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ARTICLE INFO ABSTRACT

Handling editor: Ruzhu Wang Herein, we investigate the relationships between efficiencies 5, main vapor parameters (Ps and Ts) and power
capacities (Wpey) on coal-fired supercritical carbon dioxide cycle (sCO2). We developed a model to couple the
cycle and the components. The overlap energy strategy and boiler module design reduce the efficiency penalty.
The multi-stages axial turbines and compressors were modeled to explore their performance as Wy changes. For
given Whyet, nn increases as Ts increases. However, ny, displays parabolic distribution versus Ps, due to the
tradeoff between the decreased pressure drop of sCO; boilers and the increased compression power, as Ps raises.
Then, for fixed Ts given by the tolerance limit of materials, the monotonous increase of the optimal Ps with
increase of Wy is found, due to the decreased pressure drops of sCO2 boiler as positive effect suppressing the
increased compression power as negative effect. Finally, with Wy, in the range of (100-1000) MWe, the system
efficiency is found to increase as Wy increases, matching the scale law regarding efficiencies with respect to
system sizes. Our work concludes important roles of boiler pressure drops and compression work on system,
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providing the guidance to select the “optimal” power capacity that has the “best” system performance.

1. Introduction

The supercritical carbon dioxide (sCO3) cycle is attractive for green
energy utilization. Electric supply demands a reduction in the con-
sumption of fossil fuels and increased utilization of renewable energy
[1]. The electric grid operates in a mixed mode, including fossil fuel,
renewable, and nuclear energy. Classically, the water-steam Rankine
cycle has been widely used for thermal power conversion. These
Rankine cycle power plants respond slowly to load variations, which is
not beneficial for the adoption of unstable renewable energies [2].
Compared with the water-steam Rankine cycle power plants, the sCOy
cycle has received great attention because it not only has higher effi-
ciencies but also quickly responds to load variations [3].

Several studies have been conducted on the sCO, cycle, including
cycle analyses and component development [4-7]. Engineers would like
to know whether there is an optimal power capacity (Wye) at which the
thermal efficiency reaches a maximum or how the thermal efficiencies
are influenced by the Wyt To address this issue, let us first review the
conclusions drawn from the water-steam Rankine cycle. Bejian et al. [8]
used thermodynamics to demonstrate why larger flow systems were

more efficient than smaller ones. This is because larger systems have
larger flow passages and heat transfer surfaces and do not strangle the
currents that must flow. Constructal-design features form the basis for
scaling up and scaling down the configurations of flow systems.

China has made significant efforts to increase the efficiency of
thermal power plants since the 1950s [9]. For coal-fired power plants,
the Wi has four levels: 100, 300, 600, and 1000 MWe [10,11]. Fig. 4 in
ref. [12] shows that the net thermal efficiency increases linearly with an
increase in the Wy factor for both China and the United States.
Meanwhile, the main vapor state changes from subcritical to supercrit-
ical pressure [13].

The main vapor parameters are key to influencing the thermal effi-
ciency of the system. An increase in the main vapor temperature, utili-
zation of reheating, and reheating temperature can increase thermal
efficiencies [14]. For ultra-supercritical steam power generation, the
following conclusions were drawn: (1) The thermal efficiency increases
as the main vapor temperature increases. For example, thermal effi-
ciency can increase by 0.25 %-0.30 % as the main vapor temperature
increases by 10 °C [15]. (2) The main vapor pressures have a compli-
cated effect on thermal efficiencies. The thermal efficiencies simulta-
neously increased with an increase in the main vapor temperature and
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Nomenclature

A area (m?)

b Blade height (m)

c chord length (m)

d; internal diameter of pipe (mm)
dm mean radius (mm)

e exergy per unit mass (kJ/kg)
f friction coefficient

g gravitational acceleration
G mass velocity (kg/m?s)

h enthalpy (J/kg)

I exergy loss (MW)

L lenght (m)

m mass flow rate (kg/s)

n speed (r/min)

N number of stages

Ng specific speed

P pressure (MPa)

Qtotal heat

Q volume flow rate (m>/s)

R degree of reaction

Re Reynolds number

s entropy (kJ/kg)

t trailing edge (m)

T temperature (°C)

tmax maximum trailing edge (m)
U peripheral speed (m/s)

14 flow velocity (m/s)

w power capacity (MW)

Winax maximum flow velocity (m/s)
Wre equivalent speed ratios
Winin stall speed ratios

Y irreversible loss

Greek symbols

AP pressure drop (MPa)

[ camber angle (°)

@ flow coefficient

W loading coefficient

A roughness (mm)

c solidity

y stagger angle (°)

N, Nt turbomachinery efficiency

Nth thermal efficiency

3 pressure ratio, relative error
a absolute flow angle (°)

B relative flow angle (°)

A ratio of hub radius to tip radius
p density (kg/m>)

u viscosity (Pa-s)

Subscripts

1,2,3 state point

a acceleration pressure drop

C compressor

cl clearance loss

f friction

g gravity pressure drop

i inlet

max maximum

net unit capacity

0 outlet

op optimal

P profile loss

part part of heater

R rotor

S stator

s secondary loss

ss ideal value

T turbine

te trailing edge loss
Abbreviations

EAP external air preheater

HTR high temperature heat exchanger
LTR low temperature heat exchanger
PCHE printed circuit heat exchanger
PFM partial flow mode

SH superheater

pressure. However, by fixing the main vapor temperature, an increase in
the main vapor pressure alone deteriorates system performance [16].

It is doubtful that the above conclusions, drawn from the water-
steam Rankine cycle, are correct for the sCO, power cycle for the
following reasons: (1) The sCO; cycle is completely different from the
water-steam Rankine cycle. The former uses a compressor to supply the
pressure head and overcome the pressure drop across the entire system.
A larger amount of compression work is required than the pumping
power for the Rankine cycle [17]. (2) The boiler drove the system to
generate power. Owing to the ultra-large circulating flow rates, the sCO2
boiler should be decoupled into a set of modules operating in the partial
flow mode to decrease pressure drops [18]. (3) A large heat recovery is
necessary for the sCO5 cycle. Usually, the thermal load during the in-
ternal heat recovery process is approximately three to four times the net
power generated by the system [19]. (4) The sCO; turbine had a
different configuration than the water-steam turbine. These two types of
machines exhibit different responses with respect to their main vapor
parameters [20].

