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1 Management Summary 

The enclosed report summarizes work performed in the period of 1 July 2008 to 1 November 2009.  

Thermo-Economic Modeling 

A review of the state of the art gas turbine power plants designs with CO2 capture was performed to 
set up a list of technologies to be considered in a conceptual process superstructure. The efficiency 
and economics of carbon dioxide capture in gas turbine combined cycle power plants can be re-
markably improved by introducing Flue Gas Recirculation (FGR) to increase the CO2 concentration in 
the flue gas and to reduce the volume of the flue gas treated in the CO2 capture plant. Thus, this proc-
ess was chosen as the main focus of the thermal-economic modeling performed.  

Different process configurations were investigated in order to study the impact of FGR on the combus-
tion and CO2 capture. Two process configuration options were considered: two gas turbines in series 
and two GTs in parallel with recirculation, in each case with the following fuels: natural gas, natural 
gas with H2 enrichment (0-73%vol) and syngas (produced by using oxygen or air for partial oxidation). 
The integration of a steam network and the CO2 capture unit was analyzed and the process perform-
ance computed. The methodology applied to evaluate the objectives is based on the flowsheet model, 
the energy integration model and an evolutionary algorithm. 

It is now possible to start with detailed thermo-economic optimization of the overall system including 
the gas turbine, hydrogen production, the steam network and the CO2 capture unit. The modeling will 
take into account combustion stability information delivered from the applied combustion studies of 
this project. The modeling work will compare and evaluate the different options in a systematic and 
consistent way and will determine the thermodynamic efficiency and the economic performance of the 
best available options for integrated power production with efficient CO2 capture and low CO2 avoid-
ance costs.  

Fundamental and Applied Combustion Studies 

At FHNW combustion studies were performed to quantify the impact of reduced oxygen content 
(caused by flue gas recirculation) on combustion stability. The maximum possible level of FGR is lim-
ited to that corresponding to stoichiometric conditions in the combustor. Reduced excess oxygen, 
however, leads to negative effects on flame stability and CO emissions. Combustion tests have been 
carried out in a generic burner under typical gas turbine conditions with methane and synthetic natural 
gas (mixtures of methane and ethane) to investigate the effect of different C2+ contents in the fuel on 
combustion stability. To locate the flamefront and to measure emissions for different residence times a 
traversable gas probe was designed and employed. It was found that increasing the FGR ratio leads 
to lower flame stability, indicated by a movement of the flamefront downstream. Thus, complete flame 
burnout—indicated by low emissions of unburned components (CO, UHC)—requires a longer resi-
dence time in the combustion chamber. Adding C2+ or H2 to the fuel moves the flame zone back up-
stream and reduces the burnout time. 



 
Tests were performed with methane, methane/ethane (simulated natural gas), methane/hydrogen and 
natural gas (as distributed in Switzerland) at different FGR ratios and preheat temperatures. For all 
conditions the addition of ethane or hydrogen shows comparable trends. Addition of hydrogen to syn-
thetic natural gas which already contains C2+ has less of a beneficial effect on combustion stability and 
flame burnout than the addition of hydrogen to pure methane. 

It is well known that addition of diluents (like exhaust gas) to the combustible mixture will decrease its 
reactivity thus impacting the burning velocity. Additionally, the flame temperatures in the combustor 
will be impacted. Both the flame temperature and the flame speed are of major interest in our case 
because of their strong influence on cycle efficiency and flame stability, respectively. This fact defines 
the goal for the fundamental combustion experiments – to obtain a consistent set of experimental data 
for diluted methane flames under elevated pressure (up to 16 bar) and temperature conditions (up to 
1000 °C inlet temperature and up to 1850 K flame te mperature). 

In a first step numerical simulations of different fuel mixtures were performed. The data obtained from 
these calculations, flame speeds and adiabatic flame temperatures, will guide the experimental cam-
paigns to follow. The modeling results will help to determine the mixtures that will provide the flame 
temperature range relevant to design operating temperatures of real gas turbine combustors (usually 
1750 K ±100 K). 

Undiluted methane/air mixtures have been taken as reference compositions and gave results that 
were validated against previously derived own experimental data [Siewert et.al., 2006] and data avail-
able in the literature [Liao et al. 2004]. The achieved results are in agreement with the expectations – 
the more diluent introduced, the lower the flame speed. For � =1 the laminar flame speed drops from 
1.8 to 0.64 m/s (reduction by 65%) for the reference mixture (only methane/air) and from 0.67 to 
0.15 m/s (reduction by almost 80%) with an FGR rate of 30% in the pressure range between 1 and 
16 bar. If the pressure dependence is described by a power law function (SL~px) pressure exponents 
for the reference mixture (only methane/air) of x = -0.37 (which is again in line with literature data) and 
x = -0.5 +/- 0.05 for mixtures with 30% FGR are obtained. The values indicate in a consistent way that 
mixtures diluted with exhaust gas species apparently exhibit a stronger dependence on pressure 
variations than pure methane/air mixtures. This finding highlights the problem of flame stability with 
fuel mixtures containing high amounts of exhaust gas species (high FGR rates). Flame stability for 
these mixtures is expected to deteriorate even stronger at elevated pressure levels based on the re-
sults of this modeling study of laminar flame speeds. 

The Combustion Fundamentals Group (CFG) at PSI has undertaken the task of investigating experi-
mentally and numerically the catalytic and non-catalytic combustion of 
CH4/C2H6/H2/CO/H2O/CO2/N2/O2 mixtures. Experiments were conducted in an optically accessible, 
channel-flow reactor mounted inside a high pressure vessel, which allowed for Raman spectroscopy 
and laser induced fluorescence of the OH radical to be used as laser diagnostics techniques for the 
assessment of combustion processes under the pressure-inlet temperature-fuel mixture conditions of 
interest in this project. Initially, fundamental studies of lean methane/air combustion with large H2O 
and CO2 dilution in a catalytic reactor, in combination with numerical predictions using appropriate 
chemical reaction schemes, identified the major thermal and chemical impact of FGR in the combus-
tion of natural gas (methane being its main constituent). In order to accommodate experiments at 
higher inlet temperatures (up to 1000 K) and with CH4/C2H6 mixtures (C2H6 being more reactive than 
CH4), the reactor inlet section was redesigned and fitted with a hydrogen preburner allowing homoge-
neous mixtures at higher inlet temperatures and steam content without the danger of flashback. Gas 
phase ignition experiments of CH4/O2/N2/H2O/CO2 mixtures (2.69/6.33/77.36/6.49/7.13% vol. respec-
tively) were performed with the new experimental setup using both catalytic and inert reactor plates, at 
pressures 5 bar �  p �  15 bar and inlet mixture temperatures 673 K �  TIN �  1000 K. OH laser induced 
fluorescence (LIF) measurements revealed flames with excellent stability under all cases considered. 
As a next step, gas-phase ignition experiments were conducted with C2H6/air mixtures using an inert 
plate reactor, at pressures 1 bar �  p �  6 bar, inlet temperatures up to 529 K and fuel/air equivalence 



 
ratios up to 0.41. Stable flames were once more detected with OH-LIF measurements. With a consis-
tent set of experimentally acquired flames now available, simulations will be carried out with detailed 
gas-phase mechanisms to reproduce the experimentally observed flames of CH4/O2/FGR and C2H6/air 
combustion. 

Benchmarking and Development of Air Separation Memb ranes 

The composition Ba0.5Sr0.5Co0.8Fe0.2O3-�  was selected as a promising mixed ionic–electronic conduct-
ing (MIEC) membrane material in this project. Because of the high oxygen content necessary for gas 
turbine applications, a high oxygen flux has to be achieved with membrane structures. Due to this re-
quirement, it is necessary to consider thin walled tubes, typically 0.2 to 0.3 mm. Further decreases 
most likely will not increase the oxygen flux due to diffusional limitations in the oxygen flux. The influ-
ence of the tubular membrane geometry and the reactor configuration on the maximum tensile stress 
has been investigated with a strain-stress model: For unsupported tubes, small radii are structurally 
more favourable when air flows outside the tube. In the case of supported tubes, the best configura-
tion is with air flowing inside and a wall thickness to radius as small as possible. 

It has been shown that the cost of the reactor is strongly dependent on the material cost, which is pro-
portional to the volume. The latter depends strongly on the tube thickness but only weakly on its ra-
dius.  

The preparation of thin tubular oxygen membranes is performed by plastic extrusion. However, the 
production of thin tubes membrane by extrusion is dependent on various factors such as binder formu-
lation and process steps for the preparation of ceramic membranes (mixing, extrusion, debinding and 
sintering). A requirement is that the material should exhibit plastic behavior. This behavior can be 
achieved with binder in the feedstock. A systematic approach has been carried out to develop polymer 
powder compounds for the preparation of thin wall tube membranes. It has been exhibited that BSCF 
compounds can be shaped in a tubular form by a polystyrene binder. Optimal solids loading percent-
ages were determined based on the rheological behavior of the feedstock. Maximum powder loading 
of 60.5 vol% could be calculated for the used BSCF powder produced by Treibacher Industry AG. 

It was observed that sintering temperature and dwell time affect the density, grain size and porosity of 
BSCF extruded tubes. Density increased when sintering temperature and dwell time were raised. With 
increasing of the dwell time, the grain size of membranes became larger. 

Additionally to the Polystyrene (PS), polyethylene (PE), polyethylene glycol (PEG) and mixtures of PS 
and PEG were investigated as alternative thermoplastic binder systems. Degradation of the polymer 
as well as the roundness, straightness and deformation during compounding and shaping and after 
the debinding step were investigated. Considering the results achieved, the best green tubes could be 
made by using PE and a mixture of PS with 20 wt% of PEG (PS+PEG20). Tubes produced with PS, 
PS+PEG10 and PS+PEG20 feedstock were shown to have good roundness after debinding. 

During the next period an investigation of debinding and sintering processes (to achieve defect free 
membranes) and a study of the oxygen flux rate on pellet shaped thermoplastic BSCF feedstocks will 
be carried out. The final goal in this project is to fabricate tubular membranes by the extrusion method 
and to arrange these in bundles to meet permeation requirements.  

 



 

2 Progress report 

2.1 Introduction 

The overall project addresses specifically the challenge of developing a gas turbine with reduced CO2 
emission. Advanced technologies in various fields (fuel conversion, membrane systems, and en-
hanced heat management) will impact future gas turbine concepts.   

The literature is filled with many creative gas turbine cycle options for CO2 removal. In many of these 
cycles significant modifications must be made in key turbomachinery components in order to handle 
the modified fluid compositions. For this reason, the industry has been reluctant to invest in the reali-
zation of these cycles. It is believed that a stepwise introduction of new technologies on the pathway 
to a zero emission gas turbine has the best opportunity for realization and commercial success. Such 
a stepwise pathway in technology development could be the one shown in Figure 1. 
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Figure 1: Proposed stepwise introduction of technologies into development of zero emissions gas  
turbine. 

The current project focuses on the following key activities: 

1. Refinement and application of thermo-economic models  to evaluate various gas turbine com-
bined cycles for CO2 mitigation. Aim: evaluation of best technology development pathways, start-
ing from the current technology base of gas turbines and identification of technology develop-
ment needs.  

2. Fundamental and applied combustion studies  to address combustion stability, emission and 
reaction kinetics in novel gas turbine cycles for CO2 mitigation. Aim: what are the limitations in 
combustion carried out with exhaust gas recirculation and low oxygen excess? Can catalytic 
methods be employed to stabilize combustion, by producing hydrogen-containing syngas in situ?  

3. Benchmarking and development of air separation tech niques . Aim: what are the current op-
erating boundaries for ceramic air separation membranes? How can they be optimally integrated 
into future gas turbine combined cycle concepts?  

These activities interact with other related projects being performed within the Swiss Competence 
Center for Energy and Sustainable Mobility (CCEM-CH).  



 

2.2 Project goals  

The following technical deliverables have been defined for the overall project:  

·  GT process characteristics (efficiency, CO2 emission, power output, cost of electricity) for various 
zero emission concepts. Optimization of these characteristics.  

