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ABSTRACT

Energy, exergy, and exergoeconomic analyses of novel direct-fired oxy-fuel combustion supercritical CO;
cycle with preheating and dry-cooling are introduced. Novelty aspects of the study include the pre-
heating process effect on the performance of sCO, cycle fired by oxy-combustor at moderate turbine inlet
temperatures. Three cycles are investigated; original layout without-preheater (configuration M1), in-
tegrated preheater with the system in parallel with low-temperature recuperator (configuration M2) and
integrated preheater in parallel with both high and low-temperature recuperators (configuration M3).
Results show that the integrated preheating process improves cycle efficiency by 3.7% in M2 and by 8.3%
in M3. The preheating improves the performance of recuperator by reducing the “pinch-point” effect as a
result of the split flow downstream the compressor. The optimization of the split ratio resulted in cycle
efficiency of 45.8% in M3, 41.2% in M2, and 37.5% in M1 for 50MW, system at 750 °C turbine inlet
temperature. The overall exergy efficiency is improved from 78.1% in M1 to 86.5% in M2 and 88.8% in M3.
The exergoeconomic analysis; the first applied to direct-fired oxy-fuel sCO, cycle, showed reduction in
total product cost per unit exergy by 13.92% in M2 and 34.96% in M3.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Supercritical carbon dioxide (sCO,) power cycle is a promising
technology for addressing worldwide energy production efficiency
and environmental concerns [1] in parallel with other renewables
[2—5]. The technology is capable of capturing CO, automatically
when it is directly fired using natural gas and produces little or no
emissions when combined indirectly with renewables [G]. More-
over, sCO; cycle has high power efficiency compared to conven-
tional Brayton and Rankine power cycles [7] within the range of
medium turbine inlet temperature (500 °C—700 °C) [8]. Besides, it
combines the advantages of conventional steam and gas power
plants [9] and operates at high pressures with more compact
components. Furthermore, the utilization of sCO, as a working fluid
provides stability and safety for power systems in addition to ver-
satile applications [10].

In the 1940s, the CO, power cycle was proposed as a transcritical
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cycle by Sulzer [11]. About twenty years later, Angelino [12] and
Feher [13] presented the fundamentals of the sCO, power cycle.
Angelino [12] proposed various layouts of transcritical CO; cycles,
while [13] proposed purely sCO; cycles. However, this technology
was almost abandoned until 2004 when Dostal [14] proposed it for
new generation of nuclear reactors. Several studies have investi-
gated hybrid sCO, power systems with various renewable energies
such as solar [15—19], geothermal [20,21], and nuclear. Also, it can
be powered by waste heat as an integrated cycle with moderate to
high-temperature waste heat [22—25] at moderate turbine inlet
temperature (TIT) within the range 500 °C to 600 °C [8].

Fossil fuels are the major resource of worldwide energy [26] and
their combustion products result in environmental pollution and
greenhouse effects. So, development of sCO, technology suggests a
solution by introducing direct semi-closed oxy-combustion cycles
such as Allam cycle [27]. The cycle is developed by 8 Rivers Capital
and combines oxy-combustion with sCO; cycle. Its major advan-
tages are its ability to capture the produced CO, from the oxy-
combustion process and its high power cycle efficiency. To inves-
tigate its feasibility and to prove the design and operation of the
whole cycle, a 50MWy, natural gas demonstration plant is built in
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Nomenclature

Symbol Description Units

Antr, Artr Heat transfer area of high/low-temperature
recuperator (HTR/LTR). m?

Apc, Apn Area of precooler, preheater m?

Cpi Cost rate of exergy destruction-component k $/h

C'mvk Cout‘k Cost rate of stream(s) entering, exiting component k
$/h
Cpo_k/ C'qﬁk Cost rate associated with power output from/heat

input into component k $/h
CPavg il CPavg ci Average specific heat of hot/cold fluid across
segment i KJ/kg-°C

oS Cost per exergy unit-fuel $/GJ

degq Equivalent hydraulic diameter of recuperator channel
mm

Epy Exergy destruction rate-component k kW

eqk Exergy rate due to heat transfer-component k kW

E;, Eox  Exergy rate at inlet, outlet-component k kW

Ep_k Exergy product-component k kW

Ep g Exergy fuel-component k kW

Epy Exergy loss-component k kW

fi Friction coefficient-segment i

fi Exergoeconomic factor

hei, heo  Enthalpy at compressor inlet, outlet k]/kg

hsc.o Isentropic enthalpy at compressor outlet kJ/kg

heoi Enthalpy at combustor inlet k]/kg

h¢i, hto  Enthalpy at turbine inlet, outlet k]/kg

hst o Isentropic enthalpy at turbine outlet kj/kg

hyeilheq; Heat transfer coefficient of hot/cold fluid kW/m?2-°C

kp Thermal conductivity of plate-recuperator kW/m-°C

I; Length of segment mm
Mco,, My,0, Mo,, Mcy,, Mrco, Mass flow rate of CO,, water-vapor,
0,, mcy,, recycled CO; kg/s

Nu; Nusselt number through cold/hot segment i-
recuperator

Npairs Number of hot/cold channel pairs-recuperator

n Lifetime of plant years

PR Pressure ratio

P, Py Pressure at compressor inlet, outlet bar

Pr; Prandtl number through segment i

Pret Net power kW

Q; Heat transfer from hot to cold fluid-segment i kW

Qp Heating load of preheater kW

Re; Reynolds number through segment i

Sr Fraction of recycled sCO2 across LRT-HTR

Th» Tpj1 Temperature of hot fluid at inlet, outlet-segment i °C
Tei» Teivn  Temperature of cold fluid at inlet, outlet-segment i °C

tp Thickness of each channel mm

Wia Actual turbine power kW

Wea Actual power consumed by compressor kW
Greek

Orel Relative roughness

Wi Viscosity across segment i kg/m-s

Ne M Isentropic efficiency of compressor, turbine
Ng Conversion efficiency of generator

Neycle» Noveranl Thermal efficiency of cycle without-preheating,
with-preheating %

pi Density across segment i kg/m>

ks €0 Second-law-efficiency of component k, cycle %
er Effectiveness of recuperator %

¥ Weighting coefficient

T Annual operational time hrs

© Interest rate

LaPort. Heatric company developed the high-recuperative heat
exchangers of this plant while Toshiba provides its turbine and
combustor.

The numerous layouts of sCO, power cycles in open literature
[28], try to improve the performance by improving cycle processes
(heat addition, working-fluid expansion, regeneration, cooling, and
compression processes) or by integrating the sCO, cycle with other
systems [29]. The basic layout of sCO; cycle consists of compressor,
heater, turbine, regenerator, and cooler. In the transcritical version,
the gas compressor is replaced with liquid pump and the cooler is
replaced with condenser. In the transcritical case, the lower pres-
sure of the cycle is imposed by the condenser depending on the
temperature of the cooling fluid (For instance: 32 °C for wet cooling
and 50 °C for dry cooling). To overcome this limitation, the pre-
compression process is involved. In the precompression cycle, an
auxiliary compressor is used between the HTR and LTR to make the
compressor inlet pressure independent from the turbine outlet
pressure. This in turn make it possible to increase the lower pres-
sure at the inlet of the condenser and to perform the condensation
process at any available temperature of the cooling fluid. The
regeneration process greatly affects the thermal efficiency of the
CO; cycles [30]. Furthermore, there is significant difference be-
tween the physical properties of the sCO, of the hot (low pressure)
and cold (high pressure) streams. Thus, the regeneration process is

usually implemented by using two recuperators that operate at
different range of temperatures to minimize the pinch point issue
across the recuperators. The flow is different between the recu-
perators due to the physical properties of the sCO,. However, some
of the investigated layouts include only one [9,31], or without
recuperator [28]. Similar to the improvements of the conventional
Brayton cycle, the performance of the sCO; cycle can be enhanced
by incorporating preheating of the recycled sCO, stream [24],
reheating [32], multi-expansion [33], and intercooling compression
processes [34]. However, the common shortcoming of these pro-
cesses is addition of new components, which increases initial and
maintenance costs and adds more complexity.

Exergoeconomic analysis combines, at the level of system
components, thermodynamic evaluations based on an exergy
analysis with economic principles. This is necessary to obtain useful
information to the design and operation of a cost-effective system,
but not obtainable by regular energy and economic analysis, which
referred to as a thermoeconomic analysis. Furthermore, exer-
goeconomic analysis is a fundamental step to compare various
options of the innovative cycles based on combined energetic,
exergetic, and economic evaluations. Luo and Huang [8] investi-
gated thermodynamic and exergoeconomic behavior of various
sCO, power cycles for nuclear reactors. They have investigated six
layouts including the simple recuperative, dual recuperative,
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precompression, recompression, intercooling, and partial cooling
cycles. Based on their thermal and cost-optimal designs, the simple
recuperative cycle showed lowest efficiency and highest cost. The
intercooling cycle showed better efficiency and comparable cost to
that of partial cooling and recompression cycles. Liu et al. [35]
proposed advanced exergoeconomic method to evaluate sCO2
recompression cycle. The advantages of the exergoeconomic anal-
ysis are the ability to determine the real potential for improvement
of each significant component and to consider the interactions
among components. Other researchers also evaluated the ther-
modynamic and exergoeconomic behavior of typical sCO, cycles
integrated with other systems such as multi-effect desalination
[36], power/cooling/heating [37,38], fuel cell [39], ORC [40,41], and
geothermal [42].