For the sCO; cycle, the relationship between the thermal efficiencies,
main vapor parameters, and power capacities has not been previously
reported. Available studies have focused on the dependence of thermal
efficiencies on the main vapor parameters at fixed power capacities,

mass flow rates [21-23] and their thermal efficiencies depend on the
power capacities with identical main vapor parameters [24,25]. The
objective of this study is to fill this gap. Liu et al. [24] highlighted the
penalty effect of an ultra-large pressure drop on the system performance
with power capacities in the range of (50-1000) MWe. To eliminate this
penalty effect, a partial flow mode (PFM) is proposed instead of a total
flow mode (TFM). For the PFM applications, the CO, stream was
segmented into two parallel lines, each with half the flow rate and half
the length. They concluded that with an increase in Wpe;, the TFM
significantly elevates pressure drops, not only increasing energy loads,
but also increasing exergy destruction for all components, deteriorating
the first and second law efficiencies of the system. Compared with the
TFM, the PFM reduces pressure drops. Cycles using the PFM had much
higher efficiencies than those using the TFM. At a smaller Wy, such as
100 MWe, sCO; boiler has larger surface-to-volume ratio, and the flow
passages of CO5 were sufficient to maintain an acceptable pressure drop.
Hence, the system performance was similar for both TFM and PFM. It
has been shown that the flow splitting strategy is necessary for Wper>
100 MWe and is not recommended only at very small power capacities,
such as Wpe< 100 MWe. The effect of the power capacity, Wy, on the
performance of sCO; coal-fired power plants was investigated by Wang
et al. [25], with Wy in the range of (100-1000) MWe. The thermal
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Fig. 1. sCO2 coal fired power plant. The figure is replotted based on Ref. [24].

efficiency increased, reached a maximum, and then decreased with
increasing Whe. This parabolic distribution results from the tradeoff
between the decreased efficiency owing to the pressure drops in the heat
exchangers and the increased efficiency of the turbomachinery. The
maximum thermal efficiency occurred at Wper = 300 and 200 MWe
when the PFM and TFM were used, respectively. The above conclusion
was drawn with the identical main vapor parameters of 620 °C and 30
MPa.

The magnitude of boiler pressure drop has a decisive influence when
system characteristics at various capacities are studied, so it is particu-
larly important to clarify the relationship between boiler pressure drop
and power capacity [24,25]. Once the main steam parameters have
changed, the cause of the variation in boiler performance is unclear. The
limitation is that there is a lack of argumentation about whether it is
reasonable to set the main steam parameter to a constant value under
various capacities. In practice, the selection of main steam parameters
should be adjusted as the capacity changes.

The original contributions are as follows: (1) we will establish a link
between the capacity, main steam parameters and thermal efficiency of
the sCOy cycle and compare the results with the findings related to
water-steam cycle; (2) for different capacities, the optimum combina-
tion of main steam parameters will be given, and a link between capacity
values and optimal main steam parameters will be established; (3) The
thermal efficiency of the cycle loaded with optimal main steam pa-
rameters will be presented as a function of capacity, the effect as well as
the mechanism of the optimization will be described in detail. Attention
should be paid that all the comprehensive conclusions presented in this
paper are predicated on the specified rated operating conditions, for
example, when comparing the performance of two distinct units, one
with a capacity of “1000 MWe” and the other with “100 MWe”, we are
explicitly referring to the performance of two separate units, each
operating at its designed capacity, but rather assesses a single unit
operating under varying loads. The integrated model discussed in this
paper was purposely devised to compute the rated operating conditions,
with the anticipation that, following modifications, it will also possess
the capability to evaluate part-load operating conditions, thus satisfying
researches that focus on unit peaking capacity.

The present paper is organized as follows. Section 2.1-2.5 describes
the selection of cycles and components as well as specific design details.
Section 2.6 describes the characteristics of the integrated model and the
principles of its operation. Section 2.7 refers to the validation of models.
Section 3 reports the results and discussion. Conclusions are summarized
in section 4.

Table 1
Equations for components in the cycle [24].

Components

hys —h .
1 Nes = 2 l, wer = (1 = xc2)(h2 — h1); it =war — (1 -
hy —hy

Equations and exergy destructions

Xcz2)(e2 — e1)

8 _hss —hg

Tes = o ha’
C2
3

5 _hs —hy
Mes = - wn

wez = Xc2(hs — hg); ica = Wea — Xc2(es — es)

=hs— hy;in =es— ex — w1

' hs — hy .
5 P5 = \/PsPs, 1l;s = 20y = hs — he; it2 = es — es — Wr2
hs' — hes
T2
6
h; —hs .
2 3 Tg = T2 + ATumr, Xc2 :1*h7 hs; itrR =e7 —esg — (1 —
3 — hy
Xc2)(es — e2)
$TTR 7
3 4 T; = T3+ ATurr, (1 — Xgap)(he — h7) = (1 — Xneater 4)(ha — h3);
iR = (1 — Xeap)(es — €7) — (1 — Xueater 4)(€s — €3)
THTR 6
3 4b  xeap(hsp — h7) = Xueater 4 (hap — h3);
inTR2 = XEAP(€6b — €7) — XHeater 4 (€4b — €3)
7HTR2 P
8 1 icooler = (1 — Xc2)(es — €1)
Cooler

2. System and components of sCO3 Brayton cycle

In this part, the features and design guidelines of the cycle system
and each component are described in distinct subsections, followed by
the computational logic of the integrated model and the accuracy of the
component models.

2.1. sCO;y cycle

For this analysis, we selected the advanced technology-integrated
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Table 2
Cycle thermal parameters.

Parameters Value

Net power (Wpe) 100~1000 MWe

Turbine inlet temperature (Ts, Ts') 620 °C
Turbine T1 inlet pressure (Ps) 30 MPa
Compressor C1 inlet temperature (T;) 32°C
Compressor C1 inlet pressure (P;) 7.6 MPa
Environment temperature (T) 20 °C
Pinch temperature at point 4’ (4T4') 40 °C
Pinch temperature at point 4b (4T4p) 30°C
Cooler pressure drop (APcooler) 0.1 MPa
Table 3
Design parameters of components.
Parameters Value
Primary air temperature entering air preheater 31°C
Primary air temperature entering furnace 320°C
Ratio of primary air flow rate to the total air flow rate 0.19
Secondary air temperature entering air preheater 23°C
Ratio of secondary air flow rate to the total air flow rate 0.81
Excess air coefficient (a) 1.2
Exhaust gas temperature (Ttg ex) 123 °C
Ash hopper angle 55°
Flow coefficient of turbine T1 and T2 (¢r) 0.4
Loading coefficient of turbine T1 and T2 (yr) 0.9
Flow coefficient of compressor C1 and C2 (¢c) 0.33
Loading coefficient of compressor C1 and C2 (y¢) 0.25
Degree of reaction of turbine and compressor (R) 0.5
The number of stages for C1 5
The number of stages for C2 8
Pinch temperature difference in LTR/HTR(A T 1r, ATytR) 10°C
Channel type of PCHE zigzag
Diameter of the channel 2.0 mm
Ratio of the number of hot plates to that of cold plates 2
Width of a PCHE module 0.6 m
Upper limit of the height for a PCHE unit 8.0m

cycle proposed in Ref. [24], as depicted in Fig. 1. In order to cope with
the large pressure drop in the boiler, modular boilers as well as PFM are
adopted in the system. Addressing scenarios where flue gas energy
struggles to be fully harnessed, the cycle comprises both a top and a
bottom cycle. The incorporation of recompression and reheating tech-
niques enhances the efficiency of both the water-steam and supercritical
carbon dioxide (sCO3) cycles [26,27], hence their adoption in both the
top and bottom cycles. Intercooling technology has been introduced to
alleviate the compressor’s workload [28]. The bottom cycle also has an
external air preheater (EAP) that recovers excess heat from the bottom
cycle into the boiler. However, EAP could not prevent the bottom cycle
from being inefficient because of the low heat absorption temperature of
the bottom cycle. Therefore, the system also employs overlap energy
utilization strategy, which raises the heat absorption temperature of the
bottom cycle, thus contributing to the rise in system efficiency [29]. The
same heat absorption temperature of the bottom and top cycles con-
tributes to the merging of the two cycles into one, favouring the
compactness of the unit.