·  Key techno-economic parameters (investment, cost of CO2 avoidance, CO2 emission, cost of 
electricity) 

·  Fundamental combustion properties (flame speeds, ignition delay times) and mechanisms for gas 
mixtures encountered in specific reduced CO2 emissions concepts. 

·  Combustion stability and emissions (lean blowout limit, NOx and CO emissions) of specific com-
bustion designs.  

·  Performance benchmarks for ceramic high temperature air separation membranes. 

The initial focus of the project is technologies for a 400 MW combined cycle plant with CO2 capture. 
The status of the project can be measured by advances achieved in the individual technologies being 
developed as well as in the overall process performance data. In terms of the overall process the tar-
get is to achieve a CO2 avoidance cost of less than 25 € per ton CO2 for gas turbines. New cycles 
must be compatible with standard turbomachinery components to allow medium term implementation. 
The thermo-economic modeling will deliver specific technical targets for the individual process compo-
nents. For example, it will deliver the cost of an external CO2 separation unit, or the cost of additional 
combustion elements. The gas turbine evaluation will include studies on the effect of exhaust gas re-
cycle upon cycle performance.  

Combustion studies are required at the first step due to the importance of the recirculation rate on the 
overall performance of the CO2 removal process. Combustion stability concerns dictate the minimum 
amount of oxygen excess concentration possible. The level of other combustion pollutants must re-
main at current levels (NOx < 25 ppm, CO < 10 ppm). 

The following specific targets are identified for the individual process components:  

2.2.1 Thermo-economic modeling of novel gas turbine  cycles 

Thermo-economic modeling and optimization of different nearly zero emission cycle options is the 
overall integrating factor in the project. This modeling framework will aim at identifying required tech-
nology breakthroughs for process realization. In most of the advanced combined cycle configurations 
such as a GT cycle with exhaust gas recirculation and post combustion CO2 capture, several 
cross-cutting questions have to be addressed. What is the impact of low O2 excess and high levels of 
inert gas on combustion stability and emissions? Can combustion stability be improved by adding 
highly reactive (H2-based fuels) into the fuel mixture? What are the best technologies for an integrated 
production of oxygen? What are the best technologies for an efficient CO2 capture?  

At EPFL the main task consists in the process modeling and design. The goal is to develop a process 
superstructure including different options for a gas turbine power plant with CO2 capture. By applying a 
consistent methodology that is based on the thermo-economic modeling and energy integration tech-
niques and multi-objective algorithms, different options will be analyzed, optimized and compared sys-
tematically in order to reveal which are most promising. Based on the developed models the impact of 
CO2 recirculation on compressors, turbines, combustion, CO2 capture and the steam network will be 
assessed.  



 
2.2.2 Combustion 

FHNW  

High pressure combustion studies will determine the impact of exhaust gas recirculation on the lean 
blow-out limit and emissions (CO, NOx) of methane and simulated natural gas mixtures. For a given 
fuel injection geometry, inlet temperature and pressure combustion stability limits will be determined 
for conditions corresponding to 10, 25 and 50% simulated exhaust gas recirculation. The target is to 
have stable combustion at < 2 volume% excess oxygen concentration.  

The impact of hydrogen doping and hydrogen injection into flame stabilization zones of a combustor 
will be measured. The quantitative effect of specific injection geometries will be measured; the target 
is to achieve >100 K reduction of lean blowout limits for various degrees of exhaust gas recirculation. 
The impact of hydrogen injection on minimum required level of excess oxygen will also be investi-
gated.  

The performance of pilot scale catalytic partial oxidation reactors will be determined as a function of 
methane/oxygen ratio, pressure, temperature, and residence time. These reactors will be designed for 
integration into a fuel injector for a combustor.  

PSI, CFG 

The gas-phase chemistry of the fuel compounds of interest in the new GT cycles (CH4/H2/CO) in the 
presence of large H2O and CO2 dilution will be investigated, with main objective to determine ignition 
delay characteristics of those mixtures. The deliverable will be a chemical reaction scheme capable of 
reproducing accurately the measured ignition delay times for the combinations of CH4/H2/CO/H2O/CO2 
feed compositions of interest in the proposed GT cycles. A second deliverable is the construction of 
engineering correlations for the ignition delay times as a function of the feed composition and reactor 
operating condition (pressure, temperature).  

In systems with a catalytic reactor, which is the most likely candidate, there are two main objectives: 
understanding the inhibition of H2O/CO2 dilution on the catalytic reactivity of noble metals and, for the 
particularly promising fuel-rich catalytic approach, elucidating the impact of added H2O water on the 
increased hydrogen yields. The deliverables will be a validated heterogeneous scheme and also CFD 
numerical code that can be used for the design of the catalytic reformer.   

In approaches with a catalytic reformer, the combined hetero-/homogeneous process will be investi-
gated with the main objective to understand the coupling of the two pathways and also the impact of 
the catalytic module performance on the stability of the follow-up gaseous combustion. The deliver-
ables will be a numerical tool that can be used for the optimization of the entire hetero-/homogeneous 
combustion process (i.e. required amount of air bypass in the catalytic module, equivalence ratio in 
the catalytic module, residence time, etc).  

PSI-LPC: 

The influence of dilution (N2, CO2, steam) on the laminar flame speed of typical CH4/air mixtures simu-
lating flue gas recirculation (FGR) will be investigated for different operating conditions (pressure, pre-
heating temperature, equivalence ratio) in a numerical study. The created data base is essential for 
the development of turbulent flame speed correlations. Deliverable: Computed laminar flame speeds 
as a function of operating conditions and different diluents (N2, CO2, steam). 



 
NOx emissions and Lean Blowout limits (LBO) will be determined for typical CH4/air mixtures with dilu-
tion (N2, CO2, steam) simulating FGR at gas turbine relevant conditions. Deliverable: NOx, LBO corre-
lations. 

Flame characteristics (flame structure, flame speed) will be determined for turbulent premixed CH4/air 
flames with FGR. Deliverable: Correlations for calculating turbulent flame speeds as a function of 
laminar flame speed, pressure, temperature and fuel characteristics for a particular flow configuration. 

Turbulent premixed H2-enriched CH4/air flames with FGR will be characterized. Deliverable: Correla-
tions for calculating turbulent flame speeds as a function of laminar flame speed, pressure, tempera-
ture and fuel characteristics for a particular flow configuration. 

2.2.3 Air separation (EMPA/EPFL):  

The main idea in this project is to explore important fundamental, practical issues and to design a pro-
totype air separation membrane. 

Aims for the first milestone are to identify candidate materials satisfying the targeted oxygen permea-
tion flux and to give indications for the design of the oxygen separation membrane reactor. 

The second milestone addresses the fabrication of tubular ceramic membranes. The main goals of the 
milestone are to produce tubes with an oxygen flux of 5 ml/min.cm2. The tubes should be stable for 
several weeks without major degradation. Also, membrane leakage when used must be less than 5 
percent. In the production process of tubes, the deflection of tubes should be less than 3% in length 
and deviation of the wall thickness less than 10%. 

The third milestone is to construct a demonstrator based on a modular tube construction. The tasks 
will not only be directed to the production of tubular separation membranes, also the bundling of tubes 
for the prototype and bonding methods for connecting and sealing the reactor will be explored. To 
achieve this milestone, simulations have been started to estimate the dimensions of unsupported and 
supported membranes (e.g. outer diameter, length and wall thickness). 



 

2.3 Studies done and achieved results  

2.3.1 Technology and power plants models developmen t for a first optimization. 
(EPFL, Milestone 1) 

Process superstructure 

The conceptual superstructure for future gas turbine power plants designs represented in Figure 2 
includes pre-combustion, oxy-combustion and post-combustion options for CO2 capture, as for exam-
ple a natural gas gas turbine combined cycle plant (NGCC) with exhaust gas recirculation, an ad-
vanced zero emission gas turbine power plant (AZEP) and a partial oxidation (POX) power plant. This 
project is focused essentially on power plants with post-combustion CO2 capture. 

 

Figure 2: Conceptual superstructure of gas turbine power plants with CO2 capture. 

The power plants system consists of three main parts; the gas turbine with exhaust gas recirculation 
the steam network for the cogeneration of heat and power, and the CO2 capture process. For each 
process step different technological options can be considered as summarized in the block flow dia-
gram in Figure 3. CO2 can be removed by chemical absorption with ethanolamines, physical absorp-
tion and adsorption, membrane and CaO/CaCO3 capture processes, oxygen can be produced by cryo-
genic air distillation or oxygen separation membranes (OSM) and hydrogen can be generated by gasi-
fication or reforming processes.    

Process Modeling  

Modeling Status 

For each process option corresponding models are developed or actualized from previous studies. 
Table 1 shows the actual modeling status of the different technologies. 

 



 

 

Figure 3: Process block flow diagram including the technological options for the different process 
steps (hydrogen production, oxygen separation, CO2 removal). 

Table 1: Progress of the thermo-economic modeling of the different process options. For the modeling 
status: d – Developed, adapt. - Adaptations of developed models have to be done, in progr. – In pro-
gress, t.d. – To do, simp. mod.: d – A simplified model is already developed. In the literature field only 

some of the references used for the modeling are given. 

 

Process  Modeling Status Literature 

Hydrogen production: 
- Biomass gasification  
- SMR  
- POX  
- ATR  

 
in progress 

d 
d 
d 

with GT in progress 

 
 

Lozza et al. (2002b)  
Lozza et al. (2002a)  
Hagh et al. (2003)  

O2 production: 
-Oxygen sep. membrane 
-Cryogenic distillation  

 
in progress 

d 

 
 
G. Heyen 

CO2 removal  
- Membrane  
 
- Amine (chem. Abs.)  
 
- Selexol (phys. Abs.)  
- PSA  
- CaO/CaCO3 process 

 
simp. mod. : d 

detailed mod. : t.d. 
simp. mod. : d 

detailed mod.:adapt. 
           adapt. 

adapt. 
adapt. 

 
Van Stein et al. (2002) 
 
Radgen et al. (2005)  
Bernier et al. (2009)  
Gassner et al. (2009)  
Gassner et al. (2009) 
Romeo et al. (2008)  

Gas turbine  
- with recirculation 

d 
in progress 

 

Steam network  d Girardin et al. (2009)  



 
Flowsheet development and modeling assumptions 

The developed flowsheets of the main process steps are presented and discussed in this paragraph.  

Gas turbine model with recirculation: 

The gas turbine model with recirculation is represented in Figure 4, as subset of the modeling super-
structure. The combustion model is developed and calibrated with available experimental data. The 
calibration is based on the GT11N2 having the characteristics reported in Table 2. 

 

Figure 4: Gas turbine model with recirculation. 

 

Table 2: Gas turbine GT11N2 characteristics. 

 

The Peng-Robinson state equation is used for the thermodynamic modeling. The following assump-
tions are made to model the system:  

cstV incomp =,
�  

Oxidant cooling flow: bypass % = cst  
Secondary oxidant cooling flow: bypass % =cst 
Tcombustor,out=cst 
Pturbine,out=cst 

inTurbinestodolaturbine MfDP ,
�×=  

DPcompressor=DPTurbine+DPBurner 
� s,compressor=cst 
� s,turbine=cst 

The relevance and accuracy of these assumptions has to be proven based on experimental data.  

The assumed numerical values are: 



 

smV incomp /5.331 3
, =�  

Tcombustor,out=1213.15K 
� s,compressor=89.21% 
� s,turbine=89.21% 
Pturbine,out=1bar 
Cstodola=4.21 10-4 % 
Tcondensation=298.15K 
OxidantBypass1=6.0% 
OxidantBypass2=8.5%. 

The combustor model: 

For the combustion the flame stability is one of the limiting factors. Data of FHNW has to be included 
in order to guarantee burning conditions with high level recirculation of the exhaust gas. This can be 
done by adding hydrogen to the fuel or burning syngas mixture. 