As a significant improvement of the direct-fired oxy-combus-
tion sCO, cycle, this paper is studying the effect of preheating
process on the energetic and exergetic performances of the cycle in
three layout configurations, not studied before. We propose the
utilization and integration of preheater along with oxy-combustion
and dry-cooler. In Allam cycle, the waste heat from the air sepa-
ration unit (ASU) is proposed to be used to minimize the pinch-
point problem of the LTR. Instead in this study, the preheating
process of the recycled CO; is performed by external waste heat
sources. It is performed by adding a preheater that receives part of
the recycled sCO, by a split flow at the outlet of the compressor and
connected in parallel with the LTR or in parallel with both the LTR
and the HTR. In this way, the preheating process improves the cycle
efficiency by minimizing the consumed fuel. Simultaneously, it
improves the performance of recuperator by resolving the pinch
point issue [43] as well as minimizing exergy destruction through
recuperators [9]. Son et al. [44] presented preliminary performance
estimation for integrated oxy-fuel sCO, cycle with concentrated
solar power (CSP) focusing on reduction of fuel consumption. In
summary, the main contributions of the present study are:

i) It is one of the first studies that investigates the direct oxy-
combustion sCO, power cycle in terms of both thermody-
namic and exergoeconomic analyses. Penkuhn and Tsatsar-
onis [45] reported exergy analysis of Allam cycle compared to
similar oxy-combustion cycles and recommended further
exergoeconomic and advanced exergy analysis frameworks
to quantify potential improvements. Hervas and Petrako-
poulou [46] introduced exergoeconomic analysis of the
Allam cycle, however only at the design point of the original
developers [47] without investigating the effects of the major
operating conditions on the total product unit cost and the
levelized cost of electricity.

ii) it proposes the utilization of the waste heat from external
sources in different layout configurations to minimize the
consumed fuel and to improve the cycle efficiency,

iii) it is the first study that investigates the performance of the
direct oxy-fuel sCO, power cycle under dry-cooling
conditions.

The present study is focusing on the preheating process with
three layout configurations (M1, M2, and M3). The first configura-
tion (M1) is the sCO; cycle without-preheater. The second config-
uration (M2) includes the preheater connected in parallel with low-
temperature recuperator. The third configuration (M3) includes the
preheater connected in parallel with both cycle recuperators (low
and high-temperature recuperator). Furthermore, the analysis of
the preheating process in this paper is performed within medium
temperatures that are available from many external waste-heat
sources. This thermodynamics and heat transfer study is neces-
sary to optimize the operating conditions of the preheater in terms
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of split ratio, operating pressures, and the required temperature of
heat source. Also, it specifies the optimum split ratio that yields the
highest performance for cycle recuperators. Moreover, to elaborate
on the contribution of the preheater in M2 and M3 to the
improvement of the basic layout (M1), exergy and exergoeconomic
analyses are applied to the three layout configurations and dis-
cussed thoroughly.

This study is presented in 4 main sections; the three layout
configurations of the sCO, cycle are described in section 2. Section 3
introduces the energy, exergy, and exergoeconomic models with a
discretized model for recuperator’s calculations. The effect of split
ratio on the performance, and the influence of the major parame-
ters including the high- and low-cycle pressures, TIT, and
compressor inlet temperature are investigated in section4. The
sensitivity of exergy efficiency and total cost per unit exergy are
discussed in section4.

2. Proposed sCO; cycle layouts

Referring to Fig. 1 (configuration M1), the major components of
the direct oxy-fuel sCO, cycle are oxy-combustor, turbine, high-
pressure recuperators, precooler, water separator, and
compressor. For the combustion process, air-separation unit (ASU)
equipped with a compressor produces pressurized oxygen (point
13). The high-pressure oxygen is mixed with the fuel (methane
point 12) and combusted in the combustor. The high-temperature
combustion products are diluted by the recycled CO, (state 11).
The combustion products enter the turbine at high temperature
and pressure (state 1). By the expansion process, the gas turbine
converts the enthalpy energy to electrical energy. Also, part of the
produced power is used to drive the compressor, dry cooling unit,
and ASU (parasitic power). The turbine exhausts proceed to the
high-temperature recuperator (HTR, state 2 to 3) then to the low-
temperature recuperator (LTR, state 3 to 4). After the recupera-
tion process, the working fluid is cooled in the pre-cooler to near-
critical state (state 6). At this state, the water content is separated
from the working fluid in the water separator and the pure CO, is
compressed to the high-pressure of the cycle. Before the
compression process, part of the sCO, is exported at a rate equals
the rate of the CO, produced by the combustion process (to
maintain constant mass flow rate). The other part is compressed
and recycled to the combustion process after being heated by the
LTR and HTR. Fig. 2 (configuration M2) and Fig. 3 (configuration M3)
represent the same system with the addition of a preheater to the
cycle. The preheater can be connected in parallel with the LTR as in
Fig. 2 or parallel with both recuperators as in Fig. 3. Even though the
preheater is an additional component to the layout, it significantly
improves the cycle efficiency of the system (explained later). The
preheater can be driven by utilizing free waste heat or renewable
sources. Also, splitting the flow at the compressor outlet presents a
way to resolve the pinch-point issue of the recuperators. It is similar
to the effect of the split flow investigated in Ref. [43]. Furthermore,
the design point of the present cycle considers moderate TIT
(750 °C) to reduce thermal stresses associated with high TIT.

3. Energy and exergy models

To investigate the effect of the preheating process within the
basic layout of the direct oxy-fuel sCO, cycle (M1), a comprehensive
and rigorous thermodynamics and heat transfer model is devel-
oped and validated to simulate 50MWe sCO, power plant. The
model assumptions are:

e Pressure drops through combustor, water separator, and pipes
are neglected [8].
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Fig. 1. Schematic layout and T-S diagram of direct oxy-fuel sCO, cycle without-preheater (M1).

Pressure drops across recuperators, preheater, and precooler do
not exceed 5% of the inlet pressure [8].

Heat losses from components to ambient air are neglected.

e For M2 and M3, the preheater is always available when full
electric output is demanded. If the preheating source is not
available, the cycle can work as configuration M1. However, in
this case, the heat recovery amount by the recuperators of M2
and M3 will be less than in M1. Therefore, more fuel must be
supplied to the combustor to provide the design output of the
cycle.

3.1. Energy model

To minimize the consumed power by the compressor, the excess

sCO; is exported before the compression process as shown in Fig. 1.
To make this possible, the outlet pressure of the turbine is set in the
range of 78 bar—110 bar to achieve a relatively high pressure at the
inlet of the compressor (75 bar—105 bar) which are recommended
for CO, exportation [48,49]. The compressor in Figs. 1-3 is directly
driven by the turbine and the consumed power for the compression
process is given as:

Wc,a = Myco, (hsc,o - hCJ)rCOZ /nc (1)

where Mo, is the mass flow rate of recycled sCOa. hsco, hc; Are
isentropic enthalpies at the outlet and inlet of the compressor,
respectively. 1. is compressor isentropic efficiency.

Designating the target electrical power of the cycle as Ppet, the
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Fig. 2. Schematic layout and T-S diagram of direct oxy-fuel sCO, cycle with-preheater connected in parallel with LTR (M2).

generator efficiency as 7,, and the actual work of the turbine as
Wt q, the net power produced by the turbine [8]:

Prer = (Waa - Wc,a) /ng (2)

In terms of the isentropic efficiency and enthalpies at turbine
inlet and outlet with a mass flow rate of the combustion products,
the actual turbine power [50]:

Wt,a =Mt X {mC02 [ht,i - hst,o}co2 + M0 {ht,i - hsw]Hzo} 3)

where h; ; is turbine inlet enthalpy, hs o is the isentropic enthalpy at
outlet of the turbine, (which is obtained at the outlet pressure of
the turbine and specific entropy equals to the specific entropy of
the same fluid at the inlet of the turbine), m¢g, and my,o are mass
flow rates of CO, and water steam leaving the combustor, and 7; is
turbine isentropic efficiency.

