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Abstract

Semi-closed oxy-fuel combustion combined cycle (SCOC-CC) is a strong concept of carbon capture and storage (CCS)
in gas-fired power plants. This technology is similar to a conventional combined cycle, however oxygen instead of air is used
in fuel combustion. In the oxy-fuel combined cycle, the gas turbine flue gases consist mainly of CO, and H;O. One of the
problems to implement this technology is the necessity of an air separation unit (ASU) to separate the oxygen from the air,
which increases the energy consumption of the power plant. Thus, a comparative thermodynamic analysis was performed
between a conventional combined cycle (base case) and an oxy-fuel combined cycle. The objective is to identify each
technology's pros and cons, the influence of oxygen purity in the oxy-fuel combine cycle, and the main irreversibilities of
each case. The SCOC-CC optimal operating point (maximum energy efficiency) was found utilizing particle swarm
optimization (PSO), which lead to the optimal ASU oxygen purity of 95.99%. It was noticed that the oxy-fuel combined
cycle first law efficiency is 6.9% lower than the base case, and the second law efficiency is 6.5% lower. Despite the efficiency
loss the SCOC-CC is more environmentally friendly than the conventional combined cycle since it can theoretically capture

all CO; produced in the combustion chamber.
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1. Introduction

Global warming and greenhouse gases emissions are the
most significant environmental concerns nowadays. Carbon
dioxide (CO>) represented 81% of greenhouse gas emissions
in 2019 [1]. The electricity and heat production sectors will
remain heavily dependent on fossil fuels for the foreseeable
future. For this reason, it is a need to find ways to reduce
greenhouse gas emissions in thermal power plants. Oxy-fuel
combustion is a promising carbon-capture technology in
fossil-fueled power plants, as it can capture up to 98% of the
CO; produced in the combustion process, depending on the
purification technique applied to remove CO; from the flue
gas, which contains between 75 mol% and 90 mol% of CO;
(dry basis), with nitrogen, oxygen, and argon as the major
contaminants [2]. The oxy-fuel process utilizes nearly pure
oxygen instead of air to burn the fuel. The combustion of a
fuel with almost pure oxygen has a combustion temperature
of about 3000°C, which is too high for conventional power
plant materials. The combustion temperature is limited to
approximately 1300-1400°C in a typical gas turbine cycle
and about 1900°C in a coal-fired boiler using current
technology; thus, a part of the flue gases is recycled to the
combustor to control the combustion temperature [3]. An air
separation unit (ASU) is required in the power plant to obtain
pure oxygen for combustion. Three main technologies are
used to separate oxygen from the air: cryogenic distillation,
adsorption using multi-bed pressure swing units, and
polymeric membranes. The adsorption system would be the
most appropriate technology for oxy-fuel processes that
require less than 200 tonnes of O, per day, while cryogenic
distillation would be the most appropriate for larger
applications [4]. The cryogenic distillation is the most

*Corresponding Author

mature and reliable among the aforementioned technologies,
as it has been in practice for over 75 years [5]. Nevertheless,
the main issue in oxy-fuel power plants is the high energy
consumption of the ASU and the treatment of captured CO,.
When combined, they can decrease the LHV (lower heating
value) efficiency to about 10% [6].

The design of a semi-closed oxy-fuel combustion
combined cycle (SCOC-CC) is very similar to a
conventional combined cycle (CC), except for near-to-
stoichiometric combustion with oxygen instead of air in the
gas turbine. The gas turbine flue gases, consisting mainly of
CO; and H»0, supply energy to the heat recovery steam
generator (HRSG), producing steam for the bottoming
Rankine cycle. After the HRSG, the water in the flue gases
is separated; then, most of the CO; is recycled back to the
gas turbine, while the remaining CO; is purified and
compressed for storage [7].

In this paper, a comparative analysis between a base case
and an oxy-fuel combined cycle power plant is performed.
The main goals of this comparison are: identifying the
optimal operation point (maximal energy efficiency) of the
SCOC-CC, the influence of oxygen purity on the oxy-fuel
system, and identifying the main irreversibilities that occur
in each case. Both cases were modeled on Engineering
Equation Solver (EES) and optimized with particle swarm
optimization algorithm (PSO) in Matlab.

2. Methodology

In this article, it was proposed to carry out a comparative
analysis between a CC and a SCOC-CC. In the analysis,
some characteristics were considered the same: a) turbine
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inlet temperature (TIT); b) fuel
consumption; ¢) condenser pressure.

composition and

2.1 Thermodynamic Analysis

The thermodynamic analysis was performed through
mass balance, Eq. (1); energy balance, Eq. (2); and exergy
balance Eq. (3). A control volume eclosing each component
is at steady-state, and kinetic and potential energy effects are
negligible.