The turbomachinery model:  

A more detailed model of gas turbine performance with CO2 recirculation is in progress. The two main 
questions that have to be answered are: 

·  Will the turbomachinery be limiting when increasing the CO2 recirculation rate (or will the combus-
tor be limiting)? If yes, what will happen? 

·  In the possible domain, how will the turbine performance change as a function of the recircula-
tion? 

This model has to be “system oriented”, that is to say it should not go too much in detail in flow model-
ing. 

Since no application cases have been published, a probabilistic approach (Dubuis 2009) will be ap-
plied in order to insure the stability of the solution. 

Syngas production 

Syngas, a mixture containing predominantly CO and H2, is produced through the partial oxidation of 
natural gas. The reactor is modeled as an autothermal reactor where the partial oxidation (POX), 
steam methane reforming (SMR) and water gas shift (WGS) reaction occur simultaneously. The corre-
sponding model is schematically represented in Figure 5. 
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The SMR and WGS reactions are at equilibrium whereas the POX reaction is modeled in such a way 
that all the oxygen is consumed. The reactions are operated at 950 °C and the steam to carbon ratio is  
initially set to 1.  

The oxygen for the partial oxidation is provided either by air or by pure oxygen obtained from an oxy-
gen separation membrane (OSM), also referred to here as a mixed ionic-electric conducting (MIEC) 
membrane). Alternatively, an OSM module can directly be used in a membrane reactor for the cata-
lytic partial oxidation (CPOX) of methane to syngas to produce hydrogen in-situ. In this case the cata-
lytic reaction acts as a sink for oxygen and drives the permeation. The oxygen transport through 
dense mixed conducting membranes is modeled according to modeling equations given by 
S. Diethelm. The total oxygen permeation is expressed by:  



 

22 OO KAN mD××=�  

where A is the total exchange area of the OSM reactor, K  the average transport coefficient and 

2OmD  the average oxygen chemical potential difference depending on the reactor configuration (co-

flow or counter-flow). 2OmD  can be expressed similar to the log mean temperature difference used in 

heat exchangers by assuming that the total flows are constant along the reactor. 

( )21

21
2 /ln mm

mm
m

DD
D-D

=D O  

where 1mD and 2mD  depend on the considered configuration and are expressed as a function of the 

chemical potential of the oxygen-rich side, oxygen-poor side, inlet and outlet. 

 

Figure 5: Syngas production model. 

CO2 capture 

For the CO2 capture a model of the chemical absorption with monoethanolamine in an NGCC power 
plant was developed in Bernier (2009). The model represented in Figure 6 includes the CO2 absorp-
tion and desorption columns, and absorbent regeneration. This model is used to simulate multi-
pressure, split-fraction CO2 capture and to extract information about heat and work requirements and 
the effective capture rate as a function of the operating conditions and the absorber size. The CO2 
capture performance can be optimized with respect to the CO2 absorbent flow configuration, equip-
ment sizing and thermal integration with steam cycle.  

Steam network model 

The syngas production and CO2 capture equipment introduce several heat flows (positive and nega-
tive) at different temperature levels. Thus, the steam network of the combined cycle has to be ration-
ally redesigned taking these new streams into account. 

There are two different approaches concerning steam network modeling: 

1. Process flowsheet simulation allows one to characterize the system configuration in detail, but is 
not very flexible in complex superstructure optimization.  

2. Process integration techniques allow computation of cost and efficiency for the global HEN (heat 
exchanger network). However, the individual design of each heat exchanger and the exact heat 
exchanger structure still has to be defined. Moreover this method is less time and memory con-
suming than the first one, which makes optimization more efficient. 

In approach 2, the steam network has been modeled as presented in Figure 7:  



 
 

 

Figure 6: CO2 capture model for chemical absorption with ethanolamines (Bernier 2009). 

 

Figure 7: Superstructure of a steam network with expansion level and heat consumption and rejection. 

As stated in Figure 7, several elements have been considered: 

·  Different headers are defined by their pressure, temperature and vapor fraction (x>0.85) 

·  The different mass flow rates involved in: 

�  Steam turbine (mT) 

�  Let down flow (L) 

�  Steam recovered from heat reject (A) 

�  Steam consumed by heat sink (S) 



 
The two performance indicators that have been taken into account are the cost and the efficiency. 

The efficiency of the steam cycle is given by: 

 

The isentropic efficiency during steam expansion between two pressure levels has been calculated 
from Smalley et al.(2000): 

 

The costs have been calculated based on the correlation reported in Table 3 

 

Table 3: Cost correlation for steam network. 

 

M2: Report of the first optimizations deducing some  important configuration options: first re-
sults presentation and discussion of results. 

Different process configurations were investigated in order to study the impact of exhaust gas (CO2) 
recycling on the combustion and CO2 capture. Two process configuration options were considered: 
two gas turbines in series with recirculation and two GTs in parallel, in each case with the following 
fuels: natural gas, with H2 enrichment (0-30%wt, 0-73%vol) and syngas (produced by using oxygen or 
air for partial oxidation). The methodology applied to evaluate the objectives is based on the flowsheet 
model, the energy integration model and an evolutionary algorithm. 

For the natural gas fuelled cases the considered natural gas (NG) composition is: CH4 83%mol, C2H6 

7.5%mol, C3H8 2%mol, C4H10 0.8%mol, C5H12 0.5%mol, N2 6%mol and CO2 0.2%mol. Hereafter, Nat-
gas100, Natgas90, Natgas80 and Natgas70 refer to fuels compositions of 100% NG, 90%wt NG and 
10%wt H2, 80%wt NG and 20%wt H2, and 70%wt NG and 30%wt H2, respectively. For these cases the 
production of hydrogen is not yet considered in the models, but will be included in the final project re-
sults. The Syngasair case refers to syngas fuel produced from air (i.e. fuel containing N2) and Syn-
gasO2 to syngas fuel produced from pure oxygen from air separation by membranes (Section 2.4.1).  



 
Sensitivity Analysis 

For various recirculation rates the developed model allows one to calculate the mixture composition of 
oxidant used in tests performed by partners FHNW and PSI and to see the impact on the compressors 
and turbines, and the effect on the CO2 partial pressure. Some combustion constraints defined ex-
perimentally by the FHNW and PSI, such as on the excess air factor (l ), O2 concentration limits, CO2 
and NOx concentration limits have to be taken into consideration to define the technical limits. 

Multi-objective optimization 

On the most interesting case, the steam network has to be optimized in order to fulfill syngas produc-
tion and CO2 capture demands. A multi-objectives optimization approach has been applied. The main 
improvement of this method consists in optimizing not only the mass flow rate involved in the steam 
network but the header's thermodynamic state (Girardin et al. 2009). This is done using an evolution-
ary algorithm. The objectives considered are the system efficiency and the system cost. Constraints 
are given by the mass and energy balance. 
 



 

2.3.2 Combustion Studies at FHNW 

Combustion Stability as a Function of Oxygen Content and Fuel Composition 

The main target of the combustion studies at FHNW was to determine the impact of oxygen content 
on combustion stability in order to answer the question of how much flue gas recirculation is possible. 
Tests also determined the impact of fuel composition on combustion stability limits. Specifically, the 
impact of C2+ content within simulated natural gases and H2 addition (via pure hydrogen or syngas) 
were quantified.  

Experimental Setup 

Figure 8 shows the set up of the high-pressure test rig, which was used for investigating combustion at 
typical gas turbine conditions. The oxidizer mixture representing air or an air/flue gas mixture can be 
composed individually by mixing the pure components nitrogen, oxygen and carbon dioxide. N2 and 
CO2 are supplied from liquid cryogenic tanks. To achieve the required high pressure supply the pres-
sure of the liquids is increased by pumps at low power demand and then evaporated. O2 is delivered 
from high-pressure gas cylinder bundles. The required oxidizer composition is generated by means of 
gas mass flow meters, additionally checked by analyzing the O2 and CO2 concentration of the mixture 
by appropriate gas analyzers. 

The oxidizer mixture is heated up by an electric heater, to maximal 600 °C, which is covering most 
standard gas turbine conditions. For investigation of gas turbine reheat combustion systems the mix-
ture can be further heated up to 1000 °C by means o f a catalyst using hydrogen as fuel. Additionally 
the combustion of hydrogen delivers the water vapor for simulating the humid hot gas coming from the 
first stage of a reheat gas turbine. Compared to a system using a natural gas combustor as hot gas 
generator, the catalytic system has some advantages. It is self-igniting, simple to control, has a wider 
lean stability range and generates no CO or NOx. 
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Figure 8: Small-scale, high-pressure combustion test rig with traversable gas probe and view port. 

The hot oxidizer mixture enters the generic burner (Figure 9) where fuel is added. A rectangular chan-
nel of 21.5 mm x 12.5 mm models the mixing channel. In the entry of the channel turbulence genera-
tors are placed to improve mixing of oxidizer and fuel. 
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Figure 9: Generic gas turbine burner. 

To avoid flame flashback the fuel injection is placed downstream of the mixing device. To ensure a 
consistent reaction kinetics analogy in terms of ignition time, the residence time of the fuel/oxidizer 
mixture in the channel before entering the combustion chamber is kept similar to that in the gas tur-
bine. The fuel injection downstream of the vortex generators is performed with a lance containing four 
injection holes. The injection angle is oriented at 50° to the main flow. The fuel mixture simulating 
natural gas is composed of methane and ethane or original natural gas from the Swiss net filled in gas 
cylinders (see Table 5). The fuel/oxidizer mixture leaves the mixing channel and enters the combus-
tion chamber, where it is ignited by auto ignition and/or internally recirculated hot combustion gases. 
Before leaving the test rig, the exhaust gas is throttled to maintain the desired operating pressure be-
tween 8 and 16 bar. 

A traversable gas probe (Figure 10) that can be moved axially and rotated inside the combustion 
chamber was designed and implemented within this project. As the probe head is bend and the rota-
tion axis is eccentric to the combustion chamber axis a quasi 2-dimensional measurement of gas con-
centrations in the combustion chamber is possible. A view port at the end of the combustion chamber 
beside the traversable probe allows optical access of the flame zone in axial direction. 
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Figure 10: Axial and radial traversable gas probe. 

Test Method 

The target of the tests was to determine the burnout time by measurements of the CO concentrations 
along the burning chamber axis with the traversable gas probe. In one set of tests the influence of the 
O2 content in the oxidizer (simulated FGR) on the burnout behavior of CH4 and NG flames was inves-



 

tigated. Others tests were focused on quantifying the beneficial impact of H2 addition to the fuel (CH4 
and NGs) under low O2 excess conditions. 

Table 4: Compositions of oxidizer mixtures at the combustor inlet (xO2,in) and outlet (xO2,res) as a func-
tion of oxidizer inlet temperature and FGR. 

Tin xO2,in xO2,res 

11.6 2.0 
550 

20.7 11.2 

7.5 1.4 
900 

15.2 9.0 

The oxidizer temperature and composition was varied as shown in Table 4. As mentioned before, CH4 
and NG with different C2+ contents were used as fuels in the first part of the tests, while in the second 
part the fuels were additionally mixed with 20 % mole H2. The tested fuel compositions are shown in 
Table 5. The natural gas (NG) was taken from the Swiss net and filled into gas cylinders and ana-
lyzed. 

Table 5: Composition of the tested fuels in % mol. NG analyzed. Influence of C2+ content in fuel 

Species Methane NG sim6  NGsim16  NG 

CH4 100 94 84 90.69 

C2H6  6 16 4.50 

C3H8    1.90 

C4+    0.33 

Inert    3.58 

In Figure 11 the influence of the C2+ amount in the NG on the burnout time is shown. Initially, only pure 
CH4 combustion is considered. When the O2 contend in the oxidizer is reduced the burnout is shifted 
downstream (blue arrow, longer residence time). 