The actual combustion in the combustor:

CH4+ COy + 20, —2C0, + 2 H,0 (4)

Applying energy and mass conservation principles on the
combustor, the mass flow rates of the required oxygen and recycled
CO; could be obtained to satisfy pre-specified conditions at turbine
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Fig. 3. Schematic layouts and T-S diagram of direct oxy-fuel sCO, cycle with-preheater connected in parallel with both LTR and HTR (M3).

inlet. The conservation of mass across the combustor:
Mo, +Mcy, + Myco, = Mco, + Mu,0

And the conservation of energy:

m02 [hco,i] 0, + mCH4 [hco,i]CH4 + erOZ [hco,i} rCO,

= tico, [Mti] o, + M0 [eilp,o

(6)

It should be note that [h¢, ]y, includes both the sensible and the
heating value of the fuel. From Eq. (4), it can be noted that 2 kmol of
oxygen is needed for each kmol of the fuel. The molar weight of the
oxygen is 32 kg/kmol and the molar weight of the fuel (CHy) is
16 kg/kmol. So, it can be noted that 64 kg of oxygen is needed for

each 16 kg of the fuel. In mathematical form, the required mass flow
rate of the oxygen must be four times the mass flow rate of fuel as
shown in Eq. (7). In the ideal combustion (without recycled CO5),
each kmol of the combusted fuel produce 1 kmol of the carbon
dioxide (CO,), which has a molecular weight of 44 kg/kmol. That is
to say that each 16 kg of the fuel produces 44 kg of CO,, which is
2.75 higher than the mass of the fuel. So, the recycled CO, is equal
to the total CO2 at the outlet of the combustor minus the new
produced CO; in the combustor (Mpew, co, = 2.75mcy,) as
expressed in Eq. (8).

(7

n.’lo2 =4 mCH4

(8)

erOz = Tflcoz —2.75 mCH4
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Let Q;, be the heat absorbed by the preheater from an external
waste heat resource. For M1, Q,;, = 0, while for M2 and M3 is given
in Egs. (9) and (10):

9)

Qph, M2 = Myco, (1 = Sr)[h10 — h7lrco,

Qph, M3 = Myco, (1 = Sr)[h11 — h7lyco, (10)
Without considering the preheating load (assuming it is available
from free sou rce), the efficiency of the cycle is:

Neycle = cn,, x LHV (11)
While the overall efficiency of the cycle (including the pre-
heating load) is:

_ Ppet
Noverall = W (12)

where l'i‘lf = l'i‘lCH4.

3.2. Discretized model of recuperators, pre-heater, and precooler

Due to its compactness and high effectiveness, the printed cir-
cuit heat exchanger (PCHE) is selected for the recuperators and
precooler of the sCO; cycles [51,52]. It consists of alternately cold
and hot flow channels, Fig. 5(a and b). Since the specific heat of the
sCO2 changes dramatically near critical and pseudo-critical points
(or at high pressures with low temperatures, see Fig. 4), the heat
exchanger unit is divided into N segments (with equal lenghs)
along flow direction to obtain precise output temperatures.
Assuming uniform flow, a single pair (Fig. 5(b)) of the channels can
be modeled as a heat exchanger and the heat transfer across each
segment is:

i — Uo«,iAojATi (13)

where U, ; is segment overall heat transfer coefficient, A,; is the
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heat transfer area between hot and cold channels, and AT; is the
log-mean temperature difference across each segment:

AT, — (Thiv1 — Teiv1) — (Thi — Tei)

Thii—Tein
In < Thi—Tei

and U, ; is:

(14)

1
1.5

Uoj: 1
Rnei " heai T Ky

(15)

where hy,; and h.q; are the heat transfer coefficients between the
hot/cold flow and the plate in each channel pair, respectively. For
turbulent flow, these coefficients are obtained from the Gnielinski
empirical Nusselt number correlation [53] and verified by Serrano
et al. [54] for straight semi-circular channels:

(fg) (Re; — 1000) - Pr;

NU,‘: ,
14127 (P = 1)+ Jfi /8 (16)
5000 <Re <5 x 10%, Pr=0.5 ~ 2000

1 2

Jei= (m) (17)
4y

Re;=——— 18

! 7T/J,l'deq ( )

where deq is the equivalent hydraulic diameter of the semi-circular
channel:
4nd?

s-(gd+d) (19)

eq —

For laminar flow conditions (Re <2300), the Nusselt number is

350_‘ I S e R U R R R ) R R R W S 1 1.8
325 [——Tuven Pn =72 bar] 17
300 ) ‘ Tavg c. Pc= 250 bar| y

275

250

225

200

Average segment temperature °C

175

1.3

Specific heat, kJ/kg-°C

[ B A AT A

1.2
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P N S S T SN TSNS NS T ST S T ST S S S S
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Alllllllllllllllllllll‘l
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Segment number, i

Fig. 4. Variation of sCO2 specific heat along segments of typical LTR at Py, = 250 bar, P; = 75 bar, Tp j, = 350 °C, and T, = 150 °C. Note: the segments are assumed to have the same

length.
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constant and fixed as Nu; = 4.089. The mass flow rate (m) in each
hot and cold channel is:

My j = 131 hoL i = Nm—co_ld (20)
pairs pairs

where my,, and m.,y are the total mass flow rates of the hot and

cold steams.

For each single heat exchanger unit (as shown in Fig. 5 (b)) the
total number of the segments (N) was iteratively selected until the
total pressure drop does not exceed 5% of the inlet pressure. The
total pressure drop (in hot or cold sides):

N
APyopq = ZAPi (21)
i=1
LV
AP; *frd—eq'l)z‘T (22)
where f; is the friction factor. For turbulent flow [8]:
where 6, is the relative roughness:

-1
fi=0.11- 441.195;6}-”72) (441.195;8}-‘772) (441195?.3}'”72) )

6rel:e/d (24)

Length of each segment ; is estimated until (AP, < 5% of the
inlet pressure).

The heat transfer across each segment is substituted in terms of
the temperature difference of the hot and cold stream as follows:
ATp; = Thip1 — Thy

Qi =1y ;*CPayg hi* AT i (25)

Qi:mc,i'Cpavg,c,i'ATc,ia AT ;=T — Tej (26)
Once [; and the total length of all segments are determined, Egs.

(13), (25) and (26) are solved simultaneously to obtain the hot and

cold temperatures.

3.3. Exergy model

After solving the energy model and obtaining temperatures and
pressures at each state, the total exergy and the physical exergy are
calculated:

E=Eyp +Eq (27)

Epp=m[(h— ho) —To(s — So)] (28)

Exergy balance for component k is used to obtain its exergy

0.25

destruction rate Ep . [45]:
Epk=> Eqi+Wi+> Eix—> Eok (29)
J i o
For each cycle component, the exergy efficiency is expressed in
terms of the fuel exergy (EF,,() and product exergy (E.P"k) of the
component as given in Eq. (30):
(23)
E
e =Lk (30)
EF,k

For the overall system analysis, exergy loss to the environment
(EL,Ic) must be considered such that the overall second law effi-
ciency is:

D> Ehp‘,k —1_ > (ED‘k M EL’k) (31)

S Epy S Erk

Table 1 shows the definitions of Eg y, Ep, Epy, and Ej for M1.

€o
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Table 1

Definitions of fuel, product, destruction, and loss exergies for components of M1.
Component Ep Ep, Epy ELi
Oxy-combustor Ei1 + Eqp + Eg3 E; Ey+ Enp+ Eis— Fy 0
Turbine Ei—E Wia Ei—Ey— Wigq 0
Compressor W:‘u E7 - EG W::.u - (E7 - EG) 0
HTR E> —E5 Ey1—Evo E; — E3 — (E11 — E10) 0
LTR E3—E4 Eyo— E7 E3 — E4— (E10 — E7) 0
Preheater Ei6— E17 Eq— Eg E1g — 17 — (Eg — Eg) 0
Precooler E, Es E4— Es- (E15 — Eq14) Eis—Eqy

( Puets tg. e, e, TIT,CIT, Pey, Pry )

|

Tll.est

!

Solve Eqs. 1 -8 for mcoz, anzo, m,.coz, moz, Thcm |

I, N

Solve Eqs. 20 -24 for AP0

|

| T3,est: T4-,estl TlO.est |
L 2
Solve Eqs. 32-43 & 13-19 for

Tl 1,act: T1 0,act» TS,act' T4,(‘u‘t

l

Ti1act =T11est
Tl(),ncl = Tll),esl
T3act = T3est

Taact = Taest

Yes

¥

Proceeds
calculations

4

End

Fig. 6. Flow chart and calculation procedures.

3.4. Algorithm flow chart

To simulate the performance of preheater in M2 and M3

Table 2
Input parameters of the direct oxy-fuel preheated sCO2 cycle.

Parameter Range Design value
Higher pressure Pp[bar] 200-300 250
Lower pressure Pj[bar] 75—100 78
Turbine inlet temperature, Trmqgx[°C] 500—800 750
Compressor inlet temperature, Ty,;,[°C] 33-50 50
Split ratio, Sy 0.2—-1 0.5
Net electrical power, Ppet[MW] 50 50
Efficiency of generator, 7g[%] 95 95
Efficiency of turbine, n;[%] 90 90
Efficiency of compressor, 7.[%] 85 85
LHV-methane[k]/kg] 50,050 50,050
Power consumed by the air separation unit, MW 6.5 6.5

configurations, the calculation procedures (as shown in Fig. 6) are
performed as follows: first, thermodynamics code is written to
obtain the thermodynamics properties of sCO, at the specified
states and to solve the model equations simultaneously (using the
Engineering Equation Solver (EES) program). The input parameters
are varied one at a time within the specified range shown in Table 2.
The solver automatically obtains the thermodynamics data based
on the relations (Fig. 5) and specific heats at pre-assumed average
temperatures of each segment. The code solves the unknowns (Ts,
T4, T10, and Tq1) and calculates the actual average temperatures of
each segment of the recuperators. Then, the average calculated
temperatures are compared to the pre-assumed ones and the
calculation process is repeated using the new average temperatures
as inputs for the next iteration until convergence.
The pre-assumed temperatures are predicted as following:

1) guess the outlet temperatures of the hot and cold streams (T3 est,
T4,esty TIO,estv TII,est)- li and N.

