-based membranes 
can be found in Papers II and IV. 
 
 

3.2.5 Membrane Module Technology 
 
The membrane module design has a strong influence on the oxygen permeation rate 
and its long-term stability [102, 104]. Different module designs have been developed, 
such as two-fluid monoliths, hollow-fibres, single tube, and tube-and-plate 
configurations [54, 102, 165]. Each of them has its advantages and drawbacks in 
terms of area-to-volume ratio, size, cost of production, up-scaling, ease of sealing and 
use of a sweep gas, and resistance to thermo-mechanical, mechanical, and chemical 
stresses [54, 102, 104]. Some of the advantages of monoliths are low axial dispersion, 
uniform distribution of flow, and up-scale capability[123]. In a membrane-based 
power plant for integrated air separation (Figure 12), the use of a sweep gas is the 
only viable method to increase the driving force for oxygen transport. Large 
mechanical stresses in the monolithic membrane modules and heat exchangers would 
occur if large pressure differences between the two fluids were applied. 
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3.2.6 Generality of Modelling Results using Membrane Materials 
other than La2NiO4+δ 

 
The brief discussion presented above on mixed-conducting materials is far from 
exhaustive. But it should be clear that so far, there is no composition that satisfies all 
requirements in terms of high oxygen permeation rates, stability, and cost. 
The membrane material selected for this work was La2NiO4+δ. Physical properties 
were kindly provided by partners [166-167]. It should be emphasized that the 
assumption of this particular membrane material (and also the assumption of a 
monolithic module design) does not result in a substantial loss of generality. As far as 
the overall performance of the power plant is concerned, the steady-state and transient 
behaviour can be understood as rather generic (Papers II-III). However, degradation 
rates of the membrane material (Paper IV) refer to La2NiO4+δ. 
 
 

3.3 Further Methods for Air Separation 
 

3.3.1 Cryogenics 
 
Cryogenic distillation is currently the technology that is the most developed for the 
large-scale production of oxygen. Purities higher than 99% can be achieved [54, 168]. 
In addition, cryogenics can produce separate streams of oxygen, nitrogen, and argon. 
The major drawback of cryogenic air separation is its energy requirements [55], 
caused by the need for air compression to provide the required cooling. 
 
 

3.3.2 Adsorption 
 
Pressure swing adsorption and vacuum swing adsorption are based on the increased 
amount of adsorbate at elevated pressure that can be deposited on the adsorbent. 
Adsorption takes place at high pressure, desorption at low pressure. Oxygen 
production is performed predominantly on zeolites, where nitrogen is bound more 
strongly on the surface than oxygen [126, 168] with typical purities of 93-95% [168]. 
Bed size represents the controlling factor with regard to capital cost, which stems 
from the cyclic nature of the adsorption process [168]. 
 
 

3.3.3 Polymeric Membranes 
 
Polymeric membranes are used for oxygen enrichment42 with an oxygen mole fraction 
in the range of 25-50% [107, 168-169]. The mechanism for separation is based on the 
preferred dissolution and diffusion of oxygen over nitrogen in these materials [54, 

                                                 
42 Or oxygen depletion of air. 
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170], see Figure 10A. The operation temperature is limited due to the thermal stability 
of the polymers [54]. 
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4 Conclusions 
 
This work presents an investigation of a membrane-based gas turbine power plant for 
CO2 capture in terms of design, off-design (part-load, degradation), and transient 
operation (part-load, failure incidents, changes in ambient conditions and fuel 
composition, and start-up and shut-down). The original process design was proposed 
by StatoilHydro (the former Norsk Hydro). 
 
The emphasis was on operational and material constraints to maintain sound 
performance of the gas turbine power plant for its entire operating range. For the 
mixed-conducting membrane modules, material-specific properties were incorporated, 
inter alia, by means of a tentative stability diagram, which showed regions where 
degradation can be expected to occur. For the membrane module and heat exchanger 
models, one-dimensional conservation balances were applied for energy, species, and 
mass. Turbomachinery components were based on off-design performance map 
models. 
 
 

4.1 Steady-State and Transient Operation of the Mixed-
Conducting Membrane 

 
The membrane modules were assumed to be fabricated as two-fluid monoliths with a 
checkerboard counter-current flow distribution. Furthermore, it was assumed that the 
thin membrane layer was coated onto a thermo-mechanical and chemical compatible 
porous substrate to provide mechanical strength and also to increase the oxygen 
permeation, as discussed above. The membrane layer was coated onto the air side, 
whereas the porous substrate was exposed to the sweep gas. This configuration leads 
to improved stability due to reduced interaction between the membrane layer and 
gaseous species, such as CO2 and water vapour. Oxygen transport through the mixed-
conducting membrane was strongly dependent on the operation temperature (which 
should be higher than 1170K to achieve both high performance and sufficient stability 
in CO2-containing atmospheres) and the oxygen pressure gradient between the feed 
and permeate stream. The thermal response of the monolithic membrane module 
model was relatively fast because of the thin solid walls (membrane layer and porous 
support) of 0.33mm. Assuming constant inlet conditions for both fluids, a steady-state 
can be reached after approximately five minutes when starting from ambient 
temperature to operating conditions. 
A literature survey showed that the Ruddlesden-Popper compound La2NiO4+δ can be 
regarded as a promising material for this application because of its relatively good 
properties for oxygen transport, moderate thermal and chemical expansion, stability in 
terms of interaction with gaseous species such as CO2, and relatively easy processing. 
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4.2 Design Operation of the Membrane-based Gas Turbine 
Power Plant with Afterburners and Combined Cycle 
Power Plant Analyses with CO2 Conditioning and 
Compression 

 
Assuming a combustion temperature of 1473K in the catalytic combustors and a 
turbine inlet temperature of approximately 1530K, the gas turbine power plant reaches 
a net electric efficiency of 33.4%, compared to 35.8% for a conventional gas turbine 
power plant with the same key specifications, i.e. the mass flow of air entering the gas 
turbine compressor and the turbine inlet temperature. The combined cycle net electric 
efficiency of the membrane-based power plant with CO2 capture was 47.1%, the 
power output was 30.4MW, whilst the conventional combined cycle power plant 
without CO2 capture had a net electric efficiency of 53.3% and a power output of 
36.2MW. Hence, CO2 capture leads to a power output penalty of 16% and an 
efficiency reduction of 6.2 percentage points. The CO2 capture rate was found to be 
approximately 71%43. It should also be mentioned that the CO2 conditioning system 
for the membrane-based combined cycle power plant required large amounts of 
cooling water of approximately 235kg/s, which can be a limiting factor with respect to 
location of this CO2 capture power plant. 
 
