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Abstract: In this article, an innovative oxy-fuel power cycle is proposed as a promising CO2

emission mitigation solution. It includes two cases with different characteristics in the cycle
configuration. Case 1 basically consists of a water steam Rankine cycle and a steam-CO2

recuperative-reheat cycle. Case 2 integrates some characteristics of Case 1 and a top Brayton
cycle. The thermodynamic performances for the design conditions of these two cases were ana-
lysed using the advanced process simulator Aspen Plus and the results are given in detail. The
corresponding exergy loss analyses were carried out to gain an understanding of the loss distri-
bution. The MATIANT cycle, the CES cycle, and the GRAZ cycle were also evaluated as references.
The results demonstrate that the proposed cycle has notable advantages in thermal efficiency,
specific work, and technical feasibility compared with the reference cycles. For example, the
thermal efficiency of Case 2 is 6.58 percentage points higher than that of the MATIANT cycle.
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1 INTRODUCTION

Worldwide efforts devoted to the research of zero-
emission power plants have promoted the rapid
development of related concepts, theories, and tech-
nologies [1, 2]. Among these concepts, oxy-fuel com-
bustion (internal combustion of fossil fuel with pure
oxygen) is a characteristic and promising one. It has
inspired some new thermodynamic cycles that are
quite different from the current power systems. The
most representative cycles of the oxy-fuel concept
are the CES cycle [3–6], which is named the ‘Water
cycle’ in references [1] and [2], the MATIANT cycle
[7–11], and the GRAZ cycle [12–14]. The CES series
includes the baseline cycle, the optimized baseline
cycle, the cycle with double reheat and nitrogen inte-
gration, etc. [5]. The GRAZ series includes the GRAZ
cycle and the S-GRAZ cycle. The CES series and the
GRAZ series use the method of expanding to negative
pressures to acquire high expansion ratios of

turbines. However, the MATIANT series (MATIANT,
E-MATIANT, CC-MATIANT) uses multistage com-
pression (three to four stages) with intercooling to
achieve the same effects. Apparently, the former
offer better technical feasibility. The CES series uti-
lizes the acquired high expansion ratios by reheating.
But the outlet temperatures of the first combustor
and the second combustor are different. The GRAZ
series utilizes the acquired high expansion ratios by
intermediate recuperation, which means putting
the recuperator or the heat recovery steam generator
(HRSG) between an intermediate pressure turbine
(IPT) and a low-pressure turbine (LPT). According
to references [1, 2], these three types of cycles seem
to have rather similar thermodynamic performances,
and they are comparable to the currently available
CO2 capture technology (exhaust gas scrubbing by
amine absorption in combined cycle power plants).
They have much lower thermal efficiencies than do
the ‘emerging technology concepts’ in reference [1]
such as the SOFC þ GT and the MSR-H2. Therefore,
although the oxy-fuel concept provides an opportu-
nity to develop zero-emission cycles with high effi-
ciency, these three existing cycles do not fully
exhibit its potential.
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On the basis of the above-mentioned background,
this article proposes an innovative oxy-fuel cycle,
which includes two cases. The proposed cycle is
compared with other existing oxy-fuel cycles in the
aspect of thermodynamic performances. The com-
parison with the CES cycle and the MATIANT cycle
is grounded on simulations performed with similar
computational assumptions. The evaluation of the
GRAZ cycle is based on literature statements only.
The results demonstrate that the proposed cycle
has notable advantages in thermal efficiency, specific
work, and technical feasibility relative to the refer-
ence cycles.

2 BASIC COMPUTATIONAL ASSUMPTIONS

Thermodynamic simulations were carried out with
the assumptions listed in Table 1. In addition, the
PENG-ROB equation was applied for the property
of working fluid. Heat loss, including blade-cooling
loss caused a total cycle efficiency penalty of 2 per
cent. The produced CO2 was compressed to 300 bar
for further use or storage. The simulations were
carried out using the commercial Aspen Plus code.
The minimum heat exchange temperature difference
DTmin for gas/liquid was quite large in this study
(30 8C). This was because the pressures of the
exhaust gases were relatively low (0.105 bar) in the
CES cycle and the proposed cycle. In reference [1],
the DTmin of gas/liquid heat exchange was 20 8C,
where the corresponding pressure was 0.045 bar.

