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1.3.1.1-1 Introduction
In the last hundred years the concentration of some greenhouse gases in the
atmosphere has markedly increased. There is a wide consensus in the scientiﬁc
community that this seems to inﬂuence the Earth surface temperature and thus the
world climate.
Therefore, in 1997 the Kyoto conference deﬁned the goal of global greenhouse
gas emission reduction of about 5% in the next years compared to the 1990 emission
level. CO2 is the main greenhouse gas due to the very high overall amount emitted
by human activities, and about one third of the overall human CO2 emissions are
produced by the power generation sector. In the European Union (EU) there is a
strong pressure on public utilities and industry to reduce the CO2 emissions by power
generation1. In 2003 the European Parliament passed a directive on emission trading.
In 2005 emission allowances were assigned to about 10,000 companies in 25 countries
within the EU which cover about 46% of the overall EU CO2 emissions. Companies
which do not need their full amount can sell it to companies which need more than
assigned. As emission allowances become scarce, they will have an increasing value.
First estimates varied between 10 and 20 €/ton CO2 (12 and 24 $/ton CO2) by 2010,
but in June 2005 European Union Allowances (EUA) were already being traded at 23
€/ton CO2 ( $28/ton CO2).
So there is a strong driving force to develop commercial solutions for the capture
of CO2 from power plants. The main technologies are as follows2:
- post combustion CO2 capture, e.g. by washing of exhaust gases using
amines;
- pre-combustion decarbonization of fossil fuels to produce pure hydrogen or
hydrogen-enriched fuels for use in conventional power plants;
- chemical looping combustion; and,
- oxy-fuel cycles with internal combustion of fossil fuels with pure oxygen.
The authors believe that oxy-fuel cycles are a promising technology. The
combustion with pure oxygen leads to a working ﬂuid consisting mainly of steam and
CO2, which allows an easy and cost-effective CO2 separation by steam condensation.
Further advantages are the great variety of fuels which can be used (natural gas, syngas
from coal or biomass gasiﬁcation, etc.) and the low NOx generation, since nitrogen is
only introduced by fuel bound nitrogen or as a residue in the oxygen to the combustion
chamber. The generated NOx as well as other gases are removed together with CO2, so
that no pollutants are emitted to atmosphere. On the other hand oxy-fuel cycles need
the development of new turbomachinery components and have to bear the high efforts
for oxygen supply. Oxygen needed in a large amount for this kind of cycles can be
generated by air separation units (ASU) which are in use worldwide with great outputs
in steel making industry and even in enhanced oil recovery. The largest air separation
plant already in operation for some years in the Gulf of Mexico produces nitrogen
for the injection in the gas dome of a large oil ﬁeld off-shore3. Fortunately, the new
working ﬂuid of steam and CO2 allows new power plant cycles of highest efﬁciency,
so that the additional efforts for oxygen supply can be largely compensated. Among
them the Matiant Cycle, the Water Cycle, and the Graz Cycle are the best known4.

History

The authors believe that the so-called Graz Cycle has the potential of highest
efﬁciency. The basic principle was developed and published by Jericha in 19855.
He presented a power cycle without any emissions which was based on the internal
combustion of hydrogen with oxygen in stoichiometric ratio as obtainable from solar
power plants. Thermodynamically this steam cycle was an integration of a top Brayton
cycle and a bottom Rankine cycle. In the nineties the hydrogen technology lost its
impetus, so that the Graz Cycle was adopted for the ﬁring of fossil fuels6. At this
time cooperation with Japanese companies and research organizations led to the name