Influence of O2 reduction 

In Figure 12 the results of the measurement with CH4 (blue triangles) and NG (red circles) are shown, 
where the filled symbols indicate high O2 excess (corresponds to the case without FGR) and the 
empty symbols low O2 excess (corresponds to a high FGR rate). The measurement was taken at an 
oxidizer inlet Temperature of 550 °C and a pressure  of 8 bar. The time, shown in Figure 12 was calcu-
lated as a function of the axial distance of the gas probe from the burner exit and the flow velocity of 
the hot gas in the combustion chamber. For simplification it was assumed that the temperature of the 
hot gas is the adiabatic flame temperature. In reality the gas temperature will drop along the combus-



 

tion chamber due to heat loss through the wall. This will result in lower velocity and hence longer resi-
dence times compared to the adiabatic case. 
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Figure 11: Influence of C2+ on measured CO concentrations at an inlet temperature of 900 °C, pres-
sure of 8 bar. The blue arrow indicates the shift of the burnout time due to the O2 reduction in the oxi-

dizer. The red arrows indicate the shift of the burnout time due to the C2+ in the fuel. 
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Figure 12: Measured CO concentrations along axis of combustion chamber at an inlet temperature of 
550 °C, a pressure of 8 bar and a flame temperature  of 1477 °C. The arrows indicate the shift of the 

burnout time due to the O2 reduction in the oxidizer. 

It is easy to see that the burnout of the CH4 flame moves further downstream than that of the NG 
flame. The same behavior was observed for the high inlet temperature case (Figure 11). It is obvious 
that the inlet temperature has only an influence on the absolute burnout time (note the different scale 
of the time axis of Figure 11 and Figure 12) but not on the shift due to O2 reduction. 

In order to fairly compare the different cases, it was decided to define the burnout time as the time 
where the CO concentration reaches a value of 400 ppm. This value was chosen because of the still 
high axial gradient of the CO concentration curves, which gives a good time resolution, and at the 
same time low enough concentration to indicate the end of the burnout zone. In addition, the range of 
the CO gas analyzer varies from 0 to 1000 ppm, thus a value of approximately 400 ppm is a sensible 
level to use. In Table 6 the lengths of the arrows (burnout time shift) in the two plots are summarized. 
For both fuels tested the time shift caused by O2 reduction is higher for the high inlet temperature 



 

case. This is in contrast to the shorter absolute burnout times at high inlet temperature. Especially in 
the cases with low excess oxygen the burnout of NG is significantly shorter as compared to methane. 
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Figure 13: Measured CO concentrations at an inlet temperature of 900 °C. The arrows indicate the 
shift of the burnout time due to the O2 reduction in the oxidizer. 

Table 6: Summary of the measured burnout shifts due to O2 reduction. Influence of H2 addition  

 Tox = 550 °C T ox = 900 °C 

dtCH4 [ms] 3.50 3.65 

dtNG [ms] 2.30 2.45 

These tests were only carried out with low O2 excess conditions. The reason for this is that H2 addition 
only makes sense as a measure to recover lost reactivity caused by flue gas recirculation. The O2 con-
tent in the flue gas was held constant at 3 % vol. (dry) during all tests with H2 addition, which simulates 
a case of high FGR rate. The target is to relocate the flames—which moved downstream by increased 
FGR rate—to their original positions without FGR. 

The measurements in Figure 14 show, as expected, a shift of the flame front upstream due to H2 addi-
tion. This effect is more intense in the case where CH4 is used as fuel. Therefore it seems at a first 
glance, that the addition of H2 to CH4 is more effective (results in a larger shift) than H2 addition to NG. 
If one looks more closely it is obvious that the C2+ amount in the NG already moves the burnout zone 
upstream so that the difference is not as large. Important is to see that the NG with H2 addition leads 
to a better burnout time than the CH4 plus H2. 

The measurements with an inlet temperature of 900 °C are shown in Figure 15. They show the same 
trends as the one with a lower inlet temperature of 550°C. A summary of the burnout time shifts is 

shown in  

. Similar to the tests before, the absolute burnout times decrease with an increase of the inlet tempera-
ture, but in contrast to the first part of the tests, the shifts at high inlet temperature are also smaller. 

The test results are summarized in Figure 16. At an inlet temperature of 550 °C there is a lower shift  
downstream due to reduction of the O2 amount in the oxidizer and a larger shift upstream due to H2 
addition in fuel, compared to the cases with an inlet Temperature of 900 °C. This is valid for CH 4 and 
NG. So it seems, looking only at the shifts of the burnout times that H2 addition to the fuel is more ef-
fective at low inlet temperature, but it is important to see that the absolute values of all the burnout 
times are around 10 ms higher, compared to the ones at high inlet temperature. So it is reasonable 



 

that the upstream shifts at high inlet temperatures, where the absolute burnout times are already 
short, are lower than those at low inlet temperature. 
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Figure 14: Measured CO concentrations along axis of combustion chamber at an inlet temperature of 
550 °C, a pressure of 8 bar and a flame temperature  of 1477 °C. The arrows indicate the shift of the 

burnout time due to H2 addition. 
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Figure 15: Measured CO concentrations at an inlet temperature of 900 °C. The arrows indicate the 
shift of the burnout time due to H2 addition. 

 

Table 7: Summary of the measured burnout shifts due to H2 addition. 

 Tox = 550 °C T ox = 900 °C 

dtCH4 [ms] -4.51 -2.55 

dtNG [ms] -3.50 -1.85 



 
 

Figure 16: Summary of burnout times measured in experiments at 1750 K and 8 bar pressure.  

 

The overall level of hydrogen necessary to compensate for the reduction in reactivity due to the deple-
tion of oxygen was measured for a variety of combustion inlet temperatures for Swiss natural gas as 
shown in Figure 17. In these tests the location of flame burnout in the absence of oxygen depletion (no 
FGR) was marked as the axial location where CO reached 100 ppm in the post flame zone. Then FGR 
was simulated and the flame moved downstream. Sufficient hydrogen was added to the fuel mixture 
either as pure hydrogen or as part of a syngas mixture (containing 60 % H2 and 40 % CO by volume) 
to move the flame back to its original location. It was shown that the inlet temperature played a minor 
role; on the other hand less hydrogen was required if this was part of a syngas mixture, indicating that 
CO also plays a stabilizing role.  

Mixing quality of fuel and oxidizer plays a large role in the required hydrogen levels for stabilization as 
shown in Figure 18. At low levels of oxygen (corresponding to levels below 4% in the exhaust) the fuel 
cannot find enough oxidizer for complete combustion, even with very high levels of hydrogen present.  
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Figure 17: Required level of hydrogen to stabilize Swiss natural gas combustion as a function of O2 
vol % in the exhaust gas for various oxidant inlet temperatures. Tests performed at 8 bar and 1750 K 
adiabatic flame temperature. Hydrogen added to the fuel via pure hydrogen or syngas (60% H2 and 

40% CO). 

 

 

Figure 18: Influence of mixing quality on required H2 level for combustion stabilization 
 in a large diameter combustion chamber. 

 

p=8bar, Tad=1750K, grosse BK

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.60

0.65

0.70

0 1 2 3 4 5 6 7 8 9 10 11 12 13

xO2 Fluegas [vol%]

x H
2 
F

ue
l [

km
ol

/k
m

ol
]

H2(O2);Tox=900°C; schlechte Mischung

H2(O2);Tox=450°C; schlechte Mischung (!)

H2(O2);Tox=900°C; gute Mischung

H2(O2);Tox=450°C; gute Mischung

p=8bar, Tad=1750K, x CO=const.=100ppm

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.60

0 1 2 3 4 5 6 7 8 9 10 11 12 13

xO2 flue gas [vol%]

x H
2
 F

ue
l [

km
ol

/k
m

ol
]

H2(O2);Tox=900°C

SG(O2);Tox=900°C

H2(O2);Tox=800°C 

SG(O2);Tox=800°C 

H2(O2);Tox=450°C

SG(O2);Tox=450°C

H2(O2);Tox=550°C

SG(O2);Tox=550°C



 

 

Figure 19: Influence of mixing quality on required H2 level for combustion stabilization 
 in a small diameter combustion chamber. 
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2.3.3 Fundamental Combustion Studies at PSI-CFG 

The Combustion Fundamentals Group (CFG) of Paul Scherrer Institute undertook the task of investi-
gating experimentally and numerically the catalytic and non-catalytic combustion of 
CH4/C2H6/O2/H2/CO/H2O/CO2/N2 mixtures. A series of individual tasks were planned to provide vali-
dated hetero-/homogeneous chemical reaction schemes for the catalytic and non-catalytic combustion 
of simulated natural gas using various degrees of exhaust gas recycling under realistic large-scale 
gas-turbine conditions. 

The first task involved modification of the existing test rig for investigating conditions relevant for com-
bustion with simulated natural gas and exhaust gas recirculation. This will require simulation of the 
exhaust gas conditions and the high inlet temperatures that are to be encountered. A dedicated cata-
lytic hydrogen preburner was used to reach the required temperatures and steam contents. 

The kinetics of simulated natural gas (CH4 with C2H6) are investigated as part of the second task. Pure 
gas-phase combustion of CH4/C2H6/O2/H2/CO/H2O/CO2/N2 premixtures will be studied in the optically 
accessible, high-pressure, channel-flow reactor of CFG at laminar flow conditions. Experiments are 
carried out at pressures of up to 15 bar with inert and catalytic reactor channel walls and fully-
premixed feed. The onset of gaseous combustion in the reactor is determined with planar laser in-
duced fluorescence (LIF) of the OH radical. The anchoring point of the flame (distance from the chan-
nel entry) is subsequently used to determine the ignition delay characteristics of the investigated pre-
mixtures. Experiments are carried out with dilutions and fuel compositions of interest to the new GT 
cycles that aim at CO2 emission mitigation. Finally, numerical modeling using PSI’s 2-D CFD codes 
with elementary gaseous chemical reaction schemes complements the experiments. The comparisons 
between measurements and predictions thus lead to the establishment of refined gas-phase chemical 
reaction schemes suitable for capturing the ignition characteristics of the aforesaid mixtures. 

A comparison of the ignition characteristics of pure methane and simulated natural gas (CH4/C2H6) 
mixtures will be carried out as a next task. The results of the first two tasks will be used to determine 
the impact of higher hydrocarbons on the reactivity of mixtures that are relevant to gas turbines. Simu-
lation of the results with a C2 gas-phase chemical reaction mechanism will be carried out to quantify 
the (expected) increase of the chemical reactivity with the addition of ethane. 

Optically accessible, channel-flow reactor 

The test-rig used for the experimental tasks (see Figure 20) consists of a channel-flow reactor, which 
is mounted inside a high-pressure cylindrical tank. The reactor comprises two horizontal Si[SiC] plates 
with a length of 300 mm (x), width  of 110 mm (z) and thickness of 9 mm; the plates were positioned 
7 mm apart (y). For the catalytic combustion experiments, the inner surfaces of the Si[SiC] plates were 
coated via plasma vapor deposition with a 1.5 � m thick Al2O3 non-porous layer, followed by a 2.2 � m 
thick platinum layer. The other two sides of the reactor are formed by two 3-mm-thick vertical quartz 
windows. The surface temperatures along the x-y symmetry plane are monitored with S-type thermo-
couples (12 for each plate), which are embedded 0.9 mm beneath the catalyst layer. The 
high-pressure vessel is fitted with two 350-mm long and 35-mm thick quartz windows (see Figure 20), 
which maintain optical accessibility from both reactor sides. Two additional quartz windows located at 
the exhaust section of the vessel and the reactor outlet provide a counterflow optical access for the 
LIF experiments. 



 

 

Figure 20: Test rig of the optically accessible reactor, with the Raman and OH-LIF laser setups. 

