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Abstract 
In March 2005 the world’s first zero emission power plant, created by Clean Energy Systems 
(CES), began producing power in Kimberlina, California. 
This paper presents the history of zero emission plants (also called oxyfired, oxycombustion or 
oxyfuel plants) from their initial conception to the present state-of-the-art, focusing particularly 
on the development of cycles incorporating oxygen ion transport membranes.  Among others 
the AZEP, CES, COOPERATE, Graz, Matiant, Milano, ZEMPES, ZEITMOP and ZENG 
cycles are presented.  The development of ion transport membrane reactors is described.  The 
authors conclude that zero emission plants are on the verge of becoming a multibillion euro 
industry. 
Keywords: Zero emission, oxyfired, oxycombustion, oxyfuel 

1. Introduction 

The wording “zero emissions” is popularly 
applied to nuclear or renewable energy. In this 
paper it refers to hydrocarbon fuel fired energy 
production that does not produce emissions. The 
interest in fossil fuel fired zero emission power 
plants (ZEPPs) has greatly increased recently due 
to the growing awareness of the reality of climate 
change.  In operation renewable energies are 
carbon neutral and so present a favourable 
solution to the problem of greenhouse gas 
emissions. Unfortunately renewable energy 
sources are currently underdeveloped in 
comparison to fossil fuel-based technologies. 
Much work is required before such energy 
sources will produce a major portion of our 
energy.  Nuclear power is another method of 
power production that does not contribute in 
operation to the global warming problem; 
however, acceptance of nuclear power by the 
public is quite low, and while there is a revival of 
nuclear energy worldwide, particularly in Asian 
countries such as China, India, Korea, Japan, 
some countries are attempting to reduce their 
reliance on nuclear power. In Germany, for 
example, it is planned to phase out all the 
existing nuclear power plants within two decades  

Fossil fuels are well understood by the 
power industry, and are still relatively cheap and 
abundant.  There is at least as much oil still 
available in the world as has been burned since 
the Industrial Revolution, and far more methane 
is available than has so far been consumed.  For 
good or ill, fossil fuels will remain an integral 
part of the energy production mix for decades to 
come. Unfortunately combustion of these fuels 
produces carbon dioxide, the main contributor to 
global warming.   

ZEPPs offer a method of producing energy 
from fossil fuels without emitting carbon 
dioxide. These plants could replace 
decommissioned power plants, including nuclear 
plants.   

There are many technologies utilising zero 
emission combustion of fossil fuels, not all of 
which involve power production. The interested 
reader is referred to the Zero Emission 
Technologies for Fossil Fuels: Technology 
Status Report, published by the International 
Energy Agency (IEA, 2002).   

Many environmentalists would like to 
completely end fossil fuel consumption as a 
response to the problem of global warming. The 
authors disagree completely with this response. It 
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is not the fossil fuels in themselves that are a 
problem – it is the way in which they are burned.  
Through the use of ZEPPs, the environment will 
not suffer as a result of the use of fossils fuels.   

ZEPPs must follow the law of conservation 
of mass.  Every atom of fuel or oxidiser entering 
a plant must leave as ash, emission or effluent.  
In the ZEPP, all the combustion products are 
converted to liquid form. In short, the problem 
of zero emission translates into the conversion 
of gaseous emissions into liquid effluents. 

Many methods of carbon capture attempt to 
clean the exhaust gases after combustion by 
using absorption and / or adsorption, or to extract 
carbon from the fuel. All of these attempts lead 
to large mass exchangers. Some produce impure 
streams of carbon dioxide and none remove all of 
the carbon dioxide from the exhaust. In short, 
these are not zero emission power plants, and as 
such are beyond the scope of this report. The 
only truly zero emission form of combustion in 
existence today is pre-combustion gas separation, 
namely combustion of fuel using oxygen instead 
of air, usually diluted with either CO2 or water 
vapour. This produces an exhaust stream 
containing only carbon dioxide and water 
vapour, which are easily separated by 
condensing out the water vapour. The pure 
carbon dioxide stream is then compressed and 
condensed to produce a manageable effluent of 
liquid CO2, which can be sold or sequestered. 
This approach is often called oxyfiring or 
oxyfuel. Figure 1 shows a schematic of the 
various methods of carbon capture. Oxyfiring is 
the left downward branch in the picture. 

The demand for CO2 in world industry was 
evaluated as 1.6% of the CO2 released to the 
atmosphere by power plants (Pechtl, 1991). This 
implies that if zero emission power generation 
was to be implemented on a global scale, the 
sequestration of CO2 would be unavoidable.  

The wording “zero emissions” can be 
challenged for two reasons. Firstly some cycles 
convert the liquid water back to water vapour 
and emit it to the atmosphere. In this case the 
cycle is not strictly zero emission; however, 
water vapour is not a pollutant or greenhouse 
gas. Secondly, some cycles intend for the carbon 
dioxide to be of high purity, requiring removal of 
contaminants. Some carbon dioxide will 
probably escape with these contaminants. If the 
carbon dioxide is destined for storage, however, 
it does not require a high purity, and the 
contaminants can be stored along with the carbon 
dioxide. The authors acknowledge that there may 
be some cases in this paper in which the wording 
“zero emissions” is not strictly accurate. 
All values given in this paper are taken from the 
referenced papers and are subject to the varied 

assumptions and in some cases mistakes in those 
papers.  They were calculated using different 
assumptions, models and boundary conditions. 
This paper is only a history of zero emission 
cycles, not a comparative evaluation of the 
different cycles. Therefore the values given here, 
particularly the efficiencies, should be 
considered as a guide only. 

The compression of the carbon dioxide 
reduces the efficiency of the plant, but the 
reduction may be acceptable given the damaging 
effects of carbon dioxide emissions. Production 
of oxygen further reduces the efficiency. The 
most mature method of oxygen production is 
cryogenics, an energy intensive process 
involving freezing air. Ion transport membranes 
offer a much more efficient method of producing 
oxygen, with the result that many ZEPP cycles 
incorporate these membranes. This paper 
presents the history and current state of the art of 
these cycles.  

2. Early Attempts 

2.1 The theory is conceived 
To our knowledge, the first mention of a 

zero emission power unit is documented by 
Degtiarev and Gribovski (1967). This system 
integrates air separation, power generation, 
combustion of a gas in a mixture of CO2 and 
oxygen, and production of liquid CO2. The only 
emission is the cold nitrogen from air separation. 
The aim of the unit is cogeneration of electric 
power and carbon dioxide for industry. Both 
authors were students of Professor D. Hochstein 
in the Odessa Polytechnic Institute who proposed 
high pressure carbon dioxide as the working 
fluid in a Rankine cycle (Hochstein, 1940). At 
that time the greenhouse effect was unknown.   

Recently CO2 as a working substance was 
proposed by Tokyo electric (Ausubel, 2004). 
This is a gas turbine cycle with the exhaust gases 
condensed, compressed, heated and returned to 
the combustion chamber. The cycle called for 
1500ºC and 400 atm at the turbine inlet, which 
seems rather optimistic.  This cycle owes much 
to Professor Hocstein’s work. 

Marchetti (1979) proposed combustion of 
fuel in a CO2/O2 mixture, followed by CO2 
sequestration in the ocean. The mass balance for 
fuel, oxygen and CO2 is given. 

The concept of total emission control 
combined with enhanced oil recovery was 
described by Steinberg (1981). His history of 
carbon mitigation technologies (Steinberg, 1992) 
describes his pioneering work in this area from 
1981 to 1990.   
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Figure 1. The various methods of carbon capture (Leithner, 2005). 