“Graz Cycle”. The working ﬂuid was a mixture of about three quarters steam and one quarter CO2, the electrical efﬁciency was about
64%. Improvements and further developments since then were presented at many conferences7. In 2000, a variant of the Graz Cycle was
proposed with a change of fuel from methane to oxygen blown coal gas (syngas), striving for minimum compression work8. All water of
the cycle medium was condensed before compression, thus a minimum compression work could be obtained. In this cycle CO2 was the
main component of the working ﬂuid. In the following years the general layout of all components for a 75 MW prototype plant of this
type was presented9.
But in 2004 there was a return to the original high steam content Graz Cycle (S-Graz Cycle), because it had become clear that the
reduction in compression work of almost pure CO2 has led to a considerable lowering of the inlet temperature to the combustion chamber10.
So by increasing the steam content in recompression the compression work is increased, leading to a much higher combustion chamber
inlet temperature. The heat input to the combustion chamber was lowered considerably thus raising the efﬁciency to the highest value
that could be reached in the course of this cycle optimization. At the same time it turned out that much more steam for cooling could be
made effective for the combustion chamber burners and the high temperature turbine (HTT) ﬁrst blade rows. The resulting highest thermal
efﬁciency of nearly 70% could be obtained if syngas was used as a fuel. The net efﬁciency, including the efforts of oxygen supply and
compression of captured CO2 for liquefaction, is 56%. The general layout of the components for a 75 MW prototype plant showed the
feasibility of all components. In recent discussions with gas turbine industry a scale-up to a 400 MW plant was discussed for the S-Graz
Cycle scheme. In 2005 further modiﬁcations of the Graz Cycle were discussed and their potential was analyzed11. An economic analysis
of the Graz Cycle power plant showed the strong dependence of the economics on the still uncertain investment costs.
In this work the name “Graz Cycle” means the original “S-Graz Cycle,” which was the more efﬁcient variant and the one which will
be pursued in the future.

1.3.1.1-2 Cycle conﬁguration and thermodynamic layout
All thermodynamic simulations were performed using the commercial software IPSEpro by SIMTECH Simulation Technology12.
This software allowed implementation of user-deﬁned ﬂuid properties to simulate the real gas properties of the cycle medium. The
physical properties of water and steam were calculated using the IAPWS_IF97 formulations13; CO2 was also modeled as real gas based
on the correlation of Sievers14. Furthermore, a turbine module was developed for the calculation of cooled turbine stages. A simple stageby-stage approach similar to the one presented by Jordal et al. was assumed. This assumption allowed for the calculation of the amount
of cooling steam needed per stage15. Within the module, half of the cooling mass ﬂow was mixed to the main ﬂow at the stage inlet, thus
contributing to the stage expansion work. The rest was added at the stage exit. Details of the model were presented in Luckel, 200416.
The thermodynamic data presented was for a cycle ﬁred with methane, because it gave similar results as natural gas, the most likely
fuel to be used in a ﬁrst demonstration plant. The lower heating value was 50015 kJ/kg.
The thermodynamic simulation was based on the following assumptions on efﬁciencies and losses:
•
The isentropic turbine efﬁciency is 90.3% for the High Temperature Turbine (HTT), 90% for the High Pressure Turbine
(HPT) and 88% for the Low Pressure Turbine (LPT);
•
The isentropic efﬁciency of CO2 compressors is 78% and of CO2/ H2O compressors 88%;
•
The isentropic efﬁciency of pumps is 75%;
•
The mechanical efﬁciency of the turbomachinery is 99.6% of net power;
•
The generator efﬁciency is 98.5%;
•
The transformer efﬁciency is 99.65%;
•
Auxiliary losses are 0.25% of heat input;
•
The combustor heat loss is 0.25%, the pressure loss 4%;
•
The oxygen excess is 3% of the stoichiometric ratio in order to keep CO generation low;
•
The minimum temperature difference at Heat Recovery Steam Generator (HRSG) economizer is 5 K, at superheater 25 K;
•
HRSG: cold side pressure loss is 28 bar (including 5 bar for HPT pipe); hot side pressure loss is 4 kPa;
•
The pressure loss of all other heat exchangers is 3%;
•
Fuel is supplied at 41.7 bar and 150°C;
•
The cooling water temperature in the condenser is 10°C;
•
CO2 is released at 1 bar, efforts of a further compression to 100 bar including the remaining steam content at 1 bar
(350 kJ/kg) is considered in the power balance; and
•
The power consumption of oxygen production is 900 kJ/kg (0.25 kWh/kg) and of oxygen compression from an ASU exit
pressure of 2.4 bar to combustor pressure is 325 kJ/kg.
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Figure 1 shows the principle ﬂow scheme of the S-Graz Cycle with the main components and main cycle data.