In order to accommodate experiments with C2H6, which is more reactive than the previously examined 
CH4, and later with CH4/C2H6 at inlet temperatures as high as 1000 K, modifications to the reactor mix-
ing and entry section were necessary to avoid flashback. Moreover, to achieve the high inlet tempera-
tures and steam content required for FGR experiments, a hydrogen-fueled, honeycomb catalytic 
pre-combustor was fitted prior to the mixing section (see Figure 21). Lean H2/air mixtures are fed to 
the catalytic preburner wherein complete fuel conversion is achieved, with the hot exhaust gases sub-
sequently mixed with CO2. The O2/N2/H2O/CO2 flow is then mixed with CH4 and/or C2H6 in two se-
quential Sulzer mixers. A flow straightener serves as connection to the channel-flow reactor consisting 
of a conical diffuser embedded with two mixing screens and three equidistant thermocouples for tem-
perature monitoring, while it allows for complete mixing and uniform reactor inlet conditions without 
any recirculation zones. The uniform flow and good mixing quality of the constructed section have 
been verified with hot-wire velocity and NO laser induced fluorescence measurements, respectively. 
Successful testing of the employed entry section setup was performed under a worst-case scenario, 
using hydrogen fuel (much more reactive than ethane or methane/ethane mixtures) with fuel/air 
equivalence ratios up to �  = 0.33, inlet temperature TIN = 773 K and at pressures up of p = 15 bar. No 
flashback was detected under a wide range of inlet Reynolds numbers tested. 

Laser Diagnostics 

To assess the surface reactivity and thus the catalytic conversion of CH4 on platinum, the 526.5 nm 
radiation of a frequency-doubled Nd:YLF high repetition rate pulsed laser (Quantronix Darwin Duo), 
operated at 1.5 to 2 kHz, with a pulse duration and energy of 130 ns and 37 to 43 mJ, respectively, 
provided the light source for the Raman measurements. Given the laminar and steady operating con-
ditions, the signal of 20’000 to 40’000 pulses was integrated on the detector chip when acquiring an 
image. Six of these images were subsequently averaged, such that up to 9 kJ of laser light was used 
for a single Raman spectrum. The signal-to-noise ratio increased by a factor of 20 compared to the 
previous methane/air Raman arrangement; moreover, the danger of dielectric gas breakdown was 
eliminated due to the resulting lower intensities at the focal line. The 526.5 nm beam was focused 
through the tank and reactor side-windows into a vertical line (~0.3 mm thick) by an f = 150 mm cylin-



 

drical lens. The focal line spanned the 7 mm channel separation and was offset laterally (z = 15 mm) 
to increase the collection angle and minimize thermal beam steering. Two f = 300 mm lenses collected 
the scattered light at a 50° angle with respect to the incident optical path and focused it to the entrance 
slit of a 25 cm imaging spectrograph (Chromex-250i) equipped with an intensified CCD camera 
(Princeton Instruments PI-MAX1024GIII). The 1024- and 256-pixel-long CCD dimensions corre-
sponded to wavelength and transverse distance, respectively. Raman data for the major combustion 
species were acquired at different positions by traversing axially a table supporting the sending and 
collecting optics and also the Nd:YLF laser (see Figure 20). The 250-pixel-long 7 mm channel height 
was binned to 63 pixels. 

 

Figure 21: Various tested designs for the high-temperature entry section and the steam-producing H2 
preburner. 

Detection of gas-phase ignition as well as visualization of the flames anchored inside the reactor were 
performed with an OH-LIF setup (see Figure 20). The 532 nm radiation of a frequency-doubled 
Nd:YAG laser (Quantel TDL90 NBP2UVT3) pumped a tunable dye laser (Quantel TDL90); its fre-
quency-doubled radiation (285 nm) had a pulse energy of 0.5 mJ, low enough to avoid saturation of 
the A(v = 1) ¬  X(v¢ = 0) transition. The 285 nm beam was transformed into a laser sheet by a cylin-
drical lens telescope and a 1 mm slit mask, which propagated counterflow, along the x-y symmetry 
plane. The fluorescence of both (1-1) and (0-0) transitions at 308 and 314 nm, respectively, was col-
lected at 90° (through the reactor and tank side-wi ndows) with an intensified CCD camera (LaVision 
Imager Compact HiRes IRO, 1392x1024 pixels binned to 696x512). A 120x7 mm2 section of the com-
bustor was imaged on a 600x34 pixel CCD-area. The camera was traversed axially to map the 
300 mm reactor extent; at each measuring location 400 images were averaged. 

Numerical model 

Simulations were carried out with an elliptic, 2-D CFD code. The C1/H/O elementary mechanism of 
Warnatz et al. (26 species, 108 reactions) provided the platform for gas-phase combustion chemistry 
of CH4/air mixtures. The aptness of this mechanism has been demonstrated for p �  6 bar. To repro-
duce homogeneous ignition measurements at the lower pressure range 1 bar �  p < 6 bar, a correction 
in the kinetic parameters of the chain branching step CHO + M ®  CO + H + M has been recently pro-
posed and further supported by kinetic measurements. The scheme of Warnatz with the aforemen-
tioned modification was valid at 1 bar �  p �  16 bar, and was thus used in the ensuing simulations. For 
the catalytic reaction pathway, the elementary heterogeneous scheme of Deutschmann et al. (24 reac-



 

tions, 11 surface and 9 gaseous species) was used to describe the oxidation of CH4 on Pt. Mixture-
average diffusion, including thermal diffusion for the light species, provided the gas-phase transport 
model. Gas-phase and surface reaction rates were evaluated with CHEMKIN and Surface-CHEMKIN, 
respectively. An orthogonal staggered grid of 420 ´  120 points (in x and y, respectively, over the 300 ´  
7 mm2 domain) was sufficient to produce a grid-independent solution. The inlet conditions were uni-
form profiles for the temperature, the axial velocity, and the species mass fractions. Fitted curves 
through the individual thermocouple measurements provided the bottom- and top-wall temperature 
profiles, which were used as energy boundary conditions at y = 0 and 7 mm, respectively. No-slip was 
applied for the velocity at the walls and zero-Neumann conditions for all scalars at the outlet. 

Results: Description of methodology for extracting gas-phase (and surface) ignition kinetics 

In order to understand and evaluate the thermal and chemical impact FGR can potentially have on the 
gas-phase combustion of natural gas and its main constituent methane, fundamental experiments of 
lean methane/air combustion were conducted in the optically-accessible channel-flow reactor with 
large H2O and CO2 dilution, augmented by simulations using the in-house 2-D CFD code. Initially, the 
applicability of the aforementioned chemical schemes (Deutschmann et al. for surface and Warnatz et 
al. for gaseous reactions) was established with high-pressure experiments (up to 16 bar) of meth-
ane/air combustion. A typical example of the adopted experimental/numerical methodology is pre-
sented in Figure 22.  

 

Figure 22: Experimental and numerical data presented for a CH4/air flame. p = 16 bar, �  = 0.40, 
TIN = 643 K, Re = 1606. (a) Predicted streamwise profiles of transverse-averaged CH4, H2O and OH 
mole fractions, as well as experimentally-acquired upper and lower channel wall temperature profiles 

(TW,U and TW,L respectively). The vertical arrow denotes the point of homogeneous ignition (xig). 
(b) LIF-measured (upper color map) and numerically-predicted (lower color map) OH distributions in 

the channel-flow reactor. Predictions refer to the Deutschmann/Warnatz schemes. Vertical arrows de-
fine the position of gas-phase ignition. (c) CH4 and H2O transverse species mole fraction profiles at 2 
streamwise position prior (x = 15 and 43 mm) and after (x = 93 mm) homogeneous ignition. Channel 
walls are located at y = 0 and 7 mm. Symbols correspond to Raman measurements (squares: CH4, 

triangles: H2O), lines to numerical predictions (red lines: CH4, blue lines: H2O). 



 

OH-LIF was used to determine the gas-phase ignition distance and visualize the flame in the channel. 
In cases of catalytically active walls (as in Figure 22), Raman spectroscopy was employed to study the 
surface reactivity prior to gas-phase ignition, so as to quantify the catalytic fuel consumption and en-
sure that gas-phase kinetics will not be falsified by uncertainties stemming from the catalytic reaction 
pathway. As evidenced in Figure 22, there is a very good agreement between experiments and nu-
merical predictions both in terms of homogeneous ignition distance predictions (Figure 22, (b)) and 
catalytic combustion processes (Figure 22, (c)). 

To investigate the chemical and thermal effect FGR can have on the gas-phase combustion of meth-
ane, additional experiments with large H2O and CO2 dilution were performed. Comparisons between 
measured and predicted (Deutschmann/Warnatz schemes) OH maps are illustrated in Figure 23 for 
CH4/O2 mixtures with H2O/N2 dilution (Figure 23, a)) and CO2/N2 dilution (Figure 23, b)). The H2O addi-
tion was 57.1% per volume in the first case, while at the position of homogeneous ignition (xig) the H2O 
levels had risen to 66% due to catalytic formation of combustion products. The chemical effect of H2O 
was to promote kinetically to a significant degree the gaseous combustion. The thermal impact of H2O 
addition was even more important than the chemical one, inhibiting homogeneous ignition. The very 
good agreement between the measured and predicted homogeneous ignition distances (Figure 23, a) 
and b)) has shown that the scheme of Warnatz et al. correctly captured the chemical promotion of 
homogeneous ignition due to H2O addition. In the case with high CO2 dilution (30.3% per vol.) there 
was, again, a good agreement between measurements and predictions (Figure 23, b)). A similar 
analysis as with H2O showed that the chemical impact of CO2 was particularly small (it shifted xig up-
stream by only 4 mm). Chemical effects for CO2 have been reported only for equivalence ratios �  > 
0.6, which will necessitate further investigation of the high-equivalence-ratio experiments reported in 
the next section of CH4 combustion with moderate FGR. 

 

Figure 23: LIF-measured and numerically predicted (Deutschmann/Warnatz schemes) OH concentra-
tions (ppm vol.) of two CH4/air cases with large a) H2O (57.1% vol.) and b) CO2 (30.3% vol.) dilution. 

a) TIN = 558 K, Re = 1477, b) TIN = 602 K, Re = 1038. 

Results: Gas-phase combustion of CH 4/air with FGR: Inert- and catalyst-coated plate rea ctor 

Experiments of gas-phase ignition have been performed in the optically-accessible, channel-flow reac-
tor for CH4/O2/N2/H2O/CO2 mixtures with the species volumetric composition being 
2.69/6.33/77.36/6.49/7.13% respectively, simulating natural gas combustion under conditions of ex-
haust gas recycling. The CH4/O2 volumetric composition corresponds in this case to an equivalence 
ratio of �  = 0.85. The pressure range considered in this study was 5 bar �  p �  15 bar with inlet mixture 
temperatures between 673 K �  TIN �  1000 K. Tables 8 and 9 provide a summary of the experimental 
conditions, for experiments conducted with inert- and catalyst-coated reactor plates respectively. 



 

Higher-dilution experiments (marked with increased CO2 vol. % in Table 8 and Table 9) were neces-
sary at higher TIN and p conditions to assure reactor safety. 

 

Case No. p (bar) TIN (K) Re 

1 5 676 700 

2 5 780 550 

3 5 884 1000 

4 5 984 1000 

5 8 693 700 

6 8 771 550 

7 8 877 1000 

8 8 973 1000 

9 10 685 700 

10 10 768 550 

11 10 872 1000 

12 10 968 1000 

13 12 673 700 

14 12 763 550 

15 12 870 1000 

16 12 963 1000 

17 15 684 740 

18 15 797 700 

19 15 880 1000 

20 15 953 1000 

Table 8: Inert plates experiment number, pres-
sure, inlet temperature, inlet Re. Cases 8, 12, 
16 and 20: 9%, 17%, 20% and 24% CO2 vol. 

respectively. 