3 PROPOSED CYCLE

3.1 Case 1

A flowsheet diagram of Case 1 is shown in Fig. 1.
Figure 2 is the corresponding T–s diagram. Liquid
water (1) is pumped to 44 bar (2). Then it is split
into two branches. The flow (3), 38.27 per cent by
mass of the flow (2), is injected into the first combus-
tor directly. The flow (4) is further pumped to
189.47 bar. Then it (5) enters the HRSG to be vapor-
ized and superheated. The steam (6), after driving
the high-pressure turbine (HPT), enters the first
combustor, which is operated at 40 bar. CH4 (10),
63.45 per cent by mass of total fuel, together with
the stoichiometric mass flow of O2 (8) is also fed
into the first combustor after being compressed.
The high-temperature fluid (12) exiting the combus-
tor at a mean temperature of 1300 8C is expanded in
the IPT. After that, the flow (13) is reheated by firing
with additional CH4 and O2 in the second combustor.
The reheat pressure was set to 2.0 bar. The reheat
temperature was 1300 8C. The stream (16) is then
expanded to 0.11 bar in the LPT. The fluid (17)
enters the HRSG to exchange heat with the stream
(5) and is cooled down (18). Next, it flows into the
condenser to be separated. The gas fluid (19) from
the condenser contains 85.5 per cent CO2 by mass,
which is equal to the produced CO2. It is then com-
pressed to 1.05 bar (20). After cooling and water
extraction, the CO2 fluid (22) is further compressed
with intercooling to a pressure of 300 bar (28). One
part of the liquid water from the condenser is
extracted out of the system as combustion product
(30). The other part (1) is reconducted into the
cycle. It was assumed that the pressure ratios of C2
and C3 were equal (8.88) to simplify the analyses.

The thermal parameters of Case 1 are listed in
Table 2. This article presents the flowsheet diagram
in detail, and lists the temperatures, pressures,

Table 1 Computational assumptions

Isentropic efficiency of compressors C1 and C2 0.87
Isentropic efficiency of compressors C3 and C4 0.85
Isentropic efficiency of the CH4 and O2

compressors
0.75

Isentropic efficiency of pumps 0.75
Isentropic efficiency of the HPT in the CES

cycle
0.87

Isentropic efficiency of the HPT in the
MATIANT cycle and the proposed cycle

0.85

Isentropic efficiency of IPT and LPT 0.90
Mechanical efficiency 0.99
Atmosphere temperature (ISO standard

condition)
15 8C

Compression intercooler and condenser
temperature

27 8C

CH4 delivery temperature 15 8C
CH4 delivery pressure 3 bar
LHV of CH4 50.175 MJ/kg

(802.802 kJ/mol)
O2 delivery temperature 15 8C
O2 delivery pressure 5 bar
Specific work for air separation 900 kJ/kgO2

(0.25 kWh/kg)
Combustor pressure drop 3%
Heat exchanger pressure drop 5%
Heat exchanger DTmin for gas/gas 30 8C
Heat exchanger DTmin for gas/liquid 30 8C

Fig. 1 Flowsheet diagram of Case 1
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vapour fractions, and CO2 mole fractions of all points
in this table. The information will help the reader to
better evaluate the results.

The reheat pressure P3 (Fig. 2) is optimized for
maximum cycle net efficiency. The net efficiency is
defined as

h ¼
Wnet

_mfuel � LHV

where Wnet is the cycle net power and _mfuel the mass
flowrate of CH4. The constraints for the optimization
computation are as follows.

P1 ¼ 189.47 bar; P2 ¼ 40 bar; P4 ¼ 0.11 bar; the
turbine inlet temperature (TIT) of the IPT and the
LPT ¼ 1300 8C.

The results, illustrated in Fig. 3, show that the net
efficiency is at its maximum of 47.12 per cent when
P3 is equal to 2.0 bar. The choice of the values of
the constraints for the optimization is based not
only on thermal efficiency but also on technical feasi-
bility. For example, P4 was set to 0.11 bar to avoid the
system operating at too high of a vacuum level,
although the thermal efficiency would further
increase if P4 was lower. P1 was set to 189.47 bar to
limit the inlet pressure of the HPT to 180 bar.