() ~(Ym), 0
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where m is mass flow rate (kg/s); i is state point or index i; Q is
thermal energy rate (KW); W is power (kW); h is the specific
enthalpy (kJ/kg); T, reference temperature (298K); T is
temperature (K); ex is specific exergy (kJ/kg); I is the exergy
destruction rate or irreversibility (kW).

The specific exergy Eq. (4) is composed of the physical
exergy Eq. (5) and chemical exergy Eq. (6). The fuel exergy
is calculated by Eq. (7) and the ratio of standard Chemical
exergy and lower heating value of fuel by Eq. (8) [8].

exX=eXteX¢p 4)

ex=(h-hg)-T(s-s0) (5)

CXen=2. (Xiexch,i,o +RiTy (Yiln}’i)) (6)

eXpe=p*LHV (7

=1.034+0.0183 (E) -0.064 (l) ®)
C C

where ex: is physical exergy (kJ/kg); exc is chemical exergy
(kJ/kg); h, is enthalpy in reference condition (kJ/kg); s, is
entropy in reference condition (kJ/kg-K); s is entropy (kJ/kg-K);
X; is the mass fraction of each component i; y; is the molar
fraction of of each component i; exc,o iS standard chemical
exergy (kJ/kg); R; is the gas constant of each component i;
(kJ/kg-K); H is the number of hydrogen atoms in the fuel; C is
the number of carbon atoms in the fuel.

The performance of each system is evaluated using
energy efficiencies Eq. (9) and exergy efficiency Eq. (10), as
well as the specific CO; production from the natural gas
combustion Eq. (11).
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where War et iS the net power of gas turbine cycle (KW); Wsr net
is the net power of steam cycle (KW); my is the fuel mass flow

087/ Vol. 25 (No. 1)

(kg/s); LHV is the lower heating value of fuel (kJ/kg); Emco2
specific CO, produced in the combustion process (g/kwWh);
Mcozwot total CO, produced (g/h), Iio: is the total plant
irreversibility (kW).

2.2 Semi-closed oxy-fuel combustion combined cycle

The SCOC-CC is presented in Figure 1. In this cycle,
CO (stream 1) is compressed until the combustion chamber
pressure (stream 2). Then this CO; stream, fuel (stream 6)
and oxygen provided by the ASU (stream 9) are fed in the
combustion chamber. The combustion products (stream 3)
are expanded in the GT turbine (stream 5), and the flue gases
provide heat for a steam cycle trough an HRSG. The water
present in the flue gases is then removed in the dehumidifier.
Then the CO, (stream 13) is divided in two streams, about
90% of stream 13 mass flow is recycled to the gas turbine
compressor (stream 16), and the other part is compressed
(stream 14) and captured (stream 15).

H:0 Ny

11] 10] 0z Compressor

; Py Fuel
ASU [l
Alr L

6

COMBUSTION CHAMBER

13 12

- sor
bl . CO; storage
e

Figure 1. SCOC-CC.

The O, purity is an important parameter for oxy-fuel
combustion power plants as purer oxygen streams increase
ASU energy consumption, decreasing power plant
efficiency. On the other hand, an oxygen stream with low
oxygen purity will produce flue gases with more impurities,
and it can result in an increase in the cost and energy
consumption of the CO, treatment and compression unit [2].
Hu et al. [9] parameterized the specific energy consumption
of ASU by cryogenic distillation as a function of oxygen
purity. For oxygen purity equal or lower than 97 mol% the
Eq. (12) is used, for purities greater than 97 mol% Eq. (13)
is used. The molar composition of the oxygen stream
supplied by the ASU is shown in Table 1 for different values
of Yo, The oxygen leaves the ASU at 1.013bar and 27°C.

Table 1. Oxygen composition [9].

O, 0.850 0.860 0.870 0.880 0.890 0.900 0.910
Ar  0.038 0.038 0.038 0.039 0.039 0.039 0.039
N, 0.112 0.102 0.092 0.081 0.071 0.061 0.051
(o)) 0.920 0.930 0.940 0.950 0.960 0.970 0.980
Ar  0.040 0.040 0.041 0.041 0.040 0.030 0.020
N, 0.040 0.030 0.019 0.009 0 0 0

easu=92.3103 + 8.2457 (12)

_ 0.4577
easu=383.3773/(100 - yo )***77 + 660.0583 (13)
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where e,y is ASU specific energy consumption (kJ/kg); y,, is
oxygen purity (mol%).

The isentropic and polytropic efficiencies utilized for the
compressors, turbines and pumps are shown in Table 2 [11].
The isentropic efficiency is calculated by Eq. (14) for
compressors and pumps and by Eq. (15) for turbines [12].
The compressions of CO, and O, are done in 3 stages with
intercooling to reduce the compressors energy consumption,
according to Figure 2. The fuel composition and LHV are
presented in Table 3.

