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ARTICLE INFO ABSTRACT
Keywords: The supercritical carbon dioxide (sCO2) Brayton cycle has garnered considerable attention due to its exceptional
Supercritical carbon dioxide cycle efficiency and compact design. However, owing to grid load requirements, the sCO; cycle often operates at part-

Part-load performance
Recompression cycle
Control strategy
Thermal efficiency

load, necessitating an investigation into its performance under such conditions. This paper employs the net
power superposition principle and mathematical derivations based on the recompression cycle to address this
need. Introducing a novel strategy, termed the inventory decoupling control strategy, enhances cycle thermal
efficiency at part-load. By splitting the recompression cycle into two simple Brayton cycles and implementing
independent inventory control strategies during load adjustment, thermal efficiency at part-load is significantly
improved. A 20 MW sCO5, cycle model incorporating this innovative part-load control strategy was developed for
this study. Calculations demonstrate that the inventory decoupling control strategy offers notable efficiency
advantages, with a thermal efficiency difference of up to 1.21 % at 30 % load. The primary rationale behind this
novel control strategy is to redistribute the regenerative process, thereby enhancing net power superposition and
reducing heat dissipation from the cooler during part-load operation. Additionally, the novel control strategy
results in less variation in compressor efficiency, leading to higher overall compressor efficiency and enhanced
safety. This approach further extends the applicability of the net power superposition principle and explores the
potential of inventory control strategies, offering a new perspective for investigating control strategies of sCOy
cycles under part-load conditions.

conditions of the sCO5 cycle, with most studies focusing on the impact of
external environmental factors, internal operating parameters and
structure, and control strategies. Concerning the influence of the
external environment, Ehsan et al. (Ehsan et al., 2020; Monjurul Ehsan
et al., 2020) conducted design analyses of the cooling systems for both
recompression and partial cooling sCO, cycles. Their results indicated
that the recompression cycle exhibits higher thermal efficiency under
varying sCO, inlet temperatures to the cooling tower and fluctuating
ambient temperatures. They concluded that, for the future commer-
cialization of dry-cooled sCO5 power plants, the recompression cycle is
preferable due to its superior performance and lower costs associated
with cooling tower design and solar field infrastructure. Furthermore,
Ehsan et al. (Ehsan et al., 2018) performed simulation studies on dry
natural draft cooling towers under different external environmental
conditions. The results demonstrated that the sCO inlet temperature
and system operating pressure significantly influence cooling system
performance, and that cooling capacity substantially decreases during
high ambient temperature periods. In addition, Ehsan et al. (Ehsan et al.,

1. Introduction

Supercritical carbon dioxide (sCOy) is characterized by its safety,
environmental friendliness, and natural availability, and has been suc-
cessfully applied in various industrial and chemical processes (Ehsan
et al., 2018). The supercritical carbon dioxide (sCO,) Brayton cycle is
considered a promising next-generation power cycle due to its high
thermal efficiency and compact system layout. (Ehsan et al., 2023;
Acikkalp, 2017; Mecheri and Le Moullec, 2016). Its versatility positions
it for application across diverse heat source fields, including nuclear
energy (Zhang et al., 2021), solar energy (Linares et al., 2020), gas
turbine waste heat (Dal Cin et al., 2023), and fuel cell waste heat (Ryu
et al., 2020). However, the sCO; cycle often faces off-design operational
challenges due to fluctuations in external factors and grid load demands,
emphasizing the importance of studying part-load performance
characteristics.

Currently, there is limited research on the off-design operating

* Corresponding author.
E-mail address: ehsun@ncepu.edu.cn (E. Sun).

https://doi.org/10.1016/j.ijheatfluidflow.2025.109944
Received 26 February 2025; Received in revised form 14 May 2025; Accepted 12 June 2025

Available online 16 June 2025
0142-727X/© 2025 Elsevier Inc. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0000-0002-2262-7635
https://orcid.org/0000-0002-2262-7635
mailto:ehsun@ncepu.edu.cn
www.sciencedirect.com/science/journal/0142727X
https://www.elsevier.com/locate/ijhff
https://doi.org/10.1016/j.ijheatfluidflow.2025.109944
https://doi.org/10.1016/j.ijheatfluidflow.2025.109944
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatfluidflow.2025.109944&domain=pdf

