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Abstract

One of the most promising technologies to decrease greenhouse gas emis-
sions is carbon capture and storage (CCS). Oxy-fuel combustion, in which
high-purity oxygen mixed with flue gases is used to burn fuels, reduces the
complexity of CCS systems. Several methods have been studied for oxygen
production to feed the process, where cryogenic air separation is the most
mature technology. However, it is a highly energy-intensive method, which
motivates the research of other alternatives such as ceramic membranes.

In order to compare the performance of both oxygen separation methods,
the coupling of an oxygen production cycle based on ceramic membranes with
a high-efficient power cycle, the Graz cycle, is studied. This cycle initially
operates using cryogenic air separation.

The calculations of both cycles are carried out using the simulation soft-
ware IPSEpro. For the membrane cycle, two cases are identified, whose main
difference is the method to reduce the oxygen partial pressure on the per-
meate side of the membrane: vacuum generation (Case 1) and membrane
sweeping (Case 2). Both cases are optimized, considering the thermody-
namic conditions of the membrane operation and its effects on the energy
consumption of oxygen production. Membrane cases achieve 54.08% and
55.76% of net efficiency for Case 1 and 2, respectively, being 0.61% and
2.30% points higher than the base case. Furthermore, the differences in tur-
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bomachine performances and streams variations are discussed, considering
the effects of energy integration of membrane cases.
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Oxygen, Membrane, Oxy-fuel, O2 production, Graz cycle

1. Introduction

Currently, one of the challenges in the industry is the reduction of pollu-
tant and greenhouse gas emissions . The International Energy Agency (IEA)
[1] reports that pre-COVID levels of emissions will be reached again around
2023-2025 due to the recovery of economic activities.

In this sense, the power production sector is one of the leading sectors
of pollutant gases production. In the European Union (EU), approximately
21% of the total energy consumption is by means of electricity, whereas 40%
is generated burning fossil fuels [2]. Thereupon, governmental frameworks
were introduced whose purpose is the reduction of pollutant and greenhouse
gas emissions. The EU has presented the 2050 long-term strategy, aiming to
be climate neutral by 2050, aligning with the actions proposed in the Paris
agreement [3].

One of the strategies to reduce the emission of greenhouse gases such as
CO2 is Carbon Dioxide Capturing and Storage (CCS), which is a promising
procedure in which CO2 is separated, transported and stored in long-term
storage isolated from the atmosphere [4]. The authors expect CCS technolo-
gies to be a key in some industrial sectors as cement production, where 60%
of the CO2 production is unavoidable due to the nature of calcination, an
important part of the process [5]; also, in the power production sector, where
most of the thermal energy sources are fossil fuels like coal and natural gas
[6].

From this perspective, oxy-fuel combustion is seen as one of the most
promising technologies to enable easy sequestration of CO2 in industry. In
oxy-fuel combustion, the combustion is performed using a mixture of oxygen
and a thermal buffer (normally recycled flue gas composed of a CO2/H2O
mixture), used to control the combustor temperatures instead of regular air.
This removes nitrogen from the process, leading to a flue gas of higher CO2

concentration, where CO2 can be easily captured after a previous dehydration
[7]. In addition to that, it has been reported that oxy-fuel combustion almost
totally avoids NOx production, which can be up to 40 times smaller than
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with conventional combustion when using the same oxygen content, due to
the removal of nitrogen from the comburent [8].

Oxy-fuel combustion has been studied for different types of fuels, exhibit-
ing acceptable cycle efficiencies and high rates of carbon capture. Shi et al.
[9] studied the use of different solid fuels as coal, lignite and sawdust in oxy-
combustion power plants: for all cases, more than 97% of the CO2 could
be captured during this operation. An oxy-combustion liquefied natural gas
(LNG) power plant was studied by Liang et al. [10], where two auxiliary
power generation sub-systems were also implemented. They compared the
combustion in O2/CO2 and O2/H2O atmospheres, which were chosen as ther-
mal buffer gases. Efficiencies of 58.78% were reached in the study, where
94.8% of the CO2 was captured with a purity of 97.2%.

A study similar to the case above was performed with natural gas as fuel
by Cai et al. [11], using an auxiliary subsystem of power production, and
performing the combustion using recycled flue gas, pure CO2 or steam mixed
as alternative thermal buffers. A purity of 98% was obtained for the captured
CO2, achieving a maximum cycle efficiency of 67.6% for the O2/recycled flue
gases case due to the high temperature of recirculation, exhibiting as the
best option in this study.

In these mentioned cases, high-purity oxygen production was performed
using cryogenic methods, the most common method in industry. In this
method, the air is separated in a multi-column cryogenic distillation pro-
cess by taking advantage of the different boiling temperatures of its main
components, nitrogen and oxygen. The state-of-the-art method can produce
oxygen with a purity of 99.5%, recovering 97.85% of the oxygen in the air.
However, this is a highly energy-intensive method, causing a penalty of 3%
to 4% of input energy and an efficiency reduction up to 8.5% in processes
where oxy-fuel combustion is applied [12].

For this reason, another oxygen production method studied to improve
oxy-fuel cycle efficiencies is the use of ceramic membranes. Due to a pres-
sure gradient between the feed and permeate sides, these membranes have an
oxygen diffusion process through their crystal lattice, favored by high temper-
atures (preferably > 700 ◦C), which increase the vacancy sites in the lattice,
improving the oxygen flux [13]. There are two different modes of operation
for these membranes, called 3-end and 4-end, which differ in the method to
create the required differential oxygen partial pressure. The driving force for
the 3-end is created by generating a vacuum in the permeate side, while for
the 4-end a sweeping gas is used in the permeate side to reduce the oxygen
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concentration, creating the partial pressure gradient [14].
Skorek-Osikowska et al. [15] presented two cases for a 460MW oxy-

fuel combustion power plant where the integration of a hybrid membrane-
cryogenic installation was compared with a cryogenic air separation unit,
both used for oxygen production. After a thermodynamic evaluation, it was
found that the addition of a membrane to the system improved the first
law efficiency by 1.1%, reducing the auxiliary power consumption by 13%.
Portillo et al. [14] compared the performance of cryogenic and membrane
methods to produce oxygen for a coal-power plant. They found a 5% im-
provement in the energy efficiency and a lower specific CO2 capture when
membranes were used compared with the cryogenic case. Additionally, an
advanced zero-emission power plant using a ceramic membrane to produce
oxygen was studied by Gunasekaran et al. [7], where the influence of the
membrane operation temperature was examined evaluating quantities such
as power plant production and efficiency. Maximum efficiency of 53.2% was
achieved for 850 ◦C membrane temperature capturing 100% of the CO2 pro-
duced during the operation of the plant, where it was found that reducing
the temperature could be favorable in terms of efficiency, but drastically af-
fecting the power output as the oxygen production for fuel combustion is
affected.