2) assume uniform temperature difference in hot and cold streams
such that the initial guess:

AT; p, HTR est = W’ (32)
AT; n, LR est = wv (33)
AT; ¢ HTR est = M (34)
AT; ¢ LR est =w (35)

3) calculate the average temperature of each segment based on
assumed values in 1 and 2 as:
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Table 3
Cost balance and auxiliary equations of M1.
Components Cost balance Auxiliary
Oxy-combustor Cy =C1y+ Cia+ Ci3+ Zoc Nil
Turbine G + Cp_t =Ci+ Z & B 2
Ei E
Compressor C7 _ Cp_c — Cs + 7 C'p‘[ B Cp_c
Wt.ﬂ WC.(I '
HIR Ci1+ G = Co+ Cro+ Zum &:E
Ey Ej
LTR Cio+Cq =C3+ G+ Zig G G
Eg E4 '
Preheater Co+ C17 = Cg+ Cig+ th Q @
Eg  Eg
Precooler C14 + CG = C4 + C15 + ch C4 CG .
A6 C¢,=0
Es Ee
Ti,c,augA =17 + ATL ¢, LTR_est X (i—0.5), (36)
Ti,c‘avg. HIR = T10,est + AT; ¢ HTR est % (i—0.5), (37)
Ti,h,ang HTR_est — TZ - ATi«, h, HTR_est X (N/ 1— 0-5)7 (38)
Tihavg, LTR est = T3.est — AT p, 17r X (N /i—0.5) (39)

4) solve pressure drop equations 21—24 until the total number of
hot/cold channels and the length of each segment I;satisfy the
pressure drop criteria (AP;y;q < 5% of the inlet pressure).

5) solve Eqgs. (1)—(19) with Eqgs.(25) and (26) simultaneously to
obtain the actual temperature difference of recuperator seg-
ments and calculate actual outlet temperatures as:

N
Tsact =Tz = > _ ATip H1R act: (40)
i=1
N
T4,act = T3,act - Z ATi,h LTR_act» (41)
i=1
Table 4
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N
Tloﬁact = T7 + Z ATLC, LTR_act» (42)
i=1
N
T]l,act = TlO,act + Z ATi,c, HTR_act> (43)

i=1

6) compare actual and estimated temperatures, repeat until
convergence.

The design input parameters are shown in Table 2 with cycle
high-pressure range from 200 to 300 bar. The high-pressure is one
of the challenges of sCO, technology, however, Heatric company
developed high-pressure recuperators (PCHEs) fabricated from 617
alloy and able to operate at 300 bar [27]. To make a purely super-
critical analysis, the lowest values of the temperature and pressure
at the compressor inlet are specified to be higher than the critical
point of the CO; (31 °C, 73.8 bar), while the highest values are
selected based on dry-cooling conditions. The turbine and
compressor isentropic efficiencies were selected based on available
data in literature. To be conservative, the effectiveness of recuper-
ators was set less than reported values in literature. Moreover, the
power consumed by the air separation unit (ASU) was taken as 13%
from the net output power of the cycle as recommended by Allam
et al. [27].

3.5. Exergoeconomic model

Exergoeconomic analysis combines exergy and economic ana-
lyses at the level of the system components [36]. In this study, the
exergoeconomic model is built to obtain product cost per unit
exergy. The contribution of each component in the final product
cost is used to evaluate the effects of including preheater and split
process at the compressor exit. The general cost balance equation is
applied to each component to obtain the cost rate of each stream:

Z Cout,k + Cpo,k = Z Cin,k + Cq«,k + Zlc (44)

where Gy, and Cyy¢  are the cost rates of inlet and outlet streams of

the component. Cq,k and Cpo‘k are the cost rates related to the
thermal energy input and power output of the component (if

Equipment cost formulae (baselined to 2019 U S. dollars using the average Chemical Engineering Plant Cost Index (CEPCI) for 2019, the last full year for which CEPCI values were

available for this study [56]).

Component Capital investment cost

Oxy-combustor Zoc = 677203 x Q958 x froc

froc =1+ 5.4 x 1075 (Tyax — 550)2

Turbine 7 _ 195382 x stsm s

fre =1+ 1.106 x 10~4(Tynax — 550)*
;0.3992

compressor Zc = 1316100 x W,

AR Zyr = 52.91 x (UARTR™ x fr um
fr.ur =1+ 0.02141 (Tyax — 550)

HR Zi = 5291 x (AR x fr 1w
fr.imr = 1+ 0.02141 (Trax — 550)

Preheater Zpp = 52.91x (UA)2;17544 x fir.oh

fr. =1+ 0.02141 (Tyax — 550)

Zpe = 35.18 x (UA)YT®

Precooler [8] o

Original application Notes
Natural gas-fired primary heaters Qoc in MW
Axial turbine Wiq in MW
Integrally geared centrifugal compressor Weq in MW
PCHE UA in W/°C
PCHE UA in W/°C
PCHE UA in W/°C
Direct air cooler UA in W/°C
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Table 5

Comparison between oxy-combustion sCO, power systems.
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System

Classification

Compression

Regeneratio

n Heat source Expansion

Design Thermal

conditions

efficiency(%)

Allam [27]

Allam + RH [27]

Matiant [58]

DEMO [59]

Recuperated

CPOC [60]

Quasi Combined

[61]

CPOC [60]

TCO [62]

Present study

Single-flow

Single-flow

Single-flow

Single-flow

Single-flow

Split-flow before

compression

Single-flow

Single-flow

Split-flow before
recuperator/preheating

Gas

Single-

compressors + intercooler + condenser recuperator

+liquidpump

Gas

Single-

compressors + intercooler + condenser recuperator

+liquidpump

Gas compressor + intercoolers

Gas

Single-
recuperator

Single-

compressors + intercooler + condenser recuperator

+liquidpump

Gas

Dual-

compressors + intercooler + condenser recuperator

+liquidpump

Gas

Dual-

compressor + condenser + liquidpump recuperator

Gas

No-

compressor + condenser + liquidpump recuperator

Gas-

Dual-

compressor + condenser + liquidpump recuperator

Gas-compressor

Dual-
recuperator

Single Oxy-combustor Single-
expander

Oxy- Dual-
combustor + reheater expanders

Oxy- Dual-
combustor + reheater expanders

Oxy- Triple-
combustor + reheater expanders

Single Oxy-combustor Single-
expander

Single Oxy-combustor Dual-
expanders

Single Oxy-combustor Single-
expander

Oxy- Dual-
combustor + reheater expander

Pre-heater + Oxy-
combustor

Single-
expander

59.0

60.0
300 [bar]

Py =1 [bar]

Tmax =

1150 [°C]

Tinin =

20 [°C)

443

Py = 52.0
240 [bar]
P; = 4 [bar]

Tmax =

63.0

Py = 65.6
156 [bar]
P, =1 [bar]

Tmax =

Py = 40.0
483 [bar]
Py =1 [bar]

Tmax =

705 [°C]

41.67(M1)
250 [bar]  46.07(M2)
P, =75 [bar] 53.04(M3)
Tmax =
750 [°C]
Tinin =

50 °C]

existed). Z is the sum of capital investment, maintenance, and
operating costs, which is expressed as in Eq. (45) [37]. Table 3

shows the application of Eq. (44) on each component of M1.

1

. CRF
Zk= (T

)Zk + “/ka/T

(45)

where Zj, is the total investment, operating, and maintenance costs
of each component which is presented in Table 4. v, is the
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weighting coefficient (fixed at 0.06) and 7 is the plant operation
time per year (8000 h). The CRF is the capital recovery factor which
is related to the interest rate (w = 12%) and the lifetime of the plant
(n = 20 years):

- (1+w)"

CRF= £ U199
1+w'—1

(46)

Two indicators are used to evaluate the exergoeconomic per-
formance of the system; the total product unit cost (Cp to¢q):

S Ze+ 3 ckr
Cp total = =15 mp '17] (47)
224 Ep
and the exergyeconomic factor f, [55]:
Z
fi=o—k (48)
Zy+Cpg

where Cpy = crrEpi

The equipment cost formulae in Table 4 are obtained from
Nathan et al. comprehensive study [57] which were baselined to
2017 U S. dollars using the average Chemical Engineering Plant Cost
Index (CEPCI) for 2017. These correlations were built based on
various vendor quotes and adjusted for two independent sources of
uncertainty, which are: 1) vendor quote confidence rating uncer-
tainty, and 2) cost model weighted correlation error (how well the
model fits the vendor data). Furthermore, the developed correla-
tions by Nathan et al. [57] include temperature correction factor to
account for material selection as a function of temperature. In this
study, the costs are translated to 2019 U S. dollars by multiplying
the original correlation from Ref. [57] by the ratio of the average
CEPCI index for 2019 (607.5) [56] to the average CEPCI index for
2017 (567.5) [57]. It worth mentioning that the difference between
the results of the cost formulae used in this study and those used by
Luo and Huang [8], which were developed based on old year in-
dexes (between 1986 and 2003) is about 6.64% in the resulted total
product unit costs that were presented in section 4.7.