 

 

Case No. p (bar) TIN (K) Re 

21 5 718 350 

22 5 708 500 

23 5 903 500 

24 5 1023 1000 

25 8 689 350 

26 8 805 700 

27 8 903 700 

28 8 1003 1000 

29 10 713 500 

30 10 803 700 

31 10 903 1000 

32 10 1008 1500 

33 12 737 500 

34 12 803 1200 

35 12 883 1000 

36 12 1008 3000 

37 15 688 1000 

38 15 803 1500 

39 15 903 2000 

40 15 983 4000 

Table 9: Catalytic plates experiment number, 
pressure, inlet temperature, inlet Re. Cases 32 
and 40: 11.8% and 11% CO2 vol. respectively. 
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LIF-measured OH distributions inside the reactor channel are presented in Figure 24 and Figure 25 for 
selected cases from Table 8 and Table 9, respectively. Slight asymmetries in the presented flames are 
attributed to small differences between upper and lower plate temperatures. Under all presented 
cases, the flames exhibited excellent stability, allowing for simulations which will accurately assess the 
gas-phase reaction scheme’s ability to capture homogeneous ignition distances and flame propaga-
tion characteristics. 

 

Figure 24: LIF-measured color maps of the OH radical (inert plate reactor) presented for: a) Case 2, 
b) Case 4, c) Case 11 and d) Case 16 of Table 8. Vertical arrows define the measured homogeneous 

ignition distance xig. 

 

Figure 25: LIF-measured color maps of the OH radical (catalytic plate reactor) presented for: a) Case 
22, b) Case 24, c) Case 30 and d) Case 36 of Table 9. Vertical arrows define the measured homoge-

neous ignition distance xig. 

Results: Gas-phase combustion of C 2H6/air mixtures: OH-LIF measurements 

The next step in simulating natural gas combustion under FGR conditions included experiments with 
ethane (C2H6), since this hydrocarbon can constitute up to 10% vol. in commercially available natural 
gas. A rise in flame reactivity (translating in gas-phase combustion being more stable under fuel-lean 
conditions) with increasing C2H6 content in the main CH4 fuel feed is expected. In order to quantify this 
effect, experiments were initially conducted with pure C2H6/air mixtures in the optically accessible re-
actor fitted with inert plates. By concentrating on the pure gas-phase homogeneous ignition and flame 



 

propagation characteristics of ethane, the subsequent process of testing and validating an appropriate 
detailed gas-phase chemical scheme becomes a straight-forward task.  

 provides a summary of the experimental conditions investigated. All experiments were conducted un-
der laminar flow conditions. 

Table 10: C2H6/air experiment number (inert plates), pressure, inlet temperature, equivalence ratio, 
inlet velocity. 

Case No. p (bar) TIN (K) �  UIN (m/s) 

1 1 477 0.33 2.83 

2 1 506 0.41 2.72 

3 1 529 0.38 3.81 

4 1.5 487 0.28 1.76 

5 2 478 0.28 1.26 

6 3 511 0.26 0.58 

7 1 515 0.33 3.50 

8 2 517 0.28 1.73 

9 3 461 0.26 0.83 

10 5 459 0.30 0.33 

11 6 453 0.29 0.31 

 

LIF-measured color maps of the OH radical for selected cases of  

 are presented in Figure 26. As in the case of CH4, excellent flame stability was achieved, albeit only 
for fuel-to-air equivalence ratios up to 0.41, due to the lack of FGR in this set of experiments. 



 

 

Figure 26: LIF-measured color maps of the OH radical (inert plate reactor) for C2H6/air combustion: a) 
Case 7, b) Case 8, c) Case 10 and d) Case 11 of Table 10. Vertical arrows define the measured ho-

mogeneous ignition distance xig. 

 



 

2.3.4 Combustion Studies at PSI-LPC 

Introduction 

It is well known that addition of diluents to the combustible mixture will decrease the adiabatic flame 
temperature. It is also known that the combustion temperature has strong influence on the burning 
velocity. Both the temperature and the flame speed are of major interest in our case because of their 
strong influence on cycle efficiency and flame stability, respectively. There is a lot of literature data 
available for fuel – air – diluent flames, e.g. [Liao et al. 2005], but the conditions covered are far from 
the pressures and temperatures relevant to gas turbine operational regimes. This fact defines the goal 
for our experiments – to obtain a consistent set of experimental data for diluted methane flames under 
elevated pressure (up to 30 bar) and temperature conditions (up to 800 K inlet temperature and up to 
2000 K flame temperature).    

In a first step in our investigations we performed numerical simulations of different fuel mixtures. The 
data obtained from those calculations, like flame speeds and adiabatic flame temperatures, will be 
very helpful in guiding the experimental campaigns to follow. These modeling results will help to de-
termine the mixtures that will provide the flame temperature range relevant to design operating tem-
peratures of real gas turbine combustors (usually 1750 K ±100 K). 

As a computational environment, the Cantera software package has been chosen. It is a set of nu-
merical routines for chemical calculations [Goodwin, Moffat, 2008]. The package is based on the well 
known Chemkin software and offers the same functionality. It is an open-source software with a public 
license and comes in different forms in terms of programming language used for coding. This fact 
makes Cantera really flexible and easy to use. It comes with the GRI 3.0 reaction mechanism [Smith 
et al.] which was used in our simulations. 
 

The input parameters for simulations were pressure (p), fuel/air stoichiometry (� ) and flue gas recircu-
lation (FGR) rate. The values chosen can be seen in Table 11. All meaningful combinations have been 
taken into account. In order to keep the number of modeling runs at a reasonable level, the tempera-
ture of the unburned mixture was maintained at 700 K at this point in time. 
 

Table 11  Simulation parameters (all combinations listed have been used) 

P [bar] 1 2 4 8 16 32      

�  1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 

FGR 0 0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5   

Tin [K] 700           

At first point we had to decide how to define �  and FGR rate for the specific process conditions of this 
project. Two definitions of �  can be found in literature. First, and most commonly used, �  takes into 
account only the molecular oxygen (O2) delivered to the combustor in relation to fresh/unburned fuel, 
normalized by the stoichiometric ratio of these two species, i.e.:  
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The alternative definition for �  accounts also for the oxygen that is (already) bound in molecules of 
gases such as carbon monoxide, carbon dioxide and water and which can be released again during 
the combustion process via Reduction-Oxidation (Redox) reactions: 
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The advantage of this 2nd approach is that it takes into account the fuel oxidative potential of the gas 
mixture (here: the recycled exhaust gas). For this reason we have been using so far this �  definition 
concept as a basis for determining the fuel compositions. Although it has some advantage over the 
classical approach, it was later considered as inconvenient by the members of the project group and 
decided to use the classical approach throughout the different activities in this project. The reason for 
changing the �  definition was to make our results comparable with already existing data from partners 
in the project and from external groups. Nonetheless, one should keep in mind that results presented 
in this chapter have not yet been corrected and all of them were calculated using the universal defini-
tion (2nd equation). 

The next term that needs to be well defined is the FGR rate, where FGR stands for Flue Gas Recircu-
lation. It is a volumetric (and in this specific case also mass based) fraction of exhaust gases that is 
recirculated to the combustor inlet. For example X=0.25 means, that 25% of exhaust gases is diverted 
back to the combustor. 
The preheat temperature (Tin) is the temperature of the unburned gas mixture including the recycled 
exhaust gas fed to the combustor inlet. 
These variables (�  and FGR rate and Tin) along with pressure (p) form a complete set of parameters 
defining conditions for our simulations and future experiments. 

Presentation and analysis of obtained results. 

The results are presented in the form of charts showing the variation of the (laminar) flame speed (SL) 
over the FGR rate for three different pressure levels, i.e. 1bar/16bar/32bar (Figure 27). The four col-
ored curves show this variation for different stoichiometries between � =1 and � =2.8. They cross the 
vertical (y-) axis at the FGR rate of 0% which is equivalent to pure methane/air mixtures. These undi-
luted methane/air mixtures are reference compositions which give results that were validated against 
previously derived own data [Siewert et.al., 2006] and data available in the literature [Liao et al. 2004]. 
The achieved results are in agreement with the expectations – the more diluent is introduced, the 
lower is the flame speed. To give an example for the effect of pressure and FGR, for mixture composi-
tions with � =1 the laminar flame speed drops from 1.8 to 0.64 m/s (reduction by 65%) for the reference 
mixture (only methane/air) and from 0.67 to 0.15 m/s (reduction by almost 80%) with an FGR rate of 
30% in the pressure range between 1 and 16 bar. For even higher pressure conditions this effect is 
less pronounced – by increasing the pressure further from 16 to 32 bar the flame speed changes from 
0.64 to 0.5 m/s (-20%) for the reference mixture and from 0.15 to 0.13 m/s (-10%) with an FGR rate of 
30%. The pressure dependence is usually described by a power law function (SL~px) which for the 
given data achieved gives pressure exponents for the reference mixture (only methane/air) of x=-0.37 



 

(which is again in line with literature data) and x=-0.5 +/- 0.05 for mixtures with 30% FGR. These val-
ues indicate consistently that mixtures diluted with exhaust gas species exhibit a stronger dependence 
on pressure variations than pure methane/air mixtures. This finding highlights the problem of flame 
stability with fuel mixtures containing high amounts of exhaust gas species (high FGR rates). Flame 
stability for these mixtures is expected to deteriorate even stronger at elevated pressure levels based 
on these results of the modeling study of laminar flame speeds.  

Additional information can be extracted from these charts with the addition of flame temperature iso-
therms. The three solid lines (red, orange and yellow) are isotherms corresponding to temperatures of 
1850 K, 1750 K and 1650 K, respectively. The yellow isotherm (1650 K) defines the conditions near 
the flame extinction. Compositions that are below that line will most likely show flame instability or 
burnout problem (high CO emission) based on experience from (undiluted) reference mixtures (only 
methane/air). The orange line corresponds to mixtures that will give the flame temperature of 1750 K 
which is very often the design temperature for gas turbine combustors at maximum load. The red line 
(1850 K) is close to the limits generally given by the material properties and the cooling scheme ap-
plied to combustor and turbine parts as well as for NOx emission reasons. Mixtures generating flame 
temperatures higher than this value can cause mechanical damage due to overheating of the turbine 
components and will emit excessive amounts of nitrogen oxides (NOx). The flame temperature values 
are results of our numerical runs and thus do deviate slightly from the target values (1650K, 1750K, 
1850 K). They describe mixture compositions for which the desired flame temperatures are obtained 
most closely.  

In the Figure 28 the same data are shown in a slightly rearranged way. Instead of the flame speed the 
focus is set on the flame temperatures. The data points represent �  values and FGR rates at which 
characteristic flame temperatures can be achieved. The colored areas define the regions of 1600 to 
1700 K, 1700 to 1800 K and 1800 to 1900 K. From this chart we can easily see, that if we want do 
burn at an adiabatic flame temperature of 1750 K the limiting FGR rate is around 40% (at any pres-
sure) which is in a good agreement with an approximation presented in [Liao et al., 2005]. This flame 
temperature and FGR rate can only be achieved if the flames can be operated in a stable way down to 
stoichiometric values of close to � =1, i.e. with very low excess oxygen concentrations in the exhaust 
(<2 Vol.%). It is worth pointing out that pressure has a minor influence on the flame temperature and 
thus on the maximum FGR possible. It has to be seen from the planned experiments whether flames 
can really be sustained at correspondingly low (laminar) flame speeds (< 0.1m/s) linked to these oper-
ating conditions. For undiluted methane/air mixtures it was shown in previous work [Siewert et.al., 
2006] that such low reactivity flames (the laminar flame speed is an indicative parameter for the 
chemical kinetic properties of the fuel mixtures only) can be stabilized only via the interaction of the 
turbulent flow field with the reaction zone (flame front). Turbulence-chemistry interaction causes wrin-
kled flame fronts and thus increased (reactive) flame surface which allows the flame to consume the 
high fuel flow rates required to meet the high energy density of industrial combustors. This ability of 
high fuel consumption rates of flames exposed to turbulent flow conditions is expressed with the turbu-
lent burning velocity (ST) for which quantitative experimental data will be derived in the experimental 
campaigns of the next project period. 