C. Chang et al. International Journal of Heat and Fluid Flow 116 (2025) 109944

Nomenclature Acronyms

Cl main compressor
h specific enthalpy, kJ/kg Cc2 recompressor
p pressure, MPa HTR high temperature recuperator
q heat transfer per unit mass flow rate, kJ/kg HTR(a) high temperature recuperator in SC1
qm mass flow rate, kg/s HTR(b) high temperature recuperator in SC2
T temperature, °C IC inventory control
w work done per unit mass flow rate, kJ/kg IDC inventory decoupling control
x split ratio of flow rate LTR low temperature recuperator
Ah enthalpy drop, kJ/kg LTR(a) low temperature recuperator in SC1
AP pressure drop, MPa LTR(b) low temperature recuperator in SC2

) PCHE print circuit heat exchanger

Subscripts RC Recompression cycle
1, 2, 3... state points of cycle sc simple Brayton cycle
C compressor sCO, supercritical carbon dioxide
C1 main compressor T turbine 1
C2 recompressor T1(a) turbine 1 in SC1
c cool T1(b)  turbine 1 in SC2
d design operating conditions v valve
h hot
od off-design operating conditions Greek symbols
RC recompression cycle Nth thermal efficiency
T turbine nr isentropic efficiency of turbine

nc isentropic efficiencies of compressor

2019; Monjurul Ehsan et al., 2020) evaluated the performance of dry
cooling systems coupled with concentrating solar power (CSP) plants
under various seasonal climates. Their findings highlighted that the
design parameters of dry cooling systems have a critical impact on both
the CSP plant and its off-design performance across different climatic
conditions. Incorporating an additional bypass section upstream of the
cooling tower was identified as an effective technique to maintain
optimal cycle operation. Floyd et al. (Floyd et al., 2013) investigated
how system performance is affected by variations in cooler outlet tem-
perature across seasons and proposed adjusting compressor speed to
adapt to changes in environmental temperature. Similarly, Duniam et al.
(Duniam and Veeraragavan, 2019) arrived at similar conclusions in their
research. Correa et al. (Correa et al., 2021) assessed the effects of vari-
ations in heat source and environmental temperature on system per-
formance, noting that adjusting the split ratio can significantly mitigate
these impacts. It can be observed that current research primarily ad-
dresses environmental variations by adjusting different components and
cycle parameters. However, a unified theoretical approach has not yet
been proposed.

Regarding the influence of internal operating parameters and
structure, Gini et al. (Gini et al., 2023) investigated the part-load char-
acteristics of the simple Brayton cycle and concluded that the sCO2 mass
flow rate plays a crucial role in regulating cycle output power, with the
two parameters exhibiting an almost linear relationship. Zheng et al.
(HaoNan et al., 2024) analyzed the performance degradation mecha-
nism of the system at part-load, revealing that a reduction in load
positively affects system performance through the recuperator, while
the turbomachinery exerts a detrimental influence. Yang et al. (Yang
et al., 2020) conducted a comparative analysis of the part-load perfor-
mance among the four most typical sCO, cycle layouts. Their findings
indicated that the recompression cycle demonstrates the highest effi-
ciency at part-load, whereas the intercooling cycle does not offer sig-
nificant efficiency advantages at low loads. Additionally, Ma et al. (Ma
et al., 2022) compared the part-load performance of a simple Brayton
cycle with that of a recompression cycle, highlighting the latter’s
broader regulation range and higher efficiency. It can be seen that
previous studies have analyzed the effects of various internal parameters
on cycle performance and provided corresponding conclusions.

Nevertheless, similar to studies addressing environmental fluctuations,
these works lack a generalized theoretical framework to explain the
underlying mechanisms behind the observed phenomena.

In terms of control strategies, several researchers (Wang et al., 2022;
Lietal., 2020; Ming et al., 2023) have determined that inventory control
can lead to higher efficiency and improved safety at part-load. Luu et al.
(Luu et al., 2018) observed that while adopting an inventory control
strategy during solar net power fluctuations can enhance efficiency, it
has limitations and demonstrates significant benefits only during sub-
stantial or stable drops in solar power. Singh et al. (Singh et al., 2013)
reached a similar conclusion. Moreover, many studies have indicated
that inventory control strategies alone may not suffice to meet efficiency
and range requirements, prompting researchers to explore the integra-
tion of multiple strategies. Heifetz et al. (Heifetz and Vilim, 2015)
developed a mixed-mode controller by combining inventory control
with turbine bypass control to enhance system efficiency and stability
during control strategy transitions. Fan et al. (Fan et al., 2020) proposed
a combined sCO»-tCO; cycle, evaluating various control strategies and
ultimately recommending a composite approach integrating inventory
control with bypass control to enhance efficiency and regulation range
at part-load. Oh et al. (Oh et al., 2017) investigated control strategies for
sCO; cooled micro modular reactor system, finding that combining core
bypass control with inventory control achieves a load range of 0 %-100
% and higher efficiency compared to core bypass control alone. Du et al.
(Du et al., 2024) analyzed equipment exergy loss adopting different
control strategies, concluding that for optimal balance between safety
and efficiency, a strategy combining inventory control and turbine
bypass control is advisable. It is evident that most existing studies focus
on basic control strategies and evaluate their individual or combined
performances. However, research on inventory control remains limited,
and the potential of inventory-based strategies has yet to be thoroughly
explored.