This being said, it is seen that the implementation of membranes could
improve an existent oxy-fuel power plant efficiency when the oxygen produc-
tion is performed using cryogenic methods. In these cases, a proper energetic
integration could improve the power plant efficiency, making it more compet-
itive. In fact, membrane implementation can be performed in systems where
it is required to reduce pollutant emissions and high-temperature streams
are presented to feed the membrane, as it is seen in Serrano et al. [16]

Considering this, a study on the Graz Cycle is performed, which is an
oxyfuel power cycle of highest efficiency developed at Graz University of
Technology[17, 18, 19, 20, 21, 22, 23], whose primary oxygen source is a
cryogenic air separation installation. An oxygen production cycle based on a
mixed ionic-electronic conducting (MIEC) ceramic-based membrane is inte-
grated into the cycle to produce the required oxygen instead of the original
method, considering the alternatives of 3-end and 4- end membranes. There-
fore, a comparative study of three cases is presented: a base case as it was
determined in its last optimization [24], where a cryogenic process is imple-
mented for oxygen production; a case where a 3-end membrane is used in
the oxygen production cycle (Case 1), and a case where a 4-end membrane
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is implemented (Case 2).
The main objectives of this paper are:

• Optimize the main operation parameters of an oxygen production cycle
using membranes coupled to the Graz Cycle for both proposed cases.

• Compare the performance of the three mentioned cases, considering
the power plant production, the efficiency of the whole system and the
energy cost of oxygen production.

2. Process description

2.1. Base Case

The Graz Cycle consists basically of two coupled cycles: a high-temperature
Brayton cycle (Compressors C1/C2, combustion chamber (CC) and High-
Temperature Turbine (HTT)), and a low-temperature Rankine cycle (Low-
Pressure Turbine (LPT), condenser, Heat Recovery Steam Generator (HRSG)
and a High-Pressure Turbine (HPT). Figure 1 exhibits a flow scheme of the
Graz cycle. For more details, refer to the article by Wimmer and Sanz [24]
where the last optimization of the cycle was performed.

A combustion chamber is run at 50 bar, operating with natural gas and
an atmosphere of high purity oxygen, which is produced via cryogenic distil-
lation, steam, and recycled working fluid, where a stream with a composition
of 76% water, 23%CO2 and residual components as nitrogen and argon is
produced. This composition is orientative, which could change around this
values as modifications in the cycle are performed, as coupling other oxy-
gen production method. This working fluid leaves the combustor at 1500 ◦C,
being expanded in the HTT, which is cooled by steam from the HPT out-
let flow, increasing the steam content of HTT stream. Then, the gases are
cooled in the HRSG to vaporize and superheat the water for the HPT. The
HRSG scheme used in the Graz cycle is shown in Figure 2

After this, this gas is branched, where about half of the mass flow is
compressed in C1/C2, feeding the CC to regulate its temperature. On the
other hand, the other half of the gases is driven through the LPT and then
is condensed in several stages. CO2 and water are separated, and CO2 is
compressed in C3/C4, captured afterwards. The condensed water is pumped
and superheated in the HRSG, and finally goes into the HPT, whose outlet
flow is divided for HTT and CC cooling.

Table 1 highlights the main thermodynamic conditions of the cycle:
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Figure 1: Flow scheme of the Graz Cycle. Taken from [24]

Table 1: Main thermodynamic conditions of Graz Cycle.

Power plant output 400MW
Fuel consumption 16.09 kg/s

HTT inlet temperature 1500 ◦C
HPT inlet pressure 17MPa
LPT inlet pressure 0.1MPa

Condensation pressure 6 kPa
Combustion chamber pressure 5MPa

Thermal electric efficiency 65.82%
Efficiency considering O2 supply 56.00%

Efficiency considering O2 supply and CO2 compression 53.47%

6



Figure 2: Flow scheme of the HRSG of the Graz Cycle. Adapted from [24]
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2.2. Case 1: 3-end membrane

Figure 3a shows an oxygen production cycle based on a 3-end membrane
coupled to the Graz cycle. The oxygen production cycle consists of a group
of turbochargers and heat exchangers that allows the air to reach the optimal
pressure and temperature conditions at the feed side. First, atmospheric air
(1 bar, 25 ◦C) is driven through the cycle by three intercooled mechanical
compressors (LPC, MPC, HPC) and an electric compressor (EC) used to
boost the air pressure. After that, two heat exchangers (HE-1 and HE-2)
are implemented to recover energy from the outlet streams of the membrane,
increasing the air temperature.

Then, the air is finally heated in a heat exchanger (HE-3) coupled with
the Graz cycle; the stream after the last cooled stage of HTT at 860 ◦C is
used to increase the air temperature before it goes into the membrane.

In the membrane, working at 4 bar to 20 bar and 650 ◦C to 825 ◦C, the dif-
ferential partial pressure and high temperature induce the oxygen separation
from the air, splitting it into two streams: First, the high-purity oxygen,
whose line is firstly at vacuum pressure to promote its production. The
oxygen leaves the membrane at a high temperature, whereby it is used to
increase the air temperature (HE-1). Then, it is compressed in C-O2, right
before being compressed to CC conditions. Second, the oxygen-depleted
stream (mainly nitrogen) heats the air mass flow (HE-2) and then it is used
in three expansion stages (LPT, MPT, HPT) to drive the mechanical com-
pressors. The whole system, oxygen production and Graz cycle coupled, is
shown in Figure 3b. For clarity, heat exchanger HE-1 is depicted twice. It is
worth to mention that this case uses the same configuration for the HRSG
as it is shown in Figure 2

2.3. Case 2: 4-end membrane

Figure 4a shows an isolated oxygen production cycle operating with a
4-end membrane. The 4-end membrane case shares many similarities with
the 3-end, with the difference that a swept membrane is implemented, where
the recycled gas used in the CC is previously used to sweep the permeate
side of the membrane.

This gas is taken from the C1 outlet, composed primarily of CO2 and
steam, at a pressure of 15 bar and a temperature around 480 ◦C. This di-
minishes the oxygen partial pressure due to the very low oxygen content, not
being necessary to create a vacuum in the oxygen line. Therefore, the three
compression stages in the oxygen line are eliminated, using C2 to reach the
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(a) Flow scheme of a oxygen production cycle with a 3-end membrane.

(b) Flow scheme of Graz cycle with a 3-end membrane oxygen production
cycle.

Figure 3: Flow scheme of Graz cycle - Case 1
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(a) Flow scheme of a oxygen production cycle with a 4-end membrane.

(b) Flow scheme of Graz cycle with a 4-end membrane oxygen production
cycle.

Figure 4: Flow scheme of Graz cycle - Case 2
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50 bar at the CC. Before C2, the O2/RFG mixture goes through the HRSG
of the Graz Cycle, superheating the steam flow at the SH1 heat exchanger,
as it is shown in Figure 5. The configuration of this case can be seen in
Figure 4b, where heat exchanger HE-2 is depicted twice for clarity.