 

4.3 Part-Load Operation of the Membrane-based Gas 
Turbine Power Plant with Afterburners and Combined 
Cycle Power Plant Analyses with CO2 Conditioning and 
Compression 

 
The mid merit gas turbine assumed in this work was operated at constant rotational 
speed. In this respect, two load-control strategies were analysed. In the first load-
control strategy, variable guide vanes were used to manipulate the mass flow of air to 
the gas turbine compressor. This degree of freedom was used to control the turbine 
exit temperature. In the second load-control strategy, variable guide vanes were not 
used and the turbine exit temperature was allowed to vary. For both load-control 
strategies, the mean solid-wall temperature44 of the membrane modules was 
maintained close to its design value, which led to improved stability. Moreover, the 
pressure in the recycle loop was controlled to minimize the mechanical load on the 
walls of the monolithic membrane modules and heat exchangers. Simulations revealed 
that the load-control strategy with variable guide vanes in the gas turbine compressor 
was superior due to improved combined cycle efficiencies and a larger part-load 
operating window. For this load-control strategy the variable guide vanes were the 
limiting constraint with a maximum air mass flow reduction of 30%. The load can be 
reduced to approximately 62% of the design value. Further load reduction by reducing 

                                                 
43 The CO2 capture rate is thus substantially lower than the figure of 85% reported in the literature [51, 
57]. 

44 The mean solid-wall temperature is defined as: solid

0

1 L

solidT T dl
L
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the mass flow of fuel would lead to stability problems of the membrane modules due 
to carbonate formation. During part-load operation, the performance of the catalytic 
combustors in the membrane reactor improved because of higher oxygen mole 
fractions. For the load-control strategy without variable guide vanes, the catalytic 
combustors were the constraining process components. The limit of the excess oxygen 
mole fraction of 0.5% had already been reached at approximately 82% of the design 
value. 
 
 

4.4 Design and Part-Load Operation of the Membrane-
based Gas Turbine Power Plant without Afterburners 

 
Comparison of the membrane-based gas turbine power plant with and without 
afterburners reveals that design changes were required with respect to membrane 
reactor and turbomachinery components when assuming the same turbine outlet 
temperature and excess oxygen concentration in the catalytic combustors. It should be 
emphasized that the latter design had one less degree of freedom. Variable guide 
vanes can thus not be applied to control the turbine exit temperature. Load-control 
without variable guide vanes is not feasible due to the material constraints of the 
membrane modules. It was shown that there were substantial cuts in part-load 
capability, which means the load can only be reduced to approximately 73% 
compared to 58% for the design with afterburners. For both power plants, the variable 
guide vanes were the limiting process component for part-load operation. 
 
 

4.5 Start-Up and Shut-Down of the Mixed-Conducting 
Membrane-based Gas Turbine Power Plant with 
Afterburners 

 
To ensure safe start-up and shut-down procedures, the membrane-based gas turbine 
power plant requires several critical auxiliary process components so that detrimental 
process conditions can be avoided. Moreover, a complex time schedule for the 
membrane reactor and turbomachinery is needed. Technical gases such as nitrogen 
must be available, presumably in the range of tonnes. Furthermore, small amounts of 
the evaporating components of the membrane and porous support layer must be 
injected to prevent degradation. However, these additives should be recollected 
afterwards to avoid clogging the process units located downstream of the membrane 
modules. This requires additional process equipment (e.g. valves), which are regarded 
as highly critical. Start-up times of several hours will be required for the membrane-
based power plant, which are much longer compared to those for conventional mid 
merit gas turbine power plants. 
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4.6 Transient Operation of the Mixed-Conducting 
Membrane-based Gas Turbine Power Plant with 
Afterburners 

 
It was shown that the membrane-based gas turbine power plant exhibits rather slow 
dynamics when compared to conventional gas turbine power plants. For the two load-
control strategies presented in 4.3, relatively slow load-decrease rates must be applied 
to reach the part-load limit determined by steady-state simulations. For the load-
control strategies with variable guide vanes, the ejectors were the limiting process 
components when relatively high load-reduction rates were applied (variable guide 
vanes were the limiting process components at steady-state). However, transition 
times could be reduced when stepped load-reduction procedures were applied, i.e. 
relatively high load-reduction rates followed by relaxation times at constant power 
output. The minimum load of approximately 58%, found by steady-state simulations, 
could then be reached in less than 32 minutes (compared to 36 minutes for continuous 
load reduction). For the load-control strategy without variable guide vanes in the gas 
turbine compressor, load-reduction capability was not much affected by the load-
rates. The excess oxygen in the catalytic combustors remained the limiting constraint, 
as in the steady-state case. However, simulations revealed that load-reduction rates 
must be sufficiently long to avoid instability of the catalytic combustors when 
operated at the limit of excess oxygen. The minimum load of approximately 82%, 
found for steady-state operation, can be reached within 40 minutes. 
For both load-control strategies, much longer load-increase rates must be applied 
(approximately 132 minutes for the load-control strategy with variable guide vanes 
and 67 minutes without variable guide vanes) because of thermodynamic stability 
regions, which would be passed through if relatively high load increase rates were 
applied, i.e. already in the range of the load-decrease rates. In order to substantiate 
this hypothesis, the power plant design was modified so that the membrane modules 
were operated at higher as well as lower mean solid-wall temperatures. In this respect, 
higher mean solid-wall temperatures were beneficial from a load-change point of 
view. On the other hand, there is a higher temperature limit for the mean solid-wall of 
the membranes that should not be exceeded to maintain stability. Ergo, the range 
within which the temperature can be raised is limited. 
 
 

4.7 Long-Term Stability of the Mixed-Conducting 
Membrane-based Gas Turbine Power Plant with and 
without Afterburners 

 
The membrane-based gas turbine power plant was analyzed with respect to long-term 
stability, considering the first 1000 operating hours. Based on experiments, a global 
degradation rate of 3.3%/1000 operation hours was assumed for the La2NiO4+δ 
membranes. Degradation rates for individual turbomachinery components were also 
incorporated. 
Simulations revealed that the ideal operating line (assuming perfect control and no 
performance deterioration over time) was substantially shifted due to individual 
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process component deterioration. The excess oxygen concentration in the catalytic 
combustors was in this respect one of the most critical factors. 
Changes in ambient temperature and fuel composition were found to have a 
substantial impact on the operation and stability of the membrane-based power plant. 
Consequently, even though the power plant may be located in an area where the 
climate is benign, controllers must not only account for a shift from ideal process 
conditions in the operating line due to degradation, but also for already relatively 
small external changes. 
Standard measures to suppress performance deterioration in conventional gas turbine 
power plants, such as solvent-based online washing, are likely to be detrimental to the 
membrane-based gas turbine power plant due to interaction between the solvent and 
the membranes. The power plant needs to be shut down and cooled so that direct 
contact is avoided. However, the start-up and shut-down procedure for the membrane-
based power plant were regarded as highly complex and error prone. Frequent start-
ups and shut-downs are assumed to accelerate degradation. 
 
 

4.8 Response of the Mixed-Conducting Membrane-based 
Gas Turbine Power Plant with Afterburners to 
Operating Incidences 

 
The transient behaviour of the membrane-based power plant in the case of failures 
was found to be poor. 
A sudden total breakdown of the fuel supply to the afterburners led to a drop of the 
excess oxygen mole fraction well below the limit where stable combustion can be 
maintained. Moreover, the mechanical stability limit (total pressure difference) of the 
monolithic membrane modules and heat exchangers was also exceeded. 
A malfunction of the recycle loop valve, resulting in a sudden drop of pressure in the 
recycle loop (-5 bar), was found to have a detrimental effect on the mechanical 
stability of the monolithic membrane modules and heat exchangers. 
The response of the membrane-based power plant to a failure of the variable guide 
vanes was detrimental because of the temperature increase that results if the fuel 
supply is not adjusted. Some parts of the membrane modules exceeded the higher 
temperature limit where high temperature creep is likely to occur. 
 