The performance of the component as a function of thermodynamic
parameters is summarized in Table 1, and these parameters can be
ascertained utilizing the specified functions. The underlying assump-
tions include: (i) stable system operation, and (ii) negligible heat loss
through the system piping.

The cycle thermal efficiency (17y,) is expressed as [24,25].

0 Whet ~ Wriir2 — Werico
h -

= = (€Y
! Qtolal Q\otal

Qtotal = QHeater 1+ QHeater 2+ QHeater 4+ QHeater 42 T QAP - QEAP. (2)

where Wy is the net power, that is, the gap between the power
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Fig. 2. The partial flow mode (PFM) adapted to the boiler design (This figure is
cited from Ref. [24]. Copyright 2020, Elsevier).

generated by the turbine and the power consumed by the compressor; Q
is the heat exchange value; and the subscript “total” means the sum
value.

The total system loss (Iiota)) is expressed as

L=mjij, Lo = Y _T;, )

where i is the specific exergy loss, I is the exergy loss, the subscript j is
the component, and j represents the boiler, turbine, etc. The value of
Itotal/ Whet is opposite to the trend of #,, according to ref. [25].

% a(Itotal/ Wnet) <

ak k=0 )

2.2. sCO; boiler

When employed in coal-fired power generation systems, the mass
flow rate (m) of the sCO3 cycle surpasses that of the conventional water-
steam Rankine cycle by a factor of 6-8, at equivalent capacity levels.
This disparity stems from the inherent differences in the cycle charac-
teristics and the distinct physical properties of the working fluids
employed. If the boiler’s structural configuration remains unaltered, the
pressure drop inside it will be very large. In this paper, a & type boiler
will be used, Liu [24] proposed a partial flow strategy to form a modular
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Fig. 3. sCO2 axial flow turbine. (a) Wy of T1 and T2 versus Wy (b) 51 versus N. (c) velocity triangles and sizes in a single stage. (d) h-s curve for sCO2 in the

first stage.

design. Adhering to the principles of modular design, the heat exchange
surface is segmented into heaters 1, 2, and 4b (Fig. 2a), where the
heaters in the furnace chamber belong to the radiant heat transfer sur-
face and the horizontal flue and tail flue heaters belong to the convective
heat transfer surface, the cross-sectional structure of the furnace
chamber is depicted in Fig. 2b. Sun [30] pointed out that the boiler
pressure drop satisfies the relationship AP ~ m2; Lyipe With the flow rate
through the pipes mipe and the pipes length Ly;,.. Hence, a partial flow
model was proposed, which reduces the pressure drop to 1/8 of the
original value by dividing the flow rate and the pipe length into two flow
lines (see Fig. 2c). After optimization, the pressure drop in the sCOy
boiler has been reduced to a level that is lower than that of a
water-steam boiler. However, Liu [24] and Wang [25] have emphasized
that the sCO3 boiler pressure drop still play a barrier to high efficiency of
large-capacity plants. A method proposed by Liu [24] will be employed
to predict both the structural configuration and pressure drop charac-
teristics of the boiler, ensuring a more comprehensive and accurate
analysis. The assumptions for the sCO3 boiler calculation process are as
follows [31]: (i) air or flue gas leaks are disregarded, and (ii)
non-uniform heat flux in the furnace width direction is not considered.

The pressure drop is.
AP =AP, + AP + AP, 6))

where AP,, AP;, and APy denote acceleration pressure drop, friction

pressure drop, and gravity pressure drop, respectively, AP, is calculated

as
Po  Pi

where p represents the density, G represents the mass flux. When a phase

transition occurs, AP, must be taken into account. However, the density

variation was limited in the single-phase flow. Hence, AP, occupies a few

proportion of the total pressure drop. The determination of AP¢ and AP,
requires the use of integral methods [24]

fé
AP; = 2.2 dz, AP, = pgdz,
whole module lengthdi 2/) whole module length

where d; is the pipe internal diameter and g is the gravitational accel-
eration. The friction factor fis [32].

1

1.11 !
3.24 1g Kéjﬁ) + 6254

AP, = (6)

)

f= ®

where A is the roughness of internal tube wall, which is 0.012 mm [33],
u is the viscosity of COa.
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2.3. sCO, turbine

The coal-fired cycle’s capacity, spanning an extensive range from
100 to 1000 MWe, presents a formidable challenge to the turbines’
power handling capabilities. In the specific instance discussed in this
paper, Turbines T1 and T2 have demonstrated their powers by achieving
Wt = 0.702Wper and Wrp = 0.725Wp, respectively, as clearly illus-
trated in Fig. 3a. For operating conditions characterized by high ca-
pacity and a substantial pressure ratio, a multi-stage axial flow turbine is
the most suitable choice. As the number of turbine stages (N) increases,
the isentropic efficiency (yt) also rises, consistent with findings in ref.
[34]. Given that the efficiency difference between three-stage and
four-stage turbines was only 0.25 % (see Fig. 3b), we adopted a
three-stage configuration for both T1 and T2. Benefiting from the
structure of the axial flow turbine, it is acceptable to ignore the con-
nections between the turbine stages, i.e., the sizes, flow parameters, and
thermodynamic parameters of the outlet of one stage and the inlet of the
next stage are identical. The illustration in Fig. 3c depicts the size and
velocity triangle of a single turbine stage, where sCO, sequentially tra-
verses the stator and subsequently the rotor. As sCO5 flows through the
blades, the h-s plots are shown in Fig. 3d, with the inclined solid line
representing the actual process and the vertical dashed line indicating
the ideal isentropic process. In order to fulfil a satisfactory performance
of turbines at various power capacities, the rotating speed (n) was
optimized based on the turbine’s power [35] as follows:

nv/Q

Ng=— Y5 __
S (hiiho)g/l‘,

©)

where Ng denotes the specific speed, Q is the volume flow rate, and h;-h,,
is the enthalpy gap across the turbine. It is noteworthy that when Wt >
450 MW, n can only adapt to the grid frequency [36].