Figure 5: Flow scheme of the HRSG of the Graz Cycle for Case 2. Adapted
from [24]

3. Methodology

The required calculations are performed by using IPSEpro v8 from Simtech
Simulation Technology [25], which is a software used to model and analyze
different types of processes in engineering. Additionally, the model library
of the oxyfuel processes was extended by the membrane models

3.1. Thermodynamic models and assumptions

To perform this study, the following models and assumptions were con-
sidered:
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• Regarding the Graz Cycle, its calculation is performed as in the article
by Wimmer and Sanz [24], where all the assumptions, modeling of the
components, and considerations were taken from.

• The effort of CO2 compression performed at C3/C4 to CCS conditions
(110 bar and 30 ◦C) is considered to be 114 kJ kg−1 as it is stated by
Wimmer and Sanz [24].

• For the base case, O2 production is delivered from the cryogenic distilla-
tion cycle at 16 bar and 15 ◦C, requiring a specific work of 1049 kJ kg−1.
For the membrane cases, oxygen is delivered around 16 bar. After this,
for all cases, the oxygen is compressed to CC conditions.

• Oxygen permeation in the membrane is calculated following the one
dimensional equations proposed by Catalán-Mart́ınez et al. [26], con-
sidering a Ba0.5Sr0.5Co0.8Fe0.2O3–δ (BSCF) membrane and an isothermal
model according to Wagner’s equation (see Equation 1).

ṁO2
=

C · e

 −K

T


· ln

(
PO2,f

PO2,p

)
· T ·MWO2

· A

L
(1)

Where C and K are membrane material constants whose values are
1.004 × 10−8mol cm s−1 and 6201K, respectively. T is the operation
temperature of the membrane, MWO2

is the molecular weight of the
oxygen, A is the membrane area and L is the membrane thickness. This
thickness is set to 200 µm, reproducing the results of a thin-layer mem-
brane supported by a porous BSCF substrate with a total thickness of
900 µm.

PO2,f is the mean oxygen partial pressure at the feed side and PO2,p,
the mean partial pressure at the permeate side. The mean partial pres-
sures are determined by the geometric mean of oxygen partial pressure
of inlet and outlet streams for both feed and permeate sides of the
membrane, calculated as shown in Equation 2 and Equation 4
Feed pressure:

PO2,f = Pf ·XO2,f (2)

XO2,f =
√
XO2,in,f ·XO2,out,f (3)
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Permeate pressure:
PO2,p = Pp ·XO2,p (4)

XO2,p = 1−
√
(1−XO2,in,f ) · (1−XO2,out,f ) (5)

The membrane is supported by a BSCF porous substrate, as described
by Baumann et al. [27].

• A temperature difference of 25 ◦C is set for HE-1 and HE-2 in both
membrane-based cases. For HE-3, an outlet air temperature is imposed.

• For the oxygen production cycle, isentropic and mechanical efficiencies
for turbomachines remain constant. Table 2 contains the values for
each of them.

Table 2: Turbomachine efficiencies

Turbocharger compressors 84%

Turbocharger turbines 88%

High-pressure electric compressor 84%

Oxygen line compressors (Case 1) 82.8%

• Pressure drop in the heat exchangers for the oxygen production cycle
are set to be 1% of the inlet pressure for each flow.

• Equal pressure ratios for the expansion stages in the oxygen production
cycle are considered.

3.2. Parameter evaluation of the oxygen production cycle

Different operating conditions of the air separation membrane for the two
cases studied are examined, researching how this affects the performance of
the whole system. For Case 1, the performance of the coupling of Graz cycle
and oxygen production cycle is studied for changes in the feed pressure and
temperature and the vacuum pressure. The following ranges for the variables
mentioned above are considered:

• Feed air pressure: [4 - 20] bar
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• Vacuum pressure: [0.2 - 0.5] bar

• Feed air temperature [650-825]◦C

For Case 2, as the oxygen partial pressure is not directly controlled at the
permeate side, the study is performed by considering different feed pressure
and temperature conditions at the membrane.

• Feed air pressure: [10-20] bar

• Feed air temperature: [700-825]◦C

These operation ranges are considered as maximum air feed pressures of
20 bar are found in the literature. According to Zhu and Yang [28], the
sealing of this type of membrane at higher pressures than 20 bar is still a
technological challenge. On the other hand, the membranes have practical
applications when operating between 700-1000◦C, although there are studies
where lower temperatures (less than 500 ◦C) are being developed [28].

Additionally, to determine the membrane area used in the analysis of both
cases, the studied ranges are taken as a reference, where mean conditions are
chosen to select an appropriate size for each studied case, which remains
constant as the membrane area is varied. The used conditions are presented
in Table 3.The selected areas for each case are determined to achieve the
maximum power and thermal efficiency under the imposed feed and perme-
ate membrane conditions, considering the inherent difficulties of operating
with excessive membrane sizes and, also, to obtain a considerable amount of
operative points for the studied ranges in each case.

Furthermore, both cases consider that the outlet temperature of each
cooler is 25 ◦C. Nonetheless, the variation of this temperature modifies the
heat required from HE-3 and the electric power consumption of the com-
pressors. For this reason, the system behavior is studied when changes in
the outlet temperature of the coolers is performed. For Case 1, there are
two sets of intercoolers: among the mechanical compressors of air and the
electric compressors of oxygen, while for Case 2, there are only one set for
mechanical compressors.
For Case 1, the outlet temperature of the first cooler among the mechani-
cal compressors of air is varied between 25 ◦C to 55 ◦C, while for the second
cooler, its outlet temperature is varied between 25 ◦C until the extracted heat
is zero, removing the cooler. On the other hand, for the electric compressors
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Case 1 (3-end membrane) Case 2 (4-end membrane)

Feed air
pressure [bar]

12 15

Feed air
temperature

[◦C]
750 750

Vacuum
pressure [bar]

0.35 ***

Table 3: Mean used conditions to determine membrane area

of oxygen, the study is performed considering the second and third cool-
ers. For the second cooler, the outlet temperature is varied between 25 ◦C
to 85 ◦C, while for the third cooler, the range considered is 25 ◦C to 117 ◦C,
that is the maximum temperature allowed that limit the electric compressor
temperature below 600 ◦C.
For Case 2, there is only the set of coolers among the mechanical compres-
sors, where the outlet temperature of the first cooler is varied between 25 ◦C
to 85 ◦C, while the second cooler starts at 25 ◦C, following the same principle
as for Case 1.
An optimum point of operation is obtained for each study, considering the
maximum power and thermal efficiency that can be obtained for the whole
system in the study.

In this sense, a fuel consumption of 16.09 kg s−1 is considered according
to the results obtained by Wimmer and Sanz [24] for the optimized base
case of the Graz cycle. Besides, there is a set of indicators used to compare
the performance of the studied cases as the net thermal efficiency, net power
generated, and the specific energy consumed for oxygen production.

The net thermal efficiency for the base case is determined as it is presented
by Wimmer and Sanz [24]. For case 1, the net thermal efficiency is calculated
as Equation 6 states.