Fig. 1. Principle ﬂow scheme of Graz Cycle power plant

Basically, the Graz Cycle consists of a high temperature Brayton cycle (compressors C1 and C2, combustion chamber and High
Temperature Turbine HTT) and a low temperature Rankine cycle (Low Pressure Turbine LPT, condenser, Heat Recovery Steam Generator
HRSG and High Pressure Turbine HPT). The fuel together with the nearly stoichiometric mass ﬂow of oxygen is fed to the combustion
chamber, which is operated at a pressure of 40 bar. Steam as well as a CO2/ H2O mixture is supplied to cool the burners and the liner.
A mixture of about 74% steam, 25.3% CO2, 0.5% O2 and 0.2% N2 (mass fractions) leaves the combustion chamber at a mean
temperature of 1400°C. The ﬂuid is expanded to a pressure of 1.053 bar and 579°C in the HTT. Cooling is performed with steam
coming from the HPT (13.7% of the HTT inlet mass ﬂow), increasing the steam content to 77% at the HTT exit. It is quite clear that a
further expansion down to condenser pressure would not end at a reasonable condensation point for the water component, so that the hot
exhaust gas is cooled in the following HRSG to vaporize and superheat steam for the HPT, the pinch point of the HRSG is 25°C at the
superheater exit. But after the HRSG, only 46% of the cycle mass ﬂow is further expanded in the LPT. The LPT exit and thus condenser
pressure is 0.043 bar.
For a mixture of a condensable (steam) and a non-condensable gas (CO2) the condensation temperature depends on the partial
pressure of steam, which continuously decreases during the condensation. For a given condensate exit temperature the condenser
pressure determines the amount of steam condensed. In order to maximize the LPT power, the condenser pressure should be reduced as
far as possible, but this is counteracted by an increased effort for compressing the gaseous steam/CO2 mixture to atmospheric pressure.
So for a given condensate exit temperature of 18°C (for a cooling water temperature of 10°C) the optimum condenser pressure is 0.043
bar, where about half of the combustion water is condensed (see ﬁgure 2).
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Fig. 2. Inﬂuence of the condenser pressure on thermal cycle efﬁciency

1.3.1.1 Graz Cycle – a Zero Emission Power Plant of Highest Efﬁciency
Gaseous and liquid phases are separated in the condenser. From there on, the gaseous mass ﬂow, which contains the combustion
CO2 and half of the combustion water, is compressed to atmosphere (C3/C4) with intercooling and extraction of condensed water, and
supplied for further use or storage. At atmosphere the CO2 purity is 94%, further water extraction is done during further compression
for liquefaction.
After segregating the remaining combustion H2O, the water from the condenser is preheated, vaporized, and superheated in the
HRSG. The steam is then delivered to the HPT at 180 bar and 549°C. After the expansion it is used to cool the burners and the HTT
stages.
The major part of the cycle medium, which is separated after the HRSG, is compressed using an intercooled compressor (C1/C2)
and fed to the combustion chamber with a maximum temperature of 600°C. The detailed ﬂow sheet used for the thermodynamic
simulation is included in the appendix and gives mass ﬂow, pressure, temperature, and enthalpy of all streams.
In order to achieve a high thermal efﬁciency the heat extracted from a power cycle should be small compared to the input. The cycle
arrangement of the Graz Cycle achieves this on the one hand by a very high peak temperature enabling large heat input, and on the other
hand by feeding only the smallest possible mass ﬂow of working ﬂuid to the condenser (main heat extractor from the cycle) which has
to contain the CO2 generated in the combustor. The major part of the working ﬂuid is compressed in the gaseous phase and so takes its
high heat content back to the combustion chamber.
Graz Cycle for syngas from coal gasiﬁcation
The Graz Cycle is suited for all kinds of fossil fuels. Best results regarding net cycle efﬁciency can be obtained for syngas ﬁring
from coal gasiﬁcation. For this investigation it was assumed that syngas is bought from an external gasiﬁcation plant at elevated costs,
so that the production effort was not considered in the thermodynamic balance. Syngas was provided at 500°C, because coal gasiﬁcation
takes place at very high temperatures. This temperature was chosen due to material restrictions. The syngas composition was typical for
an oxygen blown coal gasiﬁcation plant (syngas mole fractions: 0.1 CO2, 0.4 CO, 0.5 H2).
Due to the higher carbon content of the fuel, the composition of the working ﬂuid at HTT exit was 69% steam and 31% CO2
(mass fractions). Then, half of the cycle mass ﬂow was expanded in the LPT and fed to the condenser, where the lower steam content
led to a slightly higher optimum pressure of 0.05 bar. But in general the main cycle parameters did not change considerably.
Power balance
Table 1 gives the power balance of the Graz Cycle plant for methane and syngas ﬁring for 143.8 MW heat input. For syngas two
variants with syngas at 150°C and 500°C are given in order to better understand the differences to the methane ﬁred version. The net
cycle efﬁciency shown in the last row was calculated according to Equation 1.
Table 1 Graz Cycle power balance