Table 2. Compressors and turbines efficiencies [11][12].

EqUipment “polytropic nisentropic
GT Turbine 0.87
GT Compressor 0.87 -
Water pumps - 0.75
CO,/0, Compressors 0.85 -
High-pressure steam turbine - 0.92
Low-pressure steam turbine 0.89
n _ hout,iso - hin
isen —
hout - hin
-1
(Pout/P ) Y o1
_ in
- p Npol(y—1) (14)
out 14 -1
n _ hin - hout
isen —
hin - hout,iso
NMpol(y—1)
1-— (Pout/ ) 14
Pin
= (15)

y—-1
Y

1— (Pout/Pin)

where h;, is the inlet enthalpy (kJ/Kg); hoy: is the outlet
enthalpy (kJ/kg); houeiso IS the outlet isentropic enthalpy
(kJ/kQ); P, is the outlet pressure (bar); P, is the inlet pressure
(bar); n,4; is the polytropic efficiency; y is the heat capacity
ratio.

The bleed air mass flow (stream 4) needed to cool the GT
turbine blades has been determined by Eq. (16) [9].

Meooting=4.6x10™ (TIT+273.15)%+

1.47897x107(TIT +273.15)-0.06928 (16)
where i, is the bleed air mass flow (kg/s); TIT is the GT
turbine inlet temperature (°C).

This study assumed that combustion is stoichiometric,
and it is given by Eq (17). A pressure drop of 3% was
assumed in the combustion chamber. The electric generators
efficiency is 98.5% [13].

Table 3. Fuel composition and fuel LHV [8].
Fuel composition (mol %)

CH, 89%
CoHe 7%
CsHg 1%
Cahio 0.1%
Coh 0.001%
O, 2%
N, 0.899%
Fuel LHV (kJ/kg) 46430
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Figure 2. Compressions of CO; and Os.

0.6866

C,H,0,N,, +a (02 + &Nz + &Ar)
Yo, Yo,

- bN, + cCO, + dH,0 + eAr (17)
where X, y, z, w are, respectively, the number of atoms of
carbon, hydrogen, oxygen and nitrogen in the fuel; a, b, c, d, e
are stoichiometric coefficients; YN, Yo, Yar are the molar
fractions of the nitrogen, oxygen and argon provided by the
ASU.

The HRSG of the SOCC-CC and the CC has two pressure
levels, and it consists of three heat exchangers (economizer,
evaporator and superheat) for each pressure level. It was
considered that the high-pressure level water is pre-heated in
the low-pressure economizer, and then it is pumped to the
high-pressure economizer. A pressure loss of 40 mbar was
assumed on the flue gases side of the HRSG [11]; on the
water/steam side, pressures losses were neglected. For
HRSG design, the pinch point is between 8-20 °C, and the
approach point is between 5-12 °C [14][15]. For the HRSG
design, it was considered an approach point of 12° C for low
and high-pressure economizers, the pinch point of the low-
pressure evaporator is 15° C, and the high-pressure
evaporator is 20°C [16]. In addition to the pinch and
approach point, a temperature difference of 35° C was
considered between the high-pressure steam turbine inlet
temperature and the gas turbine exhaust gases on the HRSG
inlet. The HRSG temperature distribution is shown in Figure
3. Table 4 presents the usual nominal temperature and
pressure ranges for the HRSG.

Tgl
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pinch point
g4
tion ling
Tn To

Appfoach point 4 Tg5

3
Ts
Tgé
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Approac] point T Tg7
T
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Exhaust gases temp

Temperature(k)

SH H.P EVH.P ECOH.P EVLP [ECOLP T,

. Enthalpy( kJ/kg)
Figure 3. HRSG temperature distribution [17].

Table 4. HRSG usual operational range [18].

High-pressure Temperature (°C) 500-565
level Pressure (bar) 55-85

Low-pressure Temperature (°C) 200-260
level Pressure (bar) 3-8

Flue gas water is removed in a dehumidifier, where , a
pressure loss of 10mbar was assumed. A heater before the
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gas turbine compressor is needed to decrease the relative
humidity of the CO, stream leaving the dehumidifier, this
device increases the temperature by 4°C [7]. The condenser,
dehumidifier and intercooler compression stages are cooled
with water, which enters the equipment at ambient
temperature (25 °C) and leaves at 35°C.

The first law efficiency of the SCOC-CC is calculated by
Eg. (9), and it can also be determined in function of the input
variables: dehumidifier outlet temperature (Ti3), GT
compressor pressure ratio (pr), GT turbine inlet temperature
(T3), fuel and oxygen temperature in the combustion
chamber inlet (To and Tg), ASU oxygen purity (yoz ¢, )s lOW-
pressure steam turbine inlet pressure (pzo), high-pressure
steam turbine inlet pressure (p1i7), condenser pressure (p21).