15



ηnet, C1 =

(∑
(PT · ηm)− PC1+2

ηm

)
· ηgen · ηtr − PC3+4

ηm
−

∑
Pp

ηm
− Paux

Q̇in

+
−PASU − PC,O2

ηm
− PCPU − PC-HP

ηm
− PC O2 vacuum

ηm

Q̇in

(6)

On the other hand, for case 2, the net thermal efficiency is calculated as
Equation 7 determines.

ηnet, C2 =

[∑
(PT · ηm)− PC1+2

ηm

]
· ηgen · ηtr − PC3+4

ηm
−

∑
Pp

ηm
− Paux

Q̇in

+
−PASU − PCPU − PC-HP

ηm

Q̇in

(7)

The net power of the base case is 400MW, where the energy consumption
of the different compressors and pumps in the Graz cycle, energy losses, and
consumption of auxiliary elements are considered. For the cases studied
in this paper, the energy consumption of the added electric compressors is
considered, as it is also seen in the net thermal efficiency equations.

Finally, for the base case, a specific energy consumption for oxygen pro-
duction of 1049 kJ kg−1, which is delivered by the cryogenic installation at
16 bar and 15 ◦C before reaching the CC conditions is considered, as was
mentioned in subsection 3.1.

For Case 1, the consumption of the electric compressor at the air line is
considered, as well as the consumption of the three added compressors in the
oxygen line and the heat extracted at HE-3. All these energies are used to cal-
culate the specific energy consumption for oxygen production Espec,O2, Case 1

as stated in Equation 8.

Espec,O2, Case 1 =
PC,HP + PC,O2 vacuum + Q̇HE-3

ṁO2

(8)

For Case 2, the energy consumption of the electric air compressor is con-
sidered, as well as the heat extracted at HE-3, and the enthalpy flow differ-
ence of the stream used to sweep the membrane between the permeate side
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inlet and the HE-2 outlet, ∆h . The specific energy consumption for oxygen
production, Espec,O2,Case 2, is computed as in Equation 9.

Espec,O2,Case 2 =
PC,HP + Q̇HE-3 + (ṁh)PS inlet − (ṁh)HE-2 outlet

ṁO2

(9)

4. Results

4.1. Case 1

4.1.1. Area

Figure 6 shows how the increase of the membrane area improves the
performance of the whole cycle as the net power produced increases. The air
flow to produce the required oxygen for the cycle decreases as the membrane
capability for air separation is enhanced, reducing the electric air compressor
power consumption and the heat exchanged in HE-3 from the HTT turbines.
This trend is clearly exhibited in Figure 7 for the mentioned variables.

However, there is an asymptotic behavior in the energy consumption and
air mass flow needed for oxygen production due to a consequent reduction
in the recovered thermal energy and the available enthalpy in the expansion
stages, as the oxygen-depleted mass flow is also reduced.

Figure 8 shows the specific power change related to membrane area, which
decreases with larger areas. At 170 000m2, adding 1000m2 of area results
in no more than 0.05MW of added power. This size is selected for this
case, being a value from which the membrane area addition does not create
significant benefits to the cycle in terms of power and efficiency, and creating
difficulties related to costs and facility complexities. It also allows the system
to properly work in most of the proposed operation points of the proposed
studied ranges for pressure and temperature for this case.

4.1.2. Air feed pressure, temperature and vacuum pressure influence on per-
formance

In Figure 9 and Figure 10 an optimum of net power and thermal efficiency
at a pressure of 4 bar at the inlet feed side of the membrane, a temperature
of 825 ◦C, and vacuum pressure at the oxygen line of 0.2 bar can be observed.
A value of 402.4MW net power and 53.80% thermal efficiency are reached,
2.4MW and 0.33% points higher than for the baseline case, respectively.

The optimum power values for each value of vacuum pressure are found
at relatively low pressures and high temperatures (825 ◦C). It is seen that the

17



Figure 6: Thermal efficiency and power variation with membrane area -
Medium conditions - Case 1
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Figure 7: Variation of air mass flow, electric power consumption and heat
from GC variation with membrane area - Medium conditions - Case 1

19



Figure 8: Change of power increase variation with membrane area - Medium
conditions - Case 1
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ferent vacuum pressures - Case 1
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power is reduced as the vacuum pressure in the oxygen line increases. This
trend is explained by considering the air mass flow in the oxygen production
cycle, the heat in HE-3, and the electric power consumption.

An increase in the pressure and temperature at the inlet of the feed side
of the membrane is beneficial for its permeability. Therefore, less air mass
flow is required, as seen in Figure 11, to extract an approximately constant
oxygen amount, as the same fuel mass flow is considered. The latter has
an effect on the consumed energy in the oxygen production cycle, for both
heat exchanged in HE-3 and the electric power consumption, as it is shown
in Figure 12 and Figure 13.

For HE-3, less heat is needed at higher pressures and lower air tempera-
tures at the inlet feed side of the membrane. At these conditions, medium air
mass flows are found, and low temperature increases are needed. However,
a minimum of heat exchange in HE-3 is found for each constant value of air
pressure at the membrane inlet. When low air temperatures are required,
there is an increase in the air mass flow, which dominate the heat demand
in this cases. On the other hand, the air mass flow is reduced at higher tem-
peratures, and the thermal energy is now increased due to a higher variation
in HE-3 of the air temperature. Then, there is a trade-off between the air
mass flow to be heated and the temperature increase, which affect the en-
ergy demand in HE-3. In addition, as the pressure is reduced, a pronounced
increment in the air mass flow is obtained, leading to a higher heat demand
at HE-3.

There is a constant component for each vacuum pressure at the permeate
side of the membrane for the electric power consumption, corresponding to
the compression work at the oxygen line required to drive the oxygen mass
flow from the vacuum to 16 bar. Therefore, the electric consumption variation
responds to air electric compressor work changes.

A minimum of electric consumption is found for constant air temperature
values at the membrane feed side. At low feed pressures, there are higher
air mass flows which leads to increase the air electric compressor power. In
contrast, the compression ratio acquires more importance in the compressor
work for high pressures. As it was obtained for the HE-3 heat demand, there
is a trade-off between the air mass flow and the compression ratio of the air
electric compressor.

Thus, as the feed air temperature is reduced, the electric consumption
levels are increased, where the lower membrane permeability is affected, de-
manding a higher air stream for oxygen production.
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Figure 10: Air feed pressure and temperature influence on cycle thermal
efficiency for different vacuum pressures - Case 1

23



5 10 15
Pressure [bar]

650

700

750

800

Te
m

pe
ra

tu
re

 [
C

]

300 400 500
Air mass flow [kg/s]

(a) Vacuum pressure = 0.2 bar

5 10 15
Pressure [bar]

650

700

750

800

Te
m

pe
ra

tu
re

 [
C

]

300 400 500
Air mass flow [kg/s]

(b) Vacuum pressure = 0.3 bar

5 10 15
Pressure [bar]

650

700

750

800

Te
m

pe
ra

tu
re

 [
C

]

300 400 500
Air mass flow [kg/s]

(c) Vacuum pressure = 0.4 bar

5 10 15
Pressure [bar]

650

700

750

800

Te
m

pe
ra

tu
re

 [
C

]

300 400 500
Air mass flow [kg/s]

(d) Vacuum pressure = 0.5 bar

Figure 11: Air feed pressure and temperature influence on air mass flow of
the oxygen production cycle for different vacuum pressures - Case 1
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Figure 12: Air feed pressure and temperature influence on heat exchanged in
HE-3 for the oxygen production cycle for different vacuum pressures - Case
1
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Given the above, the power optimum for each constant vacuum pressure
is found at 825 ◦C, and air pressures lower than 10 bar. High temperatures
dominate the membrane permeability, leading to a decrease in the required
air for oxygen production. The latter allows maintaining the heat exchanged
in HE-3 at reasonable values, although there is a high-temperature change.