In summary, current research on the off-design performance of sCO;
cycles lacks a generalized theoretical framework, limiting the ability to
interpret the underlying causes of observed phenomena. Moreover,
studies on inventory control under part-load operation are still in an
exploratory stage. Although inventory control is widely regarded as a
more efficient strategy, most existing research focuses on expanding its
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regulation range by combining it with other control methods. There is a
lack of investigation into the relationship between the cycle construction
process and inventory control, as well as how to further improve effi-
ciency under inventory-based regulation. Therefore, it is essential to
identify a common theoretical approach for enhancing efficiency and to
further explore the characteristics of inventory control in order to
develop more effective part-load strategies. In this work, we integrate
the part-load characteristics of the cycle with its construction process.
Based on the net power superposition principle, we decouple the cycle
and apply independent inventory control strategies to each sub-cycle,
ultimately achieving a more efficient part-load control strategy from
the perspective of cycle configuration optimization.

This study focuses on a recompression cycle using a generalized heat
source. The objective is to explore the potential of inventory control in
order to improve the cycle efficiency of sCO, systems under part-load
conditions. The research methodology combines theoretical derivation
with numerical simulations. Specifically, a theoretical method for
improving part-load efficiency is first developed, and then validated
through simulations. The part-load characteristics of the proposed
approach are also analyzed. The structure of the paper is organized as
follows: First, through a comprehensive literature review, we identify
that current studies on off-design conditions of sCO, cycles lack a
generalized theoretical framework, which limits the depth of explana-
tion for observed phenomena. Additionally, the research on inventory
control strategies remains insufficient. In response, we propose a theo-
retical approach based on the net power superposition principle to
improve part-load efficiency, and introduce a novel inventory decou-
pling control strategy. Finally, simulation results are presented to verify
the effectiveness of the proposed method and to further analyze the part-
load performance of the cycle.

2. Net power superposition principle and inventory decoupling
control strategy

In pursuit of a generalized approach to enhancing sCO- cycle effi-

ciency, Sun et al. (Sun et al., 2020) and Li et al. (Hangning et al., 2020)
introduced the net power superposition principle. By leveraging the first
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law of thermodynamics and theoretical derivation, they illustrated how
multiple compressions and regeneration can elevate cycle efficiency,
thereby catalyzing the development of multi-compression cycles. The
net power superposition principle offers a novel perspective for
analyzing cycle characteristics and has proven effective in assessing
system steady-state conditions. This has prompted exploration of its
application in part-load research, leading to the formulation of the in-
ventory decoupling control strategy.

The structure of the recompression cycle is illustrated in Fig. 1(a).
Within the RC cycle, the working fluid initially absorbs heat in the
heater before entering the turbine for expansion and work generation.
Following this, the fluid releases a portion of its heat in the recuperators,
subsequently bifurcating into the cooler and the recompressor at the
outlet of the LTR low-pressure side, respectively. Upon entry into the
cooler, the fluid undergoes cooling before being pressurized in the main
compressor, then passing through the LTR to absorb heat and eventually
merging with the fluid from the recompressor at the inlet of the HTR
high-pressure side. Upon merging, the fluid enters the HTR to absorb
additional heat before concluding the thermal cycle by re-entering the
heater. Table 1 presents the thermodynamic balance equations for each
component within the cycle.

In the RC cycle, the compressor total power consumption wc, the
turbine work output wr, the heat dissipated by cooler qcooler, the heat

Table 1
Thermodynamic balance equations for components in the cycle.