 
Another history of various zero emission 

cycles was presented by Yantovski and 
Degtiarev (1993). For each of the two possible 
re-circulating substances (H2O and CO2) the 
external combustion (Rankine cycle) or internal 
combustion (oxyfired) branches are identified. 
The latter is divided into many particular cases. 
Known data on cycle efficiencies are compared 
on a graph, which reveals a much higher 
efficiency using CO2 recirculation as opposed to 
H2O recirculation. 

A Rankine cycle using zero emission 
combustion of coal powder was well documented 
in Argonne Lab. by Wolsky (1985), and Berry 
and Wolsky (1986). Coal fired zero emission 
combustion was also investigated by Nakayama 
et al. (1992), who concluded “O2/CO2 
combustion process will provide an effective 
pulverised coal-fired generating system for CO2 
recovery.” Only cryogenic oxygen was 
considered at that time, which resulted in a cycle 
that was not economically viable. However more 
recent investigation into a zero emission coal 
cycle using ion transport membranes has begun 
in the Technical University of Aachen (Renz et 
al., 2005).    This cycle, named oxycoal-AC, is 
presented as having a 41% efficiency for a 

400MW plant. This cycle is essentially the same 
as the Milano cycle (Romano et al., 2005), which 
also claims a 41% efficiency. 

Pak et al. (1989) give a description and 
schematic of a ZEPP cycle with CO2 
recirculation. However, the need to deflect 
combustion-born water from the cycle is missed. 

Lorentzen and Pettersen (1990) present a 
ZEPP cycle in which gas is combusted in a 
CO2/O2 mixture.  They not only present the 
scheme, but also the T-s diagram on which the 
thermodynamic losses are clearly indicated. 
These authors have much experience in the use 
of CO2 in refrigerators. 

Pechtl (1991) consider a ZEPP cycle with 
CO2 re-circulation and give some figures, 
subsequently confirmed by other authors. If the 
efficiencies of an ordinary 500 MW coal-fired 
power plant and an equivalent ZEPP are 
compared, the efficiency drops from 38.9% to 
36%. The liquefaction of CO2 takes 5.3% of the 
generated power.   

Yantovski (1991) presents, in some detail, a 
schematic for a ZEPP with combustion of natural 
or coal-derived gas in an O2/steam mixture, with 
triple turbine expansion, CO2 separation for  
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Figure 2. Power plant without exhaust gases (Yantovski, 1991). 

 
sequestration and water re-circulation. 
Estimation of the cycle efficiency by means of a 
T-s diagram, at a temperature of 750°C before 
each of the three turbines, gives an efficiency of 
37%.  In this paper the practice of emitting 
carbon dioxide into the atmosphere was likened 
to the medieval practice of emptying chamber 
pots into the streets and neighbours’ gardens.  

The cycle presented in that paper and 
shown in Figure 2 comprises an air splitter, from 
which nitrogen is returned to the atmosphere and 
oxygen is diluted with recirculated water vapour 
and burned with methane in a combustion 
chamber, before entering the turbine. The 
exhaust is cooled, the water separated out for 
recirculation and the CO2 compressed for 
sequestration. The turbine inlet temperature of 
750ºC was based on a turbine without blade 
cooling. Yantovski et al. (1992) presented a 
computer simulation of this ZEPP at higher 
turbine temperatures. At the highest turbine inlet 
temperature of 1300°C before the turbines, the 
efficiency does not exceed 40%. The low 
efficiency is caused by the very high latent heat 
of water and the inability to recuperate the large 
enthalpy of condensing steam. As water is the 
recirculated substance, this turbine inlet 
temperature may be optimistic 

2.2 Industry first becomes interested 
Five years after Yantovski’s paper, Clean 

Energy Systems (CES) patented a similar cycle, 
in which fuel, oxygen and water enter a 
combustor based on rocket engine technology 
(Beichel, 1996). This produces a very high 
temperature jet of 90% steam with 10% CO2.  
Further stages dilute the mixture with more 
water, increasing the mass flow rate and reducing 
the temperature. As turbine technology 
improves, these stages may be removed, 
increasing the turbine inlet temperature and 

allowing the plant to increase in efficiency as 
technology improves. The turbine exhaust is 
cooled in stages, condensing out the water for 
recirculation, and the CO2 is compressed for 
sequestration.  The oxygen is produced by an 
unspecified air separator, which may be 
cryogenic or ITM based.  A 5MW demonstration 
plant in Kimberlina, California, began operating 
in March 2005.  The oxygen is currently 
produced externally, but an onsite air separation 
plant is planned. A 10MWthermal combustor has 
been successfully tested. The Kimberlina plant is 
the first zero emission power plant in the world. 
The cycle is shown in Figure 3. 

Due to the use of water rather than carbon 
dioxide recirculation, the thermodynamic 
efficiency seems to be limited to 40%.  In recent 
years the cycle has been further developed. The 
Kimberlina plant, always intended to be a 
demonstration plant rather than a commercial 
enterprise, will soon be joined by a commercial 
50 MW plant in Norway.  This new plant will 
use the developed cycle, in which nitrogen from 
the air separator is used to provide power. This 
new scheme (Marin et al., 2005) is shown in 
Figure 4. 

The use of nitrogen offers a significant 
benefit: the high pressure nitrogen is heated by 
the combustion gases and produces work. This 
combats the inability to recuperate the latent heat 
of water and is a real achievement in the 
development of the CES cycle. 

Some technical data for this final cycle, 
called the Zero Emission Norwegian Gas 
(ZENG) cycle, is shown in TABLE I. The 
efficiency of 45% is not too high; some cycles 
using CO2 as a working substance have higher 
predicited efficiencies, but these cycles usually 
assume very high turbine isentropic coefficients. 
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Figure 3. Clean energy systems cycle (Anderson et al., 2002). 

 

 

Figure 4. The ZENG project cycle (CO2 Norway, 2005). 

2.3 Continued development 
Bolland and Saether (1992) present a ZEPP 

combined cycle – a gas turbine with combustion 
in an O2/CO2 mixture and a bottoming ordinary 
Rankine cycle. The production of oxygen and 
compression of CO2 combine to reduce the 
efficiency from 56% (based on a state-of-the-art 
air-based cycle) to 41%.  The same paper also 
presents a single stage steam turbine cycle with 
combustion in an O2/steam mixture. The 
maximum efficiency of this cycle at 1550K is 
given as 38.5%. This paper also gives useful 
economic data on equipment costs. 

De Ruyck (1992) proposed an original 
ZEPP cycle involving water evaporation in a 

mixture with CO2. Extremely high efficiencies of 
up to 57% were claimed. These figures, however, 
were not confirmed in later papers. 

Holt and Lindeberg (1992) considered an 
integrated complex comprising a ZEPP with 
enhanced oil recovery. They concluded that two-
thirds of the CO2 produced by combustion in a 
ZEPP might be returned underground to the 
same place from where the fuel was extracted. 

Van Steenderen (1992), considered the 
combined gas / steam ZEPP in more detail.  At 
20 bar and 1050°C at the inlet to the turbine, an 
efficiency of 44% is reported. 
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TABLE I. TECHNICAL DATA FOR THE ZENG CYCLE (MARIN ET AL., 2005). 

  
 

Yantovski et al., (1993, 1994a), Wall et al., 
(1995) present a 10 MW ZEPP cycle with liquid 
CO2 co-generation, the latter being used to 
enhance oil recovery. The efficiency is presented 
as 48% at a turbine inlet temperature of 1000°C 
and pressure of 40 bar. The Aker Company in 
Norway began a similar project 5 years after 
these papers. 
 