 

4.9 Some General Conclusions 
 
The membrane-based power plant shares some similarities with fuel cell gas turbine 
hybrid cycles, in particular solid oxide fuel cells. Very intensive research on stand-
alone fuel cells [78, 171-188] as well as hybrid cycles [189-205] has been conducted 
in the past two decades. Within the fuel cell community, long-term stability has been 
recognized as one of the essential issues that must be explicitly addressed if these 
devices are to be commercialized. On a system level, fuel cell durability of more than 
70000 hours has been reported with a degradation rate of 0.3%/1000 hours [186]. 
Mixed-conducting membranes have not yet been able to obtain durability values like 
these. Compared to solid oxide fuel cell systems, mixed-conducting membrane 
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systems for energy applications are at a rather early stage of development. 
Considering the continuing development of solid oxide fuel cell systems and the 
knowledge gained in this work, it can be expected that mixed-conducting membranes 
for integrated air separation will not be commercialized on a large-scale within the 
next years. However, designing a membrane-based power plant with a lower degree 
of integration, and most likely allowing for higher CO2 emissions, could make this 
type of power plant competitive with other power plant concepts that incorporate CO2 
capture. Furthermore, if the stability of mixed-conducting membranes can be 
improved, considerably less complex process designs (e.g. the process design in 
Figure 11) will become very attractive for a potential method for oxygen production. 
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5 Suggestions for Further Work 
 

5.1 Modelling 
 
 The oxygen transport was assumed to be controlled by both bulk diffusion as well as 

surface kinetics, implemented by means of an approximate of Wagner equations and 
empirical coefficients to incorporate surface kinetics. The membrane module model 
could be further improved by applying (simple) global reaction schemes for the 
description of surface kinetics. However, the first attempts showed a drastic loss in 
numerical stability when (fast) kinetics are incorporated. 

 
 The membrane module model could be improved by incorporating the mass transfer 

resistance caused by the porous support45. 
 
 Another module design (e.g. tube-and-shell) could be assumed and analysed with 

respect to key parameters such as mechanical stability, area-to-volume ratio, and 
ease of sealing. 

 
 La2NiO4+δ was assumed as the prototype material in this work. Other material could 

be studied in view of oxygen permeation, stability and other membrane specific 
properties. 

 
 A procedure similar to that used for the membrane-based power plant with 

integrated air separation could also be used for a membrane-based power plant for 
oxygen production, shown in Figure 11. Different materials could be tested in view 
of the optimal module design, stability, and overall power plant performance. 

 
 The ejector model used in this work was assumed to operate in the critical mode, i.e. 

at high actuating fluid pressures. For the simulation of start-up and shut-down 
procedures, the ejector model should be improved so that operation in the sub-
critical and even back flow regime is covered [206-207]. 

 
 
 The membrane-based power plant could be investigated in terms of possible 

instabilities, such as state multiplicity, using bifurcation analysis methods [208-
209]. Numerical bifurcation analysis is a powerful tool for the analysis of stability 
limits of nonlinear dynamic systems [210-214]. One such tool for bifurcation 
analysis is DIVA, which can cope with high-order DAE systems of chemical 
processes [213-214]. Furthermore, gPROMS and DIVA can communicate via the 
CAPE-OPEN interface46 [214]. 

 

                                                 
45 Its neglect is valid for this work since a relatively thin support was assumed allowing for only small 
total pressure differences across the solid phase of the monolithic membrane modules (and heat 
exchangers). Furthermore, the porous support is also assumed to be catalytically active. Improved 
operability by relaxing the total pressure constraint is paid by the use of a thicker support layer, which 
in turn would lead to a reduced average oxygen flux due to the mass transport resistance. 
46 Both gPROMS and DIVA can solve systems of differential index one [74, 211]. 
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 The control of the membrane-based gas turbine power plant, based on standard PID 

control methods, is subject of the current investigation. Improved handling of 
constraints could be achieved by model predictive control. In this respect, improved 
model reduction techniques such as the Karhunen-Loève-Galerkin method, could be 
applied for the design of controller [215-216]. 

 
 

5.2 Experiments 
 
 So far, little experimental work has been conducted on seals when compared to 

material properties of mixed-conducting membranes [217-218]. The seals must also 
withstand extreme conditions with regard to elevated temperature and pressure as 
well as high concentrations of CO2 and H2O. Further experimental work is needed 
here as well. 

 
 
 Material properties with regard to coke formation, catalyst deactivation and others 

could be incorporated into the combustor model to improve the range of operating 
conditions. 

 
 
 The membrane module model could be extended by incorporating properties for 

chemical and thermo-mechanical stability [184-185, 219]. 
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a b s t r a c t

In the first part of this paper we present a detailed model of an oxygen mixed conducting membrane
(OMCM) monolith for air separation. In addition to the oxygen separation, the OMCM operates as a heat
exchanger at elevated temperature and pressure. The model is based on energy and species conservation
balances. It is shown that the oxygen permeation through perovskite-related materials is strongly depen-
dent on the oxygen partial pressure difference across the membrane and on the temperature of the solid
wall. The numerical results obtained from steady state as well as transient simulations agree well with
eywords:
ynamic modelling
xygen mixed conducting membrane
onolith
odel reduction

inear

the available data. In the second part, linear model reduction is applied to the OMCM model. The method
for model reduction used here, balanced residualisation, reduces states while preserving steady-state
behaviour. The comparison of two reduced-order models (19 states and 5 states, respectively) with the
full-order model (>2000 states), reveals good agreement for frequencies lower than 1 Hz. The reduced
models simulate faster, and can be used for controllability analysis and control design.
alanced residualisation
ir separation

. Introduction

In recent years the interest in efficient air separation has steadily
ncreased. Existing technologies are, among others, cryogenic dis-
illation and pressure swing adsorption. Another option is oxygen
roduction by polymeric membranes. Whereas the former ones suf-

er from high capital and operation costs, polymeric membranes
ave a low separation factor for producing oxygen with purity
ot higher than 50% [1]. In contrast, air separation by means of
erovskite-related oxygen mixed conducting membranes (OMCMs)

s one of the most promising technologies combining high oxygen
roduction and process simplicity [2,3,5]. In absence of leaks or
racks OMCMs exhibit 100% selectivity towards oxygen.

OMCMs can be incorporated in power cycles, where for exam-
le natural gas reacts with the separated oxygen in a nitrogen-free

tmosphere1 [6]. In the majority of research studies dealing with
he design and operation of OMCMs in power cycles, lumped

odels have been applied in order to investigate the steady-state
ehaviour of both the OMCM and the whole power cycle [8,30].

∗ Corresponding author.
E-mail addresses: konrad.eichhorn@ntnu.no (K. Eichhorn Colombo),

lav.bolland@ntnu.no (O. Bolland).
1 It is assumed that natural gas does not contain any impurities such as nitrogen

nd sulphur.

376-7388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.memsci.2009.02.035
© 2009 Elsevier B.V. All rights reserved.

In the present work, an oxygen mixed conducting mem-
brane monolith model, based on the perovskite-related material
La2NiO4+� is studied, selected due to its good transport proper-
ties [3,5,9–13]. This compound belongs to the Ruddlesden–Popper
series with the general composition An+1BnO3n+1, with A of group
1, 2, or 3 elements and B as a transition metal [3,5]. The crys-
tal structure shows close proximity to the perovskite structure.
Rocksalt-type AO sheets are inserted between blocks consisting of
n ABO3 perovskite-related layers [3,15,16]. La2NiO4+� can accom-
modate considerable amounts of excess oxygen which is hosted in
the form of oxygen interstitial defects in the La2O2 rock-salt layers.
With increasing temperature this material undergoes a transition
from semiconducting to pseudometallic behaviour. In this connec-
tion, the material loses its interstitial oxygen, and as a consequence
thereof the concentration of electron holes decreases.