Components Thermodynamic balance equations
Main compressor Hys — H.
P Nors = o Wer = (1= x)(Ha — H1)dm

Hy, —H;

recompressor Hs, — H;
P Nas = s Wea = x(Hs — H)qm

H3 — Hg

Turbine Hs — H

s = F,Wﬂ = (Hs — Hp )qm

5 — Hes

Low temperature recuperator H; — H;
P P x = 7 8 Qum = (H7 — Hg)qm

"H; —H,
Qutr = (He — H7)qm

Qcooter = (1 —x)(Hs — H1)qm
Queater = (Hs — Ha)qm

High temperature recuperator
Cooler
Heater

(b) Simple Bryton cycle 1 (SC1)
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Fig. 1. Schematic diagram of cycles: (a) RC cycle (b) decoupling cycle.
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absorption by heater gyeater, and the thermal efficiency #u, rc are:

we = (1 — xpc)Ahcy + XpcAhcy = (1 — Xge)(he — hy) +Xpe(hsy —hg) (1)

Wr = AhT = h5 — h5 (2)
qcooler = (1 - XRC)(hg — hl) 3
QHeater = AhHeater = hs — h4 4)

Wr —We _ Ahr — (1 — xpc)Ahci — XpcAhcy
Ah]-leater

)

Mhre =
(Heater

where Ahg; is the main compressor enthalpy change; Ahgy is the
recompressor enthalpy change; and Ahpyeater is the heater enthalpy
change. According to the first law of thermodynamics, it can be
obtained:

Ahgeater + (1 — Xpe) Ahcy +XrcAhcy = (1 — Xre) Ahgooter + Ahr (6)

Substitution of Eq. (6) into Eq. (5) gives:

— wr —Wwe _ Ahr — (1 — xg¢)Ahc1 — XpcAhc,
thRe QHeater Aht + (1 — xpe) Ahcooter — (1 — Xrc) Ahcy — XrcAhca
@)
To simplify the formulation, Ahy is divided into two parts:
AhT = (1 — ch)AhT +XRcAhT (8)
Substitution of Eq. (8) into Eq. (7) gives:
(1 — xpc)(Ahr — Ahcp) + xpe(Ahr — Ahc) ©)

ThRe = 1 snc) (Ahy—Ahcy + Ahcooter) + Xnc(Ahy — Ahcy)

Eq. (9) is the thermal efficiency of the RC cycle obtained using the
splitting method, which can consist of two main parts, the first one is the
base cycle term:

(1 7ch)(AhT7AhCl) _ (1 7ch)(AhT7AhCl)
(1 —xgc)(Ahr—Ahcy + Ahcoter) (1 —xre)(Ahr—Ahcy ) + (1 —Xre) Ahcooter
(10)

the second part is the net power superposition term:
XRC (AhT — Ahcz) (1 1)

According to the net power superposition principle, two key obser-
vations can be made:1. If the base cycle term remains constant, a higher
value of the net power superposition term (i.e., a larger SC2 net power
Xxrc(AhT-Ahco)) correlates with higher thermal efficiency. 2. if the net
power superposition term is held constant, a larger value of the base
cycle term (i.e., a smaller cooler exergy (1-xrc)Ahcooler) leads to higher
thermal efficiency. However, implementing these methods to enhance
cycle thermal efficiency is challenging for the recompression cycle. This
is because the state parameters at each point of a single cycle deeply
affect one another, making it difficult to alter specific parameters
without impacting others. The current part-load control strategy is un-
able to execute the aforementioned approaches.

To address this, we propose decoupling the recompression cycle into
two simple Brayton cycles. In this decoupled cycle, SC2 transfers the
heat that would have dissipated to the environment to SC1 for regen-
eration through LTR(b), effectively achieving an equivalent efficiency of
1 for SC2, akin to net power superposition. Fig. 1(b) illustrates the
structure of the decoupled cycle, while Fig. 1(c) depicts the construction
process. The decoupled cycle operates similarly to the RC cycle, with
fluid within SC1 and SC2 completing a thermodynamic cycle through
the heater, turbine, recuperator, and cooler. However, in the decoupled
cycle, the fluid in SC1 splits at the outlet of the main compressor, with a
portion entering LTR(a) to absorb heat and the remainder entering LTR
(b) for the same purpose. These two streams converge at the high-
pressure inlet of HTR(a), then proceed to HTR(a) and the heater to

International Journal of Heat and Fluid Flow 116 (2025) 109944

absorb heat and complete a thermal cycle. Load regulation of the cycle is
achieved through the inventory control strategy (IC), with a CO5 storage
tank in each of SC1 and SC2 enabling independent control. This signif-
icantly enhances the load control flexibility of the cycle. Consequently,
the proposed inventory decoupling control strategy (IDC) allows for the
implementation of methods to enhance cycle thermal efficiency without
the need for a splitter valve or turbine throttling valve control.