 



 

 

Figure 27  Flame speed simulation results 
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Figure 28  Characteristic temperature regions 
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2.3.5 Air Separation Membrane Studies at EMPA 

Organization and work planning 

Independent of the modeling results, Empa started in the middle of 2009 to search for commercial 
powder which can be used in the project. In the literature the system Sr-Fe-Co-O looks very promising 
from Wiik et al. (2002). Several groups have reported superior chemical stability and mechanical integ-
rity for this system, Armstrong et al. (2000), Yang et al. (2005) and Liu et al. (2006). A very good re-
view about different mixed ionic-electronic conducting (MIEC) ceramic-based membranes has been 
published by Sunarso et al. (2008). Two different powders, which are commercially available, could be 
identified, Ba0.5Sr0.5Co0.8Fe0.2O3-X (BSCF) and Sr0.5Ca0.5Mn0.8Fe0.2O3-X (SCMF). Both Powders are pro-
duced by the company Treibacher Industrie AG, Althofen, Austria. Because of the high oxygen flux 
rate BSCF powder was selected as a starting material for the project. The thermal expansion coeffi-
cient of BSCF is extraordinary high (19.7×10�6  K�1  in air from 50 to 900°C). 

While EPFL modeled the design of the oxygen separation membrane for the prototype by Diethelm 
(2008), Empa investigated the compounding, shaping, debinding and sintering of the commercial 
BSCF material. 

Design considerations for the use of tubular Membra ne 

A strain-stress model of a tubular oxygen separation membrane was derived and used to assist the 
design of a tubular reactor. The effect of the tube geometry (radius, wall thickness) and gas configura-
tion (air flowing inside or outside) on the maximum tensile stress was investigated for both the unsup-
ported and the supported cases. For unsupported tubes, small radiuses are structurally more favor-
able when air flows outside the tube, making hollow fibers an interesting option. In the case of sup-
ported tubes, the best configuration is with air flowing inside and a wall thickness to radius as small as 
possible is advantageous. 

Based on the data available in literature, the commercially available Ba0.5Sr0.5Co0.8Fe0.2O3-�  composi-
tion was selected as a promising candidate oxygen separation material in this project. However, as 
both oxygen transport and structural properties are very sensitive to microstructure (grain size and 
grain boundary composition), the latter should be optimized in the next steps of the project. 

Background 

Oxygen separation membranes (OSM) are dense ceramic oxide membranes, which conduct both oxy-
gen ions and electrons at high temperature (> 700 °C). This property allows oxygen to diffuse through 
the membrane material as oxygen ions provided the existence of a driving force, usually an oxygen 
partial pressure (pO2) gradient. OSM therefore act as a filter for oxygen with 100% efficiency that can 
profitably be integrated in any process requiring oxygen at high temperature from Diethelm (2001).  

The oxygen needs for a generic gas turbine (such as the Alstom GT11N2) are indicated in Table 12 
and the corresponding required surface exchange areas for the OSM were calculated assuming a tar-

get 5 ml�min� cm2 oxygen permeation flux. These calculated membrane surface areas are critical and 
will require a very compact reactor design. To give an idea about the order of magnitude being con-
sidered, 0.85 kmol�s equals 2360 tons�day of oxygen, which corresponds to the production of a large 
scale cryogenic oxygen separation plant. Pressure swing adsorptions devices (PSA) are usually de-
signed for 20-150 tons�day scale and polymeric membrane below 10 tons�day from Diethelm et al. 
(2001).  



 

 

Table 12: Oxygen needs and corresponding OSM surface area based on the GT11N2 specifications 
(113.6 MW, 33.3% LHV) and the target oxygen permeation flux of 5 ml=min . cm2. 

 

Aim 

In this report, we will first identify candidate materials satisfying the target oxygen permeation flux. The 
choice of the material that shall be used in the project will be made on the basis of the abundant litera-
ture dedicated to OSM, considering permeability and stability issues. 

A second goal of this report is to give indications for the design of the OSM reactor. In particular, a 
simple analytical model has been derived to evaluate the influence of the geometry (diameter, wall 
thickness) on the stress distribution within the tube, hereby giving hints for the choice of an optimal 
conjuration and tube geometry to minimize the stress in operating conditions will be addressed. Fi-
nally, possible sources of contaminants that could influence the OSM properties are discussed. The 
design of the reactor will also depend on cost issues. However, within this report, only basic consid-
erations about cost will be addressed.  

Results 

Material screening and effect of membrane thickness 

Table 13  summarizes the permeation properties of candidate materials taken from a literature survey. 
Among the many materials that have been evaluated for the CPOX application, solely those that have 
demonstrated more than 500 hours of operation in CPOX conditions were selected. The two high-
lighted compositions satisfy the flux criterion of 5 ml/min.cm2 at 900°C fixed for the project. 

Table 13. Selection of membrane materials for CPOX application on the basis of a literature survey. 

 

For the oxygen separation application (oxy-fuel combustion), this criterion is quite exacting since the 
driving force is in this case less important. However, reducing the membrane thickness would allow 
meeting the target. This is shown in Figure 29 where the target flux is expressed in the usual permea-
tion units (� mol/cm2s) for the standard test conditions (1 mm sample, air/Ar (He)) as a function of the 
thickness. The composition Ba0.5Sr0.5Co0.8Fe0.2O3-�  satisfies the flux requirements for both cases and 
is in addition commercially available. Therefore this material was selected for the project. 

 



 

 

Figure 29. Effect of membrane thickness on oxygen permeation requirements. 

Stress analysis - Influence of geometry  

The maximum tensile stress indicates the most critical point of the membrane integrity (i.e. where 
cracks will most probably initiate) since ceramics are particularly weak in extension. 

Figure 30 shows the influence of the geometry on the maximum tensile stress for the different configu-
rations. When air flows inside the tube, the maximum tensile stress is minimum for re/ri = 1, i.e. for 
small wall thickness and large radius, and increases for increasing wall thickness. When the air flows 
outside, the trend is opposite. However, in the case of the supported tube, the maximum tensile stress 
at the external surface is a factor two larger than for the opposite configuration. It appears that for thin 
walled unsupported tube, the configuration that yields minimum stress is with air flowing outside the 
tube and for small radius. On the contrary, for the supported tube (wall thickness < 0.2 mm), the most 
favorable configuration is with air inside the tube and larger tube radius. 

 

Figure 30 Influence of geometry on maximum tensile stress. Values are normalized according the air-
inside configuration. 



 

Stress analysis - Influence of surface limitation  

Influence of surface limitations on stress is illustrated in Figure 31.It can be observed that the key pa-
rameter is the wall thickness. As it becomes smaller than the critical thickness, reported by 
Bouwmeester et al. (1997), defined as Lc = D/k, surface limitations become predominant, thereby re-
ducing the chemical gradient within the membrane and thus the resulting stress. This will however 
also have as a consequence to reduce the overall oxygen permeation flux. This illustrates the com-
promise that has to be found between high permeation and sufficient stability. 

 

Figure 31: Influence of surface limitations on stress. 

General consideration 

Cost 

OSM reactor costs have to be taken into consideration when evaluating optimal tube geometry. A pre-
vious study on the cost of oxygen production from OSM reactor has shown that the durability (or re-
placement time) of the reactor is the most critical parameter in evaluating its cost. It is however difficult 
to determine on the basis of existing experimental data. The cost of the reactor is strongly dependent 
of the material cost, which is proportional to the volume. The latter depends strongly on the tube thick-
ness but only little on its radius. On the other side, smaller radius allows to reach a better compact-
ness (m2/m3) and therefore reduce the cost of the shell and insulation. The only limitations in smaller 
diameters are related to processing and pressure drops. However, the latter becomes only significant 
below 1 mm. 

Microstructure and contaminants 

The transport parameters can vary from one sample to the other even for the same composition; this 
is especially true for the surface exchange coefficient that depends on the state of the surface (rough-
ness, presence of impurities, etc.). Bulk transport properties can also depend on the microstructure 
(grain size distribution, composition of the grain-boundaries), reported by Diethelm et al. (2005). It is 
thus necessary to optimize the microstructural properties of the membrane material by varying the 
processing parameters, which will help us improving both the transport and mechanical properties of 
the investigated material. 



 

The effect of the exhaust gas components on the transport and mechanical properties of the mem-
brane should be investigated. Steam and CO2 could react with the membrane surface and alter its 
property.  

Conclusions 

Based on the data available in literature, the composition Ba0.5Sr0.5Co0.8Fe0.2O3-�  was selected as a 
promising candidate as OSM material for both applications considered in this project. Because of high 
oxygen flux requirement, it is necessary to consider thin walled tubes, typically 0.2 mm thick for un-
supported tubes or supported for smaller wall thickness. For unsupported tubes, a small radius is 
structurally more favorable when air flows outside the tube, making hollow fibers an interesting option. 
In the case of supported tube, the best configuration is with air flowing inside and a re/ri ratio close to 
1. However, the determination of the optimal tube diameter would require a detailed cost calculation, 
which is outside the scope of this study. Nevertheless, for a bayonet-like reactor with closed-end 
tubes, the necessity to insert an additional capillary inside the tube for the gas feed suggests the 
choice of an internal diameter of 2-3 mm. 

As both the oxygen transport and the mechanical properties of the membrane material depend 
strongly on its microstructure, it is suggested to investigate this aspect by varying the processing con-
ditions in order to optimize the membrane characteristics. 

Finally, the influence of exhaust gas components (CO2, steam) and exogenous contaminants (silicium, 
chromium, sulfur, etc.) on the membrane properties should also be investigated. 

BSCF powder processing 

Powder analysis 

In the beginning the BSCF powder from Treibacher Industrie AG was characterised at Empa by BET 
and laser diffraction analysis. The BET analysis (Surface Area Analyser Coulter SA3100, Beckman 
Coulter Inc.) was used to investigate the surface area of the powder. This value is used to calculate 
the amount of surfactant which is necessary to cover the surface of the BSCF particles and to achieve 
good adhesion to the thermoplastic binder system. The particle size distribution was measured by la-
ser diffraction (Particle Size Analyser LS230, Beckman Coulter Inc). Table 14 shows the mean value 
of the particle size distribution, surface area and the calculated agglomeration factor. 

Table 14: Surface area, median diameter particle and calculated agglomeration factor. 

 

The quality of ceramic powder increases by the reduction of agglomeration (e.g. agglomeration factor). 
Coating of BSCF powder is a beneficial way to decrease agglomeration, to improve dispersion in 

binder and to achieve good wetting of BSCF powder surface with the used binder system. 



 

BSCF-PS compounds 

Preparation of BSCF-PS compounds by high shear mixing 

In a first part of this study a polystyrene binder was used to produce BSCF compounds which can be 
shaped in a tubular form by extrusion. For the compounding a high shear mixer (Rheomix 300, Haake 
PolyLab, Thermo Fisher Scientific) was used.  

The maximum powder loading for this powder could be estimated by Figure 32. Therefore a maximum 
powder loading of 60.5 vol. % could be calculated. 
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Figure 32: Estimation of maximum powder loading for BSCF-PS system. 

Investigation on extruded tubular BSCF membranes  

Green tubes out of the different BSCF compounds were produced and the density was studied by us-
ing He-pycnometer. The uniformity of powder/binder dispersion, as a function of powder loading, is 
shown by SEM photographs in Figure 6. With increasing the powder loading from 48 to 54 vol%, no 
agglomerates could be detected. At a filling level of 56 vol% some agglomerates seems to be visible. 
These agglomerates are marked red in Figure 33. 

Investigation on sintered tubular BSCF tubes 

For further investigations only the two batches with 52 and 54 vol.% were analyzed. The tubes made 
out of the two compounds were sintered for 2h at three different temperatures (1050, 1100 and 1150 
ºC) and three different dwell times (0, 2 and 4 h) at 1150°C. The density was measured by He-
pycnometer (Figure 34). 

It is well known that sintering conditions like temperature and dwell time will have a significant influ-
ence on the grain growth behavior and the resulting microstructure of BSCF. The grain growth of the 
BSCF was so dominant in this study and could be investigated in the SEM without thermal etching. 
Figure 35 show the grain growth behavior at 1050°C for three different dwell times (0, 2 and 4h). 

 



 

 

Figure 33 : Macrostructure of green tubes with different filling level. 

a.) b.) 