Monoliths for gas-phase applications have been extensively
studied, in particular within the automobile industry [17]. The fab-
rication of OMCMs as monolith for power cycles is an interesting
alternative to techniques such as the shell-and-tube configuration.
Monoliths are characterised by low-pressure drop, high area-to-
volume ratio, and ease of scale-up [14,18].
The transient monolith model is spatially distributed in one
dimension with respect to energy and species conservation bal-
ances of gas and solid phase in the monolith. A two-dimensional
model has been adopted for the insulation. Oxygen permeation
of the OMCM incorporates bulk diffusion and surface reactions.

http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:konrad.eichhorn@ntnu.no
mailto:olav.bolland@ntnu.no
dx.doi.org/10.1016/j.memsci.2009.02.035
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species conservation balances are only given for the gas phases. In
order to keep the modelling effort to a reasonable level, a repeat-
ing element is defined, which represents the entire number of gas
channels and solid walls in the monolith. This repeating element,
K. Eichhorn Colombo et al. / Journa

he initial transient process of oxygen permeation over perovskite-
elated membranes has been experimentally analysed by several
uthors [20–22]. As the oxygen-defect zone spreads towards
he oxygen-rich surface, the bulk-controlled oxygen permeation
radually increases until a steady-state oxygen-defect gradient
s established. Transition times between 3 and 100 h have been
eported, depending on material and thickness of the membrane
s well as oxygen permeation control by surface reactions. How-
ver, once the steady-state oxygen permeation is established at high
emperatures, it remains stable during relatively fast process con-
itions [21,22]. Therefore, a steady-state solution for the oxygen
ermeation is assumed.

With increasing computing power, process modelling could
eet a higher standard with respect to complexity and accuracy.
owever, when dealing with large processes, including several
ighly complex models, the computational effort to obtain numer-

cal solutions is still too large for process control. Whereas for
rocess engineers accurate process results of material and energy
ows are usually of interest, control engineers have to cope with
he inherent dynamics of all process units. Information about
xact energy and material flows are of second-order importance.
onetheless, simple lumping of complex process models for control
ay lead to large errors. In order to address both, process models
hich accurately predict the material and energy flows, and mod-

ls simple enough for control applications, model reduction can be
sed.

In the literature there is a large variety of model reduction
ethods for simulation and control purposes. Model reduction

or simulation attempts to retain process model states, i.e. system
ehaviour for a particular set of inputs. For control purposes model
eduction should retain the input–output behaviour. Whereas

odel reduction for linear process models is well established,
odel reduction for non-linear models is still an on-going research

opic. For an overview of model reduction methods, the interested
eader is referred to Refs. [23,24].

Several new approaches emerged in the past three decades.
n particular, the proper orthogonal decomposition2 (POD) gained

uch attention for model reduction of large dynamical systems
25–27]. In POD, a singular value decomposition is applied in
rder to obtain an orthogonal basis for snapshots, where the most
ominant singular vectors are retained. This method does not incor-
orate the state-to-output behaviour and does not always give
atisfactory results for control purposes. In addition to POD, there
ppeared several contributions on system identification where the
nput–output behaviour is obtained by neural networks [28]. Neural
etworks, however, need to be trained for certain scenarios and give
ather poor approximations when applying to operation regimes
ut of the training range. In addition, the system behaviour cannot
e traced back to certain causes. Model reduction based on lin-
arization and balancing still seems to be the most suitable model
eduction method for control purposes. Several methods includ-
ng a balanced realisation have been developed, such as balanced
runcation, optimal Hankel norm approximation and balanced
esidualisation. Compared to the former two model reduction

ethods, balanced residualisation preserves the linearized sys-
em’s behaviour in steady state. Merely scaling reduced-order

odels to recover steady-state behaviour may lead to large errors.
In this contribution, balanced residualisation is applied to the
MCM model. The input–output behaviour is retained in conjunc-
ion with good model approximations with respect to key process
ariables such as sweep gas temperature and oxygen mole fraction.
educed-order models incorporating 19 and 5 states, respectively

2 POD is also known as the method of empirical orthogonal eigenfunctions, and
arhunen–Loève expansion.
mbrane Science 336 (2009) 50–60 51

are compared to the full-order model. Whereas the model with 19
states contains 99% of the system’s energy (measured in Hankel
singular values), the model with 5 retains 95 of the system’s energy.

2. Oxygen mixed conducting membrane model

The oxygen mixed conductive membrane model is based on
conservation balances, spatially distributed with respect to the
monolith length (z coordinate), shown in Fig. 1. The OMCM is
assumed to be fabricated as a two-fluid monolith which results in
a high area-to-volume ratio [29]. This in turn leads to high heat
and mass transfer rates. The gas-phase is treated as an incompress-
ible fluid. The two counter-current stream compositions differ in
temperature, massflow and oxygen partial pressure. Oxygen per-
meation occurs from the high oxygen partial pressure air stream
to the low oxygen partial pressure sweep gas. Heat transfer pro-
ceeds in the opposite direction. Each air stream is connected to four
sweep gas streams and vice versa, resulting in a checkerboard pat-
tern. The solid wall, separating the two gas streams, is composed of
the OMCM layer and a porous support layer of similar material. On
one hand this support should be sufficiently porous to retard oxy-
gen permeation and on the other hand provide high mechanical
strength in order to prevent fracture under varying process condi-
tions. In addition, the porous support should have a similar thermal
expansion coefficient to keep thermal stresses during load changes
at a low level when there is no other possibility for the OMCM to
relax the strains by either extension or bending [14,31–34]. The
membrane layer and porous support are combined with respect
to heat transfer for reason of model simplification. Oxygen resi-
dence times in the solid wall are not considered because of the
fast exchange of oxygen through the membrane layer. Therefore,
Fig. 1. Oxygen mixed conducting membrane: manifold (above), repeating element
(below).
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The energy balance for the air is given by( ) ( )
Fig. 2. Oxygen permeation through the oxygen mixed conducting membran

hich is shown on the bottom of Fig. 1, is assumed to be uni-
orm in axial direction. Monolith boundary effects are not taken
nto account because of the large number of gas channels (>6000).
ntrance effects on flow dynamics have been neglected. The oxy-
en permeation is controlled by bulk diffusion as well as surface
eactions [5,12]. Modification of the Wagner equation for bulk dif-
usion and concentration balances makes allowance for both flux
ontributions. It is assumed that surface exchange and bulk diffu-
ion of oxygen exhibit the same dependency with respect to the
xygen partial pressure gradient. This is a valid approximation for
he simulation purposes interesting in this work. The monolith
uter layer is in direct contact with a high-performance insulation
ase in order to reduce heat losses. The two-dimensional insula-
ion model includes heat transfer by conduction, radiation and free
onvection.

.1. Oxygen permeation

Oxygen permeation through a nonporous ceramic membrane
s controlled by bulk diffusion and surface exchange kinetics. Sur-
ace exchange reactions may involve many sub-steps, including
dsorption from the gas phase, charge transfer reactions between
he adsorbed species and the bulk including the reverse reac-
ions [3,14,35,36]. Reducing the membrane thickness increases the
xygen permeation as long as bulk diffusion prevails, but even-
ually the surface exchange reactions become rate-limiting [5]. A

embrane exposed to an oxygen partial pressure gradient can be
isualised by dividing it into three zones: an interfacial zone on
he high oxygen partial pressure (air) side, a central bulk zone,
nd an interfacial zone on the low oxygen partial pressure (sweep
as) side. These zones with their oxygen partial pressure drop are
hown in Fig. 2. The oxygen ion transport through the La2NiO4+�
ulk proceeds through the combination of interstitial oxygen ions
igration in its rock-salt layers and lattice oxygen ions migration

hrough oxygen vacancies in its perovskite layers, formed according
o [14,22,36,37]:
x
O + 2h � V..