3. System modelling
3.1. Heat exchanger

The heat exchanger utilized in the sCO5 cycle is a zigzag-type printed
circuit plate heat exchanger (PCHE) (Jiang et al., 2018), which is dis-
cretized for thermal calculations. Fig. 2 illustrates this discretization,
where a single heat exchanger is divided into N subunits. For this study,
all 20 subunits of the heat exchanger are selected.

For each subunit interior, it was calculated using the log mean
temperature difference (LMTD) method (Jiang et al., 2018), as given in
Eq. (12) to Eq. (15).

1 1 6 Ax
=42 12
k 1 hA a2
A
e = Ny 5 a3
h/c
Q Q
UA = = (14)
ATLMTD (ATmax - ATmin)/ln(ATmax/ATmin)
ATmax = maX(Th‘in — Lc,out; Th,out - Tc.in) ATmin
= min(Th.in — Teouty Thou — Tc.in) (15)

where 1 is the heat conductivity of the material; h is the convective heat
transfer coefficient in the tube; & is the equivalent wall thickness; k is the
overall heat transfer coefficient of each subunits; A is the heat transfer
area; Ap . is the fluid thermal conductivity; Nu is the Nusselt number; and
UA is the heat conductance of each subunits.

The pressure drop of each subunits is:

1L
AP = pGf % (16)

where fis the friction factor; G and p denote velocity and density of fluid;
d is the hydraulic diameter; and L, is the channel length of each subunits.

For the CO, side and the water side, the correlations between Nu and
f are calculated based on the equations provided in references (Jiang
et al., 2018) and (Chu et al., 2017), respectively. In this study, the heat
exchanger channel corrugation angle is set at 40 degrees, and the con-
struction material chosen is SS316. The sizing follows the guidelines
outlined in reference (Pierres et al., 2011), while the initial parameters
are as shown in Table 2. During off-design operating conditions, the heat
exchanger’s structural parameters and inlet parameters are known. The
outlet parameters can be obtained through iterative calculations by
assuming the pressure drop on both sides and the outlet temperature on
the low-pressure side.

In this paper, a generalized heat source is employed for the heater,
assuming that it provides ample heat. The pressure drop on the CO; side
in off-design operating conditions is modeled using the following
calculation (Dyreby):

7/4
APyeaterod = APHeater,d (Zmo:l) a7

where od represents off-design operating conditions; d represents design
operating conditions.
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N_l N Th,out Ph,out

Tc,in Pc,in

Fig. 2. Schematic of PCHE discrete calculation.

2 [
Thin Phin
Tc,out Pc,out
Table 2
PCHE channel parameters.
Parameters HTR LTR Cooler
Channel diameter D, (mm) 2.00 2.00 2.20
Width between channels t3 (mm) 0.97 0.80 0.17
Thickness between channels t, (mm) 1.02 0.82 0.42
R, 2 2 1

3.2. Compressor

The compressor model calculation method utilized in this paper is
derived from reference (Enhui et al., 2023). This method incorporates
enhancements to the loss model, resulting in significantly improved
accuracy in predicting compressor performance curves. The modified
loss model yields calculation results with smaller errors when compared
with experimental data from Sandia Laboratory.

The key formula for the velocity triangle of the inlet is as follows:

_ Poc(Pot, Tot)me1 D3 (1 — 71)

m 18
4 1s)
NCERTS
Myy = —Y21 s (19)
o Csound (POU TOt)
n=1-_—Ah 20)

" 2(Dys + Dp)

where c; is the inlet absolute velocity; Do, Ds, and Dy denote the
equivalent inlet diameter, wheel shroud diameter, and hub diameter; us;
is the tangential velocity at the blade tip; M,y is the inlet blade tip Mach
number; Z; is the number of inlet blades; 7; is the inlet blockage factor; t;
is the calculated thickness of the inlet blades; with the subscript
0 denoting the stagnation parameters, and the subscript 1 denoting the
inlet of the blades.

The key formula for the velocity triangle of the outlet is as follows:

(a) 6 — 20196 rpm
— 18196 rpm />'-";’;"/"'_’80
— 16196 7,0, e e
5 pm / 7,0,
— 14196 tpm /, 7 7 /7 7,
— 12196 rpm / /’/’// ,’// |75
4—10196rpm// /7 7 ////
~ ;L
. ’
" 170
3 /
/
-
——————————
2 65
1

0
0 20 40 60 80 100 120 14%
m(kg/s)

0.637
c=1- Zow (21)
W =1—¢cot(fyy) — (m/Zy)sin(fn) (22)
Gm = bap,Com (nDs — Zoty) (23)

where ¢ is the slip factor, Z; is the number of outlet blades; y is the outlet
tangential velocity coefficient; Dy is the outlet impeller diameter; t5 is
the calculated thickness of the outlet blades; with the subscript 2
denoting the outlet of the blades.