 
 

Figure 34 : Influence of sintering temperature (2 h dwell times) and sintering dwell time (at 1150°C) on 
the density of BSCF extruded tubes. 

Tubes were sent to RWTH Aachen to study the oxygen flux. The tubes were fixed in the analytic setup 
but no results are available due to the high leakage. The high leakage could be explained by fine 
cracks inside the membranes. Further investigations showed that because of deformation during de-
binding and sintering fine cracks inside the membranes occurred. 
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Figure 35 : Influence of dwelling time at 1050°C on  the grain growth on the surface of BSCF tube with 
a.) 52 vol.-% and b.) 54 vol.-% of powder. 

Further BSCF compound development by using other bi nder systems 

Selected binder systems 

In addition to polystyrene (PS), polyethylene (PE) and polyethylene glycol (PEG) were investigated as 
alternative thermoplastic binder systems. With both binder systems EMPA has good experience. The 
polyethylene binder system is used successfully for the ceramic fiber production by melt spinning 
process. It is one of the simplest and most inexpensive polymers. The polyethylene glycol (PEG) 
showed good process properties in an earlier KTI project. PEG is well known in powder injection proc-
ess route. It can easily be removed using solvent extraction. Because PEG is soluble in water, it has 
some ecological advantages over other binders system. Higher molecular weight grades are waxy sol-
ids with a high degree of crystallinity. A PEG of much higher molecular weight in the range between 
15-20,000 g/mol is made by compounding a lower molecular weight (8000 g/mol) PEG with a special 
epoxy linking molecule. Figure 36 shows the mass loss for the different polymeric binders measured 
by TG analysis (TG/SDTA 851, Mettler Toledo). 

LDPE mass loss begins around 275°C and the used PE is completely removed at higher temperatures 
(500°C). The PS mass loss begins at 260°C and remai ns up to 370°C. The PEG is removed between 
150° and 210°C. The mass loss of stearic acid, whic h was used as a surfactant, occurs from 170° to 
235°C. These individual thermograms can be used to predict the thermal degradation behavior of the 
binder mixture during debinding step. 



 

 

Figure 36 : TG curves of different polymeric binder materials. 

Preparation of BSCF compounds 

Table 15 shows the different feedstock composition (polymer-powder compounds) which were investi-
gated in the last time. 

Table 15 : overview of the compositions of feedstocks in volume percent. 

 

Extrusion of BSCF compounds 

Using a capillary rheometer (RH7 Flowmaster, Malvern) the compounds were extruded to a special 
die to obtain tubes with an outer diameter of 10 mm and a wall thickness of 300 � m. The extrusion 
temperature was set between 140 and 190°C and had t o be optimized for each polymer binder system 
separately. Figure 37 shows extruded tubes for the different BSCF compounds. 

Conclusion 

First of all, PS with different filling level of powder was prepared. In order to study rheological proper-
ties different formulations were carried out. The best possible binder mixture was 52 vol% due to its 
adequate viscosity value and the green tube quality after extrusion. The membrane quality was evalu-
ated by density and porosity measurement as well as with SEM pictures. 

For the sintered tubes, the results show that, an increase of temperature and dwell time wills effective 
the membrane density and porosity. The dwell time has inversely effective on the membrane porosity. 
The ability of sintering of the membranes is improved with an increase in the sintering temperature 
from 1000 to 1150 °C.  



 

Additional to the Polystyrene (PS), polyethylene (PE) and polyethylene glycol (PEG) were investigated 
as alternative thermoplastic binder systems. A first screening of the different formulations was carried 
out, the best green tubes could be made by using PE and PS+PEG20 (20 wt.-%) feedstock. 

The elimination of the organic components was carried out by thermal debinding. Tubes produced with 
PS, PS+PEG10 and PS+PEG20 feedstock were shown good roundness after debinding. 

a.) BSCF-PS extruded green tubes 

 

b.) BSCF-PE extruded green tubes 

 

c.) BSCF-PS+PE extruded green tubes (left 10% PE, right 50% PE) 

 

d.)BSCF-PS+PEG extruded green tubes (left 10% PEG, middle 20% PEG, 40% PEG) 

   

Figure 37: BSCF green tubes prepared with different polymeric binder systems. 



 

2.4 Assessment of the results 

2.4.1 Flue Gas recirculation 

The results from the modeling show some general trends as indicated in Figure 38 and Figure 39. If 
the recirculation rate increases in the system, the O2 concentration in the oxidant flow decreases up to 
66% and stoichiometric combustion is approached. Since the partial pressure of the CO2 to be cap-
tured increases nearly 3 times and the total volumetric flowrate of the stream decreases up to 73%, 
the costs and the efficiency of the CO2 capture unit are influenced. The gas turbine power output could 
be increased up to 5% for the natural gas cases. 

 

Figure 38: Air excess factor variation �  as a function of the exhaust gas recirculation for different sce-
narios. 

 

Figure 39: Partial pressure of the CO2 to be captured as a function of the exhaust gas recirculation for 
different scenarios. 



 

Syngas combustion 

For the syngas option, the optimization of the steam to carbon ratio improves process performance. 
More fuel has to be burnt for the syngas option and hence the CO2 flow entering the separation is 
higher, while the addition of H2 to natural gas decreases this flow.  

Steam Network 

For a given power plant configuration, it has been shown that the generating cost of electricity exhibits 
an economic optimum which is function of the degree of complexity of the steam cycle (Figure 40). 
Such methods could be used to propose highly integrated retrofitting solutions for the still increasing 
number of fossil fuel power plant installed in the world that do not yet incorporate CCS facilities. 

 

Figure 40: Steam network optimization results. 

In the following figures, one of the three levels cases is represented: 

 

Figure 41: Carnot composite curve of gas turbine and steam network 

In Figure 41 the red curve represents the heat delivered from the gas turbine to the steam cycle, while 
the blue curve represents the steam cycle. It must be emphasized that the vertical axis is not the tem-



 

perature but the Carnot factor. Consequently, the area between the two curves represents exergetic 
losses. 

If the heat consumption of syngas production is introduced into the same HEN, a boiler has to be 
added to the system to satisfy the additional high temperature requirements. Moreover, the amount of 
losses increases, as shown in Figure 42. 

 

 

Figure 42: Carnot composite curve of gas turbine, syngas production and steam network 

This underlines the necessity to optimize the steam network by taking into account other processes. 
Since the gas turbine model has to be updated to the parameters of a gas turbine with reheat and a 
CO2 capture system, the complete calculation has not yet been performed. 



 

2.4.2 Outlook 

Outlook – Future Work for EPFL 

The next objective consists in the detailed thermo-economic optimization of the overall system includ-
ing the gas turbine, hydrogen production, the steam network and the CO2 capture unit, in order to 
compare and evaluate the different options in a systematic and consist way and to define with regard 
to thermodynamic efficiency and economic performance the best available options for an integrated 
production with efficient CO2 capture with low CO2 avoidance costs. Combustion constraints (i.e. air 
excess ratio, concentration limits, and flame stability) will be considered and required adaptations of 
the power plant design and operating conditions will be determined.  

Outlook – Future Work for FHNW 

The combustion tests at FHNW are completed and the combustion stability boundaries, along with 
required levels of hydrogen, have been communicated to the EPFL modeling team. The next work at 
FHNW will address the catalytic production of hydrogen, answering the following questions:  

·  Is it possible to produce syngas with catalysts? 

·  Which catalysts are suitable for syngas production? 

·  Which parameters have the main influence on syngas production? 

·  What is the influence from the POx-system on the combined cycle? 

Outlook – Future Work for PSI-CFG 

A consistent set of experimentally acquired flames is now available in CFG, with OH-LIF measure-
ments providing information on the homogeneous ignition distances in the channel-flow reactor as well 
as flame propagation characteristics. Experiments have covered the pure gas-phase and the het-
ero-/homogeneous combustion of CH4/O2/H2/CO/H2O/CO2/N2 under the range of pressures (up to 
16 bar) and temperatures (up to 1000 K) of interest in this work. Moreover, a first set of experimental 
data is now available for the fuel-lean gas-phase combustion of C2H6/O2/N2 mixtures at pressures up 
to 6 bar.  

As a next step for CH4 mixtures, simulations will be carried out with the detailed gas-phase mecha-
nism C1/H/O of Warnatz et al. to reproduce the experimentally-observed flames; the applicability of 
this mechanism has already been demonstrated for CH4/air mixtures with high H2O or CO2 dilution. As 
for C2H6/air mixtures, simulations will also be carried out in an attempt to reproduce the ignition char-
acteristics observed in the experiments. The lack of surface reactions will allow the efforts to be fo-
cused on finding an appropriate detailed chemical mechanism which will reproduce primarily the ho-
mogeneous ignition distances inside the channel-flow reactor as well as the flame propagation charac-
teristics (flame sweeping angles) observed. Finally, experiments with CH4/C2H6 mixtures will also be 
performed. These remaining tasks will be carried out in the coming year 2010. 

Outlook – next steps for PSI-LPC 

By means of numerical simulation a set of data allowing for evaluation of stability limits and flame 
temperatures has been obtained. The next, most important step will be validation of the results by ex-
periments. Furthermore, we will be interested in simulating also other mixtures (than methane), more 
similar to natural gas compositions mainly in terms of the content of higher hydrocarbons. A variation 
of (inlet) preheat temperatures will also be of interest and will be investigated in the next project 
phase.  



 

The test rig that will be used for the experimental campaigns has been upgraded with devices allowing 
the simulation of exhaust recirculation by adding nitrogen and carbon dioxide to the fuel/air mixture. 
Further development of the facility will involve installation of a steam generator capable of supplying 
the necessary amount of superheated steam (700-800K) to match real FGR conditions. 

Outlook – next steps for EMPA (Air Separation Membr anes) 

During the next period investigation of debinding and sintering processes (to achieve defect free mem-
branes) and a study of the oxygen flux rate on pellet shaped thermoplastic BSCF feedstocks will be 
carried out. Figure 43 shows the planed work. 
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Figure 43: Flowchart of future work. 

The oxygen flux properties of the sintered flat membranes devices will be investigated. Deformation 
during debinding and sintering will be investigated by using flat membrane samples. 

Tubular membrane design for prototype production 

As mentioned before, dense perovskite-type membranes have been extensively investigated for the 
used of oxygen separation from air. Since these membranes are completely impervious to all gases at 
room temperature, their gas selection properties can only be used at high temperature.  

To achieve a gas tight connection between the feeding lines, the membranes and the outlet have to be 
sealed. Due to the high temperatures rubber or plastic materials are not appropriate as seals for these 
applications due to their thermal decomposition. Only sealing materials with higher melting point (glass 
ceramics) or Au rings can be used to achieve gas tight connection for the application at the high tem-
perature. 

Up to now high temperate sealing is a problem that many researchers have not yet studied. The diffi-
culty of developing high temperature (>600°C) seals  are due to the fact that these seals should have 
the following requirements:  

1. The seal materials should have a melting point above the desired temperature. 

2. The seal should not react with membrane or support (feeding line, outlet); it should be inert.  



 

3. The thermal expansion property of the seal should be well-matched with membrane and support 
to avoid damage by temperature gradient during heating or cooling.  

Since the two ends of the membrane tube are fixed in partial oxidation reactor (POX) by using a seal-
ing material, the thermal expansion of the tube should also be taken into consideration from Diethelm 
et al (2004), Griffin et al (2003) and Griffin et al (2004). Some researcher have been used a dead end 
tubular membrane to attend to this problem (Figure 44). Although this problem has not been fully re-
solved. 

 

Figure 44: Configuration of the tubular membrane from Shao et al. (2000). 

Our goal in this project is to fabricate a dead end tubular membrane by extrusion method. The tubes 
or bundles could be arranged in a series/parallel arrangement for current requirements. 

Planned Publications 

An abstract will be submitted to the IEA Conference “Technologies for Greenhouse Gas Reductions” 
GHGT-10, to be held in Amsterdam during September 2010.  
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