O + 1
2

O2 (1)

1
2

O2 � O′′
i + 2h (2)
lattice diffusion mechanism (a) via vacancy and (b) via interstitial positions.

Oxygen flux can be described by an approximate equation [37],
neglecting any influence of the porous membrane support:

JO2 = −kJ
sf

c0D0

4thmn
[pn

O2,sweep − pn
O2,air] (3)

where kJ
sf

is a parameter incorporating surface reactions, c0 the oxy-
gen concentration, D0 the oxygen self-diffusion coefficient, thm the
membrane thickness, n represents an additional fitting parameter
used for partial pressure dependency, and pO2 the oxygen partial
pressure.

2.2. Conservation balances

In energy and species conservation balances of the monolith,
cross-sectional effects in the x- and y-coordinate, as shown in
Fig. 1, are neglected. The fluids are described by plug-flow, i.e. the
velocity over the gas channel cross section can be approximated
by a constant value. Energy balances for the gas phases include
heat transport by convection, conduction as well as heat trans-
ferred by oxygen molecule exchange. Pressure effects are neglected.
The monolith outer wall is in direct contact with the insulation
inner layer. Therefore, these two temperatures are set equal along
the monolith length (z coordinate). A two-dimensional conduction
model has been incorporated for the ‘thick’ insulation layer. The
ambient temperature is assumed to be constant. Heat losses from
the insulation outer layer to the environment by free convection as
well as radiation are included. The species conservation balances
incorporate convection and oxygen diffusion through the OMCM.
Diffusion along the axial monolith length is neglected because of
large Peclet numbers (>200). Initial conditions for all conservation
balances are given by the steady state assumption.

2.2.1. Energy conservation
�acpg,a
∂Ta

∂t
− va

∂Ta

∂z
= ∂

∂z
�a

∂Ta

∂z
+ ˛hf,a(Ts − Ta)

− 4JO2

∂hO2,a

∂z
(4)
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he energy balance for the sweep gas reads:

wcpg,w

(
∂Tw

∂t
+ vw

∂Tw

∂z

)
= ∂

∂z

(
�w

∂Tw

∂z

)
+ ˛hf,w(Tw − Ts)

+ 4JO2

∂hO2,w

∂z
(5)

he following Dirichlet boundary condition are applied at inlet:

g |inlet = T0
g (6)

nd Neumann boundary condition at outlet:

∂Tg

∂z
|outlet = 0 (7)

he solid wall energy balance is given by

scp,s
∂Ts

∂t
= �s

∂2Tw

∂z2
+ ˛hf,w(Tw − Ts) + ˛hf,a(Ta − Ts)

+ JO2

(
∂hO2,a

∂z
− ∂hO2,s

∂z

)
(8)

lease note that the permeation factor 4 for the oxygen perme-
tion term does not occur in the energy balance for the solid wall.
ach sweep gas channel receives four times the oxygen due to the
heckerboard pattern. Each solid wall, however, receives only a sin-
le contribution of the oxygen permeation.

The solid wall ends are assumed to be adiabatic. It follows that

∂Ts

∂z
|z=0 = 0 (9)

∂Ts

∂z
|z=Lm = 0 (10)

he OMCM is embedded in a high-performance insulation in order
o reduce heat losses. The insulation thickness has been chosen so
hat the outer surface temperature is kept well below 100 ◦C [38].
he insulation thermal conductivity is based on the lowest value
urrently commercially available [39]. However, Apfel et al. [40]
eported commercially available isolation materials with a thermal
onductivity of 0.02 W/(mK), and Chen and Evans reported values
f 0.001 W/(mK) [41]. Heat losses could then be further reduced.
ompared to mobile applications (such as SOFC in vehicles), power
ycles are usually not restricted by space. This results in a trade-
ff with respect to cost between insulation thickness and material
pplied:

The energy balance for the insulation reads:

inscp,ins
∂Tins

∂t
= �ins

∂2Tins

∂x2
+ �ins

∂2Tins

∂z2
(11)

he insulation inner layer temperature equals the monolith solid
emperature, expressed by

s|z = Tins|x=0,z (12)

t the insulation outer layer heat is released to the environment by
combination of free convection and radiation, it follows thus

�ins
∂Tins

∂z
|x=thins,z = (hconv(Tins − Tamb) + εins�(T4

ins − T4
amb))|x=thins,z

(13)

n order to circumvent complex computation of the insulation, the
nds in vertical direction are assumed to be adiabatic, resulting in
∂Tins

∂z
|x,z=0 = 0 (14)

∂Ts

∂z
|x,z=Lm = 0 (15)
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The total heat emitted by free convection and radiation is calculated
by integration over the heat flux along the length of the monolith,
according to

Q̇ = Aext

Lins

∫ Lins

0

q̇ dz (16)

In the energy conservation balances � represents the density, cp is
the heat capacity, T the temperature, v the fluid velocity, � the ther-
mal conductivity, ˛ the area-to-volume ratio of the monolith, hf
the heat transfer coefficient, JO2 the oxygen flux through the mem-
brane, hO2 the enthalpy of oxygen, εins the insulation emissivity, �
the Stefan–Boltzmann constant, Aext the external radiant surface of
the insulation outer layer, Lins the length of the insulation, and q̇ is
the heat flux by free convection and radiation. The index a denotes
air, whereas w stands for the sweep gas. The index s indicates the
solid wall (membrane layer and porous support), ins the insulation,
conv free convection, and amb ambient conditions.

2.2.2. Species conservation
The species conservation balance is presented for oxygen.

Assuming absence of leakages or cracks in the OMCM layer, there
is no permeation of other components but oxygen3. Axial diffusion
is neglected because of the large monolith length relative to the
channel width.

The species conservation balance for air is given by

∂CO2,a

∂t
− vg,a

∂CO2,a

∂z
= −4kC

sf

JO2

wch
(17)

and for the sweep gas:

∂CO2,w

∂t
+ vg,w

∂CO2,w

∂z
= 4kC

sf

JO2

wch
(18)

with the Dirichlet boundary condition at the channel inlet:

Cg,O2,k|inlet = C0
g,O2,k (19)

where C denotes the species concentration, kC
sf

a parameter
accounting for surface reactions, JO2 the oxygen flux and wch the
width of one single monolith channel.

2.2.3. Geometry
The total number of channels in the monolith is calculated by

nch = | W − ths

wch + ths
|2 (20)

where W denotes the monolith width ths the solid wall thickness
(membrane and porous support layer), and wch the channel width,
obtained by

ths = 0.22wch (21)

The proportionality factor between solid wall thickness and channel
width can be considered as a trade-off between oxygen permeation
and mechanical stability.

The area to volume ratio of the monolith with checkerboard
layout is calculated by means of
(wch + ths)

3 As for heat transfer, effects caused by the porous membrane support, such as
diffusion, are neglected.
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Table 1
Monolith and insulation parameters used in the simulations.

Item Value/expression Units

Cp,ins 1000 [39] J kg−1 k−1

Cp,s 1050 + 0.1Ts [45] J kg−1 k−1

hconv 10 [46] J s−1 m−2 s−1 K−1

Lm 0.3 m
Tamb 308 K
thins 0.075 m
thOMCM 30 [29] �m
thS 0.33 mm
wch 1.5 mm
εins 0.3 [39] –
�ins 0.03 [39] J s−1 m−1 K−1

�s 3 [45] J s−1 m−1 K−1

�ins 320 [39] kg m−3

�s 2400 [45] kg m−3

Table 2
Base case monolith parameters used for simulation.