In the outlet, inlet, and diffuser calculations incorporating the loss
model, compressor performance curves can be obtained. Fig. 3 illus-
trates the main compressor and recompressor performance curves,
where the solid line represents the pressure ratio and the dotted line
represents the efficiency.

3.3. Turbine

Due to the relatively high pressure of the CO5 fluid in the turbine, a
multistage axial flow turbine is selected. Off-design calculations of the
turbine can be performed using the Stodola elliptic method, which is a
model for axial flow turbine off-design operating conditions (Gabbrielli,
2012; Fan and Dai, 2021):

T;

¢ = Qm,inp—m @24
p?  —P?
Yd _ ind out,d (25)
P i2n.d¢g
2
Noa [AH.q
Nrod = M1a =2 (1\;‘1' AHS L 1) (26)
5,00
Pin.od = \/qﬁlyjn‘odTin‘ode + Pgut_od (27)

(b) 6—27890rpm - 80
—— 25890 rpm L ;////—E z-
5/ 23890 rpm s A 75
— 21890 rpm ////,’,ﬁ’
I 77, -
19890 rpm /////// 70
— 17890tpm /,, 7, ",

4 ’ / ~
~ 10y X
Q~ ///// 658./

77 —— =

3 177 S

17 60
1/ —
/. -
2  — 55
7

70"

1 : : : : : :
0 10 20 30 40 50 60
m(kg/s)

Fig. 3. Main compressor performance curve (a), recompressor performance curve (b), the solid line represents the pressure ratio and the dotted line represents

the efficiency.
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where 57 is the isentropic efficiency of turbine; AH is the enthalpy drop;
and N is the turbine speed.

3.4. Cycle part-load calculation model

The models for the heat exchanger, compressor, and turbine are
coded using MATLAB software, with the components interconnected to
simulate the sCO5 cycle. The flowchart for the part-load model of IC is
depicted in Fig. 4(a). The process begins with inputting the load de-
mand, structural parameters of each major component, and known pa-
rameters of the cycle. Initially, assumptions are made regarding the total
flow rate and pressure drop across the recuperator, which determine the
pressure at each point in the cycle. Subsequently, the turbine outlet
temperature Ty is calculated using the turbine off-design model.
Assuming outlet temperatures T; and Tg for the HTR and LTR respec-
tively, the compressor outlet temperature and isentropic efficiency are
determined using the compressor off-design model. Next, the recuper-
ator outlet temperatures and pressure drops are computed using the heat
exchanger off-design model. Finally, the total flow rate is recalculated
based on the given load demand. The calculation is considered complete
when the heat exchanger temperatures, pressure drops, and total flow
rate converge. If convergence is not achieved, the assumptions are

(@)
Input: 7, P,
T5, Wnet; X

International Journal of Heat and Fluid Flow 116 (2025) 109944

readjusted accordingly.

The flowchart for the part-load model of IDC is depicted in Fig. 4(b).
The process begins with inputting the load demand, structural param-
eters of each major component, and known parameters of the cycle.
Initially, the flow rate of the SC1 cycle is assumed, and the part-load
model of IC is used to calculate the net work of the SC1 cycle Wyersc1
and the high-pressure side outlet temperature T3, of the LTR(a).
Following this, assuming the flow rate of the SC2 cycle, the part-load
model of IC is utilized again to compute the net work of the SC2 cycle
Whet,sc2 and the high-pressure side outlet temperature T3, of the LTR
(b). The calculation is considered complete when T3, and T3, are equal,
and the sum of net work converges. If convergence is not achieved,
adjustments are made to the flow rates of SC1 and SC2 accordingly.

3.5. Model validation

The accuracy of the cycle calculation model was verified by
comparing the simulation results with reference values reported in the
reference (HaoNan et al., 2024) The comparison results are presented in
Table 3. Specifically, we selected the parameters provided in reference
(HaoNan et al., 2024) to calculate the cycle efficiency and compared our
results with the reported values. The results show that the deviation in

(b)
Input: 74, P, Ts,
TS‘a Wnet

}
| Guess: Mg

Guess AP, for heat

—>| HTR,4 module

]
]

Guess: Mep2.sci

exchangers

|Calculate: T4, Ty caty APoq

RC IC module

T,q module

| Calculate: Ps, Tg, 11 |

|
| Guess: T4 |<—
'

T; ca1 cOnverge?