Multistage turbine is complicated in structure and some assumptions
are necessary: (i) dimensionless design parameters flow coefficient (¢r),
loading coefficient (yr) and degree of reaction (R) are constant at each
stage, which is set at 0.4, 0.9, and 0.5 [37,38]; (ii) each stage’s enthalpy
drop is the same [20, 37, 38]. The velocity, flow angle, and mean radius
(dm) shown in Fig. 3c were calculated as follows [20]:

U=+/(h —hs)/y,Vi=Up 10)
1-R 2 1-R-y/2
a2 = aretan (1R EY/2), 0y aretan (1R 012)
R . 2 R q)z an
, = arctan <ﬂ> , s = arctan (ﬂ)
P 4
2
d.— glJr/lé m’ 12
w1l 7/11 /)1VX

where U is the circumferential velocity at the mean radius, Vy is the axial
flow velocity, a and g stand for absolute flow angle and relative flow
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angle, respectively, subscripts 1, 2 and 3 represent the stator inlet, stator
outlet and rotor outlet of a single stage of the turbine. 4 is the ratio of hub
radius to tip radius.

Upon comparing various loss models [36,39-41], the Aungier model
[36] was selected for predicting turbine losses, owing to its suitability
for the purpose. The losses in stator and rotor are calculated as

Ysr=Ypr + Y1+ Yeer, Yar = Ypr + Ysr + Yar + Yeer, (13)

where subscripts S and R represent the stator and rotor, respectively. Y,
is the profile loss, Y; is the secondary loss, Y is the tip clearance loss,
and Y. is the trailing edge loss. The pressures at the outlets of the stator
and rotor are calculated as [20, 37, 38]

Py — P,
P, =Py, —% a4
ST
Pyor — P,
P3:P03R*H7 (15)
RT

where the subscript 0 represents the stationary state in which all the
kinetic energy is converted to pressure energy, and the subscript R
represents the state in the rotating frame.
The efficiency of turbine is calculated as
hy —hy

Ny “h Ty h7ss =f(P7,51), (16)

where hyg is the enthalpy at the turbine outlet when the expansion
process is isentropic.

2.4. sCOy compressor

The compressor’s primary function lies in harnessing energy to
impart pressure to the working mass, in this case, the power consump-
tion of the compressor satisfies W = 0.189Wper and Wy = 0.241 Wit
(Fig. 4a). Given the incapacity of centrifugal compressors to handle this
specific range of workloads, the employment of an axial compressor
becomes a justified decision. Furthermore, since the operating pressure
ratio of the CO, compressor approximates 4, it becomes imperative to
adopt a multi-stage configuration for the compressor. This is crucial as
an insufficient number of stages would not only result in undue blade
loading but also pose a heightened risk of compressor stalling. Ref. [34]
provides the judgement as

Wge < Wiin a7
PoR - Po
Wor = 1
RE PiR — Pi ( 8)

in  (0.15 4 11tmax/)(0.25 4+ 10tpax
e = 015 - Ulone/ /(025 4 1060 f5) (19
1+ 0.4(05/(2sin(6/2)cos y))

where Wgz and WM are the equivalent speed ratios and stall speed
ratios, respectively, P; and P, represent the compressor inlet and outlet
pressures, respectively, Pir and Pogr stand for the total pressures in
relative coordinates, ty.x is the maximum blade thickness, c is the chord
length, 6 is the camber angle, ¢ is the solidity, and y is the stagger angle.

Stalling occurs when Eq. (17) is satisfied. Fig. 4b’s red curve suggests
that stall can be prevented in at least eight stages, corroborating the
findings of Liu [42]. Given the N-;t relationship, compressors C1 and C2
are chosen as eight-stage configurations. Compressors and turbines are
rotating machines with similarities and differences. Firstly, like the
turbine, the speed of the compressor is optimized for its own power
capacity. In addition, in the context of the single-stage construction of
the compressor, it closely resembles a turbine in appearance yet
distinctively features an opposing blade arrangement (see Fig. 4c).
Lastly, the thermal processes occurring inside the compressor are the
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opposite of those in the turbine, Fig. 4d illustrates the h-s diagram for a
single-stage compressor, where the solid line represents the actual
compression process and the vertical dashed line indicates the ideal
compression process. It is worth noting that the inlet of the main
compressor C1 is close to the critical point, making the compressor
potentially at risk of condensation, so the dimensionless design param-
eter was chosen to be slightly larger than the optimal value, the com-
pressor’s design parameters are ¢c = 0.33, yc = 0.25, R = 0.5 [43,44].

The underlying logic and assumptions in compressor design closely
resemble those employed in turbine design. Following a comparative
evaluation of three distinct loss models [45-47], the Aungier loss model
[47] emerged as the most fitting choice for the specific conditions under
investigation in this study, and was consequently adopted for predicting
compressor losses.

The losses in blades are calculated as

Ysc=Ypc, Yre = Yoo + Yac, (20)

where Y, is profile loss, and Y is clearance loss. The pressure at the
outlet of the stator and rotor and the isentropic efficiency of the
compressor are [42,47,48].

Poor = Poir — Yrc(Poir —P1) 2n

Py3 =Py — Ysc(Po2 — P2) (22)

h2N+1.ss - hl
S @3
We will provide an overarching perspective on the potential
condensation issues that merit attention. In the context of sCO; com-
pressors, particularly the sizable axial compressors, condensation is not
only a prevalent phenomenon but also more prone to occur than in
centrifugal compressors. Unfortunately, the current industry’s approach
to accounting for condensation loss remains rather limited in scope, and
a comprehensive one-dimensional model tailored specifically for the
design of CO2 compressors has yet to be formulated and proposed. Liu
[42] has concluded that the condensation issue in axial compressors is
inherent and thus, future research endeavors ought to be directed to-
wards centrifugal compressors. Nonetheless, a viable workaround has
been proposed, involving a marginal increase in the design parameters
(¢ and y) to constrain the inlet flow rate and consequently mitigate
condensation. This strategy has been embraced in the present study.
Allison [49] comprehensively reviewed numerous studies pertaining to
the condensation challenge, positing that under saturated conditions,
the nucleation time of sCO; is shorter than its residence time, thereby
typically precluding condensation. Furthermore, as the inlet tempera-
ture nears the critical point, uncertainty in the nucleation timing esca-
lates. This perspective aligns with Boyce’s [50] conclusion, who argued
that elevating the temperature during the compression process serves as
an effective means to forestall condensation. Considering the research
scope of this paper, while elevating the compressor inlet temperature
inevitably results in a modest decline in compressor efficiency, this
decrement is negligible and holds paramount significance in averting
condensation. Consequently, we contend that maintaining the inlet
temperature in close proximity to the critical point is unwarranted.
Moving forward, we aspire to refine our one-dimensional model by
incorporating condensation losses into its calculations.