A highly efficient ZEPP cycle with CO2 re-
circulation and gas combustion in an O2/CO2 
mixture is described in detail by Yantovski et al. 
(1994b). This is the CO2 Prevented Emission 
Recuperative Advanced Turbine Energy 
(COOPERATE) cycle, shown in Figure 5. The 
efficiency range is given as 46.9% to 55.2% for 
turbine inlet temperatures between 950ºC and 
1350°C and pressures between 4 and 240 bar. 

 
Figure 5. The COOPERATE-demo cycle (Yantovski, 1994c). 

1-air separation unit; 2-combustion chamber; 3-recuperator; 4-cooling tower; 5-water separator; 6-turbine; 7-
intercooled multistaged compressor; 8-generator; 9-CO2 condenser; 10-CO2 pump; 11-fuel; 12-depleted well or 
other CO2 storage. 

12 

13 
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Figure 6. T - s diagram of COOPERATE-demo cycle (Yantovski, 1994c). 

TABLE II. COMPARISON OF COOPERATE AND COMBINED CYCLE (YANTOVSKI, 1996). 

 Efficiency Cost of electricity [c/kWh] CO2 emissions [g/kWh] 
Standard cycle 52.2% 4.00 360 
COOPERATE 54.3% 5.55 0 

Discussions with turbine manufacturers 
established that the temperature and pressure 
before the first turbine in the COOPERATE 
cycle were not feasible in the foreseeable future.  
This led to further development of the cycle by 
Yantovski (1994c), resulting in an efficiency of 
50% based on more realistic turbine inlet states 
of  600°C at 240 bar and 1300°C at 40 bar.  This 
highly efficient realistic cycle (COOPERATE-
demo) is described as quasi-combined as it 
consists of two parts: a high pressure Rankine 
cycle using CO2 and a low pressure Brayton 
cycle using the same CO2.  A comprehensive 
description of almost all such zero emission 
cycles can be found in the book by Goettlicher 

(1999). The COOPERATE cycle belongs to 
“Process Family II” in the book. 

Yantovski (1996) compares the 
COOPERATE cycle to a standard combined 
cycle, as shown in TABLE II. The payback 
period was estimated as 3 years for the 
COOPERATE cycle if a fuel with a negative 
price, such as a used lubricant, is used. In the 
USA about 1 Mton/year of used lubricant is 
available. In the paper the benefits of enhanced 
oil recovery are described along with storage of 
carbon dioxide in brine.  Using data on the 

amount of brine in the hydro-lithosphere, a 
storage capacity of 2 million Gton of CO2 in 
brine solution is estimated.  This could protect 
the atmosphere for the foreseeable future.  It 
should be noted that this figure is an upper limit 
and local restrictions should be taken into 
account in case studies. 

A big problem with the COOPERATE 
cycle is the non-condensable gases in the CO2 
condenser. As a radical remedy, it was proposed 
that CO2 condensation could be avoided by 
compressing the CO2 flow immediately after 
exiting the cooling tower, without allowing the 
compression process to cross the saturation line. 
This version of the COOPERATE cycle is the 
MATIANT cycle (Mathieu, 1998). Detailed 
calculations of the various versions of the 
MATIANT cycle (Mathieu et al., 1999) show 
that the loss of efficiency resulting from 
cryogenic air separation and CO2 compression is 
about 11.5 – 14.5 percentage points, compared to 
a state-of-the-art cycle operating between the 
same thermodynamic parameters. The cycle 
involves staged combustion with a 2-stage 
expansion, and is shown in Figures 7-8, along 
with some technical information, given in 
TABLE III, 



 

 Int. J. of Thermodynamics, Vol. 9 (No. 2) 44

 
Figure 7. The MATIANT cycle (Mathieu, 1998). 

TABLE III. OPERATING PARAMETERS OF THE MATIANT CYCLE (MATHIEU, 1998). 

 
 

 
Figure 8. T - S diagram of the Matiant cycle (Mathieu, 1998). 

1-2: intercooled staged compressor; 2-3: upper pressure part of the regenerator; 3-4: high pressure combustion 
chamber; 4-5: high pressure expander; 5-6: low pressure combustion chamber; 6-7: high temperature heat 
exchanger; 8-9: regenerator; 9-1: water cooler / separator 

 
Based on the data in TABLE III, the cycle 

efficiency is around 45% when the fuel is natural 
gas, the turbine inlet temperature is 1300°C, and 
the exhaust gas temperature is limited to 700°C.  
If the exhaust gases are cooled by a steam reheat 
cycle, the efficiency climbs to 49%.  

In order to efficiently use the heat at a 
higher temperature than 700°C, a solid oxide fuel 
cell (SOFC) was integrated into the cycle 
between points 7 and 8, as shown in Figure 8 
(Mathieu and Desmaret, 2001). 
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The isentropic effectivenesses in the 
Matiant cycle are quite conservative and the 
results of the calculations are reliable and 
comply with technical limitations on the 
temperature at turbine inlet and exhaust. When 
the upper pressure changes from 140 bar (at 
1200ºC) to 220 bar (at 1400ºC), the cycle 
efficiency increases from 44.3% to 46.05%. 

A coal-fired cycle with integrated 
gasification (IGCC-Matiant) has also been 
developed (Mathieu and van Loo, 2005). At 
1250ºC and 120 bar the calculated efficiency is 
44.8%, which is rather high for a coal-fired 
ZEPP. 

Ruether et al. (2000) described an 
integrated system with “oxygen-blown dry coal 
entrained gasification providing fuel to the 
Matiant cycle. Oxygen for both the gasifier and 
the Matiant cycle is prepared by use of an Ion 
Transport Membrane (ITM) instead of a 
conventional cryogenic air separation unit.” The 
thermal efficiency of the overall cycle is 43.6% 
of the higher heating value of the coal, and 
99.5% of the carbon dioxide produced is 
captured. 

The Graz cycle was first introduced by 
Jericha et al. (1995) and has been continually 
developed by researchers at the Institute of 

Thermal Turbomachinery and Machine 
Dynamics at Graz University of Technology. It is 
similar to the Clean Energy Systems cycle in that 
steam is recirculated to the combustion chamber, 
however it is more complex than the CES cycle. 
It was developed as an adaptation of a 
hydrogen/oxygen cycle published by Jericha 
(1985). The cycle was also developed for a coal-
derived syngas plant (Jericha et al., 2000).  The 
exhaust gas (80% steam and 20% carbon 
dioxide) powers a high temperature turbine, after 
which about half is cooled, compressed and re-
enters the combustion chamber, while the rest 
enters an intermediate pressure turbine.  After the 
intermediate stage, a portion is bled off and the 
water condensed out. The rest enters a low 
pressure turbine and is then cooled, with the 
water condensed out. The CO2 is captured at the 
pressure of the intermediate turbine (atmospheric 
pressure). The water captured at low pressure is 
pumped to a very high pressure and heated.  It 
then enters a steam turbine before returning to 
the combustion chamber. An efficiency of 56.8% 
of higher heating value was claimed for this 
cycle, however the cycle assumes a supply of 
pure oxygen, and the carbon dioxide is provided 
at atmospheric pressure. The cycle is shown in 
Figure 9. 