(1)
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Looking at the methane-ﬁred version of the Graz Cycle, we see that the HTT was the major turbomachinery component in the
cycle. The thermal cycle efﬁciency was 66.3%, and accounting for the electrical, mechanical and auxiliary losses, the net electrical cycle
efﬁciency was 64.8%, a value far higher than that which is typical of state-of-the-art combined cycle plants. If considering the efforts
for oxygen production and compression to combustion pressure, a net efﬁciency of 54.6% could be evaluated. If the cycle were to be
penalized for the CO2 compression to 100 bar needed for liquefaction, the net efﬁciency would further reduce to 52.5%, a value still
higher than that of most alternative technologies.
In comparison of the methane-ﬁred version with the Graz Cycle ﬁred with syngas provided at the same temperature as methane,
i.e. 150°C, the turbomachinery power reduces due to the less steam content with a lower heat capacity. The cycle efﬁciency was slightly
reduced by 0.2 %-points due to higher condenser losses. Syngas demands less oxygen per heat input, so that the penalty of oxygen
supply decreases considerably. But this gain is partly offset by a larger amount of CO2 generated by syngas ﬁring which then has to be
compressed for liquefaction. Finally, the syngas ﬁred version has a net cycle efﬁciency of 53.1%, 0.6 %-points higher than the methaneﬁred version. If the heat of the syngas production can be used in the Graz Cycle plant for free (it is considered only in the fuel price), the
net cycle efﬁciency would increase by 3 %-points up to 56.1%.
Sensitivity study of HTT performance
The signiﬁcance of the thermodynamic simulation was based on the choice of reasonable data for component efﬁciency and losses.
The two key parameters for the Graz Cycle were the HTT efﬁciency and HTT cooling mass ﬂow because of the very high contribution
of this turbine to the overall power generation. Figure 3 shows the inﬂuence of the HTT isentropic efﬁciency. The effect of an improved
HTT efﬁciency was counteracted by the decreased HTT outlet temperature resulting in a decrease of the HPT power output. If we
assume an HTT isentropic efﬁciency of 92% instead of 90.3%, the net cycle efﬁciency would reach only 53% instead of 53.8%, the
value expected if we do not account for the above mentioned effect of the reduced HTT exit temperature on the overall cycle.
On the other hand, the HTT cooling mass ﬂow had a more signiﬁcant inﬂuence on the cycle efﬁciency. It was estimated to be 13.7%
using a model evaluated by comparison with conventional gas turbines, but a percentage-point increase in cooling mass ﬂow decreased
the net efﬁciency by 0.22 %-points. These considerations showed that the HTT performance had a decisive inﬂuence on the overall cycle
efﬁciency.