Item Value Units

Sweep gas stream conditions at inlet
Temperature 1350 K
Pressure 17 bar
Mass flowrate 0.075 kg s−1

Water mole fraction 0.99 –
Oxygen mole fraction 0.01 –

Air stream conditions at inlet
Temperature 1150 K
Pressure 17 bar
4 K. Eichhorn Colombo et al. / Journal

.2.4. Flow velocity
The flow velocity in the monolith channels is based on the fol-

owing continuity condition:

g = ṅtotV

(nch/2)w2
ch

(23)

here ṅtot is the total molar flowrate in the channel, V the vapour
olume, and nch the total number of channels in the monolith.

.2.5. Heat transfer coefficient
The convective heat transfer coefficient hf between bulk flow

nd walls in square channels is known analytically for fully devel-
ped laminar flow for a uniform heat flux as [7]

u = hf wch

�g,k
= 3.091 (24)

.2.6. Pressure drop
Neglecting gravitational effects the pressure drop is calculated

y [42]:

= 1
4

(
wch

Lm

)(
�P

(1/2)�v2

)
(25)

ith the friction factor [7]:

Re = 56.91 (26)

here f is the friction factor, �P the pressure drop along the OMCM,
nd Re the Reynolds number.

.3. Numerical model implementation

The OMCM model is implemented in gPROMS, which is an equa-
ion oriented modelling tool. Physical gas properties are called
y the property data package Multiflash in conjunction with a
oave–Redlich–Kwong equation of state [43].

The full OMCM model consists of 1523 algebraic and 623
ynamic state variables. A number of 30 modes in axial direction
nd 5 nodes in vertical direction for the insulation energy balance
re found to be sufficient, as an increased number of nodes does not
ead to improvements in numerical solution accuracy. The energy
nd species conservation balances of the sweep gas are discretised
sing a backward finite difference scheme, whereas for the reverse
ir fluid a forward discretisation scheme is applied for numerical
tability. Central finite difference is used for the energy balance of
he solid wall and insulation layer. The approximation for partial
erivatives is of second order. A general rule for calculation time
annot be defined. The standard solver DASOLV applied here, varies
ime increments, depending on occurring discontinuities and cur-
ent changes in process variables. However, with increasing model
omplexity (transient), changes in process constraints, and inte-
ration time period, time for solving the system also increases. For
nstance, the transient simulation of the OMCM model shown in
ig. 7 takes approximately 30 s with a total CPU time of 16.5 s. All
ther simulations require considerably less computation time. The
arameters used in the mathematical OMCM model description are

isted in Table 1. The model reduction code has been implemented
n Matlab [44].

.4. Operation regime

The OMCM is an oxygen separation device that operates at

levated temperature and pressure. The gas-phase temperatures
hould be high enough to heat the OMCM above 700 ◦C [37] in
rder to achieve desired oxygen permeation fluxes and to reduce
he dimensions of the OMCM. Besides, elevated temperatures are
ecessary from a thermo-mechanical stability point of view [32].
Mass flowrate 0.125 kg s−1

Water mole fraction 0.79 –
Oxygen mole fraction 0.21 –

Pressure differences between the two gas phases should be kept
low for reason of mechanical stability. The air mass flow is some-
what higher compared to the hotter sweep gas to optimise heat
transfer. An oxygen mole fraction of 1% is assumed to be present in
the sweep gas with the balance being steam. Using the OMCM in a
natural gas-fired power plant as air separation device, the sweep gas
may be a mixture mainly consisting of steam and/or carbon dioxide.
These chemical components may react with the membrane which
ultimately results in degradation [2]. Consequently, concentrations
of water and carbon dioxide have to be minimised, in conjunction
with the oxygen partial pressure and operation temperature. In this
work, effects of different sweep gas compositions have not been
studied. The values for the OMCM performance base case are given
in Table 2.

3. Model reduction

Balanced model reduction is based on a certain system trans-
formation that balances the input and output ‘energies’ as defined
by the controllability and observability gramians. This transfor-
mation orders the system states, starting with the state that
affects the input–output characteristic the most (contains the most
input/output ‘energy’). Moreover, the transformation provides a
measure of these energies, the Hankel singular values. Balanced
model reduction can then be performed by removing the trans-
formed states with the smallest Hankel singular values (weakest
input–output influence). Simply using the remaining reduced sys-
tem is referred to as ‘balanced truncation’, while correcting the

reduced system such that the steady state remains correct, is
referred to as ‘balanced residualisation’. The minimum requirement
for balanced model reduction is that the system matrix A is Hurwitz,
i.e. all eigenvalues are in the open left-half plane. Model reduction
by balanced residualisation leads to a stable reduced-order model.
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.1. Linear system theory

A linear time invariant system is represented by the following
tate space formula [47]:

d

dt
x(t) = Ax(t) + Bu(t) (27)

(t) = Cx(t) + Du(t) (28)

here x(t) is a vector containing the system states, u(t) the input
ariable vector, and y(t) the output variable vector. A, B, C and D are
onstant matrices.

The coupling between system inputs and states as well as system
tates and outputs, is represented by the system’s controllability
nd observability gramian, respectively. These matrices are defined
y [47]:

C :=
∫ ∞

0

eAtBBT eAT tdt (29)

O:=
∫ ∞

0

eAtCT CeAT tdt (30)

hich are the unique positive definite solutions of the following
wo matrix Lyapunov equations:

LC + LCAT + BBT = 0 (31)

T LO + LOA + CT C = 0 (32)

he system matrix A is assumed to be Hurwitz.
The Hankel singular values measure the contribution to the

nput–output system behaviour from each state in state coordi-
ates that have equal observability and controllability gramians,
nd therefore provide information about which parts of the system
an be retained or removed. Hankel singular values are defined as
he square root of the controllability gramian times the observabil-
ty gramian. It follows thus [48]:

i =
√

�i(LCLO) (33)

.2. Balancing

It can be shown that there is always a balanced realisation of the
ystem’s transfer function so that the following equality is satisfied
47]:

ˆC = L̂O = diag(�1, �2, ..., �n) > 0 (34)

he transformed gramians are [47]:

ˆC = TLCTT (35)

ˆO = (T−1)
T
LOT−1 (36)

here T is a transformation matrix and the Hankel singular values
exhibit the following property [47]:

1 ≥ �2 ≥ . . . ≥ �n (37)

n balanced form, the system is given by [47]:

d

dt
x̂ = TAT−1x̂ + TBu = Âx̂ + B̂u (38)
= CT−1x̂ + Du = Ĉx̂ + D̂u (39)

ith

ˆ = D (40)

t is important to emphasise that despite modifications of the sys-
em gramians, the original transfer function is preserved.
mbrane Science 336 (2009) 50–60 55

3.3. Residualisation

Let the states of a balanced system, corresponding to Hankel
singular values larger than some limit, be collected in x1, and the
rest in x2, and write the system as

d

dt

(
x̂1
x̂2

)
=

(
Â11 Â12

Â21 Â22

)(
x̂1
x̂2

)
+ (B̂1B̂2)

(
u1
u2

)
(41)

(
ŷ1
ŷ2

)
= (Ĉ1Ĉ2)

(
x̂1
x̂2

)
+ (D̂1D̂2)

(
u1
u2

)
(42)

We want to remove the states in x2. This can be achieved by just
removing the x2-state (called balanced truncation), but this affects
the system’s steady state. Instead we can residualise the system:

Ared = Â11 − Â12Â−1
22 Â21 (43)

Bred = B̂1 − Â12Â−1
22 B̂2 (44)

Cred = Ĉ1 − Ĉ2Â−1
22 Â21 (45)

Dred = −Ĉ2Â−1
22 B̂2 (46)

This gives the reduced system the same steady-state gain from input
to output as the original system.