 

 
Figure 9. The original Graz cycle (Jericha et al., 1995). 
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The Graz cycle has been developed in a 
practical manner, making use of the expertise 
available within the group in gas and steam 
turbine and heat exchanger design. This 
development led to a majority CO2 flow cycle 
(Jericha et al., 2003, Heitner et al., 2003). This 
led to a significant body of work on the 
development of a 75% CO2, 25% steam turbine. 
However, further development returned to a 
majority (77%) steam cycle, for which an 
efficiency of 70% was claimed, falling to 57% 
when oxygen production and liquefaction of 
carbon dioxide was taken into account (Sanz et 
al., 2004). Based on these results, Statoil became 
interested in the project and initiated an 
investigation into the Graz cycle. This resulted in 
a realistic efficiency of 52.6%, for a natural gas 
fired cycle, which takes into account not only 
oxygen supply and compression of carbon 
dioxide to 100 bar, but also mechanical, 
electrical and auxiliary losses (Sanz et al., 2005). 
Ignoring these last 3 losses, the efficiency would 
be 54.6%. This latest incarnation of the cycle is 
shown in Figure 10. The flow is 75% steam, 
25% carbon dioxide. 

2.4 Commercial research 
Previously academic calculations had been 

the basis of ZEPP research, but recently industry 
has begun research in the area. The Zero 
Emission Gas consortium, including some 
industry partners, are investigating combining a 
hydrogen production process and Solid Oxide 
Fuel Cells (SOFCs) to simultaneously produce 

electricity and hydrogen from natural gas with 
integrated CO2 capture (Tomski, 2003).  A 
similar project, also developed in the US, is 
FutureGen, an IGCC with pre-combustion 
capture and use of hydrogen as a fuel, and CO2 
captured for enhanced oil recovery. 

Aker Maritime began a long-term 
development of a commercial ZEPP in 1997.  
They are currently working with Alstom Power 
and other industrial partners on the development 
of a 25 MW plant for installation in the North 
Sea.  The process produces separate streams of 
pure water and CO2, using flue gas recycle.  
They mention that not only the CO2 but also the 
N2 produced by air separation may be useful for 
enhanced oil recovery.  (Tomski, 2003) 

ZECA (Zero Emission Coal Alliance) is a 
group of companies who are developing a 
technology conceived at the Los Alamos 
National Laboratory that gasifies coal using 
steam in a process called hydrogasification, 
which produces pure hydrogen and pure liquid 
CO2 for sequestration. This hydrogen fuels the 
gasifier and either a SOFC or a turbine, the 
exhaust of which provides the steam required by 
the hydrogasifier. This new technology is not 
only zero emissions, it also has double the 
efficiency of standard coal burning power plants. 
The technology can also be adapted for other 
hydrocarbon fuels including biomass, and may 
have applications outside of power production, 
e.g. in oil refining processes (Tomski, 2003). 

 
Figure 10. The current Graz cycle (Sanz et al., 2005). 
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2.5 ZEPP cycles incorporating oxygen 
ion transport membranes 

As mentioned above, cryogenic air 
separation has a very detrimental effect on the 
performance and efficiency of ZEPP cycles. 
Oxygen ion transport membranes (OITMs) offer 
the possibility of oxygen production without 
significantly adversely affecting the efficiency, 
and probably at a lower cost than cryogenic 
production.  In fact, by using the air stream as a 
bottoming air turbine cycle, production of 
oxygen using OITMs can actually increase the 
efficiency of a ZEPP. OITMs currently have a 
maximum operating temperature of about 
1000°C, and this can limit some cycles.  

The simplest ZEPP cycle incorporating an 
ITM reactor is shown in Figure 11. The ITM 
provides oxygen for combustion, with the heat of 
combustion used to provide heat to an ordinary 
Rankine cycle. The cycle is limited by the 
temperature of a Rankine cycle (state-of-the-art 
steam turbines have a maximum temperature of 
about 600°C), but this temperature is acceptable 
for the OITM ceramic. At a temperature of 

540°C with a reheated Rankine cycle, the 
efficiency is 35.7% (Levin et al., 2003). 

A well developed example of a ZEPP 
incorporating ITMs is the AZEP (Advanced Zero 
Emission Power) cycle which comprises a novel 
combustor integrated with a ceramic membrane 
and a heat exchanger (Sundquist et al., 2001), 
shown in Figure 12. 

Here, the simplified CO2 portion of the 
cycle does not allow a high efficiency to be 
achieved. The intention of the AZEP authors is 
to avoid the use of CO2 turbines, which are not 
currently available. They have integrated the 
OITM and combustion chamber: the membrane 
wall simultaneously conducts oxygen to the fuel 
side and heat to the air side. The main turbine is 
the air turbine (referred to in Figure 12 as the gas 
turbine), powered by the oxygen-depleted air 
from which half of the oxygen has been 
removed. This turbine drives both the air 
compressor and the electrical generator. The 
combustion gases do not drive a turbine, and are 
used to provide heat to a bottoming Rankine 
cycle.  
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1 = motor powered fan
2 = recuperator
3 = ITM combustor
4 = boiler
5 = steam turbine
6 = steam condenser
7 = pump
8 = cooling tower
9 = water separator
10 = CO2 compressor
11 = CO2 condenser
(4, 5, 6, 7 comprise a standard Rankine cycle)

 
Figure 11. Simplest ZEPP cycle incorporating an ITM reactor (Levin et al., 2003)

.
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Figure 12. The AZEP cycle (Sundquist and Eklund, 2004). 

MCM = mixed conducting membrane; HX = heat exchanger; BFW = boiler feed water; HRSG = heat 
recovery steam generator 

 
This cycle demonstrates the problem of 

using OITMs to provide oxygen: the OITM 
cannot be heated to too high a temperature, but 
the combustion should occur at the highest 
possible temperature for high efficiency using a 
gas turbine.  The AZEP cycle was compared to a 
V94.3A combined cycle power plant, the 
efficiency of which is 57.9%. “The penalty in 
thermal efficiency for the AZEP… is 8.3 
percentage points.  This high loss is mainly due 
to the reduced turbine inlet temperature 
(1200ºC) that causes significant power loss both 
in the gas turbine and in the steam cycle”.  The 
turbine inlet temperature can be increased by 
optional firing of additional fuel in the heated air 
stream before entry to the gas turbine. The 
combustion products of this additional firing are 
released to the atmosphere.  By adding enough 
extra fuel at this point, the AZEP’s efficiency is 
claimed to increase from 49.6% to 53.4%, but in 
this case only 85% of the carbon dioxide is 
captured (Sundquist et al., 2004). This retention 
rate is similar to that of a cycle with post-
combustion CO2 absorption. An economic 
analysis of the AZEP cycle showed that a carbon 
emission tax of €31 – €40/ton would make the 
AZEP with 100% carbon capture as 
economically attractive as the V94.3A plant  
(Sundkvist and Eklund, 2004).   

If a ZEPP cycle is to be competitive with 
existing cycles without tax incentives, it must 
have a similar efficiency. This requires removing 
the restriction on cycle upper temperature caused 
by the membrane reactor.   

The ZEITMOP (Zero Emission Ion 
Transport Membrane Oxygen Power) cycle 

(Yantovski et al., 2002) was developed 
independently of the AZEP cycle. The simplest 
version of this cycle is the gas-fired one, shown 
in Figures 13-14, although the concept behind 
the cycle can also be applied to other fuels, e.g. 
pulverised coal. 

In the ZEITMOP cycle the ITM reactor is 
remote from the combustion chamber, allowing 
much higher combustion temperatures to be 
achieved.  After separation of combustion 
products the carbon dioxide is cooled and 
compressed, then heated and expanded (i.e. a 
Rankine cycle) before entering the ITM to be 
mixed with oxygen. This mixture then enters a 
separate combustion chamber. As a result, the 
ZEITMOP cycle can have a higher combustion 
temperature and hence a higher efficiency. If the 
turbine inlet temperature is 1500ºC, the 
ZEITMOP cycle efficiency is claimed as 56%.  
This temperature limit depends only on the 
turbine, not on the ITM reactor. Current turbines 
inlet temperatures are of the order of 1300°C, at 
which temperature the ZEITMOP efficiency is 
claimed as 46%.   