In addition, medium-to-low pressures lead to minimum electric consump-
tion, where the driven air is not much higher than for high pressures, and
the low compression ratios reduce the energy required.

Moreover, lower vacuum pressures improve the membrane performance,
for which lower pressures at the feed side of the membrane can be imple-
mented to produce a determined oxygen amount. Although there is an in-
crease in the oxygen line compressor work due to an increase in the compres-
sion ratio to reach 16 bar, the air mass flow reduction and the consequent
decrease in the air electric compressor compensate for this.

It has to be highlighted that, under this reasoning, the increase of the
vacuum pressure generates an increment in the gray zones of the figures,
where operation is non-viable due to the low permeability of the membrane.

4.2. Case 2

4.2.1. Area

As shown for the area variation in Case 1, an area increment enhances
the system performance, as seen in Figure 14. Mainly, the reduction of air
mass flow driven through the compressors due to a membrane operation
improvement reduces the power consumption of the electric air compressor
and the heat exchange in HE-3, as it is seen in Figure 15.

However, there is an asymptotic behavior as the membrane area is in-
creased. The energy exchanged at HE-1 and HE-2 is reduced, as well as
the available enthalpy at the inlet of the expansion stages. In addition, the
enthalpy difference of the O2/RFG increases, reducing the heat exchanged
at SH1 to superheat the steam. Therefore, the net power produced for the
system is affected.

A membrane area of 1 600 000m2 is selected, where further increments
produce no significant benefits in terms of power and efficiency, also gener-
ating more difficulties in terms of costs and facility complexities.Figure 16
shows that adding further 1000m2 of membrane area increases the power
production only by 0.01MW. In addition, as for Case 1, the selection of this
membrane size allows the system to work suitably in most of the operation
points proposed in the studied range for this case.
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Figure 13: Air feed pressure and temperature influence on electric power
consumption at the oxygen production cycle - Case 1
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Figure 14: Thermal efficiency and power variation with membrane area -
Medium conditions - Case 2
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Figure 15: Variation of mass flow, electric power, heat from GC and enthalpy
difference on permeate side with membrane area - Medium conditions - Case
2
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Figure 16: Change of power increase with membrane area - Medium condi-
tions - Case 2
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4.2.2. Air feed pressure and temperature influence on performance

An optimum value of power and efficiency is observed for an air supply
at 20 bar and 775 ◦C, reaching 414.17MW and 55.35% of thermal efficiency,
14.17MW and 1.88% points higher than the base case, as shown in Figure 17.

Higher power output values are found at high pressures and medium
temperatures within the studied range. The driven air mass flow through the
oxygen production cycle, the consumption of electric power, heat transfer at
HE-3, and the enthalpy difference of the streams at the permeate side explain
this trend, as it is seen in Figure 18.

The driven air mass flow highly depends on the feed side pressure, with
higher mass flows than in Case 1 and more pronounced increments. Higher
feed pressures and temperatures imply an increase in membrane permeability,
causing a reduction in the air mass flow but also influencing both heat transfer
at HE-3 and the electric power consumption.

For the heat extracted at HE-3, when the feed side pressure is kept con-
stant, there is a significant rise in the thermal energy as the feed air temper-
ature increases, whereas air mass flow does not vary significantly. Neverthe-
less, the feed side pressure variation leads to strong changes in the transferred
heat due to the increased air mass flow.

Similar trends occur for the electric energy consumption, which only cor-
responds to the electric air compressor located upstream of the membrane
feed side due to the operation mechanism of the 4-end membrane. A lower
feed side pressure naturally results in a lower compression ratio of the elec-
tric compressor. However, the energy consumption is highly influenced by
the change of air mass flow.

For ∆h, it is necessary to define the effective temperature of oxygen pro-
duction, which is the operating temperature considered for the membrane
obtained from an energy balance of the membrane streams.

As an isothermal model is implemented in this study, both outlet streams
from the feed and permeate sides are delivered at the same temperature. This
effective temperature is shown in Figure 19 for the whole studied range in
Case 2.

Higher values of the effective temperature for oxygen production are found
at low values of pressure and high temperatures at the feed side, as a higher
air enthalpy flow is seen under these conditions. Consequently, there is a
higher enthalpy at the HE-2 outlet of the O2/RFG. Therefore, this enthalpy
flow is exploited to increase the steam temperature at HPT inlet in the heat
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Figure 17: Air feed pressure and temperature influence on Graz Cycle per-
formance - Case 2
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Figure 18: Air feed pressure and temperature influence on oxygen production
cycle variables - Case 2
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ature - Case 2
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exchanger SH1 of the HRSG, increasing the power produced in the Graz
Cycle.

In this sense, the power output optimum for Case 2 is found by a low
electric consumption due to the high-pressure operation at the feed side in-
let, which causes a reduction in the air mass flow that affects the power
consumption. Additionally, this optimum power operation point achieves
medium values of extracted heat at HE-3 and of the permeate side flow
enthalpy difference. Medium air temperature at the feed side is obtained,
not leading to an excessive heat exchange and allowing a considerably high
O2/RFG enthalpy flow to contribute to the HPT power production.

4.3. Compression intercooling optimization

4.3.1. Case 1

In this part of the study, the air mass flow driven through the compres-
sors is kept constant. An optimum of power and net efficiency is obtained
by maintaining the outlet temperature of the first air cooler at 25 ◦C and
removing the second air cooler, which leads to a temperature of 70 ◦C before
the third compression stage.

A power of 403.89MW and a net efficiency of 53.9% is achieved, an
increase of 1.5MW and 0.2% points of efficiency concerning Case 1 without
intercooling optimization for the air compressors, as seen in Figure 20.

When the outlet temperature of the first cooler is kept constant, an in-
crease in the net efficiency and power production of the whole cycle is ob-
served while the outlet temperature from the second cooler increments. Al-
though an increase in the outlet temperature of the second cooler affects
the required power in the third stage of the mechanical compression and the
electric compressor, as it is seen in Figure 21a, there is a higher temperature
after the compression stages, which has two positive effects:

• First, there is an increase in the temperature at the expansion stages,
so that there is more available energy for the air compression, reducing
the power increment of the electric air compressor.