Fig. 3. Inﬂuence of HTT isentropic efﬁciency on net cycle efﬁciency

Modiﬁcations of cycle conﬁguration
In order to improve the efﬁciency of the Graz Cycle, several modiﬁcations were investigated. The following cycle variants will be
discussed in this work:
condensation of the cycle working ﬂuid at 1 bar and re-vaporization of the separated water; and,
heat supply to the deaerator by the cooling heat of the CO2 compression intercoolers.
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2.4.1. Condensation at 1 bar and water re-vaporization
The working ﬂuid containing the mass ﬂow of CO2 generated in the combustor was expanded in the LPT to a condenser pressure of
0.043 bar. There the steam was condensed, allowing separation of the gaseous CO2. But this conﬁguration had some deﬁciencies:
1) The condenser was very large and thus expensive, because of the high volume ﬂow and the anticipated reduced heat transfer due to
the high inert gas content; and
2) The CO2 mass ﬂow was expanded in the LPT together with steam and afterwards recompressed to atmosphere, so that due to the
higher compression effort and additional losses a net loss was generated by this mass ﬂow.
Therefore it was suggested in the Austrian patent of the Graz Cycle to condense this mass ﬂow at atmospheric pressure, separate
the combustion CO2 and re-vaporize the water at a reduced pressure level using the condensation heat (see ﬁgure 4)17. The steam was
then fed to the LPT and could be expanded to a condenser pressure lower than that for the working ﬂuid mixture18. Advantages of this
conﬁguration are the avoidance of the difﬁcult condenser for the working ﬂuid at vacuum conditions and the saving of the relatively large
CO2 compressors C3 and C4 needed for compression to atmosphere. Instead of using a standard condenser, an additional condensation/
re-vaporization unit was needed. This condensation/revaporization unit worked at atmospheric conditions and was similar to distillers
used for conversion of sea and brackish water into high purity water by vacuum vapor compression.

Fig. 4. Scheme of condensation/re-vaporization

If the saving of CO2 compression power and the advantage of a lower condenser pressure exceeded the power loss of the LPT due
to the reduced mass ﬂow, a net gain in efﬁciency could be achieved. A thermodynamic study found an optimum for a dual pressure
vaporization at the pressure levels 0.55 bar and 0.3 bar. The losses assumed for vaporization were 0.18 bar for the higher pressure level
and only 0.07 bar for the lower pressure level. If these relatively low losses could be met, the efﬁciency for this new conﬁguration would
remain the same at 52.5%. So this conﬁguration could lead to reduced plant costs and an even greater efﬁciency, if the original low
condenser pressure cannot be kept for the working ﬂuid condensation.
As a second alternative currently investigated, the condensation heat could be utilized in a bottoming steam cycle. It has the
advantage of more ﬂexibility, of an easier start-up of the plant and has an easier water make-up.
2.4.2. Deaerator heating by CO2 compression intercoolers
In order to remove dissolved gases (N2, O2 and CO2) in the HRSG feed water, a deaerator was arranged in front of the feed pump.
Since there was no pure steam at an appropriate pressure available for heating, the feed water was heated close to saturation temperature
in a surface heat exchanger that utilized the working ﬂuid extracted in front of the LPT. This ﬂuid passing by the LPT caused a reduction
in its power output. To avoid this conﬁguration and the resulting power reduction, it was investigated to supply the necessary heat for
the deaerator from the CO2 compression coolers instead of the working ﬂuid by passing the LPT (ﬁgure 5).
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Fig. 5. Scheme of deaerator supplied with heat from CO2 compression intercoolers

The thermodynamic simulation showed that the heat from the CO2 intercoolers can completely replace the extraction in front of the
LPT. So the mass ﬂow and thus the power output of the LPT increased by 8.5%, resulting in an increase of net cycle efﬁciency by 0.8
%-points up to 53.3%. This improvement showed that there was still room for efﬁciency improvement of the Graz Cycle, but often in
trade-off with higher complexity.