3.2 Case 2

A flowsheet diagram of Case 2 is shown in Fig. 4.
Figure 5 is the corresponding T–s diagram. Liquid
water (1) is first pumped to 189.47 bar. Then it (2)
enters the HRSG to be vapourized and superheated.
The steam (3), after driving the HPT, enters the first
combustor, which is operated at 40 bar as in Case
1. CH4 (7), 38.73 per cent by mass of total fuel,
together with the stoichiometric mass flow of O2 (5)
is also fed into the first combustor after being
compressed. The high temperature fluid (9) exiting
the combustor at a mean temperature of 1300 8C
is expanded in the IPT. After that, the flow (10) is
reheated by firing with additional CH4 and O2 in
the second combustor. The reheat pressure was set
to 2.0 bar. The reheat temperature was 1300 8C. The
stream (13) is then expanded to 0.11 bar in the LPT.
The fluid (14) enters the HRSG to exchange heat
with the stream (2) and is cooled down. Next, it

Fig. 2 T–s diagram of Case 1

Table 2 Thermal parameters of Case 1

Points
Temperature
(8C)

Pressure
(bar)

Vapour
fraction

Mole
fraction of CO2

(1) 27 0.1 0 0
(2) 27.4 44 0 0
(3) 27.4 44 0 0
(4) 27.4 44 0 0
(5) 28.7 189.47 0 0
(6) 542.2 180 1 0
(7) 313.9 40 1 0
(8) 15 5 1 0
(9) 311.2 40 1 0

(10) 15 3 1 0
(11) 281.5 40 1 0
(12) 1300 38.8 1 0.075
(13) 703.3 2 1 0.075
(14) 15 5 1 0
(15) 15 3 1 0
(16) 1300 1.94 1 0.104
(17) 724.7 0.11 1 0.104
(18) 59.2 0.105 1 0.104
(19) 27 0.1 1 0.707
(20) 249.4 1.05 1 0.707
(21) 27 1 0 0
(22) 27 1 1 0.97
(23) 221.8 8.88 1 0.97
(24) 27 8.436 0 0
(25) 27 8.436 1 0.996
(26) 233.6 75 1 0.996
(27) 27 71.25 0 0.996
(28) 72.6 300 1 0.996
(29) 27 0.1 0 0
(30) 27 0.1 0 0
(31) 27 1 0 0

Fig. 3 Net efficiency of Case 1
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(15) is split into two branches. The flow (27), 36.13
per cent by mass of the flow (15), is delivered to C4.
The exiting flow (28), which is at 437.0 8C and
2.0 bar, is sent back into the second combustor.
The stream (16) enters the condenser to be separ-
ated. The gas fluid (17) from the condenser contains
85.5 per cent CO2 by mass, which is equal to the pro-
duced CO2. It is then compressed to 1.05 bar (18).
After cooling and water extraction, the CO2 fluid
(20) is further compressed with intercooling to a
pressure of 300 bar (26). One part of the liquid
water from the condenser (30) is extracted out of
the system as combustion product. The other part
(1) is reconducted into the cycle. It was assumed
that the pressure ratios of C2 and C3 were equal
(8.88), as in Case 1.

The thermal parameters of Case 2 are listed in
Table 3. Figure 6 shows the variation of the net effi-
ciency with the reheat pressure P3. The constraints
for the optimization computation are as follows.

P1 ¼ 189.47 bar; P2 ¼ 40 bar; the TIT of the IPT and
the LPT ¼ 1300 8C; P4 ¼ 0.11 bar.

Figure 6 shows that the net efficiency is at its maxi-
mum of 50.64 per cent when P3 is equal to 2.0 bar.
The criteria for setting constraints are the same as
in Case 1.

Fig. 4 Flowsheet diagram of Case 2

Fig. 5 T–s diagram of Case 2

Table 3 Thermal parameters of Case 2

Points
Temperature
(8C)

Pressure
(bar)

Vapour
fraction

Mole
fraction of CO2

(1) 27 0.1 0 0
(2) 28.7 189.47 0 0
(3) 544.4 180 1 0
(4) 315.9 40 1 0
(5) 15 5 1 0
(6) 311.2 40 1 0
(7) 15 3 1 0
(8) 281.5 40 1 0
(9) 1300 38.8 1 0.054

(10) 701 2 1 0.054
(11) 15 5 1 0
(12) 15 3 1 0
(13) 1300 1.94 1 0.111
(14) 725.3 0.11 1 0.111
(15) 59.1 0.105 1 0.111
(16) 59.1 0.105 1 0.111
(17) 27 0.1 1 0.707
(18) 249.4 1.05 1 0.707
(19) 27 1 0 0
(20) 27 1 1 0.97
(21) 221.8 8.88 1 0.97
(22) 27 8.436 0 0
(23) 27 8.436 1 0.996
(24) 233.6 75 1 0.996
(25) 27 71.25 0 0.996
(26) 72.6 300 0 0.996
(27) 59.1 0.105 1 0.111
(28) 437 2 1 0.111
(29) 27 0.1 0 0
(30) 27 0.1 0 0
(31) 27 1 0 0