• Second, a slight increase in the air temperature upstream of HE-3 di-
minishes the extracted heat from the HTT turbine, contributing to a
rise in the produced power of this turbine.

On the other hand, when the outlet temperature of the first cooler in-
creases, the performance of the second mechanical compressor is also affected,
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Figure 20: Influence of outlet air cooler temperatures on cycle performance
- Case 1

36



25 35 45
Temp. Cooler 1 [ C]

40

60

80

100

Te
m

p.
 C

oo
le

r 
2 

[
C

]

40 41 42 43
Electric power [MW]

(a) Electric power consumption

25 35 45
Temp. Cooler 1 [ C]

40

60

80

100

Te
m

p.
 C

oo
le

r 
2 

[
C

]

39 40 41 42 43
Heat from Graz Cycle [MW]

(b) Heat exchanged in HE-3

Figure 21: Influence of outlet air cooler temperatures on energy consumption
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which finally impacts the power demand of the electric air compressor. This
finally affects the power and efficiency of the whole cycle.

It should be noticed that the wiggles in the isolines of electric power con-
sumption in Figure 21a are due the removal of the second cooler and thus its
pressure losses, which slightly changes the trend in the power consumption.

Additionally, an optimization in Case 1 for the compressor intercooling
at the oxygen line is done, where the variation of the second and third cooler
outlet temperatures are considered. A power and net efficiency optimum
is obtained operating with an outlet temperature of the second and third
cooler of 25 ◦C and 117 ◦C, considering a limit of 600 ◦C for the compressors,
an output power of 404.67MW and 54.08% of net efficiency are achieved,
increasing the power by 0.77MW and the thermal efficiency by 0.1% points
compared with the results of the first intercooling optimization process, as it
is seen in Figure 22.

An increment in the power and efficiency of the whole cycle is observed
as the outlet temperature of the third cooler is increased, while the outlet
temperature for the second cooler remains constant.

Although there is a power consumption increment in the electric com-
pressor of the oxygen line due to a compression performed at a higher tem-
perature, as seen in Figure 23a, the oxygen that goes into the CC also has
a higher temperature, as shown in Figure 23b. This adds extra enthalpy
to the energy balance of the combustion process which improves the cycle
performance, increasing its power production. This effect will be discussed
in section 5.

On the other hand, an increase in the outlet temperature of the sec-
ond cooler results in a rise in the power required at the compression stages
needed to reach the pressure required at the CC, which affects the net power
production.

4.3.2. Case 2

For Case 2, the intercooling optimization leads to an optimum power
and net efficiency of 417.24MW and 55.76%, an increase 3MW and 0.41%
points with respect to Case 2 without the intercooling optimization. This
optimum point is found as the outlet temperature of the first cooler is kept
at 25 ◦C, and the second cooler is removed, reaching a temperature at the
third mechanical compressor inlet of 125 ◦C, as seen in Figure 24.

An increase in the required electric power with increasing the outlet tem-
perature of the second cooler is observed in Figure 25a when the outlet tem-
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- Case 1

39



25 45 65
Temp. Cooler 2 [ C]

40

60

80

100

120

Te
m

p.
 C

oo
le

r 
3 

[
C

]

31 32 33 34 35 36
Power [MW]

(a) Oxygen line compression power

25 45 65
Temp. Cooler 2 [ C]

40

60

80

100

120

Te
m

p.
 C

oo
le

r 
3 

[
C

]

400 450 500 550 600
Oxygen temperature at CC inlet [ C]

(b) Oxygen inlet temperature at combustion
chamber

Figure 23: Influence of outlet oxygen line cooler temperatures on oxygen
production cycle variables - Case 1
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perature of the first cooler is kept constant. This occurs due to performing
the compression processes at a higher temperature. Nevertheless, there is
an increase in the outlet temperature of the electric compressor, as in Case
1, which generates a subsequent enthalpy rise at the expansion stages inlet,
leading to reductions in the increment of the electric power requirements.

Additionally, there is an increase in the available energy of the O2/RFG
from the HE-2 outlet, shown in Figure 25b, which leads to a higher contribu-
tion in the steam superheating before HPT, increasing the power production
of the system.

Alternately, increasing the outlet temperature of the first cooler affects
the operation of the second stage of the mechanical compression, which affects
the electric energy consumed and, finally, the power production of the whole
cycle.

5. Discussion

In Table 4, it is observed a comparison of the main variables of the oxygen
production cycles of the studied cases. It is seen that for Case 1, there is
considerably more specific work required for the oxygen production when
compared with the base case. For Case 2, this specific work is lower when
the consumed energy for the oxygen production is considered. However, the
net power production for Case 1 is higher than for the base case of the Graz
Cycle using cryogenic methods for oxygen production. This is achieved by
the energy integration of the membrane cases.

The oxygen temperature at the inlet of the CC is higher for both mem-
brane cases, as it is seen in Table 4, so that there is an added enthalpy flow,
improving the combustion process. The effects of these improvements are
seen by considering the whole energy balance of the different involved tur-
bomachines in the systems and the differences among the mass flow driven
through the different turbines and compressors, as it is seen in Table 5 and
Table 6 respectively.

For Case 1, there is a reduction in the steam mass flow through HPT
when compared with the base case due to a decrease in the temperature of
the HTT outlet flow that previously exchanged heat in HE-3. Considering
the thermodynamic conditions at HPT inlet (170 bar, 599 ◦C), the steam
mass flow is reduced. On the other hand, the recirculated working fluid flow
is increased because a higher flow of a thermal buffer to the CC is required
to regulate the outlet temperature of the CC, due to the mentioned increase
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- Case 2

42



25 35 45 55 65 75
Temp. Cooler 2 [ C]

25

50

75

100

125

150

175

200

Te
m

p.
 C

oo
le

r 
3 

[
C

]

48 49 50 51 52 53 54
Electric Power [MW]

(a) Electric power consumption

25 35 45 55 65 75
Temp. Cooler 2 [ C]

25

50

75

100

125

150

175

200

Te
m

p.
 C

oo
le

r 
3 

[
C

]

82 80 78 76 74 72 70
O2 enthalpy difference [MW]

(b) Enthalpy difference of permeate side flow

Figure 25: Influence of outlet air cooler temperatures on cycle performance

43



Table 4: Oxygen production comparison between cases

Case 1
Case 1

optimized
refrigeration

Case 2
Case 2

optimized
refrigeration

Base case

Q̇HE−3

[MW]
43.42 41.21 61.75 61.93 ***

Ẇelec

[MW]
40.93 44.01 47.90 48.60 ***

∆h [MW] *** *** -69.56 -76.20 ***

ṁO2

[kg s−1]
60.37 60.37 60.49 60.51 62.50

O2 purity
[%]

100 100 100 100 96.65

O2 spec.
energy
[kJ kg−1]

1397 1412 663 567 1049

O2 temp.
at inlet
CC [◦C]

414 599 599 599 150
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in the enthalpy contribution of the oxygen flow. For these reasons, the power
generated in HPT is decreased, due to the lower steam mass flow, while the
compression power of C1/C2 is increased as more recirculated mass flow is
needed.