The GT compressor pressure ratio for SCOC-CC is in the
range of 30-40 [16]. According to [19], the GT turbine inlet
temperature can reach temperatures in the range of 1500°C
for modern conventional gas turbines. The condenser
pressure is 0.088bar [20]. It was considered that the
dehumidifier outlet temperature should be in the range of 27-
55°C, and fuel and oxygen temperature are 30°C in the
combustion chamber inlet.

From the operational limits of the SCOC-CC, it is
possible to formulate an optimization problem to maximize
the energetic/first law efficiency:

Maximize: n; = nI(T13' pr, T3, Y02,y P20 p17)
Subject to:
27 < Ty <55
30<pr<40
1050 < T, < 1500
0.8 < yoz,q, < 0.995
3<p,<=<8
55 < p;; < 85
200 < T,y < 260
500 < Ty, < 565

A

where the temperatures and pressures are indexed

accordingly to Figure 1.

2.3 Conventional combined cycle

10 12~
COMBUSTION CHAVBER - L

9 11

T .
5 8 &

> HRSG ey
MJ

Figure 4. Combined cycle.

Figure 4 shows the conventional combined cycle. The
same thermodynamic assumptions were utilized in the CC
model. The gas turbine working fluid is air, which enters the
GT compressor (stream 1) at 25 °C, 1.013 bar, and relative
humidity of 60%, the air is compressed until the combustion
chamber pressure (stream 2) and the air and fuel are fed in
the combustion chamber. The combustion was also
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considered stoichiometric, and it is given by Eq. (18). The
flue gases (stream 3) are expanded in the GT turbine (stream
5), and after the expansion, the flue gases provide heat for a
steam cycle trough an HRSG and are released into the
atmosphere (stream 14).

CxH,O,N, + a(0, + 3.74 N, + 0.04 Ar + 0.0033 CO,

+ 0.0923H,0)

- bN, + cCO, + dH,0 + eAr (18)
where X, y, z, w are, respectively, the number of atoms of
carbon, hydrogen, oxygen and nitrogen in the fuel; a, b, ¢, d, e
are stoichiometric coefficients.

For the comparative analysis, the CC GT turbine inlet
temperature is the same as the SCOC-CC. The pressure ratio
for conventional gas turbines is usually in the range of 5-30
[20]. The following optimization problem finds the optimal
efficiency of the conventional CC:

Maximize: n; = n;(pr, po, P12)
Subject to:
5<pr<30
3<p;;<8
55 <py <85
200 < Ty, < 260
500 < Ty < 565
where the temperatures and pressures are indexed
accordingly to Figure 4.

2.4 Particle swarm optimization

The optimization problems were solved by particle
swarm optimization (PSO). PSO is an optimization
algorithm for the solution of nonlinear and linear functions
created by [21]. It was inspired by the intelligent behaviour
of groups of animals such as swarms, shoals and flocks of
birds. PSO is a search technique based on the social
behaviour of individuals. This behaviour initially presents a
random and disordered search, but an organization in the
flight is observed over time, and a search pattern is presented.
When the search target is reached, all particles tend to go
towards the objective [22].

The PSO population is initialized randomly, over time,
the position of the particles is updated based on pre-
established rules. The position and velocity of each particle i
at the iteration (t+1), respectively, are given by Eqg. (19) and
Eqg. (20), respectively. Although there are several proposals
for the weight of inertia (w), in this work, the weight of
inertia by linear decrease is used (Eq. 21) [23].

vi(t+ 1) = wyi(®) + ;15 (Phest—i () — x;())
+ CZrZ(Gbest(t) - Xi(t)) (20)
Whnax ~ Wmin

W(t) = Whax — —0t (21)

tmax

where w is the weight of inertia, r1 and r, are random
independent variables between 0 and 1, Py iS the best
position found by the particle i, Gy the best position found by
the swarm, c; and c, are learning parameters, tmax iS the
maximum number of iterations, Wmay is the maximum weight of
inertia, Wmin is the minimum weight of inertia.

Int. Centre for Applied Thermodynamics (ICAT)



Table 5 shows the PSO parameters. [24] presented the
effect of the number of particles in the swarm for several
optimization problems and concluded that 30 particles
provide a good trade-off between robustness and speed of
convergence. The other parameters of the PSO were obtained
from [25] and [23].