4. Results

In the first part, steady state as well as dynamic results of the full-
order OMCM model are presented with an emphasis on the oxygen
permeation. In what follows, the eigenvalues of the linearized
model at steady state are shown. In the third part, two reduced-
order models, including 99 and 95% of the system’s “energy” (in
terms of Hankel singular values) are compared to the full-order
model.

4.1. Full-order oxygen mixed conducting membrane model

4.1.1. Steady-state solutions
The initial case values for simulation can be found in Table 2. A

total number of 6690 gas channels has been calculated, obtained
by Eq. (20). The area-to-volume ratio is 896, based on Eq. (22). Due
to small channel size, the flow is fully developed laminar with an
average Reynolds number of 305 and 514 for the sweep gas and air
stream, respectively. The corresponding pressure drops in the gas
channels are 0.017 and 0.025 bar, respectively. Average heat transfer
coefficients of 169.8 and 162.8 W/(m2-K) are obtained for the sweep
gas and air fluid, respectively. Flow velocities for the sweep gas and
air at the inlet are 2.35 and 3.25 m/s, respectively. The insulation
prevents too large heat losses to the environment. An average heat
flux of 358.2 W/m2 has been calculated.

Fig. 3 shows the oxygen flux through the OMCM in axial direction
with variation of the gas-phase temperatures, and the correspond-
ing oxygen partial pressure differences are shown in Fig. 4. Both
temperatures are set constant (resulting in constant solid wall tem-
perature) to study the effect of solid wall temperature only. All
other model specifications are as in Table 2. The material-specific
parameters D0 and n in Eq. (3) increase with increasing tempera-
ture, whereas c0 decreases. The net effect of these three parameters
with variations in temperature is positive, i.e. the oxygen transport
is enhanced for higher temperatures. An additional contribution
for raised oxygen transport at elevated temperatures is the appear-

ance of the parameter n as exponent for the partial pressure of
oxygen. The general non-linear behaviour of the oxygen transport
can be seen from Eq. (3). It can also be seen from Fig. 3 that oxy-
gen transport mainly occurs at the sweep gas inlet, the location of
the maximum partial pressure gradient of oxygen after which the
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ig. 3. Oxygen flux through the OMCM with varying gas-phase temperatures.

rofile of the oxygen transport becomes more and more flat. This
eans that for a larger gain in oxygen on the sweep gas side, con-

iderably longer monoliths must be applied. One possible solution
ight be to use a reducing atmosphere on the sweep gas side that
eeps the oxygen partial pressure low and the driving force high,
espectively [22].

In Fig. 5 the oxygen flux in axial direction is shown for varying
xygen partial pressure differences. The oxygen partial pressure dif-

ig. 4. Oxygen partial pressure difference with varying gas-phase temperatures.

ig. 5. Oxygen flux in axial direction with varying oxygen partial pressure differ-
nces.
Fig. 6. Oxygen flux in axial direction for total pressure differences of 2 bar, 0 bar, and
−2 bar.

ference, starting at 20%, is decreased to 18.5, 16 and finally to 11%.
All further process parameters of the two gas streams are as shown
in Table 2. Eq. (3) shows a large dependency of the oxygen partial
pressure difference on the amount of permeating oxygen. Whereas
for large oxygen partial pressure differences the oxygen flux shows
a steep profile it becomes more and more flat for small differences
in oxygen partial pressure. The pressure difference between air and
sweep gas across the solid wall of the OMCM should be rather small
to minimise mechanical stresses. In Fig. 6, a pressure difference of
+2, 0, and 2 bars is applied leading to different oxygen permeation
rates. This can be explained on the basis of Dalton’s law, where
partial pressures of gas mixture components are calculated by the
product of total pressure and mole fraction.

4.1.2. Transient solutions
Fig. 7 presents heating of the solid wall at the air inlet. The ther-

mal response of the monolithic OMCM is very fast, which is due to
the thin solid walls. Starting at a solid wall temperature of 308 K,
steady state is reached after approximately 300 s. All other operat-
ing conditions are as shown in Table 2. Fig. 9 shows the transient
response of the oxygen permeation along the axial direction of the
OMCM, starting at 308 K. Higher oxygen transport can be obtained
at elevated temperatures with a strongly non-linear behaviour in

axial direction. It should be noted that Fig. 9 does represent only the
thermal response. Activation of oxygen transport through the mem-
brane takes generally several hours [21,22] until a steady state is
reached. Further, degradation of the OMCM by, e.g. gaseous species

Fig. 7. Transient behaviour of solid phase temperature from 308 K to steady-state
temperature of 1180 K at L = 0.3 m.
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ig. 8. Transient behaviour of oxygen permeation in axial direction for 1000 s, start-
ng at 308 K.

n the feed and/or sweep gas may also affect the transport of oxygen.
t should be noted that the heating profiles, shown in Figs. 7 and 9,
epresent a theoretical maximum of the OMCM’s thermal response.
arge temperature and oxygen partial pressure gradients across
he OMCM may lead to failure and drastically reduce the system
urability. In practice, operating conditions need to be carefully
ontrolled, in particular during start-up and shut-down [49]. Fig. 8
hows the transient response in the insulation at th = 0.0375 m,
tarting at 308 K. All other operating conditions are as shown in
able 2. The apparent dead time in the beginning can be explained
y the low insulation thermal conductivity. The thermal response

n the insulation layer is very slow, leading to transients of sev-
ral hours until a steady state is reached. This can be explained by
he low thermal conductivity of the applied material. In addition to
educed heat losses, reduced start-up times after a short stop can
e expected for the integrated OMCM.
.2. Eigenanalysis

Fig. 10 shows the eigenvalues of the linearized OMCM model. All
igenvalues are in the right-half plane (the real part of the eigen-

Fig. 10. Eigenvalues of the lin
Fig. 9. Transient behaviour of insulation temperature at th = 0.0375 m and L = 0.3 m
with for 50000 s.

values are negative), which means the model is stable. It should be
emphasised that the location of some of the eigenvalues depends
strongly on the applied discretisation method. One eigenvalue is
located very close to the imaginary axis representing a charac-
teristic slow dynamics mode. The large range of the real part of
the eigenvalues indicates that there is room for model reduction
if specific frequency ranges are more interesting than others. For
instance, for control system design the frequency range above the
closed loop system bandwidth is not very important.

4.3. Reduced-order oxygen mixed conducting membrane models

The oxygen mole fraction at the sweep gas outlet is one of the
key quantities in the OMCM. As discussed earlier the oxygen perme-
ation through the OMCM is a non-linear function of oxygen partial
pressure difference in the two gas phases as well as the solid phase
temperature. Incorporated into a process the transient response of
the OMCM will strongly affect process units such as combustion

located downstream this heat- and mass-transfer unit. Therefore,
results for the reduced-order models are here limited to the sweep
gas oxygen mole fraction at the outlet. The transient responses in
the time domain are obtained with the parameters in Table 2, except
for those the models are excited with.

earized OMCM model.
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Fig. 11. Transient response of the oxygen mole fraction at the sweep gas outlet for the
full-order model and two reduced-order models with 19 and 5 states. After 10 s the
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Fig. 12. Transient response of the oxygen mole fraction at the sweep gas outlet for
the full-order model and two reduced-order models with 19 and 5 states. After 10 s
weep gas inlet temperature is reduced by 10% (−135 K) (above). Frequency response

f the oxygen mole fraction at the sweep gas outlet for the full-order model and two
educed-order models with 19 and 5 states when excited with a sinusoidal input
ignal of the sweep gas inlet temperature (below).