For Case 2, there is an increase in HPT steam mass flow due to the
additional heating from the O2/RFG flow in the SH1 heat exchanger. As
the thermodynamic conditions of HPT inlet are imposed, the steam mass
flow is increased consequently. However, as for Case 1, the HTT outlet
temperature is decreased, but this is compensated by the O2/RFG heating.
At the same time, the amount of recirculated working fluid needed to control
the CC temperature is diminished, reducing the power consumption of C1.
However, the flow of C2, which further compresses the membrane permeate
outlet flow, also contains the produced oxygen, so that its power consumption
rises.

Similarly, there is more power output in the first two HTT partial tur-
bines when Case 1 and the base case are compared due to a higher mass flow
through them for Case 1. For Case 2, the power output for these partial tur-
bines is still higher than base case, where the power output of the first HTT
partial turbine is higher due to the increase in C1/C2 power consumption
due to the presence of oxygen in the recirculated mass flow, while for the
second HTT partial turbine a higher power output is required to compensate
the power output reduction in the third partial turbine.

This reduction in the power output of the third partial turbine is due
to the energy loss in HE-3 for oxygen production, which is found in both
membrane cases, generating a significant difference in its power output when
comparing membrane and base cases. Considering that C1/C2 are driven by
HTT-1, the net power output from the turbines is lower for the membrane
cases.

Nevertheless, the performance improvement for the membrane cases is
found in the power consumption for oxygen production. There is a high power
consumption to produce oxygen at 16 bar for the base case, which is reduced
considerably for the membrane cases. However, the oxygen compression to
reach CC conditions requires more power for membrane cases because it is
performed at a higher temperature.

At the same time, for Case 2, an additional fact diminishes the electric
consumption, which is the removal of the oxygen compression stage towards
the CC, whose pressure rise is performed in C2 with the recycled gas.

On the other hand, for the intercooling optimization in Case 1, there is
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Table 5: Streams at Graz cycle

Case 1
Case 1

optimized
refrigeration

Case 2
Case 2

optimized
refrigeration

Base case

Captured
CO2 stream

[kg s−1]
43.80 43.80 43.92 43.94 45.94

CO2 purity [%] 97.28 97.01 97.28 96.97 92.74

H2O stream
[kg s−1]

100.12 102.63 121.02 124.18 108.2

H2O stream
HTT cooling

[kg s−1]
27.29 27.90 26.34 26.46 30.24

H2O stream
CC inlet
[kg s−1]

72.84 74.74 94.68 97.71 77.96

Recycled
stream
[kg s−1]

187.40 190.50 218.70 214.01 174.90

% H2O 75.25 75.60 56.93 56.06 75.91
% CO2 24.13 23.79 15.60 15.22 22.39
% N2 0.13 0.12 0.08 0.08 0.40
% O2 0.49 0.48 28.02 28.64 0.48

CC outlet
stream
[kg s−1]

336.70 341.70 329.47 327.81 331.45

Stream
HTT1 outlet

[kg s−1]
354.49 359.92 346.31 344.64 351.25

Stream
HTT3 outlet

[kg s−1]
363.99 369.60 355.81 354.28 361.69
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an improvement in the net power output due to two factors: First, there is
a decrease in the heat extracted in HE-3, a result of the first intercooling
optimization, which allows an increase in the power output of the third HTT
partial turbine. On the other hand, there is an increase in the steam mass flow
as there is more available energy at HTT outlet, increasing the power output
of HPT. Second, the inlet temperature of the oxygen at CC is increased due to
the second intercooling optimization, which leads to increase the recirculated
working fluid flow, reducing the combustion temperature, as well as the power
output of the first and second HTT partial turbines.

For the intercooling optimization in Case 2, the increase in the enthalpy
difference of the permeate side flow lead to more available energy in the heat
exchanger SH1 of the HRSG, increasing the steam flow and, consequently, the
power output of HPT. Additionally, a reduction in the recirculated working
fluid flow decreases the power output at the first HTT partial turbine, which
leave more available energy at the second stage, increasing the power output.
In addition, the required power of the electric air compressor is increased due
to a performance at a higher temperature.

It is important to remark that the oxygen production for all the cases is
not the same as the amount of recirculated oxygen varies according to the
explained differences in the studied scenarios. This recirculated flow has a
small amount of oxygen because the combustion is performed with 3% of
oxygen excess to guarantee the proper fuel burning. For this reason, there
is a slight deviation of oxygen production that ensures the required oxygen
mass flow at the CC inlet.

Additionally, the differences in membrane performance and size for Case
1 and 2 are studied and how this affects the trends in energy consumption
for oxygen production.

In Figure 19, it is seen that the temperature range of the membrane
operation for Case 2 is between 600 and 700 ◦C due to the relatively low
temperature of the recycled gases at the permeate side inlet of the membrane
(470 ◦C), affecting the effective temperature of operation.

In this sense, while the optimum point of operation in Case 1 has an
effective membrane temperature of 825 ◦C, for Case 2, this value is around
635 ◦C. This difference leads to two main differences in both cases:
Firstly, about the membrane size: While for Case 1, there is a membrane size
of 170 000m2, an area of 1 600 000m2 was obtained for Case 2. Even though
the membrane areas were also selected to operate in most of the proposed
ranges of pressure and temperature of the feed air, they are also chosen in
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Table 6: Power balance for the different studied cases

Case 1
Case 1

optimized
refrigeration

Case 2
Case 2

optimized
refrigeration

Base
case

Heat input [MW] 748.22 748.22 748.22 748.22 748.06

Turbine power
[MW]

697.07 709.74 693.36 692.68 704.70

HTT-1 [MW] 194.17 197.80 183.67 179.04 181.72
HTT-2 [MW] 249.45 253.20 256.97 259.93 251.69
HTT-3 [MW] 158.17 161.78 154.11 154.12 171.55
HPT-1 [MW] 32.54 33.52 37.63 38.53 37.67
HPT-2 [MW] 2.12 2.17 1.93 1.95 2.35
LPT [MW] 60.63 61.27 59.05 59.10 59.69

Compression
power [MW]

194.17 197.80 183.67 179.04 181.72

C1 [MW] 116.72 118.95 102.85 100.08 109.56
C2 [MW] 77.45 78.85 80.82 78.97 72.16

Net
turbomachinery
power [MW]

493.87 502.76 500.54 504.41 513.59

CO2 compression
[MW]

33.14 33.13 33.09 33.08 35.11

O2 compression
[MW]

12.51 16.00 0.00 0.00 7.82

O2 prod.
consumption

[MW]
40.93 44.01 47.90 48.60 65.60

Water pumps
[MW]

2.28 2.34 2.76 2.83 2.47

Auxiliary losses
[MW]

2.62 2.62 2.62 2.62 2.62

Net power [MW] 402.39 404.67 414.17 417.28 400.00

Thermal
efficiency [%]

53.80 54.08 55.35 55.76 53.47
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operation zones where the performance improvements are in an asymptotical
region.
Secondly, about the trends concerning air mass flow, heat extracted at HE-
3, and compression power: For Case 1, higher temperature levels at the
membrane lead to lower air mass flow variability in the whole studied range.
Nonetheless, there is a marked increase in air mass flow at low temperature
and pressure zones, where membrane permeability is affected. Thus, the
energy consumption is affected depending on the operation zone. As this, the
heat extracted in HE-3 increases due to a higher air mass flow or temperature
variation, while the air compression power increases depending on the air
mass flow or the compression ratio at the air electric compressor. This is not
the behavior for Case 2, where the lower levels of effective temperature at the
membrane cause the air mass flows in the different zones to be higher, with
a steep increase in less favorable zones for oxygen production. Hence, there
is a greater dependence on air mass flow regarding the energy consumption
in HE-3 and the air electric compressor.