2.5. sCO, recuperators

A printed circuit plate heat exchanger (PCHE) is the optimal choice
for heat recovery because of its exceptional heat transfer capabilities and
compact design [51]. However, the heat load capacity of the PCHE is
inherently constrained by manufacturing constraints, as outlined in ref.
[52]. To optimize heat recovery efficiency, the adoption of a parallel
pipe network configuration becomes imperative. For either side of the



T. Wang et al.

( Start )

A 4

Energy 314 (2025) 134245

Input parameters for thermodynamic cycle and components design

Assume API-icatcrl 4 API;Icatch >
< Assume 77, 77,
Assume AP, AP, >
A 4

Call subroutine for thermodynamic cycle

\ 4

Obtain parameters of state points, thermal efficiency and coal consumption

A 4 A A \ 4
Call subroutine

for boiler Call subroutine Call subroutine Call subroutine
design and for turbine for compressor for
thermal- design design recuperators
hydraulic calculation calculation design
calculation

A 4 A A A 4

Obtain components geometry parameters and pressure drops

Calculate &,, €., &, €,

g &€ <0.001 MPa
g &g, <0.0001

Fig. 5. The calculation process.

recuperator, the inlet mass flow is first diverted into the pipes; in turn,
the work mass in each pipe is diverted into the parallel PCHEs. In the
present study, we have opted for a zigzag channel configuration
featuring a semicircular cross-sectional profile for the PCHE. This design
has been extensively validated to demonstrate superior performance in
flow heat transfer processes, thereby significantly enhancing the overall
heat recovery efficiency [53]. Delineating the pressure drop and heat
transfer capabilities of the heat exchangers is paramount for an accurate
assessment of cycle efficiency. Consequently, we called a simulation
model to meticulously calculate the performance metrics of each indi-
vidual heat exchanger, encompassing the HTR, HTR2, and LTR.

The assumptions used in the parallel pipe network and PCHE models
are: (i) the mass flow is equally distributed within pipes. (ii) the mass
flow rate is distributed according to the same pressure drop in each
branch when the mass flows from the pipe to PCHEs. (iii) due to the
horizontal arrangement of the PCHE, the overall height of the recuper-
ators is small and the gravity pressure drop is ignored, (iv) there is no
leakage of the work mass and no heat loss from the pipeline during the
process [52-54]. According to the assumption conditions can be solved
for the branch work mass flow distribution and flow resistance charac-
teristics, the pressure drop solution process is too cumbersome, please
see ref. [55].
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Table 4
The accuracy of models.
Case Item Value of Result/error
Ref
Casel [24] Pressure drops in Heater 1 1.99 2.02/1.51 %
Boiler (1000 (MPa)
MWe) Pressure drops in Heater 2 0.44 0.45/2.22 %
(MPa)
Case2 [54] Isentropic efficiency (%) 91.60 93.85/2.45
Turbine %
Case3 [34] Isentropic efficiency (%) 91.63 91.05/0.63
Compressor %
Average radius (mm) 274.57 278.59/1.45
%
Case4 [51] Length (m) 0.86 0.87/1.16 %
Recuperator Pressure drop of cold side 1.40 1.41/0.71 %
(MPa)
Pressure drop of hot side 1.08 1.09/0.93 %
(MPa)

2.6. The computational logic of the integrated model

The model involved in this paper is compiled based on MATLAB
software, and the physical properties of the work material are taken
from the software REFPROP 9.1 from NIST, the mixing exergy losses are
neglected in this paper, assuming that the fluids have the same pressure
and temperature prior to mixing at the nodes. The calculation process is
outlined in Fig. 5 as follows:

(i) Tables 2 and 3 show the thermal parameters of the cycle and the
design parameters of the components, which are set as initial
parameters; (ii) assuming component performance for the sys-
tem, including the boiler and recuperators pressure drops
(APuoiler and APyTR + LTR + HTR2), as well as the 5t and 7g; (iii)
invoking the thermodynamic cycle program to calculate the
thermodynamic parameters at various points within the cycle, as
well as m and energy values of the components, leveraging the
equations presented in Table 1 alongside the prescribed initial
parameters; (iv) based on the parameters obtained in step (iii),
the component modelling subroutines are invoked to calculate
the new component performances respectively, including
APyoiler; APHTR + LTR + HTR2, /T and 7¢; (v) the component per-
formance calculated in step (iv) is compared with the component
performance assumed in step (ii), and the procedure is recognised
as converged when the error in APpgi1er and APyTR + LTR + HTR2
satisfies ep & £,<0.001 MPa, and also the error in 51 and ;¢ meets
et & €.<0.0001. If the result of either component performance
calculation does not satisfy the convergence condition, the
component performance mentioned in step (ii) is replaced by the
component performance calculated in (iv) and steps (ii)~(v) are
re-executed until convergence is satisfied.

A brief explanation will be given as to how the integrated model can
be utilized for the purpose of this paper. Firstly, 7 can be calculated
after the convergence of the above procedure (Eq. (1)). As for how to
obtain 7y, under various operating conditions, we change the Wy, Ts or
Ps in Table 2 individually, and give the updated Table 2 to the step (i) for
calculation. This paper also deals with the optimization search, how-
ever, there is only two optimization parameters Ts, Ps (which can even
be regarded as one) and one optimization objective (i) at each Wyet
case, so, instead of using an optimization algorithm, all operating con-
ditions are computed and optimal values are selected manually.

The correlations and equations presented in this paper are specif-
ically tailored for air as the working medium, yet their versatility ex-
tends beyond this realm. Notably, these equations have been
successfully employed in relevant studies [20,24,34,48] focusing on
components of sCO; cycle, showcasing their applicability across diverse
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fluid systems. Furthermore, the validation cases conducted in this
research, leveraging sCOy as the working fluid, reveal minimal dis-
crepancies between the calculated and reference values, thereby rein-
forcing the equations’ validity and robustness for sCOz-based
applications.

2.7. The accuracy of models

In order to prevent bias in the results due to low model accuracy,
component simulation models were validated with cases. The results are
summarized in Table 4.

Case 1 [24] contains boiler characteristics and the boiler pressure
drop APyjler at the capacity of 1000 MWe were selected for comparison.
The results in this paper are 1.99 MPa and 0.44 MPa for heater 1 and
heater 2, respectively, which are similar to the 2.02 MPa and 0.45 MPa
in reference.

Case 2 [56] demonstrates a three-stage axial flow turbine with a
turbine efficiency 71 of 93.8 %, which is calculated to be 92.2 % in this
paper.

Case 3 [34] shows an axial compressor with a mean-line model, that
is, the hub radius plus half of the blade height was the same for all stages.
The isentropic efficiency 5c = 91.63 % and the mean radius dp, = 274.57
mm. The calculations in this paper result in ¢ = 91.05 % and dp, =
278.59 mm.

Case 4 [53] presents the PCHE in a system with a power capacity of
10 MWe. The unit length L, is 0.86 m, and the pressure drops at the cold
and hot sides AP, and APy, are 1.40 MPa and 1.08 MPa, respectively. In
this paper, the L, is calculated to be 0.87 m, AP, and APy, are 1.41 MPa
and 1.09 MPa, respectively.