Cooler,y module

Calculate: Tsy, Whesct,
Other parameters of
SC1

y

—Pl Guess: Meo2,8C2

—>| Guess: Ty | |

Calculate: APy |

RC IC module

MC,q module
| Calculate: 75, #c1, Nci |

RC,q module

Calculate: T, Whersca,
Other parameters of
SC2

| Calculate: T3b, Hco, NCZ |

LTRy module
Calculate: T, T cas,
AIjod

T ca cOnverge?

Fig. 4. Flowchart for the part-load model of IC (a) and IDC (b).
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Table 3
Accuracy of the model.

Load Reference (%) (HaoNan et al., 2024) Calculation (%) Difference (%)

100 %  49.54 49.59 0.06
90 % 49.78 49.80 0.02
80 % 49.69 49.73 0.04
70 % 49.39 49.36 0.03
60 % 48.69 48.66 0.02
50 % 47.46 47.40 0.06
40 % 45.43 45.44 0.02
30 % 42.24 42.29 0.05

cycle efficiency is within 0.06 %, indicating that the computational
model used in this study is reliable and the simulation results are
credible.

4. Results and discussion

In order to further analyze the efficiency advantages of IDC control
strategy at part-load, this paper takes the 20 MW sCO5 recompression
cycle and the decoupling cycle as a reference to conduct a comparative
analysis of the cycle thermal efficiency and the performance of each
equipment. Fig. 1 illustrates the schematic diagrams of both types of
cycles. The cycle employs CO3 storage tanks to adjust the mass flow rate
for load regulation. A printed circuit heat exchanger (PCHE) is utilized
in the recuperator and cooler, with water serving as the cooling fluid in
the cooler. Parameters for the design of the sCO5 cycle are detailed in
Table 4 (Jinliang et al., 2023).

The assumptions for the calculations are outlined as follows: 1. The
part-load performance is computed under steady-state conditions (Yang
et al., 2020). 2. Both the turbine and the generator maintain a constant
speed, while the main compressor and the recompressor can operate at
variable speeds (Dostal, 2004). 3. The split ratio remains constant at
part-load. 4. The study focuses on a generalized sCOy cycle with a
generalized heat source capable of providing sufficient heat at part-load.
5. The cooler can supply sufficient cooling fluid to maintain a consistent
state at the inlet of the main compressor (Fan and Dai, 2021). 6. Heat
transfer between the cycle and the surroundings is neglected.

4.1. Analysis of cycle thermal efficiency

The cycle thermal efficiencies of IC and IDC at part-load are depicted
in Fig. 5(a). As the load decreases, the efficiency advantage of adopting
IDC becomes more pronounced. The maximum difference between the
two strategies occurs at 30 % load, with the thermal efficiency of IDC
being 1.21 % higher than that of IC. Fig. 5(b) illustrates the variation
curve of the net work superimposed term in Eq. (9) at part-load.
Compared to IC, the net work superimposed term of IDC is higher, and
as the load decreases, the difference between the two strategies gradu-
ally increases, reaching its peak difference at 30 % load, which amounts
to 5.52 kJ/kg. This variation pattern aligns with the difference in cycle

Table 4
Parameters for sCO cycle design.
Parameters Value Parameters Value
Net power Wpet 20 MW Cooler pressure drop APcooler 150
kPa
Turbine inlet temperature 605 °C Isentropic efficiency of turbine  87.00
Ts. Ts nr1 %
Turbine inlet pressure 27 MPa  Isentropic efficiencies of main 80.00
Ps. Py COmPressor #cy %
Main compressor inlet 32°C Isentropic efficiencies of 78.40
temperature T; recompressor #ca %
Main compressor inlet 8.1 Max pressure drop of 150
pressure Py MPa recuperator APy kPa
Heater pressure drop 500 Pinch temperature of 10°C
APyeater kPa recuperator ATy
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Fig. 5. Variation curve of cycle thermal efficiency (a), network superimposed
term (b) and enthalpy drop in the cooler (c) with load adopting IC and IDC.
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thermal efficiency between the two strategies. Fig. 5(c) shows the
variation curve of enthalpy drop in the cooler at part-load. In compar-
ison with IC, the enthalpy drop in the cooler of IDC is reduced. This
reduction indicates an increase in the value of the base cycle term in Eq.
(9) with the new control strategy. The variation patterns observed in the
net work superposition term and the enthalpy drop in the cooler align
with the net power superposition principle and the analysis of cycle
thermal efficiency mentioned in Part 2. This supports the conclusion that
cycle thermal efficiency is enhanced with the adoption of IDC.