Table 6
Comparison of the model results with data given by Refs. [63,64].
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4. Results and discussion
4.1. Comparison and validation

Table 5 presents comparison between the present work and the
previously published studies that use oxy-combustor to heat the
sCO; to the desired TIT. It can be noted that the available previous
studies include oxy-combustor only or with addition of a reheater,
while the integration of the preheater and oxy-combustor, pre-
sented in the present study is not available in literature. Consid-
ering the compression process, almost all listed studies use the
intercooling compression in combination with a liquid pump. This
implies that the compression process takes place near or below the
critical state and the wet cooling method is involved. However, wet
cooling is not always available and requires considerable amount of
water and large area. So, in the present study, dry cooling is selected
to cool the working fluid up to a minimum temperature of 50 °C.
Looking at the thermal efficiency of these studies, it is mainly
related to the pressure and temperature at the inlet of the turbine
and the compressor. The quasi-combined and the recuperated
Cryogenic Pressurized Oxy-Combustion (CPOC) cycles have thermal
efficiencies of 65.6% and 63%, respectively. Even though these cycles
have very high efficiencies, they are impractical cycles due to their
layout complexity, high rated TIT, and cryogenic cooling system.
The efficiency of the CPOC cycle without recuperator and with
moderate TIT is about 30% with a simpler layout. The basic Allam
cycle and Allam cycle with the reheating process have efficiencies
(at same design conditions) of about 59% and 60%, respectively. The
very high pressure of the Allam cycle (300 bar) and low minimum
temperature (20 °C) with high TIT (1150 °C) yield slightly higher
efficiency than the proposed one in this work. In this study, to avoid
technical issues associated with the high pressures and high TIT, a
pressure of 250 bar and temperature of (750 °C) were set at the
turbine inlet (state 1) with an achievable minimum temperature of

Table 7
Specification of two waste heat sources that have a major potential to drive the
preheater proposed in M2 and M3°.

Heat source # S1[65] S2 [66]
Source type MGT GTC
HTF EGM EGM
Tie °C 554 680
ATy, °C 20 20
My, kgfs 89 178

@ HTF: heat transfer fluid; MGT: marine gas turbine; GTC: gas turbine cycle; EGM:
exhaust gas mixture.

Parameter Ref. [63] Present study Ref. [64] Present study
Net power capacity Pper, [MW] 393 393 401 401
Turbine parameters: 1150 1150 1150 1150
T;;, [°C] 300 300 300 300
Py, [bar] - 0.95 - 0.95
N (=] 640 587 622 586
Wea [MW]

Compressor parameters: 33 33 33 33
T, [°C] 30 30 30 30
P, [bar] 0.95 0.95 0.95 0.95
Ner =1 134 194 103 198
Wea [MW]

Combustor parameters: 738 738.30 723 726.8
Teo.ir [°C] 1264 1189 1200 1154
TMrco, 1kg/s] 63 58.4 62 58.33
g, [ke/s] 15.5 14.6 15.5 14.58
ey, [kg/s]

Cycle efficiency, [%] 50.78 48.50 51.8 49.55
Difference in efficiency (%) 4.5 43
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Fig. 7. Effect of combination of the preheater and direct oxy-combustor on a) the net power output, b) overall efficiency, and c) the fuel flow rate of the proposed layouts.

-lli-?flzlcet ts)f the combination of the preheater and direct oxy-combustor on the performance of the sCO, power cycle.
Heat source #  Wper, MW g, kgfs Noveral> %
Without combustor M1 M2 M3 Without combustor M1 M2 M3 Without combustor M1 M2 M3
S1 337 10 10 10 - 0.54 0.44 0.23 17.63 37.26 30.03 36.08
S2 10.50 30 30 30 - 1.60 1.25 0.89 2223 37.26 31.50 34.05

50 °C by the dry-cooling process. At these conditions, an efficiency
of 37.5% is obtained by the present system without-preheater (M1).
With preheater, the achieved efficiencies in M2 and M3 are 41.3%
and 45.8%, respectively.

The results obtained by the present model are validated by
comparison with the data provided by Ricardo [63] and Haseli and
Sifat [64] as shown in Table 6. It can be noted that the actual turbine
work predicted by the present model is lower and the actual
compressor work is higher than the provided data in theses refer-
ences. This difference is explained by that the compression process
in the present study is calculated as a single stage (without multi-
inter cooling processes as done in the available literature in
Refs. [63,64]). Also, references [63,64] assumed that part of the heat
generated by the air separation unit (ASU) is recovered by the
recuperator, which enhances the thermal efficiency of the system.
In these references, the details of the multi-inter cooling processes
and the recovered heat were not provided to facilitate fair and
complete comparison with the present study. However, the resul-
ted difference does not exceed 4.5%. No other similar and suitable
studies for comparison were found in open literature.

13

4.2. Preheater and split effects

To explain the effect of the combination of the direct oxy-
combustor with the preheater, the performance of the proposed
layouts was compared based on four cases as following:

e Case 1: if the power cycle is driven only by the heat source of the
preheater (without combustor).

e Case 2: if the power cycle is driven by the combustor without
preheater (M1).

e Case 3: if the power cycle is driven by both the combustor and
the preheater, which is connected in parallel with the LTR, (M2).

e Case 4: if the power cycle is driven by both the combustor and
the preheater, which is connected in parallel with the LTR and
the HTR, (M3).

Table 7 shows the details of two heat sources that were utilized
for the preheating process. It can be noted that both S1 and S2 have
inlet temperatures higher than 550 °C which form a potential
source to drive a sCO, power cycle. However, the relatively low
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Table 9
States, thermal loads and power of the proposed system components.
State M1 M2 M3
T p MMco, Cp,co, T p Mo, Cp,co, T p MMco, Cp,co,
°C bar kg/s kI °C bar kg/s K °C bar kg/s k]
kg —C kg — C kg — C
1 750.0 248.35 412.7 1.285 750 249.80 412.7 1.285 750 249.32 412.7 1.285
2 591.5 78.00 412.7 1.216 591.5 78.00 412.7 1.216 591.5 78.00 412.7 1.216
3 301.5 77.56 412.7 1.132 388.6 77.80 412.7 1.155 545.9 77.78 412.7 1.203
4 172.7 75.91 412.7 1.149 270.8 77.64 412.7 1.128 365.8 77.62 412.7 1.148
6 50.0 7591 406.1 2.36 50.0 77.64 406.7 2.36 50.0 77.62 407.5 2.36
7 149.9 250.00 406.1 1.75 149.9 250.00 406.7 1.75 149.9 250.00 407.5 1.75
8 149.9 250.00 406.1 1.75 149.9 250.00 406.7 1.75 149.9 250.00 407.5 1.75
9 2504 250.00 406.1 1.343 352.8 249.80 406.7 1.258 486.5 249.84 407.5 1.248
10 250.4 248.35 406.1 1.343 352.8 249.80 406.7 1.258 486.5 249.32 407.5 1.248
11 526.8 248.35 406.1 1.252 548.7 249.80 406.7 1.254 575.8 249.32 407.5 1.258
Ny [%] 375 412 4538
Noverall %] 375 339 309
Tie — 400 600
Quy[MW] 0 55.36 110.52
Qi [MW] 59.92 55.36 87.35
Quer [MW] 140.32 99.31 22.78
Qoc[MW] 119.99 108.53 94.27
Qeooler[MW] 64.15 105.75 17439
W MW 78.62 78.62 78.62
WE[MW] 25.99 25.99 25.99
. kg 2.40 217 1.88
Mcy, {?]
. [kg 9.60 8.68 7.52
Moz [?}
. k; 406.10 406.70 407.5
Mrco2 [ S }
kg 5.40 4.85 4.20
M0 ?]
kg 412.70 412.70 412.7
Mco2 {?}

mass flow rate of the exhaust gas mixture (EGM) limits the net
output power of the cycle if it was driven only by the heat source
(Case 1). As shown in Fig. 7 (a), without a combustor, the net output
power of the cycle is limited to 3.37 MW for S1 specifications and
10.50 MW for S2 specifications. Furthermore, the overall efficiency
of the cycle without combustor was 17.63% and 22.23% for S1 and S2
specifications, respectively (See Table 8 and Fig. 7 (b)). On the other
hand, with the presence of the direct oxy-combustor (cases 2 to 4),
the net output power can be designed based on the demand and
did not limited by the specifications of the heat source of the pre-
heater. For instance, the net output power of the last three cases can
be three times higher than case 1 (10 MW for S1 specifications and
30 MW for S2 specifications), See Table 8 and Fig. 7 (a). In addition,
the overall efficiency of the last three cases was significantly higher
than of case 1 as shown in Fig. 7 (b). Based on the reported speci-
fications of S1 and S2 (see Table 7), it can be noted that M1 has the
highest overall efficiency followed by M3 and M2 as shown in Fig. 7
(b). This may inform that the insertion of the preheater in M2 and
M3 negatively affects the performance of the overall cycle. How-
ever, the insertion of the preheater reduces the mass flow rate of
the consumed fuel by 22% in M2 and 34% in M3 for S1 and by 28% in
M2 and 79% in M3 for S2, see Table 8 and Fig. 7 (c). Moreover, the
overall efficiency of M3 is competitive for M1 and higher than M2
by 6% for S1 and 2.5% for S2. This implies that M3 has the potential
to be the best economic option as well be discussed in section 4.7.