The relative errors shown in Table 4 indicate that the accuracy of the
component models is acceptable, ensuring that the conclusions of this
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paper are plausible. Further, we validated the integrated model by
evaluating its predictive accuracy and correlating Iy, with the cycle
performance. Wang [25] observed a parabolic relationship between 7,
and Whye, peaking at Wyee = 300 MWe. Upon comparing our thermal
efficiency curves with the original data, we have confirmed a negligible
peak deviation of merely 0.6 %, thereby validating the precision of our
model. Additionally, taking into account both speed and grid frequency
compatibility, a rotational speed of 3000 r/min emerges as a viable
alternative [36]. For the case of n = 3000 r/min, 7, exhibits a similar
parabolic trend with Wy, peaking at Wy = 600 MWe (Fig. 6a).
Additionally, Iiotal/ Whet exhibited a parabolic trend with Wy, reaching
a minimum at Wpee = 300 and 600 MWe (Fig. 6b). This validates the
correlation between the exergy loss and cycle performance.

3. Results and discussion

The correlation between ny, and the primary steam parameters,
under the condition of Wyt = 300 MWe, is illustrated in Fig. 7a and b 5,
exhibits a parabolic trend with Ps (see Fig. 7c), while monotonically
increasing with Ts (see Fig. 7d). Specifically, for Wyet = 300 MWe, the
optimal combination of main steam parameters is Ts = 650 °C, Ps = 30
MPa. We point out that within the capacity range of 100-1000 MWe,
there exist optimal configurations of the main steam parameters for
cycles. Elucidating these principles is crucial for gaining insights into the
mechanisms underpinning the optimization of cyclic system perfor-
mance. Subsequently, we will explore the relationship between 7, and
variables such as Ps5 and Ts based on constant capacity conditions,
considering component performance, exergy losses, and other relevant
factors.

Fig. 7 outlines the impacts of main steam pressure and temperature
on the system’s performance, prompting the question of whether these
parameters solely dictate the system’s efficacy. Notably, the system is
influenced by a myriad of parameters, with main steam characteristics
constituting merely a subset. In this context, we concisely introduce a
select few factors to facilitate users in gaining a preliminary under-
standing of the relative influence each exerts on the system’s behavior.

The boiler in this research adopts the PFM strategy, specifically
designed to minimize APpqjjer- Liu [24] and Sun [30] have emphatically
stated that the configuration of the boiler for the sCO; coal-fired cycle
should not merely replicate that of water steam cycle boilers. However,
their system models, which solely encompassed the boiler, yielded
conclusions with limited scope and persuasiveness. Alternatively, we
called an integrated model to attain more precise results, while also
elucidating the impact of PFM versus the Total Flow Model (TFM) on the
system’s performance. As evident in Fig. 8a, which compares APpqjler
against Wy for both flow models, the pressure drop associated with
TFM is approximately an order of magnitude higher than that of PFM.
This substantial increase in additional pressure demanded by the
compressor subsequently elevates its workload, ultimately leading to a
decrease in ny, as illustrated in Fig. 8b.

The disparities arising from distinct boiler operation strategies un-
derscore the profound influence that component structural modifica-
tions can exert on system performance. Notably, even for pre-designed
components with fixed structures, the adoption of varying operational
strategies can still significantly alter system performance. In contrast to
the strategy which fixed n at 3000 r/min to accommodate grid re-
quirements and mitigate potential gearbox losses, we assign optimal
speeds tailored to different rated capacities [34,35]. As depicted in
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efficiencies.

Fig. 8c, the lowermost straight line represents the minimum feasible
rotational speed, whereas the upper curve signifies the recommended
speed for optimal 5 and ¢, with the intermediate space constituting the
desirable operational range. It is evident that there exists a substantial
disparity in turbomachinery efficiencies between these two rotational
speed scenarios (refer to Fig. 8d). This efficiency gap primarily stems
from the reduced ability of the internal mainstream to withstand per-
turbations at lower speeds, which enhances irreversible losses during
pressure fluctuations in sCO», thereby compromising the power gener-
ation capacity. When dealing with high-capacity units, component
limitations necessitate adhering to n of 3000 r/min. Conversely, for
small-capacity units, adjusting n to 3000 r/min is discouraged as it
would markedly diminish 7.

In the following, the relationship between the main steam parame-
ters and the thermal efficiency of the system will be analyzed in detail,
while the mechanism by which other factors affect the system perfor-
mance can also be derived along the following lines.

3.1. Effect of P5 on cycle efficiency

As Pg escalates, the net specific work of the system (wyer) undergoes
an initial swift augmentation due to the widening enthalpy gap. Sub-
sequently, the pace of the increase trend becomes gentle, giving rise to
an initial steep reduction in m, which subsequently plateaus (refer to
Fig. 9a). Pressure drop of components exhibit consistent trends with m
(see Fig. 9b), benefiting the system by alleviating the compressor load. It
is imperative to recognize that elevating Ps introduces potential stresses
to the system. Firstly, the escalation of Ps triggers a decline in both 7t
and ¢, attributable to the intensified losses occurring at the tip clear-
ance. Secondly, achieving a higher Ps necessitates the compressor to
supply additional pressure, placing further demands on the system. The

interplay between these two opposing effects cause the subsequent
phenomenon: As Ps initially increased from 20 MPa, W¢ and Qpoiler
decreased owing to the rapid decrease in m (Fig. 9¢), indicating that the
negative effects were less significant at low Ps. However, once Ps ex-
ceeds 30 MPa (for Wyt = 300 MWe), the attenuation in the rate of
decrease of m exacerbates the impact of Ps5 augmentation on W¢ and
Qboiler, rendering it more pronounced, which harms the system perfor-
mance. In conclusion, the increase of Ps had a multifaceted influence on
the system’s overall performance. Fig. 4 in ref. [21] notes that with an
increase in the compressor pressure ratio, the hydrodynamic force and
power capacity of the turbine increase monotonically. However, as the
pressure ratio rise to larger values, the increment in W¢ approached that
of the Wr’s, resulting in the #y, tends to increase and then decrease. We
observe that the Wt and W¢ in ref. [21] exhibit a monotonic increase,
contrasting with the findings presented in this study. This discrepancy
arises from the fact that previous research has predominantly concen-
trated on fixed-flow conditions, whereas our analysis expands the
investigation to encompass fixed-capacity conditions.

The conclusions could be further supported. The relationships among
exergy losses and Ps are shown in Fig. 9d. ;o exhibits a parabolic trend
with increasing Ps, culminating in a minimum at Ps = 30 MPa. This
downward trend is primarily attributed to reduction in Fijer, Whereas
the subsequent upward trend is predominantly driven by increases in
It1412 and Ic11ce- This parabolic distribution underscores the intricate
interplay between parameters, where a reduction in m partially allevi-
ates exergy losses, yet simultaneously, the escalating compressor load
becomes dominant, triggering a surge in I that ultimately un-
dermines the system’s overall performance. In Fig. 9d, Ic;c2 also
exhibit a parabolic shape, which results from a trade-off of several fac-
tors. Between Pg values of 20 MPa and 23 MPa, there is a marked
decrease in m, constituting the primary factor contributing to the
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reduction in I¢y ;2. Whereas, between Pg at 23 MPa and 35 MPa, I¢; 1c2
starts to turn up due to the combined effect of a more gentle trend in m-
curve and the increased workload of the compressor. Fig. 6 in ref. [57]
illustrates the trend of increasing and then decreasing of the system’s
exergy efficiency (1ex) with increasing turbine inlet pressure, the in-
crease of 7 is due to the decrease of the exergy loss of the steam
generator, and 7 turns to decrease because of the increase of turbine
and pump’s exergy losses, which is a similar conclusion to that of this
paper.