The ZEITMOP cycle has not been 
optimised, so there remains hope for an increase 
in efficiency through optimisation. As this cycle 
could be developed for all types of fossil fuels, it 
represents one of the best options for the 
replacement of decommissioned power plants at 
the beginning of this new millennium. 

The use of CO2 turbines should not be an 
insurmountable technical problem.  Such 
turbines were investigated by the Esher-Wyss 
Company in Switzerland about 40 years ago 
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(Keller and Strub, 1968). McDonnell Douglas in 
the US built and tested a microturbine unit using 
supercritical CO2, which produced 150kW at an 
efficiency of 29% (Hoffman and Feher, 1971). 
The temperature and pressure at the turbine inlet 
were 1005 K and 22.95 MPa, with a flow rate of 
2.75 kg/s.   

Mathieu (1994) carried out a simple model 
of a CO2 turbine, which showed that due to 
differences in molecular weight and adiabatic 
expansion coefficients, air-based turbines need to 
be completely redesigned to operate with CO2. 
According to similarity laws, a reduction of the 
rotational speed of an air-based GT should 
accommodate an operation on CO2 instead of air. 
However the properties vary much more with 

temperature than those of air so that a full 
redesign of the machine is unavoidable. 

Work carried out on the Graz cycle by 
researchers at the Institute for Thermal 
Turbomachinery and Machine Dynamics at Graz 
University of Technology has significantly 
advanced the development of CO2 turbines 
(Jericha et al., 2003, Heitner et al., 2003). During 
the development of the Graz cycle, the ratios of 
CO2 and water vapour have altered a number of 
times.  The highest fraction of CO2 was 77%. A 
very detailed analysis of a turbine expanding this 
mixture with inlet conditions of 1300°C and 40 
bar is given in Jericha et al. (2003). It appears 
that CO2 turbines may soon be available. 

 

Figure 13. The ZEITMOP cycle (Yantovski et al., 2003a).

1: air compressor; 2: synchronous electrical machine; 3: heat exchanger; 4: ITM reactor; 5: depleted air 
turbine; 6: CO2 & H2O turbine; 7: combustion chamber; 8: fuel gas compressor; 9: CO2 turbine; 10: 
recuperator; 11: CO2 compressor; 12: water separator; 13: cooling tower.  Numbers in boxes are node 
points. 

TABLE IV. DATA FOR ZEITMOP CYCLE (YANTOVSKI ET AL., 2003A). 

Basic data for ZEITMOP cycle - Calculation of energy balances for turbine and compressor units: 
N9 = NHPT = m4 (h16 – h4) = 14.08 MW -   CO2 high-pressure turbine (element “9”), 
N5 = NAirT = m23 (h22 – h23) = 9.10 MW -  Depleted Air (Dair) turbine (element “5”), 
N6 = NGasT = m6 (h5 – h6) = 27.91 MW -   CO2+H2O (Gas) turbine (element “6”), 
N11 = NCO2 = m9 [(h9 – h10) + (h11 – h12) + (h13 – h14)] = 16.98 MW –  
      CO2 compressors unit (element “11”)  
N1 = NAir = m19 (h19 – h 20) = 8.0 MW -   Air compressor (element “1”), 
N8 = NFuel = m1 (h1 – h2) = 0.65 MW -  Fuel (CH4) compressor (element “8”). 
Net turbine power: Nnet = [(N9 + N5 + N6) – (N11 + N1 + N8)] ηm = 25.2 MW,  
(at the mechanical efficiency: ηm = 0.99). 
Thermal efficiency of principal ZEITMOP cycle:  
ηth = Nnet / (m1 Qd) = 0.5038 = 50.38%, (at Lower Heating Value for CH4 : Qd = 50 MJ/kg). 
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Figure 14. T - s diagram of ZEITMOP cycle 

(Yantovski et al., 2003a). 

Siemens, Westinghouse and Praxair 
collaborated to develop a zero emission fuel cell 
cycle (Shockling et al., 2001).  In a hydrocarbon-
fuelled fuel cell, the fuel is fed to the anode side 
of a fuel cell and air to the cathode side. About 
85% of the fuel is used in the fuel cell, and the 
gas leaving the anode side is normally mixed 

with the cathode gas and they are burned 
together. The heat from combustion is used to 
preheat the incoming air and fuel, and also to 
partially reform the fuel. In the system described 
here the cathode gas is fed to one side of an 
oxygen ion transport membrane, with the anode 
(air) gas on the other side.  Oxygen passes 
through the membrane to completely oxidise the 
cathode gas stream, which then consists entirely 
of carbon dioxide and water vapour. Fuel cell 
cycles are very efficient, so this cycle is a 
promising development in the area of zero 
emission cycles. 

The membrane reactor in this cycle is being 
developed by Praxair, who are focusing on a 
tubular membrane concept.  The paper gives the 
results of many tests on the reactor.   

Another coal-fired ZEPP incorporating 
ITMs is the Milano cycle (Romano et al., 2005). 
It is similar to the AZEP cycle due to the lack of 
CO2 turbines and restriction on cycle temperature 
due to the membrane reactor. The bottoming 
cycle is an ordinary steam cycle which generates 
power, whereas the air turbine drives the 
compressor only. The cycle is shown in Figure 
15, along with some technical data, given in 
TABLE V. 

  

Figure 15. The Milano cycle (Romano et al., 2005). 
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TABLE V. PERFORMANCE OF THE MILANO CYCLE (ROMANO ET AL., 2005). 

FBC - USB Performance calculation 
FBC pressure, bar 1.15 10 
Coal LHV input, MW 984.9 984.9 
Turbocharger inlet air flow, kg/s 593.5 698.2 
Turbocharger pressure ratio 11 20 
Turbocharger power output, MW 74.7 69.7 
ST power output, MW 404.9 400.6 
Net power output, MW 407.2 414.6 
Net plant LHV efficiency, % 41.34 41.89 

 

 

Figure 16. The oxycoal-AC cycle (Renz et al., 2004). 

Kohle = coal; Brennkammer = combustion chamber; Dampferzeuger = steam generator; Heissgasreinigung 
= flue gas cleaner; Heissgasgeblaese = flue gas pump; Luftzerlegung = air separator; Luft = air 

 
Increasing the combustion pressure from 

1.15 bar up to 10 bar resulted in a negligible 
increase in the calculated efficiency, which is 
quite standard for a Rankine cycle (41.34 – 
41.89%). Solving the membrane reactor problem 
is required to make this cycle competitive with 
other coal-fired ZEPPs.  

The oxycoal-AC cycle, developed in 
Aachen (AC), and presented by Renz et al. 
(2004, 2005), includes a high temperature 
membrane unit in which oxygen is mixed with 
carbon dioxide and water vapor. Pulverised coal 
is burned in this mixture to provide heat for a 
Rankine cycle. The system is shown in Figure 
16. Note the depleted air is described as N2 in the 
diagram. This is incorrect as only oxygen has 
been removed from the air, other elements 
remain, e.g. water vapour, argon, carbon dioxide. 
Also, it is impossible for 100% of the oxygen to 
be removed by the membrane, some must remain 
as the oxygen partial pressure on the feed side 
must be greater than that on the permeate side.  