Overall, there is an improvement for the membrane cases due to the
energetic integration that allows a higher oxygen temperature at the CC inlet,
a consequence of the oxygen production nature done with MIEC membranes.

For Case 2, there is a better performance as the compression stages at
the oxygen line are eliminated, and high enthalpy flow from O2/RFG after
HE-2 that is recovered. However, there is a technological limit due to the
operation at low temperatures and high membrane areas, which is being
studied by Zhu and Yang [28], where membrane fabrication for operation at
low temperatures (350 ◦C to 700 ◦C) is being developed. On the contrary,
Case 1 generates less net power, but it works at membrane conditions that
are found in the literature.

Furthermore, validation and commercial availability of these membranes
for this type of application is discussed, as the oxygen production required
(60.4 kg s−1 or 5215 t d−1) and membrane sizes (in the order of 1× 105m2 to
1× 106m2) require it.

First, there are studies where these membrane sizes are observed [14,
29, 30] which considered the same type of membranes, obtaining specific
membrane areas (m2 kW−1) in the same order of magnitude as found in this
study. This can be seen in Table 7. However, these are numerical studies
based on reasonable membrane models.

Additionally, this technology is currently under development availabil-
ity, a highly-researched topic in the industry. One of the leading organiza-
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Specific membrane area O2 production
(m2 kW−1) (kg s−1)

Portillo et al.[14] 0.69 202.0
Chen et al.[30] 1.38 15.2
Castillo [29] 0.80 96.6

Case 1 0.42 60.4
Case 2 3.83 60.5

Table 7: Specific membrane area comparison

tions addressing this issue is Air Products, which is currently working on a
multi-phase project. The project final phase will focus on the operation of a
2000 t d−1 [28]. Nonetheless, the improvement of mechanical properties and
larger membrane area per unit volume are required conditions for practical
applications [31].

On the other hand, the risk due to high oxygen reactivity is a techni-
cal challenge that comes from using a high-purity oxygen stream for Case
1. In Case 2, the last compression stage of oxygen is C2, performed with
an O2/RFG mixture, reducing risks associated with the high reactivity of
the stream. Meanwhile, for Case 1, C-O2 works with high-purity oxygen,
for which special compressors are needed, as they have to be oil-free and
completely sealed, according to [32]. On the other hand, as the ignition tem-
perature of steel is about 1150 ◦C, temperatures below 1000 ◦C are acceptable
under these working conditions to avoid metal firing.

6. Conclusions

In this paper, a thermodynamic comparison of the Graz cycle operating
with two oxygen production alternatives is performed. A base case using
cryogenic means and two cases where MIEC membranes are implemented,
using 3-end and 4-end membranes, are contrasted.

First, the main parameters of both membrane-based cases are optimized,
as well as the intercooling among mechanical and electric compressors.

For Case 1, an optimum operation was found where the net power out-
put and thermal efficiency values are 404.67MW and 54.08%, respectively
(4.67MW and 0.61% points higher than the base case), while for Case 2, a
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net power output and thermal efficiency of 417.24MW and 55.76%, respec-
tively, were obtained (increasing 17.24MW and 2.30% points respect to the
base case)

On the other hand, when membrane cases are compared with the base
case, the oxygen production required can also be obtained using MIEC mem-
brane cycles, leading to a energy integration that helps to improve the overall
performance of the cycle

A reduction of the power output of HTT-3 due to the heat extraction
in HE-3 is the main reason why the total power output of the turbines is
lower for the membrane cases compared with the turbines in the base case.
Nonetheless, there is a high energy consumption for oxygen production in
the base case, which markedly decreases the net power output and leads to
the higher efficiency of membrane cases when the comparison is made.

Similarly, for Case 2, there is an additional increase as the oxygen line
compressors are removed and a higher HPT power output than in Case 1
is obtained due to the recirculation of a high enthalpy flow from the HE-2
outlet which superheats the water steam in SH1.

Comparing both membrane cases from a technological perspective, Case
1 seems as more feasible to construct due to the favorable conditions of feed
temperature and membrane size when compared with Case 2. Research is
under way to create reliable membranes that operate at medium and low
temperatures, which is the main technological barrier to overcome for Case
2. Additionally, special attention must be given to the high-purity oxygen
compressors in Case 1, as they reach considerable temperatures with high-
purity oxygen, which can be threatening due the high reactivity of the stream.

Being this said, membrane-based oxygen production cycles are shown as
a promising alternative to be energetically integrated with oxy-combustion
power plants, as far as technological issues are correctly adressed as mem-
brane limitations and high-purity oxygen streams through pipelines and tur-
bomachines.

Finally, further research is envisaged to determine the influence of the
efficiency of the turbomachines on the whole cycle performance; also, an
economic analysis of the studied systems is highly recommended.
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List of symbols

A Membrane area
C Wagner conductivity constant

C1/C2 Recirculating working fluid compressors
C3/C4 Carbon capture compressors
CC Combustion chamber
CCS Carbon Dioxide Capturing and Storage
∆h Enthalpy flow difference of the stream used to sweep the membrane

between the permeate side inlet and the HE-2 outlet
Espec, O2

Specific energy consumed for oxygen production
ηgen Electric generator efficiency
ηm Mechanical efficiency
ηtr Transformer efficiency

HE-1 First heat exchanger of oxygen production cycle
HE-2 Second heat exchanger of oxygen production cycle
HE-3 Third heat exchanger of oxygen production cycle
HPT High-pressure turbine
HRSG Heat recovery steam generator
HTT High-temperature turbine
K Wagner temperature constant
L Membrane thickness

LPT Low-pressure turbine
MW Molecular weight
Paux Auxiliar losses
PC1+2 Recirculating working fluid compressors power
PC3+4 Carbon capture compressors power
PC,HP High-pressure electric compressor power
PC,O2

Oxygen compressor power
PC, O2 vacuum Oxygen line compressors power

PCPU Carbon capture power
PO2,f Oxygen feed partial pressure
PO2,p Oxygen permeate partial pressure
Pp Water pumps power
PT Turbine power

Q̇HE-3 Third heat exchanger power
RFG Recycled flue gases
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