1.3.1.1-3 Turbomachinery Design
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Prototype plant of 75 MW output
Compression and expansion in large power cycles can only be affected with modern turbomachinery. The gases we have to deal with
in our case, CO2 and H2O steam, are very compressible at the given high enthalpy heads or pressure ratios. The resulting high changes
in volumetric ﬂow in the individual compressors and turbines require a multi-shaft arrangement connected by gears.
The design decision to have the high temperature ﬂow channel with minimum surface area and minimum heat loss and also with
minimum cooling ﬂow supply leads to the arrangement of turbomachinery as given in ﬁgure 6, which also includes the compressors
C3 and C4 used to compress the separated CO2 to atmospheric pressure. There it is delivered to a ﬁnal compression up to 100 bar for
liquefaction.
The HTT turbine needs 4 stages due to the high heat capacity of the steam-rich cycle medium. The HTT is split into two shafts,
where the ﬁrst stage runs at 23 000 rpm, the other three stages at 12 000 rpm. The two overhang disks of different speed provide the
shortest possible high temperature annular ﬂow channel. A bearing is arranged between the second and third stages. In order to reduce
the number of generators, the power of all four compressors is balanced with the HTT ﬁrst stage and the HPT. Both turbines drive
the cycle medium compressors C1 and C2 and in normal operation they also drive the CO2 delivering compressors C3 and C4. These
compressors are connected via a self-synchronizing clutch and are disconnected from the main high-speed shaft during start-up. Then
they are driven by a separate electric motor in a mode similar to the vacuum pump in a steam plant. This arrangement needs two gear
boxes, because the compressors C1 and C4 run at 12 000 rpm and the compressor C3 at 3 000 rpm.
The stages 2, 3, and 4 of the HTT run at 12 000 rpm and deliver their power via the main gear to the generator, which is driven on
the other side by the LPT in a way that is similar to very large steam turbines.
The main turbomachinery data and their dimensions for a prototype plant are given in19. Due to the small volumetric ﬂow of the HPT
it is designed in the form of a 4-stage partial admission impulse steam turbine. Its arrangement immediately ahead of the HTT allows for
cooling of the HTT ﬁrst stage disk in an effective way. Exhaust steam is fed via labyrinth seals to the front side of the disk thus holding
the shaft and the disk at a temperature of around 300°C. The disk is bell shaped with broad width in the center leading to a strong ﬁr-tree
root blade attachment which contains the cooling steam inlet ports to the hollow blades.
On the other side, the space between the HTT ﬁrst and second stage disks is again ﬁlled with cooling steam from outside, cooling
both disks and providing in a form of a stationary steam bearing additional damping to both shafts. Again from here cooling steam is
fed into the second disk and its blades.
The compressors C1 and C2 have to act on a medium consisting of CO2 and steam. The high volume change requires a change of
speed (C1 at 12 000 rpm, C2 at 23 000 rpm) with relatively high Mach numbers at the tip of their respective ﬁrst blades. But relatively
long lasting blades result in low clearance loss and low deterioration of the meridional ﬂow proﬁle. In order to keep the high-speed shaft
short and in order to reduce the number of stages in C2 a radial ﬁnal stage is proposed which can replace 3 or 4 axial stages due to its
higher diameter and at the same time can deliver the medium radially outwards, making the inﬂow to the combustion chamber easier.

1.3.1.1 Graz Cycle – a Zero Emission Power Plant of Highest Efﬁciency

Fig. 6. Schematic arrangement of turbomachinery for a 100 MW S-Graz Cycle power plant

Graz Cycle plant of 400 MW output
For a Graz Cycle power plant of 400 MW net power output, a different but also very feasible design is suggested which works
without gear boxes in the main power shafts. The turbomachinery arrangement consists of three independent shafts. The ﬁrst shaft is a
free running high speed shaft of 7600 or even 8500 rpm. It consists of the working ﬂuid compressors C1 and C2 and the ﬁrst two stages
of the HTT turbine working as a compressor turbine. The turbine power is balanced with the power demand of the two compressors. The
second shaft consists of the HTT power turbine and the low pressure turbine LPT. Both turbines run at 3000 rpm and drive the electrical
generator. The third shaft consists of the CO2 compressors C3 and C4 and the HPT turbine. It runs at 3000 and preferably 7,600 rpm
connected via a gear box. An additional motor/generator delivers power for start-up and is driven in full load by the HPT power which
exceeds the demand of the compressors.
Development work needed for a Graz Cycle plant
Most components of the Graz Cycle are well known but they have to work with an unusual working ﬂuid of steam and CO2. More
critical components are as follows:
•
The combustor for a nearly stoichiometric combustion with oxygen and use of steam and CO2 as cooling medium;
•
The HTT with a working ﬂuid of about three quarts of steam and one quart of CO2 and steam cooling;
•
The condenser, condensing steam in the presence of a high content of inert gas.
All other components (LPT, HPT, all compressors, HRSG and heat exchangers) can be considered as standard components and do
not pose any difﬁcult design problems.
Combustion chambers for ﬁring oxygen with methane in a steam environment have already been tested in the USA, in Japan, and
Europe20. Recent tests at the National Energy Technology Laboratory (NETL) were performed for a 1 MW combustor, working at 10
bar and an exit temperature of 1200°C21. The combustor was no more difﬁcult to operate than a regular combustor and performed well
in terms of CO generation, if a small oxygen surplus of 3% was provided. In summary, all investigations showed that the concept of
oxy-fuel combustion using steam dilution is viable.
The design of the HTT was studied carefully at Graz University of Technology and discussed at several conferences22. Recent
studies by a main gas turbine manufacturer also conﬁrmed the technical feasibility of the HTT, but experience has to be gathered for the
behavior of the high-temperature alloys in the steam/ CO2 environment of HTT hot sections.
The condenser has to deal with a large volume ﬂow due to its very low pressure and the difﬁculty of reduced heat transfer in the
presence of inert gas. But little experience has yet been gathered for steam condensation at a 20% CO2 content, so that very little data
on heat transfer in this environment is available. Further research work is necessary and condensation at 1 bar as discussed above is a
reasonable option if very large heat transfer surfaces are required.