Fig. 6 Net efficiency of Case 2
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4 MATIANT CYCLE

A flowsheet diagram of the MATIANT cycle [8] is
shown in Fig. 7. Figure 8 is the corresponding T–s dia-
gram. The working fluid (1), containing 98.75 per cent
CO2 and 1.25 per cent H2O by mass, is compressed by
C1–C3 with intercooling to 75 bar. Then it (8) enters
the condenser to be liquefied. Next the liquid CO2

(9) is pumped to 300 bar. The flow (10), after the com-
bustion product is extracted, enters the recuperator
to become superheated and supercritical CO2

steam. The fluid (13) at 600 8C and 285 bar, after driv-
ing the HPT, is returned back into the recuperator.
The flow (15) exiting the recuperator enters the first
combustor, which is operated at 40 bar. CH4 (18),
64.99 per cent by mass of total fuel, together with
the stoichiometric mass flow of O2 (16) is also fed
into the first combustor after being compressed.
The high-temperature fluid (20) exiting the combus-
tor at a mean temperature of 1300 8C is expanded in
the IPT. The flow (21), after that, is reheated by
firing with additional CH4 and O2 in the second com-
bustor. The reheat pressure was set to 9.03 bar. The
reheat temperature was 1300 8C. The stream (26) is
then expanded to 1.1 bar in the LPT. The fluid (27)
enters the recuperator to exchange heat with streams
(12) and (14). Next, it (28) flows into the condenser to
be separated. The gas fluid (1) from the condenser is
then recycled to the compressors. It was assumed
that the pressure ratios of C1–C3 were equal (4.36)
to simplify the analyses.

The thermal parameters of the MATIANT cycle are
listed in Table 4. Figure 9 shows the variation of the
net efficiency with the reheat pressure P3. The
constraints for the optimization computation are as
follows.

P1 ¼ 300 bar; P2 ¼ 40 bar; the TIT of the IPT and the
LPT ¼ 1300 8C; P4 ¼ 1.1 bar; the temperature of point
(13) ¼ 600 8C; DTmin in the recuperator ¼ 30 8C.

According to reference [8], the temperature of point
(15) should be limited to 700 8C. Therefore, the net
efficiency and the corresponding temperature of
point (15) are denoted by dashed lines in Fig. 9
when the temperature is greater than 700 8C. The
figure shows that the net efficiency is at its maximum
of 44.06 per cent when P3 is equal to 9.03 bar. The
corresponding temperature of point (15) is 700 8C.
The criteria for setting constraints are based on refer-
ence [8].

Fig. 7 Flowsheet diagram of the MATIANT cycle

Fig. 8 T–s diagram of the MATIANT cycle

Table 4 Thermal parameters of the MATIANT cycle

Points
Temperature
(8C)

Pressure
(bar)

Vapour
fraction

Mole
fraction of CO2

(1) 27 1 1 0.97
(2) 151.5 4.36 1 0.97
(3) 27 4.142 0 0
(4) 27 4.142 1 0.993
(5) 153.7 18.059 1 0.993
(6) 27 17.156 0 0
(7) 27 17.156 1 0.998
(8) 163.1 75 1 0.998
(9) 27 71.25 0 0.998

(10) 73.4 300 1 0.998
(11) 73.4 300 1 0.998
(12) 73.4 300 1 0.998
(13) 600 285 1 0.998
(14) 390.4 42.1 1 0.998
(15) 700 40 1 0.998
(16) 15 5 1 0
(17) 311.2 40 1 0
(18) 15 3 1 0
(19) 281.5 40 1 0
(20) 1300 38.8 1 0.908
(21) 1029.2 9.03 1 0.908
(22) 15 5 1 0
(23) 84.7 9.03 1 0
(24) 15 3 1 0
(25) 121.8 9.03 1 0
(26) 1300 8.76 1 0.87
(27) 925.8 1.1 1 0.87
(28) 103.4 1.05 1 0.87
(29) 27 1 0 0
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5 CES CYCLE