Table 5. PSO parameters.

ci C;  Maximum Number of Number — wp.y Wi
Velocity particles of
iterations
15 25 4 30 300 0.9 0.4
3. Results

The computacional models of both thermodynamic
cycles were validated utilizing the same computacional
assumptions as [11]. The first law efficiency obtained for the
SCOC-CC in [11] is 47%, in this work, with the same
computacional assumptions of [11] an efficiency of 48.28%
was obtained, which represents a deviation of 2.74%. For the
CC case, [11] obtained a first law efficiency of 57% and in
this work an efficiency of 57.74% was obtained, representing
a deviation of 1.3%. Considering that different softwares
were used for the thermodynamic models development, the
difference in the efficiencies obtained is acceptable. In this
work, EES was used for the computacional models
development and [11] developed their computacional
models with SimSCI PRO/II.

Applying the PSO algorithm, the optimal operational
points from Table 6 were obtained. The optimization
utilizing the ASU model from [9] found that the optimal
ASU oxygen purity (Yozasu) for the SCOC-CC is 95.99
mol%. The SCOC-CC optimal pressure ratio is 40, which is
the maximum value from the optimization problem. The
SCOC-CC pressure ratio is 3.28 times the CC pressure ratio;
this big difference occurs due to the change in the working
fluid. Figure 5 shows the variation of the heat capacity ratio
(y) with the temperature of the GT compressor and GT
turbine working fluid of the SCOC-CC and CC. It is noticed
that the heat capacity ratio is lower in the SCOC-CC
compressor and turbine than in the CC case. For this reason,
a higher pressure ratio is needed in the SCOC-CC to obtain
a similar temperature drop as in the CC. In this way, the
influence of the heat capacity ratio is the main reason for the
higher-pressure ratio needed in the SCOC-CC.

Table 6. PSO optimization results.

Heat capacity ratio ( v}

-

W

w
T

-
w
y

-

N

[$)]
T

1.15

—— CC GT compressor

—— SCOC-CC GT compressor
—— CC GT turbine ]
——— SCOC-CC GT turbine

1

200

400

600
T

800
[°Cl

1000

1200

1400

Figure 5. Heat capacity ratio in the GT turbine and GT
compressor.

Table 7. SCOC-CC: Properties of each stream.

Mass Tempe-

flow Pressure rature Enthalpy Entropy Exergy
# (kgls)  (bar) (°C) (kJ/kg) (kd/kg.K)  (kJ/kg)
1 426 1.013 37.02 -8433 4,942 0.2004
2 404 40.52 450.8 -8017 5.055 382.2
3 4535 39.71 1223 -7234 6.217 1112
4 219  40.52 450.8 -8017 5.055 382.2
5 4755 1.063 600.2 -8032 6.261 287.1
6 1.00 40.52 30.0 48938
7 1715 1.013 25.0 -158 6.745 0
8 3945 1.013 27.0 1.789 6.288 0.00597
9 3945 40.52 30.0 4.475 5.348 283
10 13.01 1.013 27.0 2.072 6.834 0.00790
11 0.202 1.013 27.0 113.2 0.3949 0.02794
12 4755 1.023 95.72 -8588 5.336 0.6009
13 4554 1.013 33.02
14 2943 1.013 33.02 -8436 4.931 0.0897
15 2.943 100 30.0 -8439 4.023 268.3
16 426 1.013 33.02 -8436 4931 0.0897
17 6.997 85 565 3553 6.889 1503
18 6.997 5.712 205.8 2864 7.017 776.1
19 1297 5.712 195 2840 6.968 767.4
20 8.294 5712 204.1 2860 7.01 774.7
21 8.294 0.0888 43.51 2278 7.237 124.7
22 8.294 0.0888 43.51 182.2 0.6189 2.216
23 8.294 5712 43.58 183 0.6195 2.795

Table 8. SCOC-CC: Mass composition of each stream.

Tis pr Ts Yozasu P9 P17

(&) (°0) (mol%) (bar) (bar)

SCOC-CC 33.017 40 1223 95.99 5.71 85
- pr Ts - P12 Po

0 (bar) (bar)

CcC - 12.18 1223 - 5.93 85

The SCOC-CC efficiency obtained from the optimal
point is 45.55%. The properties of each stream of the SCOC-
CC at the optimal point and considering a fuel consumption
of 1 kg/s are presented in Table 7, and the mass composition
of each stream is shown in Table 8, the streams are numbered
accordingly to Figure 1.

The CC efficiency obtained from the optimal point is
52.51%. The properties of each stream of the CC at the
optimal point and considering a fuel consumption of 1 kg/s
are presented in Table 9, and the mass composition of each
stream is shown in Table 10, the streams are numbered
accordingly to Figure 4.