We conclude that 5y, exhibits a parabolic trend with increasing Ps,
resulting from a trade-off between positive and negative effects: an in-
crease in boiler’s performance and a decrease in turbomachinery’s
performance, respectively. When the positive and negative effects are
equal, Ps reaches the optimal point, at which the system’s thermal ef-
ficiency attains its peak value. As for a case with Wy = 300 MWe, the
optimal pressure is 30 MPa. Subsequently, the optimal main steam
pressure is denoted as Ps,,. We believe that an excessively high Ps is
detrimental to the system’s performance, primarily stemming from the
augmented compressor load. This observation aligns with the idea
presented in ref. [58], which contends that in a water-steam cycle,
excessively high main steam pressure exacerbates turbine losses,
thereby reducing system efficiency. This underscores a consensus that an
excessive main steam pressure is detrimental cycle system. In this sec-
tion, the relationship between system performance and component’s
pressure drop, efficiency, and exergy loss are established, which of them
help to understand the comprehensive impact of Ps on the system.

3.2. Effect of Ts on cycle efficiency

As depicted in Fig. 10a, m exhibits a consistent downward trend with
increasing Ts, primarily because of the enlarged enthalpy gap within the
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turbine. Component’s performance varies accordingly: APpjler and
APyrR + LTR + HTR2 decrease with m (see Fig. 10b), favoring system ef-
ficiency. Moreover, W shows a decreasing trend (Fig. 10c) due to the
combined effect of the enthalpy gap, m and 7, positively affecting the
system performance. The graph depicted in Fig. 3 of ref. [21] illustrates
the impact of elevating the maximum cycle temperature on the cycle
performance under fixed-flow operating conditions. Notably, both the
turbine’s output work and the overall heat input exhibit an upward
trend, with the turbine’s output work demonstrating a more pronounced
increase. Consequently, this results in a sustained augmentation of the
net output work and cycle efficiency. Despite the distinction between
fixed-flow and fixed-capacity conditions, both scenarios yield a
congruent correlation between the main steam temperature and the
thermal efficiency . Ref. [15] depicts the distribution of the #y, as the
main vapor temperature increases in water-steam cycle, where the 7y,
rises uniformly, demonstrating that the selection strategies of
water-steam cycle and sCO; cycle are the same when it comes to main
steam temperature.

The relationship between exergy losses and Ts is shown in Fig. 10d.
Significantly, the exergy losses in all components excluding the turbine
exhibit a decreasing trend with the increase in Ts, primarily stemming
from the reduction in m. Conversely, It; 12 displays an upward trend,
which can be attributed to the notable decrease in #t. As only Ity 12
increases, and that is significantly less than the combined decrease in the
exergy losses of the other components, I;oty Shows an overall decreasing
trend. In prior turbine related research [20], it highlighted the para-
doxical effect of increasing Ts; while it adversely impacts turbine per-
formance, it benefits the overall cycle performance. We have now
satisfactorily addressed this inquiry, elevating Ts has an adverse impact
on the turbine’s performance, albeit this deterioration is insignificant
when juxtaposed against the substantial benefits accrued by the
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remaining components.

With respect to the influence of Ts on cycle performance, refs.
[21-32,56-59] consistently presents analogous observations. Our
analysis concludes that under both fixed-capacity and fixed-flow con-
ditions, an augmentation in Ts enhance cycle efficiency, albeit through
disparate mechanisms. Importantly, our research underscores the need
for caution against excessively elevated Ts levels, not solely due to the
piping’s maximum tolerable temperature limits but also because of its
detrimental effect on #r.

13

3.3. Optimal Ts, Ps for various Wi

In this section, we consolidate the preceding analyses and derive
additional insights pertinent to the comprehensive capacity spectrum
spanning from 100 to 1000 MWe. Fig. 11 showcases the optimal com-
binations of main steam parameters tailored to distinct capacity sce-
narios. Notably, Ts,, remains consistent at 650 °C across the entire
spectrum of Wy values, underscoring the persistent positive correlation
between 5y, and Ts across this comprehensive capacity range. For
another main steam parameter, Ps op, increased monotonically from 26
to 37 MPa as Wy increased. This trend results primarily from the
varying trade-offs between the positive and negative effects across
different capacities. For high-capacity systems, 7t is higher [20] and less
sensitive to Ps, leading to a more pronounced increase in wpe with
increasing Ps. Concurrently, the reduction in m became more evident as
Ps increased. Fig. 12a and b demonstrate that APpqjler and Ipoiter €xhibit a
similar trend to m, indicating that the positive impact of increased Ps on
the system becomes more pronounced. On the other hand, the negative
impact of increased Ps on the system also varies across capacities.
Fig. 12c further illustrates a pronounced increase in the slope of Ic1 . c2 as
capacity escalates. Nonetheless, when juxtaposed with Ipejjer, both the
initial value and the rate of change in Icj;c2 exhibit more subdued
variations (analogous to those observed in the turbine), indicative of a
relatively stable, persistent negative influence of the elevation in Ps on
the overall system performance. As the positive effect intensified while
the negative effect remained steady, the parabolic peak shifted to the
right (Fig. 12d), explaining the increase in Ps o, with Wye. Importantly,
the Ps o, values reported for high-capacity units in this study potentially
surpass the current operational limits of contemporary units. Therefore,
the findings presented herein should be regarded as aspirational
benchmarks, and the practical optimization targets ought to account for
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the specific unit’s maximum tolerable Ps threshold.

As depicted in Fig. 9 of ref. [60], the influence of the maximum cycle
temperature on the optimal cycle pressure ratio is elucidated. This effect
stems from a multifaceted interplay of factors, including turbine output
work, the recuperators’ heat transfer capabilities, and the heat absorp-
tion temperature. In particular, a monotonically increasing trend is
observed in the optimal cycle pressure ratio as the maximum cycle
temperature escalates. Our conclusions complement well the relation-
ship between the optimal cycle pressure ratio and power capacity.
Ref. [21] optimized key parameters, including Ts, compressor pressure
ratio, and split ratio under fixed-flow conditions. Notably, the Ts was
optimized from an initial 550 °C-750 °C, while the compressor pressure
ratio was optimized from 2.60 to nearly 5.75. With regard to the main
steam pressure, the optimization trend is found to be diametrically
opposed to the recommendations proffered in this paper. Notably, it
becomes apparent that the conclusions formulated under fixed-flow
conditions diverge from those derived from constant capacity condi-
tions. In this section, we summarize Ts o, and Ps o, for the distinct ca-
pacity cases. Ts o, remained constant across the varying Wye; values,
whereas Ps o, exhibited a monotonic increase with Wye. Subsequently,
we shall employ these optimized main steam parameters to replace the
initial values of 620 °C and 30 MPa. This endeavor facilitated the
development of a revised thermal efficiency curve, enabling us to
comprehensively evaluate the performance disparities that arose before
and subsequent to the optimization of the main steam conditions.