A flowsheet diagram of the CES cycle (Case 2 in refer-
ence [5] – optimized baseline cycle) is shown in
Fig. 10. Figure 11 is the corresponding T–s diagram.
Liquid water (1) is pumped to 112.2 bar. Then it (2)
enters the recuperator to be preheated. The fluid
(3) flows into the first combustor (gas generator),
which is operated at 106.6 bar. CH4 (6), 52.63 per
cent by mass of total fuel, together with the stoichio-
metric mass flow of O2 (4) is also fed into the first
combustor after being compressed. The intermedi-
ate temperature fluid (8) exiting the combustor at a
mean temperature of 900 8C is expanded in the
HPT. After that, the flow (9) is reheated by firing
with additional CH4 and O2 in the second combustor.
The reheat pressure was set to 9.9 bar. The reheat
temperature was 1300 8C. The stream (14) then is
expanded to 0.11 bar in the LPT. The fluid (15)
enters the recuperator to exchange heat with the
stream (2) and is cooled down (16). Next, it enters

the condenser to be separated. The gas fluid (17)
from the condenser contains 85.5 per cent CO2 by
mass, which is equal to the produced CO2. It is
then compressed to 1.05 bar (18). After cooling and
water extraction, the CO2 fluid (20) is further com-
pressed with intercooling to a pressure of 300 bar
(26). One part of the liquid water from the condenser
is extracted out of the system as combustion product

Fig. 9 Net efficiency and temperature of point (15) of

the MATIANT cycle

Fig. 10 Flowsheet diagram of the CES cycle

Fig. 11 T–s diagram of the CES cycle

Table 5 Thermal parameters of the CES cycle

Points
Temperature
(8C)

Pressure
(bar)

Vapour
fraction

Mole
fraction of CO2

(1) 27 0.1 0 0
(2) 28 112.2 0 0
(3) 283.3 106.6 0 0
(4) 15 5 1 0
(5) 506.2 106.6 1 0
(6) 15 3 1 0
(7) 394.7 106.6 1 0
(8) 900 103.4 1 0.061
(9) 509 9.9 1 0.061

(10) 15 5 1 0
(11) 96.6 9.9 1 0
(12) 15 3 1 0
(13) 131.2 9.9 1 0
(14) 1300 9.603 1 0.099
(15) 493.3 0.11 1 0.099
(16) 58 0.105 1 0.099
(17) 27 0.1 1 0.707
(18) 249.4 1.05 1 0.707
(19) 27 1 0 0
(20) 27 1 1 0.97
(21) 221.8 8.88 1 0.97
(22) 27 8.436 0 0
(23) 27 8.436 1 0.996
(24) 233.6 75 1 0.996
(25) 27 71.25 0 0.996
(26) 72.6 300 1 0.996
(27) 27 0.1 0 0
(28) 27 0.1 0 0
(29) 27 1 0 0
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(28). The other part (1) is reconducted into the cycle.
It was assumed that the pressure ratios of C2 and C3
were equal (8.88) to simplify the analyses.

The thermal parameters of the CES cycle are listed
in Table 5. Figure 12 shows the variation of the net
efficiency with the reheat pressure P3. The con-
straints for the optimization computation are as
follows.

P1 ¼ 106.6 bar; P4 ¼ 0.11 bar; the TIT of the
HPT ¼ 900 8C; the TIT of the LPT ¼ 1300 8C.

The figure shows that the net efficiency is at its
maximum of 44.40 per cent when P3 is equal to
9.9 bar. The criteria for setting constraints are
mainly based on reference [5]. The TIT of the HPT
was set to 900 8C [1], which is a little higher than
816 8C in reference [5]. P4 was set to 0.11 bar for com-
parison with Case 1 and Case 2 of the proposed cycle.

6 COMPARISON

The exergy loss was analysed to gain an understand-
ing of the loss distribution. The results, based on per
mole of CH4 consumed, are listed in Table 6. The net
input exergy in this table is defined as

Net input exergy¼Exergy (CH4) þ Exergy (O2)

� Exergy (CO2) � Exergy (H2O)

in which Exergy (CH4) is the total input exergy of
CH4; Exergy (O2) is the total input exergy of O2;
Exergy (CO2) and Exergy (H2O) are the total exergy
of combustion-produced CO2 and H2O exiting the
systems, respectively. CFO denotes the processes of
CH4 and O2 compression. ASUHL denotes the air
separation process and heat loss. HEX denotes all
heat exchange, intercooling, and condensation pro-
cesses. The net output work is the net work of the
whole power cycle, including the air separation unit.