Int. J. of Thermodynamics (1JoT)

# Xco, (Y0)  Xo, (%0) x,. (%) Xuyo (%) Xy, (%)
1 91.26 - 6.627 2.112 0.001
2 91.26 - 6.627 2.112 0.001
3 87.23 - 6.335 6.432 0.001
4 91.26 - 6.627 2.112 0.001
5 87.42 - 6.348 6.233 0.001
6 ) B} - - _

7 - 21.86 1.365 1.177 75.6
8 - 95.05 4.945 - 0.001
9 - 95.05 4.945 - 0.001
10 - - 0.300 - 99.7
11 - - - 100 -
12 87.42 - 6.348 6.233 0.001
13 91.26 - 6.627 2.112 0.001
14 91.26 - 6.627 2.112 0.001
15 91.26 - 6.627 2.112 0.001
16 91.26 - 6.627 2.112 0.001
17 - - - 100 -
18 - - - 100 -
19 - - - 100 -
20 - - - 100 -
21 - - - 100 -
22 - - - 100 -
23 - - - 100 -

Vol. 25 (No. 1) / 090



Table 9. CC: Properties of each stream.

Table 11. Power consumption.

Mass Tempe-

flow Pressure rature Enthalpy Entropy Exergy
# (kg/s)  (bar) (°C) (kJ/kg) (kd/kg.K)  (kJ/Kkg)
1 4401 1.013 25 -169.2 6.741 0
2 4174 1233 391 212.1 6.85 349
3 4274 12.09 1223 46.28 7.959 1085
4 226 12.33 391 212.1 6.85 349
5 4501 1.053 600 -675.5 7.999 290.5
6 1.00 12.33 30 48938
7 791 0.088 435 182.2 0.6189 2.216
8 791 5.93 435 183 0.6195 2.817
9 6.56 85.00 565 3553 6.889 1503
10 6.56 5.93 209.6 2871 7.016 783.8
11 135 5.93 198.9 2848 6.967 775.1
12 7091 5.93 207.8 2867 7.007 782.3
13 791 0.088 435 2278 7.237 124.7
14 4500 1.013 102 -1234 7.07 9.006

Table 10. CC: Mass composition of each stream.

# Xco, (Y0)  Xo, (%)  x,. (%) Xp,0 (Y0) Xy, (%0)
1 0.105 22.92 1.27 1.19 74.52
2 0.105 22.92 1.27 1.19 74.52
3 6.388 13.58 1.24 5.99 72.78
4 0.105 22.92 1.27 1.19 74.52
5 6.074 14.05 1.24 5.59 72.88
6 _ . . - _

7 100

8 100

9 - - - 100

10 - - - 100

11 - - - 100

12 - - - 100

13 - - - 100 -
14 6.074 14.05 1.24 5.57 72.88

From Tables 7 to 10, some characteristics of the SCOC-
CC and CC can be observed:

e  The SCOC-CC combustion chamber needs 3.945
kg/s of oxygen (stream 9 - Figure 1) to burn 1 kg/s of fuel,
corresponding to 8.5% of the GT compressor inlet mass flow
(stream 1 — Figure 1).

e  94% of the SCOC-CC GT exhaust gases (stream
13-Figure 1) are recirculated to the GT compressor. In
pipeline transport, CO, will be transported at supercritical
pressure in the range of 80-150 bar [6]. The remaining 6%
(stream 14 and 15 - Figure 1) are compressed to 100 bar in
the CO, compressor in this work.

e  Oxy-fuel GT turbine exhaust mass flow (stream 5-
Figure 1) is 5% greater than CC GT, which results in more
steam circulating in the Rankine/bottoming cycle.

e The optimal pressure ratio for both cycles
corresponds to the maximum GT turbine exhaust
temperature allowed (600°C). Since a temperature difference
of 35°C was considered between the high-pressure (HP)
steam turbine inlet temperature and the GT exhaust gases on
the HRSG inlet. The maximum temperature allowed at the
HP steam turbine inlet is 565 °C.

The power consumed (-) or produced (+) from each
device are shown in Table 11. The SCOC-CC gross power is
45897 kW against 41982 kW of the CC cycle. The ASU, O,
and CO, compressor represent together a power
consumption of 13.5% from the 45897-kW of gross power;
considering the equipment needed for oxy-fuel combustion,
the SCOC-CC net power is 13.2% lower than the CC net
power.

As mentioned before, the condensers, dehumidifier and
intercooler stages are cooled with water. Table 12 shows the
heat removed from each device and the quantity of water for
cooling.
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SCOcC-CC CcC
Equipment Power (kW) Power (kW)
GT Compressor -17706 -16778
GT Turbine 36249 32851
GT Net Power 18543 15832
LP Pump -6.29 -6.22
LP Steam Turbine 4830 4661
HP Pump -80.09 -74.97
HP Steam Turbine 4818 4470
Steam Cycle Net Power 9561 9050
ASU -3314 -
O, Compressor -1695 -
CO, Compressor -1200 -
Global Net Power 21473 24745

Table 12. Water consumption.