3.4. Maximum ngy, at various Whpee

Fig. 13a illustrates a monotonic increase in the 7, max of the cycle as
a function of Wpt. This observed trend stems primarily from an intricate
interplay of both positive and negative effects. To elucidate the
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relationship between these opposing influences within the cycle as Wit
changes, we analyse a specific condition characterized by constant main
steam parameters. Following this, we undertake a comparative of the
shifts in these effects, both prior to and subsequent to the optimization
process. Increasing Wper with fixed main steam parameters leads to a
significant negative effect from increased APyqjer and a positive effect
from increased #nr and nc. When Wy increases from 100 MWe, the
positive effect is greater than the negative effect and #, rises. As Wyet
continues to increase, the rising trends of 5 and ¢ become flat and the
decreasing trend of APyqjer intensifies, so that the ny, gradually reaches
its peak and then turns down. However, when Ts;, and Ps o, are used,
APypoiler can be effectively reduced, minimizing the negative impact on
system performance. Consequently, the negative effect is consistently
smaller than the positive effect when W), is increased in the range of
(100-1000) MWe. These optimization effects collectively contribute to a
monotonically increasing 5, curve. Ref. [8]’s Fig. 2 elucidates the cor-
relation between capacity and efficiency in water-steam cycles. As the
unit capacity escalates, it affords larger flow channels and heat transfer
surfaces, while mitigating the detrimental impact of boiler pressure drop
penalties, thereby rendering larger capacity cycles inherently more
efficient than their smaller counterparts. In this study, we optimize the
main steam parameters specific to the sCO2 cycle’s capacity, effectively
mitigating the negative consequences of boiler pressure drop penalties
and aligning the capacity-efficiency relationship of the sCO2 cycle more
closely with that observed in water-steam cycles.

As depicted in Fig. 13b, I/Wpee of all components exhibited a
decreasing trend with increasing Whet. The enhancement of efficiency of
turbomachines lead to a reduction in It ; ¢/Whpet, moreover, the sup-
pressed boiler pressure drop causes a decreasing trend for Ipojler/ Whet-
Consequently, Iiotal/ Whet, which is the sum of all the component terms,
demonstrates a monotonic decrease. Within constant primary steam
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Fig. 14. 5y, versus Wy, relations under different researches.

conditions (P = 30 MPa, T = 620 °C), the term Iyojler/ Whet is depicted by
the red curve, with the discernible separation between curves under-
scoring that the pivotal factor driving the enhancement in 5y, through
optimized steam parameters is the substantial diminution of Iyjjer/ Whet-
Consequently, the primary strategic focus of cycle optimization ought to
be minimizing Iyeiler- Additionally, the significance of It; 2 and Ic11c2
becomes more pronounced in lower-capacity cycles, thereby rendering
their optimization redundant within the 600-1000 MWe capacity range.
These insights provide guidance in selecting optimization variables,
facilitating targeted and refined enhancements in the performance of
cycle systems.

In the concluding section, we briefly discuss the disparities in

15

Energy 314 (2025) 134245

findings across different studies (see Fig. 14) to inform future research
directions. Liu [24] overlooked 7t and #¢ variations with Wy, leading to
a APpojler-dominated cycle performance and a negative correlation be-
tween 7y, and Wyet. Wang [25] incorporated models of turbines and
recuperaters, elucidating how the favourable influence of 1 and the
detrimental effect of APpqjer On the cycle’s performance fluctuate with
varying capacities. Consequently, the 5y, curve manifested a parabolic
shape, achieving its apex at 300 MWe under the PFM flow strategy. Our
research consolidates all models and implements optimized parameters
(Ts,0p and Ps op), which successfully counteracts the detrimental pres-
sure drop penalty, ultimately outweighed by the collective beneficial
impacts of enhanced 7t and 7 across the entire capacity spectrum. As a
result, 7, exhibits a monotonic increase with Wye.

The parabolic character of the thermal efficiency curve indicates that
the adjustment strategy for the rated thermal parameters needs to be
extremely careful when optimizing the performance of the unit. The
complexity of the optimization scheme is higher when more factors are
considered. Taking China’s ultra-supercritical units as an example [61],
when the rated pressure Ps is increased from 25 MPa to 28 MPa, ny, is
relatively increased by 0.45 %, but accompanied by a significant in-
crease in the wall thickness of the boiler’s pressure-bearing parts, the
main steam pipes, and the valves, which leads to an average increase in
the overall investment cost of about 4 %. In addition, ref. [61] reveals
that under part-load conditions, 5, with Ps = 28 MPa decreases instead.
This highlights the complexity of the impact of Ps, Ts and Wy, on system
performance, and the actual optimization needs to comprehensively
consider factors such as rated operating conditions, part-load conditions
and total system cost. In this paper, a series of optimization results were
obtained by focusing on the rated operating conditions (design point),
but it should be noted that the optimization results may change when
considering the part-load performance. Therefore, future research
should aim at integrating the performance of units with various rated
conditions under part-load, in order to obtain an optimization strategy
that is closer to the engineering reality.

4. Conclusions

In this study, a comprehensive model encompassing a cycle system,
n-type boiler, axial turbine, axial compressor, and recuperator was
developed. The overlap energy utilization technique absorbs flue gas
energies over entire temperature range, integrating various heater
modules of the sCO; boiler to decrease large pressure drop induced ef-
ficiency penalty. The multi-stages axial turbines were modeled to
explore their performance as Wy changes. Conclusions can be drawn as
follows.

1. For a given capacity of 300 MWe, it is observed that 7y, exhibits a
parabolic trend with increasing Ps, due to the tradeoff between the
decreased pressure drop of sCO, boilers and the increased
compression power. Additionally, 74 monotonically increases with
Ts, primarily attributed to the decrease in m, leading to a monoto-
nous reduction in pressure drop of sCO boilers.

2. Based on correlation analysis between 7, and Ps, Ts, we identified
optimal main steam parameters Ps,, and Ts,, for ten capacity
samples ranging from 100 to 1000 MWe. Notably, Ps ., increases
monotonically from 26 to 37 MPa, due to the decreased pressure
drops of sCO; boiler as positive effect suppressing the increased
compression power as negative effect. Additionally, Ts . is fixed at
650 °C, given by the tolerance limit of materials.

3. By optimizing the main steam parameters, it is demonstrated that ;g
max increases monotonically from 50.30 % to 52.39 % as Wy in-
creases. This trend is primarily owing to the increased 7t and 7c as
positive effect outweighing the increased pressure drops of sCO;
boiler as negative effect.

4. After optimization of the main steam parameters, 5, is improved due
to the effective reduction of pressure drops of sCO2 boiler. Our work
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concludes important roles of components’ performance on system
efficiencies, providing the guidance to select the “optimal” main
steam parameters.
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