The results show that the exergy losses were
mainly distributed in the combustion, HEX, and
ASUHL processes. The ranking of the combustion
exergy losses were: (a) CES (35.8 per cent); (b) Case
1 (34.66 per cent); (c) Case 2 (29.32 per cent); (d)
MATIANT (25.94 per cent). The ranking of the HEX
exergy losses were: (a) MATIANT (14.28 per cent);
(b) Case 2 (7.21 per cent); (c) CES (7.13 per cent);
(d) Case 1 (6.40 per cent). The exergy losses of
ASUHL were almost the same in different systems.
In addition, the exergy losses of the compression
processes of the MATIANT cycle were also signifi-
cant. This is because of the relatively high mass
flowrate passing through the compressors. The
advantage of Case 2 compared with Case 1 comes
mainly from the combustion processes. The

Fig. 12 Net efficiency of the CES cycle

Table 6 Exergy analyses of various cycles

Cycle name Case 1 Case 2 MATIANT CES

Item
Exergy
(kJ/mol-CH4) Per cent

Exergy
(kJ/mol-CH4) Per cent

Exergy
(kJ/mol-CH4) Per cent

Exergy
(kJ/mol-CH4) Per cent

LHV of CH4 802.80 802.80 802.80 802.80
Net input exergy 819.04 100 819.21 100 819.07 100 819.04 100

E
x
e
r
g
y

l
o
s
s

C1–C4 2.59 0.32 7.88 0.96 20.96 2.56 2.59 0.32
CFO 2.73 0.33 1.67 0.20 3.40 0.42 3.90 0.48
Pump 0.85 0.10 0.81 0.10 6.40 0.78 0.71 0.08
Combustor 1 201.47 24.59 95.30 11.63 140.59 17.29 184.78 22.56
Combustor 2 82.49 10.07 144.97 17.69 70.87 8.65 108.47 13.24
HPT 2.61 0.32 3.83 0.47 11.79 1.44 9.40 1.15
IPT 10.40 1.27 8.73 1.07 8.05 0.98
LPT 11.28 1.38 16.53 2.02 12.49 1.52 20.40 2.49
HEX 52.44 6.40 59.11 7.21 116.96 14.28 58.49 7.13
ASUHL 73.86 9.02 73.86 9.02 73.86 9.02 73.86 9.02

Net output work 378.31 46.19 406.52 49.62 353.69 43.18 356.43 43.52
Output exergy 819.03 99.99 819.21 99.99 819.06 99.99 819.04 99.99
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corresponding exergy losses of the former were 5.34
percentage points less than that of the latter.

Table 7 shows the thermodynamic performances
of these three cycles based on the computational
results of the previous paragraphs. The specific
work is defined as

Specific work ¼
Wnet

_mmax

in which ṁmax is the mass flowrate exiting the LPT.
The thermal efficiency is a crucial aspect when

evaluating and comparing different thermodynamic
cycles. However, the technical feasibility and the
specific work are also very important. This is because
they can, just as the thermal efficiency, directly affect
the economics.

The MATIANT cycle has the lowest thermal effi-
ciency and the lowest specific work among all these
three cycles. But some thermal parameters of this
cycle are more notable. For example, the working
fluid (12) in Fig. 7 at a pressure of 300 bar is heated
to 600 8C in the recuperator. The stream (14) is
heated to 700 8C at 40 bar in the recuperator. The
exhaust gas side inlet temperature of the recuperator
is as high as 925.8 8C. The pressure of the working
fluid (8) is as high as 75 bar at the outlet of the C3
compressor. Therefore, the working conditions of
the recuperator and the compressors are also the
worst among these three cycles.

Accordingly, the advantages of the proposed cycle
compared with the MATIANT cycle are as follows.

1. The proposed cases have higher efficiencies.
The thermal efficiency of Case 1 is 3.06 percen-
tage points higher than that of the MATIANT
cycle. The thermal efficiency of Case 2 is 6.58
percentage points higher than that of the
MATIANT cycle.

2. The proposed cases have higher specific works.
The specific work of Case 1 is 3.39 times of that
of the MATIANT cycle. The specific work of Case
2 is 2.47 times of that of the MATIANT cycle.

3. The working conditions of heat exchangers in
the proposed cases are better and the request
for expensive high temperature material is lower.

4. The working conditions of compressors in the
proposed cases are better. In Case 1, the working
fluid is compressed by a pump. Therefore, the

part-load characteristics should be excellent. In
Case 2, the working fluid compressor (C4) has a
lower pressure ratio when compared with C1–C3
in the MATIANT cycle. The mass flowrate passing
through C4 is also lower. If C4 in Case 2 was
driven by a motor as C1–C3 in the MATIANT
cycle [8], the required motor would also be cheaper.