SCOocC-CC Heat Cooling Water
Equipment (kW) (kg/s)
Condenser -17381 4155
Dehumidifier -7588 1815
CO, Compressor intercooled stages -1208 40.26

O, Compressor intercooled stages -1684 28.87
Total -29501 666.2

cc Heat Cooling Water
Equipment (kW) (kg/s)
Condenser -16581 396.4
Dehumidifier - -

CO, Compressor intercooler stages - -

O, Compressor intercooler stages - -

Total -16581 396.4

It is noticed that the water consumption of the SCOC-CC
is much higher than the CC consumption since the SCOC-
CC has more components that need cooling and more steam
flows through its bottoming cycle.

For the irreversibilities of each cycle components, an
exergetic analysis was performed. Table 13 shows the exergy
fuel and product, irreversibility and second law efficiency of
the SCOC-CC components. The second law efficiency of the
components is given by Eq. 22.

Prod
Fuel

N = (22)
where Prod is the exergy product (kW), Fuel is the exergy
fuel (kW).

From Table 13, it is observed that the SCOC-CC second
law efficiency is 45.67%. It is highlighted that the oxygen
production in the ASU is very irreversible, and the ASU
second law efficiency is 0.004%. Figure 6 shows the
contribution of each piece of equipment to the global
irreversibility of the plant. The most irreversible components
of the SCOC-CC are the Combustion chamber, ASU, HRSG,
GT compressor and GT turbine. The ASU, heater,
dehumidifier, CO, and O, compressors combined
correspond to 16.43% of the total SCOC-CC irreversibilities.

Table 14 shows the exergy fuel, exergy product,
irreversibility and second law efficiency of the CC
components. The CC second law efficiency is 52.2 %, which
is 6.5% greater than the SCOC-CC.
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Table 13. SCOC-CC: Components Irreversibility.

Fuel  Product Irreversibility N

Equipment (kw) (kw) (kw) (%)
GT Compressor 17706 16272 1434 91.9
Combustion Chamber 48938 33875 15063 69.2
GT Turbine 37624 36249 1375 96.3
GT Generator 18543 18265 278.1 98.5
HRSG 13620 11489 2131 84.4
HP ST 5087 4818 269.1 94.7
HP ST Generator 4818 4745 72.27 98.5
LP ST 5391 4830 560.5 89.6
LP ST Generator 4830 4758 72.45 98.5
Condenser 1016 285.1 731 28.1
LP Water pump 6.293  4.799 1.494 76.3
HP Water pump 80.09  78.05 2.035 97.5
Dehumidifier 888.4 1246 763.8 14.1
Heater 5626  4.716 0.9094 83.8
ASU 3314 0.132 3314 0.004
O, Compressor 1783 1493 290.3 83.7
CO, Compressor 1284 1056 227.8 82.3
Global 26,586 45.7

*HP ST= High-pressure steam turbine, LP ST= Low-pressure steam turbine
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Figure 6. SCOC-CC: Irreversibilities.

Figure 7 are shown the contribution of each piece of
equipment to the global irreversibility of the CC. The most
irreversible components are the combustion chamber,
HRSG, GT compressor and GT turbine. The global
irreversibility of the SCOC-CC is 26586 kW against 23394
kW of the CC.

The GT turbine, GT compressor and steam turbines
irreversibility are smaller in the CC cycle. In contrast, the
combustion chamber of the CC cycle is more irreversible
than the SCOC-CC combustion chamber.

Table 14. CC: Components Irreversibility.

Fuel  Product Irreversibility N

Equipment (kW) (kW) (kW) (%)
GT Compressor 16778 15355 1423 915
Combustion Chamber 48938 31811 17127 65.0
GT Turbine 34094 32851 1243 96.3
GT Generator 16073 15832 241.1 98.5
HRSG 12668 10886 1782 85.9
HP ST 4717 4470 247.1 94.8
HP ST Generator 4470 4403 67.05 98.5
LP ST 5212 4669 543.6 89.6
LP ST Generator 4669 4599 70.03 98.5
Condensator 906.9 272 634.9 29.9
LP Water pump 6.219  4.755 1.465 76.4
HP Water pump 7497  61.69 13.28 82.3
Global 23394 52.2

*HP ST= High-pressure steam turbine, LP ST= Low-pressure steam turbine
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The SCOC-CC specific CO, production is 450 g-
CO./kWh, and theoretically, 100% of the produced CO; is
captured. The CC produces 390 g-CO2/kWh and all the CO;
produced is emitted to the atmosphere. Ferrari et al. [26]
obtained a specific CO2 production of 416 g-CO./kWh and
90% of the CO, produced is captured. Ferrari et al. [26]
reference CC emits 348 g-CO2/kWh. The specific CO;
productions obtained in this paper are higher mainly because
[26] considered higher TIT (1352 °C), pressure ratio (45) and
turbine exhaust temperature (620 °C). Although the SCOC-
CC specific CO; production in this study and [26] is about
60-70 g-CO2/kWh higher than the CC.