1.3.1.1-4 Economic Evaluation
Despite the high efﬁciency and the positive impact on the environment by a Graz Cycle power plant, a future application of this
technology and an erection of a power plant mainly depend on the economic balance. The main indicator characterizing the economic
performance of a power plant for CO2 capture is the mitigation costs. They represent the increased capital and operational costs incurred
by new and additional equipment and lower cycle efﬁciencies in relation to the CO2 mass ﬂow avoided. The CO2 captured has an
economic value of about $10/ton, if it can be used for enhanced oil recovery (EOR) or of about $30/ton in the future CO2 emission
trading scenario. These prices show the momentary threshold for the economic operation of zero emission power plants, although it is
very difﬁcult to foresee future trends.
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In order to estimate the mitigation costs for a Graz Cycle plant, an economic comparison with a state-of-the-art combined cycle
power plant of 58% efﬁciency is performed. The economic balance is based on the following assumptions:
•
The yearly operating hours is assumed at 8500 hrs/yr;
•
The capital charge rate is 12%/yr;
•
Methane fuel costs are 1.3 ¢/kWhth;
•
Syngas is supplied by a syngas producer at 3.5 ¢/kWhth, so no efﬁciency penalty for the production or additional investment
costs are considered;
•
The investment costs per kW are the same for the reference plant of about 400 MW net power output and the Graz Cycle
plant (see below);
•
Additional investment costs are assumed for the air separation unit (ASU), for additional equipment and CO2 compression
to 100 bar (see Table 223); and,
•
The costs of CO2 transport and storage are not considered because they depend largely on the site of a power plant.
Table 2 Estimated investment costs

The assumption of similar investment costs for a conventional and a Graz Cycle power plant is based on a comparison with typical
turbomachinery sizes for a 400 MW combined cycle plant as given in table 3. It shows that the turbine power and the HRSG are of
similar sizes, whereas the compressor power is remarkably smaller. On the other hand the Graz Cycle needs a larger generator due to
the additional power consumption for ASU and CO2 compression. Developmental efforts are needed especially since the HTT and
combustor were not considered in the investment costs.
Table 3 Comparison of equipment size for a 400 MW plant in terms of power
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Three indicators characterizing the economic performance of a power plant for CO2 capture are estimated:
• The costs of electricity (COE) for both plants;
• The differential COE representing the additional costs of electricity due to CO2 capture;
• The mitigation or capture costs representing the additional costs incurred by CO2 capture per ton CO2 .
Table 4 shows the result of the economic evaluation for methane and syngas ﬁring, respectively. For syngas ﬁring, the reference
plant is also syngas-ﬁred without considering an efﬁciency decrease. The syngas plant has slightly smaller additional investment costs
because of the smaller ASU needed.
Compared to the reference plant, the capital costs are about 60% – 70% higher by considering only the additional components for
O2 generation and CO2 compression. So they contribute mostly to the difference in COE. The fuel costs have the major inﬂuence on the
COE, especially for syngas ﬁring, but they do not differ largely between reference and Graz Cycle plant. The O&M costs are assumed
15% higher for a Graz Cycle plant due to the operation of additional equipment.
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Table 4 Economic data for methane and syngas ﬁred Graz Cycle