The insertion of preheater within the direct oxy-fuel sCO, cycle
affects its performance due to reducing the heating load of the
combustor by increasing the inlet temperature of the recycled CO,
(Table 9, state 11) and due to improving the performance of the
recuperators. In the sCO; cycle, the specific heat (Cp) of the working

14

fluid is dramatically changing through the components. Inside the
recuperators, in conventional cycles (M1), Cp of the cold side (high-
pressure) is higher than that of the hot side (low-pressure) with
almost equal mass flow rates in both sides. This makes the heat
capacity rate (product of the mass flow rate and Cp) of the cold side
higher than that of the hot side which results in unbalanced heat
transfer process in recuperators. The temperature rise of the cold
side will be lower than the temperature decrease of the hot side
leading to a “pinch-point” problem. The split flow concept was
introduced as a modification for the single flow sCO, layouts
(including recompression, partial cooling, and preheating layouts)
to alleviate the imbalance of Cp near and away from the critical
state. This is done by adjusting the mass flow rate of the cold side
(adjusting the split ratio) to decrease the heat capacity rate of the
cold stream which yields a closed temperature approach and im-
proves the performance of the recuperators.

As mentioned above, S; is the ratio of the recycled CO; that is
heated by the LTR (in M2) or by LTR and HTR (in M3) to the total
recycled CO,. For instance, in M2, S; = 0.2 means that only 20% of
the recycled CO, passes through the LTR, while 80% passes through
the preheater. So, the increase of S; increases the heat capacity rate
(HCR) of the cold side (as shown in Fig. 8(a)) relative to the hot side.
This yields slight decrease in the cycle efficiency until the HCR of
the cold side exceeds that of the hot side. At this point (S; = 0.75),
the cycle efficiency sharply decreases up to the value of the con-
ventional system (M1) at S; = 1. Also, on the cold side, the HCR of
the LTR is higher than the HTR. This implies that the heat transfer in
HTR is more effective than in LTR, which reduces the thermal load
of HTR. From Fig. 8(b), the heating contribution of LTR (Qi) in-
creases to the maximum point at Sr = 0.75 then starts to decrease.
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The heating load of HTR (Qp¢) in M2 remains constant up to
Sr = 0.75 then starts to increase. In M3, the Qpg slowly increases up
to Sy = 0.75 then sharply increases to compensate for the reduction
of LTR.

The heating process of the recycled CO, from the compressor
outlet temperature to the TIT is performed by the cycle recuper-
ators and the oxy-combustor in M1. From Fig. 9(a), the HTR pro-
vides about 44% of the heating load, the oxy-combustor provides
37%, while the LTR provides 19%. After the implementation of the
split flow, the contribution of the HTR is reduced to 31% while the
preheater contribution is very close to the contribution of the LTR
(in M2) since the split ratio is fixed at 0.5. However, the contribu-
tion of the LTR increased to 28% while decreased to 7% for the HTR
in M3. Also, the combustor contribution reduces to 30% in M3. That
means the split flow in M3 enhances the heat recovery through the
LTR which minimizes the contribution of the HTR. The HTR is
incorporated within the cycle to reduce the irreversibility and to
enhance the heat recovery. So, it can be concluded that the pre-
heating process along with the split flow in M3 scenario reduces
the overall size of the recuperators and increases cycle efficiency.
Furthermore, the preheater creates an opportunity to utilize
moderate-temperature waste heat sources.

While the preheater improves the cycle efficiency and enhances
the outlet temperatures from recuperators in the cold side, it affects
the recuperators outlet temperature in the hot side. As the split
ratio is reduced, the preheater load is increased and so the pre-
cooler load. For instance, at the design point, the cooler inlet
temperature (T4) in M3 is higher than that of M2 and in M2 is
higher than M1. Thus, the size of the cooler is increased with the
increase of T4. So, to improve the cycle efficiency and the perfor-
mance of the recuperators with a feasible cooler size, the split ratio
should be optimized. For the selected design point of this work, the
optimum split ratio is found at Sr = 0.75 (Fig. 8). At this ratio, the
thermal loads of the preheater, cooler, and HTR are much lower
than that of LTR with a thermal efficiency of 41.7% in M2 and 45.8%
in M3.

4.3. Effect of high and low pressures

Fig. 10(a) shows the variation of the cycle efficiency of each

M3

B Qoc mQph Qhtr © Qltr

(c)

Fig. 9. Thermal contribution of the oxy-combustor, HTR, LTR, and preheater at design point.
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mode with the increase of the high-pressure while the other input
parameters are kept fixed at the design values (see Table 2). It can
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be noted that as the turbine inlet pressure (the high pressure) in-
creases, the cycle efficiency remains almost the same in M1 and M2,
while tends to decrease in M3. However, the cycle efficiency of M3
is higher than that of M2 by 3.74% and of M1 by 8.21% for Py, range of
200—-300 bar.

In contrast to the high-pressure effect, the increase of the lower
pressure (Fig. 10(b)) increases the cycle efficiency in M3 and M2
while tends to remain the same in M1. For M1, when Py, is increased
with fixed P, the pressure ratio PR=Py/P; increases, the thermal
efficiency is increased. While when P; increases with fixed Py, the
PR decreases, the thermal efficiency is decreased. For M2, the
addition of pre-heater, resulted in reducing Qo causing the effi-
ciency to go up by 3.74% compared to M1. In M3 the efficiency went
up by 8.3% compared to M1 because Q. is reduced much more
compared to M2. This means that M3 is more effective in contrib-
uting heat to reduce Qu.. The decrease in efficiency in M3 as Py
increases with fixed P is explained by the decrease of Cp of the
sCO2 at compressor outlet with higher pressure as shown in
Fig. 10(c). This, in turn, reduces the effect of the recovered heat by
recuporators which results in lower temperatures at the combustor
inlet, which requires more heat by the combustor to reach the
design TIT. However, this reduces the cycle efficiency only by 1.30%.



Table 10

Range of available temperature in some waste heat sources [67].

Type of device

Temperature (°C)

Annealing furnace cooling systems 425—-650
Catalytic crackers 425—-650
Heat treating furnaces 425—-650
Reciprocating engine exhausts 315-595
Drying and baking ovens 230-595
Gas turbine exhausts 370—-540
Steam boiler exhausts 230—-480
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Fig. 12. Effect of preheater outlet temperature on overall efficincy and fuel mass flow
rate.

4.4. Effect of maximum and minimum temperatures

Higher TIT (Tmax) yields higher thermal efficiency as shown in
Fig. 11(a). Usually, the TIT is limited by the thermal properties of the
turbine materials. However, the sCO; cycle achieves high effi-
ciencies with moderate TITs. So, in Fig. 11(a), the TIT is set to be
within the range of 500—800 °C with T, kept fixed at 50 °C. In this
range, the cycle efficiency is improved by 7.88% in M3 and by 3.70%
in M2 compared to M1. The main drawback of increasing Tpax is
that it increases the required sizes of all heat exchangers. While the
increase of Trpax improves the cycle efficiency, the opposite is true
for the increase of Tpin as shown in Fig. 11(b) (with Tax = 750 °C).
As the inlet compressor temperature (Tpin) is close to the critical
temperature of the CO,, the cycle efficiency jumps to 52.48% in M3,
46.79% in M2, and 40.31% in M1. However, for dry cooling condi-
tions, the design value of Ty is set to 50 °C. This value is achievable
by dry cooling process, where the lower pressure can be adjusted to
the optimum value. Furthermore, in the case of dry cooling, the
intercooling compression can enhance the cycle efficiency. How-
ever, to focus on the effects of the preheater, the other possible
improvements (such as reheating, dual expansion, precompression,
and intercooling compression) are not investigated in this study.

4.5. Overall performance with preheating process

In this section, the effect of the heating load provided by the
preheater on the overall performance of the cycle is discussed. As
shown in Table 10, there are several waste-heat resources with
available temperature in the range of 200—500 °C in which, the
recovery of waste heat by the preheater of the sCO2 cycle reduces
the amount of combusted fuel as shown in Fig. 12. However, the
overall efficiency of the cycle is reduced due to the heat added to
the preheater. It is found that the overall efficiency of the cycle
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Second-law efficiency of cycle components in M1, M2, and M3 at P, = 250 bar, P; = 75 bar, Tpax = 750 °C, and Tpn = 50 °C.