The efficiency for this cycle, 41%, was 
calculated based on a simulation using Ebsilon 
(Renz et al., 2005). It is very similar to the 
efficiency of the Milano cycle, which is 
unsurprising as the two cycles are very similar, 
although the Milano cycle uses fluidised bed 
combustion and the oxycoal-AC cycle uses 
pulverised coal. 
 Commercial interest in oxycoal is 
strong. The US Department of Energy has 
granted funding to Babcock and Wilcox, who are 
using oxycombustion of coal in wall-fired and 
cyclone boilers (Anna, 2005). Vattenfall plans to 
build a 30 MWth pilot plant using oxyfired 
combustion of coal in Germany (the Schwarze 
pump lignite fired plant, Berlin). This is 
scheduled to begin in 2008. 

2.6 Zero emissions vehicle cycle 
Carbon dioxide emissions from vehicles are 

more of a problem than those from power plants. 
Vehicle manufacturers seem to focus entirely on 
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hydrogen or electric vehicles in their attempts to 
create a zero emission vehicle. Unless the 
hydrogen or electricity is produced by a zero 
emission process, these vehicles are not zero 
emission. The only truly zero emission vehicle 
cycle of which the authors are aware is the Zero 
Emission Membrane Piston Engine System 
(ZEMPES) cycle (Yantovski and Shokotov, 
2003b, Yantovski et al., 2004, 2005). Cryogenic 
oxygen production onboard a vehicle is likely to 
be unfeasible due to the unavoidable vibration 

and inertial forces, which are detrimental to 
distillation columns, so OITMs are the most 
attractive option for oxygen production onboard 
a vehicle. The ZEMPES cycle uses an OITM 
reactor (ITMR in the schematic) to oxygenate 
exhaust gases, which are recirculated to the 
ordinary piston engine. The simplest version of 
the cycle is shown in Figure 17, along with 
technical information in TABLE VI. 

 

 

  
Figure 17. The ZEMPES cycle (Yantovski et al., 2004). 

CC=CO2 compressor, EG=electric generator, EM=electric motor (for starting), FT=fuel/CO2 tank with sliding 
baffle, HE=heat exchanger, INJ=fuel injection, ITMR=ion transport membrane reactor, P=pump, PE=piston 

engine, R=radiator-cooler, TC=air turbocompressor, WS=water separator 

TABLE VI. ZEMPES EFFICIENCY (YANTOVSKI ET AL., 2004). 

ZEMPES cycle efficiency 
Turbine power    106.35 kW 
Compressor power, kW  C1 = 93.1.68, C2= 34.23 
Total power    127.4kW 
Piston engine indicator power  283.56 kW 
Piston engine effective power  235.47 kW 
Friction losses   11.76 kW 
Radiator fan power   26.7 kW 
Fuel energy input   800 kW 
Fuel consumption   64.2 kg/hour 
Specific fuel consumption   272.4 g/kWh 
System efficiency   28 % 
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The piston engine may be a spark or 
compression ignition engine. The exhaust gases 
heat the membrane reactor and are mixed with 
oxygen there.  Obviously not all the exhaust 
gases can be recirculated; the extra portion born 
of the fuel and oxygen combustion is removed 
and separated by condensing out the water. This 
water may be injected into the air stream before 
the turbine, making the only emission harmless 
water vapour (just as in a hydrogen vehicle). 
Alternatively it could be stored onboard for 
removal when the vehicle is refuelled, as is done 
with the carbon dioxide.   

To avoid the need for two storage tanks, the 
carbon dioxide may be compressed and stored in 
the same tank as the fuel, separated by a sliding 
baffle. At the refuelling station the carbon 
dioxide is removed as the fuel tank is filled.   

The calculated efficiency of 28% seems to 
be acceptable for a zero emission vehicle. It can 
be increased by the addition of an exhaust gas 
turbine to 37% and a bottoming Rankine cycle to 
44% (Yantovski et al., 2005), but such a 
complicated system is too cumbersome for a real 
vehicle. Reducing the dilution of the combustion 
mix may provide an easier method of increasing 
the efficiency. This option is currently under 
investigation by Shokotov and Yantovski. 

Startup of ZEMPES can be easily 
implemented by switching off the recirculation, 
burning the fuel in air, and using the exhaust 
gases for heating the membrane only. This 
requires allowing some emissions at startup only.  
Measuring the carbon dioxide stored onboard 
allows easy tracking of these emissions. 
Alternatively some oxygen could be stored 
onboard for zero emission combustion during 
startup. 

2.7 The zero emission industry 
All zero emission cycles might be 

considered as cogeneration of power and carbon 
dioxide. The quantity of carbon dioxide so 
produced will probably exceed the industrial 
demand. The greatest consumer of carbon 
dioxide is Enhanced Oil Recovery (EOR) and 
Enhanced Coal Bed Methane Recovery (ECBM). 
The contemporary and future convergence of the 
power industry and the oil/gas industry on a zero 
emission basis was considered by Yantovski and 
Kushnirov (2000b) and some relevant cycles 
were discussed by Yantovski (2000c). 

Akinfiev et al. (2005) have shown the 
ultimate goal of CO2 injection underground: a 
possible method of converting CO2 to methane 
through reaction with fayalite.  

The worldwide capacity of gas-fired power 
plants suitable for AZEP technology from 2020 
was estimated to be in the range of tens of GW. 
It is estimated that the AZEP cycle could be 
commercially available in less than 10 years, 

given a market (Sundkvist and Eklund, 2004).   
As mentioned throughout this paper, the 

Clean Energy Systems plant will soon be joined 
by a number of other demonstration and 
commercial plants. In general it appears that 
ZEPPs are close to commercialisation. The 
interested reader may find excellent reviews of 
ZEPPs in Goettlicher (1999, 2003), Bolland 
(2004a, b), Gupta (2003) and Bredeson (2004). 
Only the last reference contains ZEPPs with 
oxygen ion transport reactors. A recent 
comprehensive review of carbon capture 
technologies is given by 12 leading professionals 
from 10 power companies in VGB (2004). 
Unfortunately this review almost ignores ITM 
reactors for oxygen production, and mentions 
only a few membrane technologies, including the 
AZEP cycle, as examples of very futuristic 
technologies. The authors of this report claim 
that carbon capture always reduces electrical 
efficiency of a cycle.  However, this is not 
necessarily true. For example in the ZEITMOP 
cycle, the recirculated carbon dioxide undergoes 
a Rankine cycle, actually adding to the electrical 
efficiency. 

3. Oxygen Ion Transport Membranes 
In 1899, Walter Hermann Nernst observed 

the current of oxygen molecules through dense 
ceramics when heated somewhat. The current of 
oxygen was similar to the current of electrons in 
metals under an electrical potential difference. 
The partial pressure of oxygen played the role of 
electrical potential. Some years later he 
discussed this with A. Einstein, and this resulted 
in the Nernst-Einstein formula: 
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Here 
2OJ  is the oxygen flux, F is Faraday’s 

constant, L is the membrane thickness, n is the 
charge of the charge carrier (= 2 for oxygen 
ions), R is the ideal gas constant, T is the 
absolute temperature, 

2
'
OP  is the oxygen partial 

pressure at the feed surface of the membrane, 

2
''
OP  is the oxygen partial pressure at the 

permeate surface of the membrane and iσ  
represents the material conductivity. This 
expression clearly identifies the natural 
logarithm of the oxygen partial pressure ratio as 
the driving force for the oxygen flux. 