Due to the more expensive fuel, the COE for syngas ﬁring is by far larger than for methane ﬁring (COE due to fuel). But regarding
the differential COE, the difference is 0.74 ¢/kWhel for the methane-ﬁred Graz Cycle and 0.68 ¢/kWhel for the syngas-ﬁred version
compared to the respective reference plant. But due to the higher carbon content in syngas, the mitigation costs are only $11.7/ton CO2
for the syngas plant compared to $21.6 /ton CO2 for the methane-ﬁred plant. These values are clearly below the threshold value of $30/
ton showing the economic potential of the Graz Cycle.
The results of the economic study depended mainly on the assumptions about investment costs, fuel costs and capital charge rate as
well as on the choice of the reference plant. A cost sensitivity analysis was performed and showed that a variation of the capital costs had
the main inﬂuence on the economics, since they contributed most to the mitigation costs24. Unfortunately, there was a large uncertainty of
these costs. A survey of the ASU costs vary in the range of $230 to $400/kWel (the same price as for a complete power plant). Considering
this variation solely, the mitigation costs varied between $21.6 and $29.0/ton CO2 for the methane-ﬁred plant (see ﬁgure 7).

Fig. 7. Inﬂuence of capital costs on the mitigation costs (methane-ﬁred Graz Cycle)

This high sensitivity to the capital costs showed the dilemma in performing an exact economic evaluation, since their estimation for
a Graz Cycle power plant was very difﬁcult because of the new turbomachinery components. But the authors claimed that their design of
high-speed transonic stages with innovative steam cooling allowed a cost-effective manufacture. In these considerations about the height
of additional investment costs, a further advantage of the Graz Cycle, the almost NOx-free combustion was not evaluated. According
to exhaust ﬂow NOx and CO catalytic reduction to achieve single-digit emissions (in strict attainment areas) can increase gas turbine
genset plant costs by 40 to 50 percent25.
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1.3.1.1-5 Conclusions
The Graz Cycle is an oxy-fuel power cycle with the capability of retaining all the combustion generated CO2 for further use. Its cycle
conﬁguration aims at highest efﬁciency by reducing the heat extraction in the condenser to a minimum. A thermodynamic investigation
of the Graz Cycle ﬁred with methane shows a net efﬁciency of 52.5%, if the efforts for oxygen supply and CO2 compression to
liquefaction are considered. If syngas can be used from an external syngas plant at 500°C, efﬁciencies can rise up to 56%. Studies show
that further efﬁciency improvements and simpliﬁcation of the cycle are possible.
A layout of all turbomachinery components for a 75 MW prototype plant as well as a 400 MW plant showed the technical feasibility
of the Graz Cycle, although some development work is needed for the main components. But the authors claim that their proposed
design of high-speed transonic stages with innovative steam cooling allows a cost-effective manufacture.
In an economic analysis the Graz Cycle power plant is compared with a state-of-the-art combined cycle plant. The resulting
mitigation costs of 22 $/ton CO2 are below a threshold value of 30 $/ton CO2 (assumed for CO2 emission trading), but this value mainly
depends on the investment costs assumed. If syngas is used as fuel, the mitigation costs are only about 12 $/ton CO2 due to the higher
carbon content of syngas.
All investigations done up to now conﬁrm the high efﬁciency and technical feasibility of the Graz Cycle. In the scenario of increasing
costs of CO2 emissions, the investment in such a zero-emission power plant seems very reasonable in the near future.

1.3.1.1-6 Abbreviations and Appendix
ASU
COE
HPT
HRSG
LPT

- air separation unit
- cost of electricity
- high pressure turbine
- heat recovery steam generator
- low pressure turbine

Appendix: Detailed thermodynamic cycle data of a Graz Cycle power plant ﬁred with methane.
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