5. The proposed cases are closer to the concept of
zero-emission than the MATIANT cycle. Leaking
of working fluid in semiclosed thermodynamic
cycles is inevitable. The highest pressure of the
MATIANT cycle is as high as 300 bar, which is
higher than that (180 bar) of the proposed cases.
The specific work is lower, which means the work-
ing fluid mass flowrate is higher. The mass flow-
rate exiting the LPT is 14.34 times of the
combustion-produced CO2. However, the corre-
sponding mass flowrates of Case 1 and Case 2
are 4.52 and 6.67 times of the combustion-pro-
duced CO2, respectively. The concentration of
CO2 in the working fluid of the MATIANT cycle
is also higher than that of the proposed cases.
The MATIANT cycle is more complicated in con-
figuration and involves many internal heat
exchange processes. Consequently, leaking of
CO2 in the MATIANT cycle could be more serious
than that in the proposed cycle and the CES cycle.
If the leakage of working fluid accounted for 1 per
cent of the mass flowrate exiting the LPT, 13.51
per cent by mass of combustion-produced CO2

would be discharged into the environment. There-
fore, the MATIANT cycle can only be called a
near-zero emission cycle. In contrast, the highest
pressures of the proposed cycle and the CES
cycle are lower. The working fluid in the high
pressure section is pure water/steam. There are
fewer heat exchange processes. The concentration
of CO2 in the working fluid is also lower. Therefore,
leaking has little effect on the recovery of CO2.

Two cycles, namely the E-MATIANT and the
CC-MATIANT [11] have been developed based on
the MATIANT cycle. The E-MATIANT cycle is in
essence an intercooled recuperative gas turbine
cycle. The most noteworthy parameters of this
cycle are as follows. The combustor is operated at
60 bar and 1300 8C; the working fluid is compressed
in a four-staged compressor with intercoolers. The
CC-MATIANT cycle is very close to an oxy-fuel
combined cycle. The most notable parameters of
the CC-MATIANT cycle are as follows. The outlet
temperature of the compressor is above 500 8C; the
exhaust gas side inlet temperature of the recuperator
is as high as 900–1000 8C. The thermal efficiencies of
the E-MATIANT and the CC-MATIANT cycle are 47
and 49 per cent, respectively. Obviously, the working
conditions of these cycles are not favourable.

Table 7 Net efficiency and specific work

Cycle name Net efficiency (%) Specific work (kJ/kg)

Case 1 47.12 1900.43
Case 2 50.64 1383.62
MATIANT 44.06 560.05
CES 44.40 1716.65
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The CES cycle has a rather uncomplicated cycle
configuration, especially when compared with the
MATIANT cycle. The working fluid is compressed
by a pump. Therefore, the part-load characteristics
should be excellent. However, the CES series always
adopts the manner of reheating with different
outlet temperature of combustors. This manner, on
the one hand, increases the combustion exergy
losses and on the other hand increases the com-
pression work of CH4 and O2. Therefore it is not ben-
eficial. The thermal efficiency of Case 1 is 2.72
percentage points higher when compared with the
CES cycle. The specific work is also slightly higher.
The thermal efficiency of Case 2 is 6.24 percentage
points higher than that of the CES cycle but the
specific work is relatively lower.

The advantages of Case 1 when compared with the
CES cycle mainly comes from the following features.

1. The manner of reheating with the same outlet
temperatures of the two combustors is adopted
in Case 1. Accordingly, the combustion exergy
losses and the work of CH4 and O2 compression
are less.

2. Only a part of the recycled liquid water (flow (5) in
Fig. 1) enters the HRSG. Therefore, this flow can
be vapourized and superheated by the exhaust
gas, which makes it possible to arrange a Rankine
cycle (flow (5) to (7) in Fig. 1) in front of the first
combustor. But in the CES cycle, the recycled
working fluid (flow (3) in Fig. 7) is still in liquid
phase after exchanging heat with the exhaust
gas, and therefore it is not able to do work by
direct expansion.

The thermal efficiency of the GRAZ cycle is 1.4 per-
centage points lower than that of the CES cycle
according to the computational assumptions and
results in reference [1]. It is also the lowest among
the nine concepts for natural gas-fired power plants
with CO2 capture. This is partly because of the adop-
tion of intermediate recuperation in the GRAZ cycle.
After the recuperation, the capacity of the working
fluid for work is rather low, and thus the correspond-
ing expansion ratios are not utilized efficiently [15].
The computational assumptions and results in refer-
ence [14] indicate that the thermal efficiency of the
S-GRAZ cycle is 2.8 percentage points higher than
that of the GRAZ cycle (when firing with CH4). The
S-GRAZ cycle retains the feature of intermediate
recuperation and the increase of thermal efficiency
is not remarkable. The most notable parameters of
the S-GRAZ cycle are as follows. The compression
ratio is as high as 40. The outlet temperature of the
C2 compressor (see Fig. 2 in reference [14]) is
600 8C when the isentropic efficiency is 0.88. There-
fore, the working conditions of the compressors are
also not good.