An oxygen ion transport membrane is a 
ceramic membrane made of one of the materials 
that conduct oxygen ions. They typically have 
perovskite or fluorite molecular structures, and 
contain oxygen ion vacancies, i.e. a “hole” in the 
molecular structure where an oxygen ion fits. 
When oxygen ions are excited, they can travel 
through the structure by leaping from vacancy to 



 

 Int. J. of Thermodynamics, Vol. 9 (No. 2) 54

vacancy. As the membrane is a dense, 
impermeable ceramic, no gas can pass through, 
so the overall effect is one of a material that is 
permeable to oxygen and no other substance. 
Bouwmeester and Burggraaf (1996) explain the 
operation of an ion transport membrane: 
“Dissociation and ionization of oxygen occurs at 
the oxide surface at the high pressure side (feed 
side) where electrons are picked up from 
accessible (near-) surface electronic states. The 
flux of oxygen ions is charge compensated by a 
simultaneous flux of electronic charge carriers. 
Upon arrival at the low-pressure side (permeate 
side), the individual oxygen ions part with their 
electrons and recombine again to form oxygen 
molecules, which are released at the permeate 
side”. 

As the driving force is the partial pressure 
difference, pure oxygen can be produced as long 
as the total pressure on the permeate side is 
lower than the oxygen partial pressure on the 
feed side. If air is the feed gas, as is typically the 
case, this means the pressure on the permeate 
side must be less than 1/5 of the pressure on the 
feed side. By diluting the permeate, i.e. using a 
sweep gas, the oxygen partial pressure ratio can 
be increased without the need for a high total 
pressure differential across the membrane. If an 
oxygen-consuming reaction occurs at the 
permeate side, the oxygen partial pressure ratio is 
higher still. The question as to which is better, a 
separate membrane reactor to produce “artificial 
air” (oxygen with carbon dioxide or water 
vapour) and a separate combustion chamber, or 
combined air separation and combustion in the 
permeate side, is still open. This question can 
only be answered by future tests. 

To the authors’ knowledge, one of the first 
papers to describe various schemes for adopting 
ion transport membranes for use in power 
production was Dyer et al. (2000). Oxygen 
production using membrane separation 
technology for gas-steam power production and 
internal gasifier integration is described. The 
authors have not used a sweep gas to remove the 
oxygen from the permeate side of the membrane, 
and use the pure oxygen in a coal gasifier. The 
resulting gas is combusted in air, and the exhaust 
is released to the atmosphere, so this is not a 
ZEPP. 

ITM reactors have many design problems, 
but stability is a crucial one. Oxygen flux is 
inversely proportional to the thickness, and 
manufacturers are currently making membranes 
of the order of tens of micrometers thick. These 
thin dense membranes must be supported on a 
porous substrate, particularly if there is a 
difference in pressure ratio across the membrane. 
The porous substrates may be made of the same 
or similar material to the membrane, i.e. ceramic. 
But the reactor operates at high temperatures, 

which can cause porous ceramic to sinter, 
reducing the porosity and hindering performance. 
Van der Haar (2001) reported that “Mechanical 
tests of the porous perovskite support reveals 
that these could endure an absolute pressure 
difference of about 30 bar…application of the 
supports at temperatures close to 1000°C will 
reduce its porosity due to non-negligible sinter 
activity at these temperatures”. These 
mechanical problems are currently being solved 
by a number of companies and research groups 
around the world.   

The authors would like to present technical 
information about currently available ITM 
reactors, however the main characteristic of any 
reactor, which is crucial for its size and cost, is 
the achieved oxygen flux, 

2OJ . No 
manufacturers are currently publishing this 
information, instead giving information such as 
the relative increase in oxygen flux during 
development, or describing the overall size of a 
reactor in general terms. Foy and McGovern 
(2005) compared published data from laboratory 
tests for a number of different ITM materials. 
Most of these tests were performed on relatively 
thick samples, of the order of 1 mm. As 
mentioned above, manufacturers are currently 
working with thicknesses of tens of micrometres. 
TABLE VII shows the materials compared, and 
Figures 18-19 show the results of the 
comparison. P1 is the oxygen partial pressure on 
the feed side and L is the thickness. The unit of 
flux is 1 micromole/cm2s [= 0.32 g/m2s]. 

The Lawrence Livermore National 
Laboratory developed a “global description of 
the oxygen permeation through dense ceramic 
membrane” (Pham, 1997). This theory predicted 
that “oxygen flux as high as 100 ml.cm-2.min-1 is 
possible if the surface of the membrane is coated 
with a high surface area catalyst layer”.  The 
limit mentioned here is about 23 g/m2s. Many 
authors assume a membrane flux of 1 g/m2 s 
(3.125 µmol/cm2s). 

4. Oxygen Ion Transport Membrane reactors 
for ZEPPs 

The largest element of the AZEP cycle is 
the membrane reactor. This large ceramic 
module operates at temperatures of 1250ºC. Air 
heaters for coal powder fired air turbines are 
another example of large ceramic bodies at high 
temperatures.  After many decades of work, 
these air heaters are still a problem. It is possible 
that development of an integrated 
OITM/combustion chamber might be more 
difficult than development of a CO2 turbine.  The 
current design of the module is shown in Figure 
20. Combustion chambers and ITM modules are 
incorporated into the same chamber. 



 

 Int. J. of Thermodynamics, Vol. 9 (No. 2) 55

TABLE VII. ITM MATERIALS COMPARED BY FOY AND MCGOVERN (2005). 

Name Formula Author Year 
BBCF BaBi0.4Co0.2Fe0.4O3-d Shao, et al. 2000 
BCF BaCe0.15Fe0.85O3-d Zhu, et al. 2004 
BSCF Ba0.5Sr0.5Co0.8Fe0.2O3-d Wang, et al. 2002 
BTCF BaTi0.2Co0.5Fe0.3O3-d Tong, et al. 2003 
CLFC Ca0.6 La0.4Fe0.75Co0.25O3-d Diethelm, et al. 2003 
LCF La0.4Ca0.6FeO3-d Diethelm, et al. 2003 
LCFC La0.6Ca0.4Fe0.75Co0.25O3-d Diethelm, et al. 2004 
LSC La0.5Sr0.5CoO3-d Van der Haar 2001 
LSCF La0.6Sr0.4Co0.2Fe0.8O3-d Shao 2003 
LSGF La0.15Sr0.85Ga0.3Fe0.7O3-d Shao 2003 
LSGF-
BSCF 

12.8La0.15Sr0.85Ga0.3Fe0.7O3-d 
Ba0.5Sr0.5Fe0.2Co0.8Fe0.2O3-d 

Wang, et al. 2003 

 

Figure 18. Normalised flux for the various materials (Foy and McGovern, 2005). 
umol = µmol 

 

 

Figure 19. Actual non-normalised fluxes for membranes with different physical thicknesses.   The names are 
listed in order of decreasing flux.(Foy and McGovern, 2005). 

umol = µmol
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The reactor temperature is controlled by the 
temperature of combustion. The fragility of the 
materials under consideration means that the 
temperature of the combustion must be relatively 
low (<1250°C). Such a low temperature results 
in a relatively low efficiency. In addition to this, 
the AZEP group have identified staged 
combustion using partial catalytic oxidation as 
the optimum method of achieving low 
temperature complete combustion (Sundkvist 
and Eklund, 2004). This complicated method of 
combustion brings its own engineering 
challenges.  

The ITM modules are based on an extruded 
ceramic structure shown in Figure 21. MCM, or 
mixed conducting membrane, is the ITM 
material. 

The extruded ceramic is a porous support, 
which is coated with a dense membrane, as 
shown in Figure 22. 