Configuration Combustor Turbine Compressor Recuperators Preheater Precooler Overall cycle
% % % % % % %
M1 75.56 98.92 89.50 68.21 — 86.88 84.22
M2 78.04 98.92 89.50 77.72 73.27 82.52 86.52
M3 81.20 98.92 89.50 90.86 88.68 77.95 88.78
without-preheater (M1) at the design point conditions (except Table 12

P; = 78 bar) is 41% with a fuel mass flow rate of 2.5 kg/s. The outlet
temperature of the working fluid passing through the preheater (T9
in M2 and M3) depends on the available temperature of the waste
heat sources. It is found that the overall efficiency of the cycle de-
creases with the increase of T9 alongside with a decrease in the
required flow rate of the fuel. If T9 is designed to be in the range of
200—400 °C, as shown in Fig. 12, the overall efficiency of the cycle
decreases from 34% to 27% in M2 and stabilizes at 28% in M3.
Comparing the mass flow rate of the fuel, it is found that the fuel
flow rate reduces from 2.5 to 2.1 kg/s in M2. In M3, it reduces from
3.2 to 1.8 kg/s which means that the operation of M3 consumes
more fuel than in M2 at outlet temperature less than 360 °C. This
means that M3 is suitable for waste heat resources with high
temperature (360 °C) and M2 is more suitable for waste heat with
lower temperatures.

4.6. Exergy analysis results

In this section, the second law efficiency of the three layout
configurations is analyzed for the overall cycle as well as for each
component. The effects of the major operating conditions on the
overall second law (exergy) efficiency (e,) are presented in Fig. 13.
Based on the design range of these conditions, it can be noted that
g0 of M3 is the highest and of M1 is the lowest. This is explained by
that the splitting-preheating process reduces the mass flow rates as
well as the temperature differences across the combustor, recu-
perators, and the precooler (major sources of the irreversibility).

As shown in Fig. 13(a), the increase of the high pressure reduces
g, of the cycle. This returns to that higher-pressure that yields
higher temperatures at the exit of the compressor, which in turn
reduces the recuperative heat by the recycled sCO, and increases
the temperature at the inlet of the precooler. Furthermore, this
reduces the temperature at the inlet of the combustor. Aa a result,
the temperature differences across the compressor, recuperators,
combustor, preheater, and precooler are increased and their ¢, are
decreased at higher cycle pressures. The increase of the higher
pressure from 200 to 300 bar reduces ¢ of M1 from 79.80% to
77.66% (Aeo = 2.14%), of M2 from 83.12% to 81.16% (Ae, = 1.96%), and
of M3 from 86.78% to 84.67% (Ae, = 2.11%), implying that the
sensitivity of &, for the higher pressure is reduced with the
splitting-preheating process applied in M2 and M3.

In contrast to the higher pressure, the increase of the lower
pressure improves the g, of the three layout configurations as
shown in Fig. 13(b). It is noted that the increase of the lower
pressure (from 75 to 100 bar) slightly reduces the exergy efficiency
of the compressor (by 1.39%). The increase of the lower pressure
reduces both the fuel and product exergies of the compressor.
However, the reduction of the product exergy is larger than of the
fuel exergy which results in less compressor &,. Furthermore, the
increase of the lower pressure reduces the temperature at the
outlet of the compressor which enhances the performance of the
recuperators and yields a higher temperature at the inlet of the
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Temperatures at the inlets and outlets of the three layout components at
Py, = 250 bar, P; = 75 bar, Tpax = 750 °C, and Tpn = 50 °C.

Configuration T,,°C Ta,°C T4,°C Te,°C T7a,°C T11,°C
M1 750 586 178 50 156 525
M2 750 586 216 50 156 545
M3 750 586 255 50 156 565

combustor. Also, higher pressure at the turbine outlet means higher
temperatures too. So, the temperature differences increase across
the recuperators and reduce across the combustor, turbine, and the
precooler. This implies that ¢, of the later components are
improved (by 4.06%, 1.08%, and 3.62%, respectively) with the in-
crease of the lower pressure which yields a higher overall exergy
efficiency.

The increase of TIT reduces the ¢, of the precooler by 1.03% over
its range while ¢, of the combustor and recuperators are improved
by 5.03%, 2.55%, respectively. This yields to higher overall ¢, with
higher TIT as shown in Fig. 13(c). While the increase of CIT reduces
the energy efficiency of the cycle, it increases the exergy efficiency
in M1 and reduces it in M2 and M3 as shown in Fig. 13(d) by less
than 1% in all configurations. The behavior of M1 curve results from
the increase of the recycled sCO2 temperature at the inlet of the
combustor which improves its ¢, higher than the slight reduction
occurs in g, of the precooler.

Table 11 shows ¢, of the components of each layout at the design
point conditions (Tmax = 750 °C, Tmin = 50 °C, P, = 250 bar,
P; = 5 bar, and Pper = 50 MW) and optimum Sr = 0.75. It can be
noted that e,0f the compressor and turbine remain constant in the
three layout configurations. Also, &, of the recuperators and the
combustor are increased while of the precooler is decreased. The
reduction of the precooler &, (from 86.88% in M1 to 77.95% in M3)
returns to that its inlet temperature in M2 and M3 is higher than in
M1 (see T4 in Table 12) which increases both the exergy destruction
and exergy losses across its wall to the environment (cooling fluid).
In contrast, the temperature at the inlet of the combustor in M2 and
M3 is higher than in M1 which improves its ¢, (from 75.56% in M1
to 81.20% in M3). Regarding the recuperators, the temperature
differences in the hot side (T»,—T4) are 408 °C for M1, 370 °C for M2,
and 331 °C for M3 while in the cold side (T1;—T7,) are 369 °C for M1,
389 °C for M2, and 409 °C for M3. This means that the amount of
the temperature difference reduction in the hot side is larger than
the increase in the cold side. Furthermore, the splitting of the
recycled sCO2 in M2 and M3 minimizes the pressure losses across
LTR, HTR, and preheater. All of these notes explain the reasons for
the increase in g, 0f the recuperators from 68.23% in M1 to 90.86% in
M3.

Fig. 14 presents the exergy destruction portion of each compo-
nent from the total exergy destruction in each configuration at the
design point conditions. Compared to exergy share in M1, it can be
noted that the percentage of the HTR reduces by 14% in M2 and by
15% in M3. In contrast, the exergy destruction of the precooler
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Fig. 14. Exergy destruction of each layout component in a) M1, b) M2, and c) M3 at
Pn = 250 bar, P; = 75 bar, Tmax = 750 °C, and Tpin = 50 °C.
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increases by 3% in M2 and by 11% in M3. Furthermore, the portion
of the LTR is minimum in M2 and maximum in M3. Similarly, the
preheater portion reduces from 25% in M2 to 11% in M3. This
explained by that the temperature difference between the inlet of
the heat source stream (Tyg) and the temperature of the recycled
CO; at the exit of the preheater (Tg) is much lower than in M2
which improves the exergy efficiency of the preheater and mini-
mizes its contribution to the total exergy destruction. This confirms
that the preheating process improves the exergetic performance of
the recuperators and oxy-combustor which improves both ener-
getic and exergetic efficiencies. However, the size and performance
of the precooler are negatively affected by these modifications. So,
it is necessary to investigate the three layout configurations based
on an exergoeconomic approach to evaluate the effectivity of
adding the preheating process within the basic layout (M1).

4.7. Exergoeconomic analysis results

Fig. 15 simulates the variation of the total product unit cost
(Cp,totat) of each configuration with the variation of a) the maximum
temperature and b) the PR of the cycle. Fig. 15 (a) shows that the

13 T T
—®—Cp total, M1
12 !\.\ —8—Cp total, M2
\.\.\.\. —4A—Cp total, M3
1f e —, ]
— TT—e—
) .\I\. — ¢
9 10 —
&, i\m\.\‘
% or \‘\‘\A\ ]
od ‘\‘\z
8 - "
7L i
6 Il 1 1
550 600 650 700 750
Tmax [°C]
(a)
13 . : . . T T
—9—Cp jotal, M1 4
121 —8—Cp totals M2 /././. ]
—4A—Cp total, M3 ./O/.
11F ./. B
[ ./ L
= —5
9 b — b
& —
et /l/
= —"
8 9 - /‘/A/!
OQ'.
sk ]
7L h
6 n 1 n L " 1 n L " 1 " 1 n
2.6 2.8 3 3.2 3.4 3.6 3.8 4
PR

(b)

Fig. 15. Variation of total product unit cost and overall exergetic efficiency with a)
maximum temperature, b) PR.
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Table 13

Exergoeconomic analysis at Py = 250 bar, P; = 75 bar, Tmax = 750 °C, and T = 50 °C.
Components M1 M2 M3

Ep(MW)  Cpi($/h)  Z($/h)  fi(%)  Epp(MW)  Cpi($/h)  Zy($/h)  fi%) Epp(MW)  Cpp($/h)  Z($/h)  fi(%)