HRSG
8%

GT Compressor
6% ]

Generators 2%

Rankine cycle

6% GT Turbine 5%

Combustion Chamber
73%

Figure 7. CC: Irreversibilities.

The captured CO- can be injected and stored into deep
saline aquifers or depleted oil and gas reservoirs or it also be
used to enchance recovery of valuable fossil fuels (oil, gas
and coalbed methane) [6]. The captured CO; can be also used
in beverage, medical and food processing industries,
however low tolerances of various impurities and CO; purity
of at least 99.9 vol% are needed in these industries. To
achieve higher CO, purities, CO; purification units should be
installed in the plant [2].
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Figure 8. First and second law efficiency vs O, purity.
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Figure 8 shows the first law efficiency, second law
efficiency as a function of the ASU oxygen purity. The first
law efficiency increases until the optimal oxygen purity
found utilizing the PSO algorithm (95.99%), and after the
optimal point (Yozasu > 0.9599), the first law efficiency starts
to decrease. The second law efficiency decreases when the
oxygen purity is increased since the ASU second law
efficiency is small; thus, increasing O purity also increases
the ASU energy consumption and irreversibility.

4. Conclusion

The SCOC-CC first law efficiency was found through the
particle swarm optimization algorithm, and its optimal first
law efficiency is 45.55%, representing a first law efficiency
penalty of 6.96% in comparison to CC. The ASU, CO; and
0O consume 13.5% of the SCOC-CC gross power, and the
optimal oxygen purity obtained is 95.99%. The SCOC-CC
needs more water for cooling than the CC due to the
dehumidifier, CO,, and O, compressors intercooler stages.
Despite the efficiency loss and higher water consumption,
the SCOC-CC is more environmentally friendly since it can
capture all or almost all CO; produced in the combustion.

Future investigations will highlight the importance of
feasibility analysis of the semi-closed oxy-fuel combustion
combined cycle presented in this work. It is also essential to
investigate the potential usage or storage methods of the
captured CO;.

Nomenclature

Variables

C: number of carbon atoms in the fuel

c1: learning parameter

C2: learning parameter

Emco2: specific CO; produced in the combustion process
(kg/kwh)

easy: ASU specific energy consumption (kJ/kg)
Emc,: specific CO production (g/kWh)

ex: exergy (kJ/kg)

ex: specific exergy (kJ/kg)

eXeno: Standard chemical exergy (kJ/kg)

eXch: chemical exergy (kJ/kg)

exs. physical exergy (kJ/kg)

Gpest: best position found by the swarm

H: number of hydrogen atoms in the fuel

h: specific enthalpy (kJ/kg)

hq: enthalpy in reference condition (kJ/kg)

i: state point or index i

I irreversibility (kW)

Lio¢: total plant irreversibility (kW)

LHV: lower heating value of fuel (ki/kg)

m: mass flow rate (kg/s)

Mco2 tot: total CO; produced (g/h)

Myer: fuel mass flow (kg/s);

P: pressure (bar)

Pyest—i: best position found by the particle i

pr: pressure ratio

Q: thermal energy rate (KW)

R: gas constant (kJ/kg-K);

r1: random independent variables between 0 and 1
r2: random independent variables between 0 and 1
s: entropy (kJ/kg-K)

so: entropy in reference condition (kJ/kg-K)

T: temperature (K)
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tmax: Maximum number of iterations,

w: weight of inertia

W: power (kW)

Woer net: Net power of gas turbine cycle (kW)
Wmax: Mmaximum weight of inertia,

Wmin: Minimum weight of inertia.

Wsr net: Net power of steam cycle (kW)

X: mass fraction

y: mass fraction

Yo,  OXygen purity (mol%)

Greek letters

n,: first law efficiency

n,- second law efficiency

Nisen . i1SENtropic efficiency

Npol: the polytropic efficiency

B: ratio of standard chemical exergy and lower heating
value of fuel

y: heat capacity ratio

Acronyms

ASU: air separation unit

CC: conventional combined cycle
CCS: carbon capture and storage
EES: Engineering Equation Solver
GT: gas turbine

HP ST: high-pressure steam turbine
HRSG: heat recovery steam generator
LHV: lower heating value

LP ST: low-pressure steam turbine
PSO: particle swarm optimization
SCOC-CC: semi-closed oxy-fuel combustion combined
cycle

TIT: turbine inlet temperature
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