Further development of the AZEP reactor is 
reported by Selimovic (2005), and Sundkvist and 
Eklund (2004). These papers give comprehensive 
information on many aspects of the reactor 

development. Many of the engineering 
challenges for the reactor are similar to those 
faced by heat exchanger designers, for example 
improving the surface to volume ratio. Dealing 
with non-uniform flow distribution is a headache 
for all designers of chemical and nuclear 
reactors, and the AZEP reactor is no exception.  
Selimovic (2005) gives detailed information on 
the various options under consideration for the 
solution of these problems. He identifies 
counterflow as more effective than coflow, 
which is in accordance with the heat exchanger 
theory, and also presents data on ITM materials. 
TABLE VIII shows comprehensive data on the 
reactor development. Note the oxygen partial 
pressure at the inlet is 20.7 kPa, implying that the 
inlet air is at atmospheric pressure.  The 
operation pressure is defined as 10 bar, however 
Sundkvist and Eklund report that tests have 
shown that the system operates as expected to a 
pressure of 10 bar and a temperature of 900°C 
(2005). 
 

 

Figure 20. Design for an ITM reactor for the AZEP cycle (Sundkvist and Ekland, 2004). 

 

Figure 21. Design for an ITM reactor for the AZEP cycle (Sundkvist and Ekland, 2004). 
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In addition to the engineering challenges 
inherent in the design of the unit, the reactor also 
has high maintenance costs. It seems likely that 
the ceramic parts will have a life of 2.5 to 7.5 
years (Sundkvist and Eklund, 2004). 

Renz (2005) presents detailed information 
on the design of the membrane reactor for the 
oxycoal-AC cycle.  Mechanical stability of the 
ceramic is again provided by using dense 

membranes on porous supports. Two shapes are 
compared – tubular membranes with cross flow 
and planar membranes with counterflow, as 
shown in Figures 23-24.  Detailed information 
on pressures and temperatures in the unit is 
presented, along with calculations showing stress 
in the ceramic.  (Renz, 2005) 
 

  

Figure 22. Porous support with dense membrane (Sundkvist and Ekland, 2004). 

TABLE VIII. TECHNICAL DATA FOR AZEP REACTOR (SELIMOVIC, 2005). 

 
 

 

Figure 23. Possible structures for membrane rector in the oxycoal-AC cycle (Renz et al., 2005). 
Dichtflaeche = sealing surface; Luft = air 
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Figure 24. Membrane tested for oxycoal cycle (Renz, 2004). 

 
Figure 25. Coal or biomass fired zero emission cycle using metal as the oxygen carrier (Leithner, 2005). 

5. Chemical Looping Combustion 

Knoche and Richter (1968) proposed using 
metals as a carrier for oxygen to increase 
combustion efficiency. Metals would be oxidised 
using air, and the metal oxides would then be 
reduced by a fuel in a separate chamber. 
Although the aim of Knoche and Richter was to 
increase combustion efficiency, this method of 
combustion, now called chemical looping 
combustion, provides a means of zero emission 
combustion.   

Ishida developed and experimentally 
proved this concept for zero emission (Ishida and 
Jin, 1998).  A number of research groups are 
investigating chemical looping combustion, and 
it is currently at the laboratory scale. Leithner 
(2005) shows a schematic, reprinted here as 
Figure 25, for a coal or biomass fired cycle using 
nickel as the oxygen carrier.  

Leithner notes that this concept is similar to 
that of oxygen transport using oxygen ion 
transport ceramics.   He demonstrates this with a 

similar schematic, using a membrane instead of 
the metal oxide subsystem, shown in Figure 26. 
This cycle concept is the same as the Milano 
cycle (Romano et al., 2005) or the oxycoal cycle 
(Renz et al., 2004). The use of ceramic 
membranes instead of metal oxides removes the 
need for two of the circulating fluidised bed 
reactors. Use of membranes is currently at a 
more advanced stage than chemical looping 
combustion. Whether the increase in combustion 
efficiency using chemical looping sufficiently 
compensates for the greater mechanical 
complexity of the cycle remains to be seen. 

There is some commercial interest in 
chemical looping combustion.  The US 
Department of Energy has granted funding to the 
BOC group, who are using flue gas recycling to 
burn coal in a mixture of oxygen and flue gas 
(Anna, 2005): “BOC plans to apply its CAR 
(Ceramic Autothermal Recovery) oxygen 
production process that uses the mineral 
perovskite to absorb oxygen and subsequently 
release it in a circulating fluidized bed”. 
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Figure 26. Coal or biomass fired zero emission cycle using an ion transport membrane as the oxygen carrier 

(Leithner, 2005). 
Perovskite is an oxygen ion transport 

ceramic used in ion transport membranes, but it 
seems that BOC are using perovskite as the 
oxygen carrier in a chemical looping system. Use 
of ion transport ceramics instead of metal oxides 
in chemical looping is an interesting new 
development. 

6. Conclusions 

• The ion transport membrane reactors 
that are required for zero emission 
power plants are being developed 
successfully, bringing zero emission 
plants closer to realisation.  Much work 
remains to be done, but when available, 
these reactors will enable the 
construction of zero emission plants 
without the loss in efficiency and 
increase in cost due to cryogenic 
oxygen production.  

• The development of the ZENG cycle, 
including a nitrogen turbine, is at a 
stage that makes it impossible to state 
whether carbon dioxide or water vapour 
recirculation is the more efficient. 

• A demonstration plant using carbon 
dioxide recirculation is required to 
evaluate its benefit. 

• Use of oxygen carriers, such as in the 
Ceramic Autothermal Recovery system, 
may be a useful option for zero 
emission power production. 

• Businesses are becoming interested in 
zero emission power plants, which 
indicates that ZEPPs will become a 
multibillion dollar industry. Carbon 

taxes or emissions trading offer an 
opportunity to ensure economic 
viability of ZEPPs. 
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Acronyms 

AZEP advanced zero emission power 
BFW boiler feed water 
C compressor 
CAR  ceramic autothermal recovery 
CC combustion chamber 
CC CO2 compressor 
CES clean energy systems  
CHP combined heat and power 
COOPERATE CO2 prevented emission 

recuperative advanced turbine 
energy 

CW cooling water 
EG electric generator 
EM electric motor 
EOR enhanced oil recovery 
ECBM  enhanced coal bed methane 

recovery 
FBC fluidised bed combustor 
FT fuel tank 
HE heat exchanger 
HP high pressure 
HPT high pressure turbine 
HTT high temperature turbine 
HRSG heat recovery steam generator 
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HX heat exchanger 
INJ fuel injector 
IP intermediate pressure 
IPT intermediate pressure turbine 
IGCC-Matiant integrated gasification coal cycle 

matiant 
ITM ion transport membrane 
ITMR ion transport membrane reactor 
L luft (air) 
LHV lower heating value 
LP low pressure 
LPT low pressure turbine 
Matiant  cycle designed by MAThieu and 

IANTovski 
MCM mixed conducting membrane 
MHX multi-heat-exchanger 
NG natural gas 
OITM oxygen ion transport membrane 
P pump 
PE piston engine 
R radiator  
RG rauchgas (exhausr gas) 
RH reheater 
SOFC solid oxide fuel cell 
TC air turbocompressor  
TIT turbine inlet temperature 
WS water separator  
ZECA  zero emission coal alliance 
ZEMPES  zero emission membrane piston 

engine system 
ZENG zero emission norwegian gas 
ZEITMOP zero emission ion transport 

membrane oxygen power 
ZEPP zero emission power plant 
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