Although the MATIANT cycle has the worst techni-
cal feasibility of the above-mentioned oxy-fuel
cycles, it has to be pointed out that compared with
‘emerging technology concepts’ in reference [1]
such as the SOFC þ GT and the MSR-H2, the
MATIANT cycle is indeed quite realistic. That is
because oxy-fuel cycles in nature are very close to
current mature gas turbine power systems. And
they are commonly more suitable for large-scale
applications. Taking the CES cycle as an example,
the core component of the CES cycle, namely the
gas generator, was tested on the laboratory scale in
early 2001 [16], and on 20 MW scale in 2002–2003
[17]. The results demonstrated good reliability and
stability. Furthermore, the CES cycle has been func-
tioning in a demonstration power plant and export-
ing power to the electrical grid since late 2004. In
addition, the design of a prototype plant of the
GRAZ cycle was reported in reference [13]. Oxy-fuel
cycles can also completely eliminate other atmos-
pheric emissions such as NOx.

The energy required for oxygen production is an
important factor that influences the thermal effi-
ciency of oxy-fuel cycles. It leads to an efficiency pen-
alty of 7.2 percentage points with the computational
assumptions of this study. However, it is possible to
integrate the air separation unit with the power
unit to improve the overall performances (see Case
3 in reference [5] – cycle with double reheat and
nitrogen integration). At the same time the progress
of novel technologies for air separation is very prom-
ising. For example, different consortia are developing
ionic transport membrane technology with DOE and
EU funding for commercialization by 2008–2009
[18]. In addition, some oxy-fuel cycles integrating
liquefied natural gas (LNG) evaporation processes
with air separation or CO2 liquefaction processes
were proposed recently [19–21]. The energy
required for oxygen production or CO2 compression
is decreased notably in these systems by utilizing
LNG cryogenic exergy efficiently.

Compared with other concepts of zero emission,
the oxy-fuel concept not only has the advantage of
technical feasibility, but also the potential for
improving thermodynamic performances. Therefore,
it is a promising and competitive solution for CO2

emission mitigation.

7 CONCLUSIONS

This article presents a novel oxy-fuel gas turbine
cycle that includes two cases with different charac-
teristics in cycle configuration. The thermal effi-
ciency and the specific work of Case 1 at the design
conditions are 47.12 per cent and 1900.43 kJ/kg,
respectively. The thermal efficiency and the specific
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work of Case 2 at the design conditions are 50.64 per
cent and 1383.62 kJ/kg, respectively. Compared with
the reference cycles, namely the MATIANT cycle, the
CES cycle, and the GRAZ cycle, the advantages of
these two cases in thermodynamic performances
and technical feasibility are remarkable. There are
several ways to further improve the performances
of the proposed cycle. For example, the thermal effi-
ciency and the specific work would be higher if
double reheat was applied. However, the cycle con-
figuration would be more complicated. The econ-
omics might not be good. Therefore, these cases
are not simulated in this study. The economic ana-
lyses, part-load characteristic investigation, and
prototype plant design will be carried out in the
near future.
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APPENDIX

Notation

ASU air separating unit
ASUHL air separation process and heat loss
C1 compressor 1
C2 compressor 2
C3 compressor 3
C4 compressor 4
CFO compression processes of CH4 and O2

HEX all heat exchange, intercooling and
condensation processes

HPT high-pressure turbine
HRSG heat recovery steam

generator

IPT intermediate pressure turbine
LHV low heating value (MJ/kg)
LNG liquefied natural gas
LPT low-pressure turbine
ṁfuel mass flowrate of CH4 (103

�kg/s)
ṁmax mass flowrate exiting the LPT (kg/s)
P1 high pressure (bar)
P2 upper intermediate pressure (bar)
P3 lower intermediate pressure (bar)
P4 low pressure (bar)
TIT turbine inlet temperature (8C)
Wnet cycle net power (kW)

h net thermal efficiency
DTmin heat exchange minimum temperature

difference (8C)
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