The upper part of Fig. 11 shows the transient response of the oxy-
en mole fraction at the sweep gas outlet for the full-order model
nd two reduced-order models including 19 and 5 states, respec-
ively. After 10 s simulation a negative step change of 135 K of the
weep gas inlet temperature is applied to the models. The reduced-
rder model with 5 states exhibit a large inverse response directly
fter the model has been excited, whereas the transient response
f the reduced-order model with 19 states is very close to that of
he full-order model. The lower part of Fig. 11 illustrates the fre-
uency response for the same input and output as for the figure
bove. The frequency response at a given frequency can be inter-
reted as the ratio of the output and input amplitude when the

nput is a sinusoidal signal at that frequency. The reduced-order
odel incorporating 19 states show very similar response to the

inearized full-order model at frequencies up to 10 Hz. The reduced-
rder model with 5 states starts deviating at around 0.02 Hz, and
hows qualitatively wrong behaviour for frequencies higher than
Hz. Consequently, one should be careful when using the reduced-
rder model including only 5 states for developing fast control
tructures. However, for control of power cycles including OMCMs,
t is likely that one need not consider load changes (and other dis-
urbances) with frequencies higher than 1 Hz, as such fast changes
n operating conditions could be detrimental.

Fig. 12 shows the same variables as in Fig. 11, but now the oxygen
ole fraction at the sweep gas inlet is increased by 500% (+5% points
n the oxygen mole fraction) after 10 s. The transient response of the
educed-order model incorporating 19 states is very close to that of
he full-order model. As for the case shown in Fig. 11, the reduced-
rder model with 5 states exhibit an inverse response immediately
fter the model has been excited with the input step function.
the oxygen mole fraction at the sweep gas inlet is increased by 500% (+5% points in
the oxygen mole fraction) (above). Frequency response of the oxygen mole fraction
at the sweep gas outlet for the full-order model and two reduced-order models with
19 and 5 states when excited with a sinusoidal input signal of the sweep gas inlet
oxygen mole fraction (below).

The reduced-order model with 5 states uses the term D̂ (“direct
feedthrough”) to approximate some of the faster dynamics in the
full-order model, and this gives the (seemingly) inverse response
in Figs 11 and 12 for this reduced-order model. However, as long
as this inverse response is much faster than a desired closed-loop
bandwidth, this model error will not affect control design. In the
lower part of Fig. 12, the corresponding frequency response of the
oxygen mole fraction at the sweep gas outlet is shown for the full-
order model and two reduced-order models with 19 and 5 states.
Both reduced-order models have similar response compared to the
full-order model throughout the whole frequency domain shown
here. The full-order and reduced-order models differ in required
simulation time and the number of state variables. The CPU time
ratio for full-order and reduced-order models can, for some cases,
be larger than 100.

In general it can be stated that reduced models, which are gener-
ated by means of the linear model reduction technique applied here,
will give a steady-state error in working points other than the one
for which the linearization was obtained. This is shown in Fig. 12.
This is due to model linearization rather than model reduction, as
the reduced model retains the steady state of the linearized model.
For control design, steady-state offsets in controlled variables can
be removed by inclusion of integral action in the closed-loop con-
trollers.
5. Conclusion

Based on energy and species conservation balances spatially dis-
tributed in one dimension, steady state and dynamic simulations
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s
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m
A
g
d

C molar concentration (mol m−3)
cp heat capacity (J mol−1 K−1) or (J kg−1 K−1)
c0 oxygen concentration (mol m−3)
D0 oxygen self-diffusion coefficient (m2 s−1)
f Fanning friction factor
h electron holes
hf heat transfer coefficient
JO2 oxygen molar flux (mol m−2 s−1)
ksf parameters for membrane surface reactions
Lm monolith length (m)
n temperature dependent parameter
nch number of gas channels in the monolith
ṅtot total mole flow (mol s−1)
Nu Nusselt number
O2 oxygen molecule
O′′

i
interstitial oxygen ion

Ox
O lattice site oxygen

p partial pressure
P pressure (Pa)
q̇ heat flux (J s−1 m−2)
Q heat (J s−1)
R universal gas constant (J mol−1 K−1)
Re Reynolds number
T temperature (K)
t time (s)
th thickness (m)
V volume (m3 mol−1)
vg velocity (m s−1)
V..

O oxygen vacancy
wch channel width (m)
W monolith width (m)
x radial direction (m)
z axial direction (m)

Greek letters
˛ area to volume ratio (m2 m−3)
ε emissivity
� thermal conductivity (J s−1 m−1 K−1)
� density (kg m−3)
� Stefan–Boltzmann constant, Hankel singular values

Indexes
a air
amb ambient
C concentration
c controllability
conv free convection
g gas
n counter for Hankel singular values
ins insulation
J oxygen flux
k gas index (air or sweep gas)
m monolith
K. Eichhorn Colombo et al. / Journa

ere performed in order to study the OMCM under variation of
rocess conditions such as temperature, pressure and oxygen par-
ial pressure differences. The oxygen permeation strongly depends
n the oxygen partial pressure difference exposed to the OMCM.
urthermore, the oxygen transfer is an activated process and is also
trongly depending on temperature. The monolithic geometry with
high number of gas channels results in highly efficient heat and
ass transfer. Larger total pressure differences between sweep gas

nd air gives only small improvements in oxygen permeation. On
he other hand, a small pressure difference leads to considerable
onger lifetime of the OMCM and is therefore preferred.

Transient simulations reveal fast thermal response in the OMCM
onolith. New operational conditions can therefore be adjusted

n short time. The insulation, on the other hand, shows very slow
hermal response because of the low thermal conductivity of the

aterial. Steady state is reached after several hours. Heat losses are
ow and the OMCM can be maintained at high temperature after
rocess shut-down.

All eigenvalues of the linearized OMCM model are in the right-
alf plane, which means the model is stable.

Model reduction by balanced residualisation was applied in
rder to reduce the model size with respect to the number of states.
he frequency responses of the reduced-order models reveal good
greement to the linearized full-order model for frequencies lower
han 1 Hz. Higher frequencies are of less importance when dealing
ith control of power cycles.

Model reduction of complex process units has the benefit of
etaining the physical behaviour of key variables in conjunction
ith a small and fast model which can then be used for process

ontrol.
Often in process control, models are developed somewhat differ-

ntly to those used in process engineering. These models attempt
o capture the inherent dynamics between inputs and outputs,
hereas steady-state values of variables such as temperature and

oncentration are of less importance. The approach taken herein,
tarting with a detailed model and then applying model reduction
or control has the advantage that there is only one model to develop
nd maintain. The same model can be used for both, detailed anal-
sis of, e.g. temperature and concentration distribution, and (after
odel reduction) for process control.
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Nomenclature

Symbols
Aext external radiation surface (m2)

o observability
O2 oxygen
r reduced
s solid wall
sf surface reactions
w sweep gas
T transposed
tot total
0 initial
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