Oxy-combustor 221 1352.0 976.6 41.95 19.4 1051.0 830 441 17.1 900.6 749.3 45.4
Turbine 5.2 2345 191.2 44.9 5.0 2263 191.1 45.8 4.8 217.6 191.0 46.7
Compressor 44 88.1 343 28.0 4.3 85.6 34.5 28.7 4.1 82.6 34.5 29.5
HTR 309 3233 14.5 43 213 547.5 14.8 2.6 103 7115 15.0 2.1
LTR 17.1 238.7 9.0 3.6 10.5 360.1 9.0 2.4 13.2 468.1 9.0 19
Preheater - - - - 2.4 90.2 24 0.7 3.8 352 4.7 17.2
Precooler 2.5 163.2 111 6.4 5.9 479.2 114 23 10.2 601.1 11.8 1.9
Energetic-efficiency(%) 375 41.3 45.8
Exergetic-efficiency(%) 78.1 86.5 88.8
Total product unit cost($/G])  11.68 9.94 8.34

total product unit cost (TPUC) decreases with the increase of the
turbine inlet temperature (Tmax). The increase of Ty x from 550 to
750 °C reduces the TPUC by 1.48$/GJ in M1, 1.70$/GJ in M2, and
1.63$/MJ in M3. However, the TPUC of M1 is higher than of M2 and
M3. The cpotal is reduced by 34.96% in M3 and by 13.92% in M2
compared to its values in M1. Fig. 15 (b) represents the variation of
the TPUC with the increase of PR (PR=Py/P}). The lower pressure is
fixed at 75 bar while the higher pressure is changed from 200 to
300 bar. Also, in Fig. 15 (b), Tiax is fixed at 750 °C. The increase of PR
from 2.6 to 4 increases the TPUC by 1.72$/G]J in M1, 1.83$/GJ in M2,
and 1.74$/G]J in M3. Furthermore, similar to Fig. 15(a), the TPUC is
reduced by 34.66% in M3 and by 14.27% in M2 compared to M1.
Table 13 compares the exergoeconomic results of the three layout
configurations at the design point conditions. It is noted that the
exergoeconomic factor (fi) of the oxy-combustor, turbine, and
compressor are maximum in M3 and minimum in M1. However, f;,
of recuperators and precooler is negatively affected due to the in-
crease of the exergy destruction cost C'Dﬁk. Furthermore, it can be
noted that fj, of the recuperators, preheater, and precooler is much
lower than f}, of the other components in all layout configurations.
This is returned to two reasons: 1) the capital cost of the heat
exchanger components (HTR, LTR, preheater, and precooler) is
lower than turbomachinery components (turbine and compressor)
and 2) the exergy destruction cost C, p of the heat exchanger
components is higher than of the turbomachinery components.

As shown in the last three rows of Table 13, the energetic effi-
ciency increases by 3.8% in M2 and 8.3% in M3 compared to M1
(37.5%). Also, the exergetic efficiency increases by 8.4% in M2 and
10.7% in M3 compared to its value in M1 (78.1%). Furthermore, the
TPUC decreases by 1.74 $/GJ in M2 and 3.34$/G]J in M3 compared to
its value in M1 (11.68%/G]J). This emphasizes the effectiveness of
adding a preheater in parallel with the LTR (M2) which is achiev-
able when integrated with a waste heat source at medium tem-
peratures (200—400 °C). Also, adding a preheater in parallel with
the LTR and HTR is effective with a waste heat source at tempera-
tures above 400 °C as those used in section 4.2.

4.8. Economic assessment of the proposed configurations

The economic evaluation of the proposed configurations is
performed in terms of the levelized cost of electricity (LCOE) which
is calculated according to Eq. (49) [68].

PC — PVprs + PVigc — PVsc

LCOE = TEP

(49)

where PC is the project cost, which is the sum of the components’
and installation costs (given in Eq. (50)), PVprs is the present value
of the depreciation tax shield (given in Eq. (51)), PVigc is the
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present value of lifetime operating costs (given in Eq. (52)), PVyc is
the present value of salvage costs (assumed $0.00), and LEP is the
lifetime electrical production (given in Eq. (53)).

PC= Component cost + Installation cost (50)
p k

PVprs = TR x PC/(] + DR)PP (51)

PV oc = n*(OMC + Cost of the fuel + Waste heat cost) / (1 + DR)"
(52)

LEP = PUF x 1 x Whpet x 8760 (53)

The installation costs were taken as 12% of the components’

Table 14

Input parameters of the LCOE model.
Parameter Value
Plant lifetime (years) 20
Depreciation period (DP) (years) 10
Tax rate (%) 35
Plant utilization factor (PUF) (%) 85
Cost of the fuel ($/kWh) 0.07
Operating and maintenance cost ($/kWh) 0.008
Discount rate (%) 2
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Fig. 16. Effect of the waste heat price on the LCOE of the proposed configurations at
Ph = 250 bar, Py = 75 bar, Tax = 750 °C, Tmin = 50 °C, and Ty = 554 (for M2) and (680)
for (M3).
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Comparison between the recuperators of the proposed configurations in terms of their loads and heat transfer areas at P, = 250 bar, P; = 75 bar, Tiyax = 750 °C, Trin = 50 °C, and

Tq6 = 554 (for M2) and (680) for (M3).

Parameter M1 M2 M3
Heat transferred by the HTR Qyrg (kW) 149,207 106,582 48,944
Heat transferred by the LTR Qg (kW) 65,193 86,383 122,044
Heat transferred by the preheater Qp, (kW) 0 27,157 54,199
Heat transferred by the precooler Qpc (kW) 72,056 91,726 112,107
Heat transfer area of the HTR Aygg (m?) 10,725 11,150 5760
Heat transfer area of the LTR A;zg (m?) 4751 4472 4011
Heat transfer area of the preheater Apy (m?) 0 560.4 2356
Heat transfer area of the precooler Apc (m?) 7400 7820 8201
Total cost of the HTR, LTR, preheater, and precooler (Million $) 8.01 8.57 7.91

costs, which are presented in Table 4. The other parameters of the
LCOE model are presented in Table 14.

To illustrate the effect of the waste heat price (WHP) on the
LCOE; , compared to being available free, of each configuration, a
range of WHP from 0 to 7¢/kWh is studied and the results are
shown in Fig. 16. For free waste heat (WHP = 0), the LCOE is 6.353¢/
kWh for M1, 5.505¢/kWh for M2, and 4.719¢/kWh for M3. It is clear
that M3 has the lowest LCOE as a result of the reduction of the
consumed fuel and the reduction of the total cost of the heat ex-
changers (LTR, HTR, preheater, and precooler) as shown in Table 15.
However, as the WHP increases, the economic benefits of M2 and
M3 over M1 are diminishing. At WHP higher than 2.4¢/kWh, the
LCOE of M1 becomes less than of M3 and at WHP higher than 4.2¢/
kWh, the LCOE of M1 becomes less than of both M2 and MS3.
Furthermore, it can be noted that the LCOE of M3 is less than M2
only for WHP less than 0.8¢/kWh. This returns to the fact that the
heat provided by the preheater in M3 is much larger than in M2
(see Table 15) which significantly increases the LCOE of M3 over M2
at high prices of the waste heat. Moreover, as discussed in section
4.2, the performance of the LTR in M3 recovers more heat with
lower heat transfer area than in M1 and M2. To summarize, M3
cycle configuration provides enhanced cycle efficiency by mini-
mizing fuel consumption and requires less bulky (more compact)
recuperators than the other configurations, however M3 requires
waste heat source with higher temperatures and flow rate than in
M2. Economically, M3 still the best configuration at WHP less than
0.8¢/kWh.

5. Conclusions

Novel direct-fired oxy-fuel combustion sCO, power cycle with-
preheater is investigated and optimized using energetic, exer-
getic, and exergoeconomic analyses. The preheater is integrated
within the original layout of the sCO; cycle (M1) in two additional
layouts; in parallel with low-temperature recuperator (M2) and
with both reciprocators (M3). Novelty aspects of the study include
investigation of preheater effect on the performance of the sCO;
cycle at moderate turbine inlet temperatures and dry-cooling
conditions. Results show that the overall efficiency is improved
by 3.7% in M2 and by 8.3% in M3 compared to M1. Furthermore, the
split flow at the compressor downstream enhances the perfor-
mance of the recuperators by reducing the “pinch-point” effect.
However, the split flow increases the temperature at the inlet of the
cooler, which means larger size and capacity cooler is required. To
obtain a reasonable size for both the precooler and the preheater,
the split ratio was optimized based on selected design conditions.
The optimum split ratio is 0.75 with overall efficiency of 45.8% in
M3, 41.2% in M2, and 37.5% in M1 for 50MW, system at turbine inlet
temperature of 750 °C, compressor inlet temperature of 50 °C, high
pressure of 250 bar and low pressure of 75 bar. The exergy effi-
ciency of the cycle is increased from 78.1% in M1 to 86.5% in M2 and
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88.8% in M3. The exergoeconomic analysis in the present study is
the first to be applied to direct-fired oxy-fuel sCO, cycle. Results of
the exergoeconomic analysis show that the total product cost per
unit exergy reduces from 11.68$/GJ in M1 to 9.94$%/GJ in M2 and
8.34$/GJ in M3.
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