To further demonstrate the reasons for the increased efficiency of
adopting IDC strategy, the performance of the three main components of
the cycle, the recuperator, the compressor, and the turbine, will be
illustrated.

4.2. Part-load operation characteristics of the recuperator system

The amount of heat dissipated in the cooler is closely linked to the
regenerative system. Fig. 6 illustrates the variation of total regenerative
heat with load adopting the two strategies. While the total regenerative
heat remains nearly equal between the two strategies, the distribution of
regenerative heat among each recuperator is altered by the different
control strategies. The proportion of regenerative heat from each recu-
perator to the total regenerative heat at 30 % load is depicted in Fig. 7.
Since the RC cycle has only two recuperators, it is considered as having
four recuperators according to the corresponding splitting ratios (Sun
et al., 2020). It’s evident that after adopting IDC, the regenerative heat
of HTR(b) remains almost constant. However, the regenerative heat of
LTR(a) and LTR(b) increases by 4.2 % and 2.2 %, respectively, while the
regenerative heat of HTR(a) decreases by 6.7 %.

The increasing regenerative heat of LTR(b) indicates that SC1 re-
ceives more regenerative heat from SC2. This is due to the adoption of
IDC, which results in a higher inlet temperature of the LTR(b) low-
pressure side. Fig. 8(a) depicts the variation curves of LTR and LTR(b)
low-pressure side inlet temperature with load adopting IC and IDC. It’s
evident that T, with IDC is greater than T, with IC. Higher inlet tem-
peratures of the low-pressure side result in more regenerative heat in
LTR(b). Additionally, the temperature difference for heat transfer inside
LTR(b) is improved. Fig. 9 illustrates the T-Q distributions of LTR and
LTR(b) at 30 % load. The log mean temperature differences before and
after the adoption of IDC are 7.00 °C and 4.79 °C, respectively. The
temperature difference between the two sides of LTR(b) is significantly
smaller than that between the two sides of LTR, resulting in more
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Fig. 6. Variation curve of total regenerative heat with load adopting IC
and IDC.
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Fig. 7. Proportion of regenerative heat of each recuperator to total regenera-
tive heat adopting IC (a) and IDC (b).

efficient heat transfer. Moreover, the increase in regenerative heat of
LTR(b) leads to an increase in its high-pressure side outlet temperature
T3a, as depicted in Fig. 8(b). As Ts, rises, the regenerative heat of HTR(a)
decreases, resulting in an increase in its low-pressure side outlet tem-
perature T;. As shown in Fig. 8(a), it can be observed that T; which
adopts IDC is greater than T, which adopts IC The reduced regenerative
heat of HTR(a) is recovered in LTR(a), explaining the increased regen-
erative heat of LTR(a). The redistribution of regenerative heat in the
recuperator system, combined with the adoption of IDC to indepen-
dently control the flow rate of each sub-cycle, significantly contributes
to reducing the heat dissipation in the cooler, denoted as (1-xrc)Ahcooler
in Eq. (9).

4.3. Part-load operation characteristics of compressor systems

The variation curve of compressor efficiency with load using the two
strategies is illustrated in Fig. 10(a). During the transition from 100 %
load to 30 % load, the main compressor efficiency decreased by 1.89 %
and the recompressor efficiency decreased by 4.04 % with IC. In
contrast, with IDC, the main compressor efficiency decreased by 2.07 %
and the recompressor efficiency decreased by 3.03 %. It’s observed that
by adopting IDC at part-load, the efficiency drop of the main compressor
increases slightly, but conversely, the efficiency drop of the recom-
pressor decreases significantly. This allows the compressor to operate
closer to the design conditions without excessive deviation, thereby
generally improving compressor operating efficiency and safety.

The observed phenomenon results from the fact that adopting IDC
changes the flow rates of the compressors. As shown in Fig. 10(b), during
the transition from 100 % to 30 % load, when adopting IC, the flow rate
ratios of both the main compressor and the recompressor decrease by
44.59 %; when adopting IDC, the main compressor flow rate ratio de-
creases by 47.25 %, and the recompressor by 37.61 %. According to the
compressor performance curves shown in Fig. 3, the greater variation in
the main compressor flow rate when adopting IDC leads to a reduction in
its efficiency, while the recompressor efficiency improves.

4.4. Part-load operation characteristics of the turbine system

The curves illustrating the variation of turbine outlet temperature
and regenerative heat per unit mass flow rate of the low-pressure side
fluid with load are depicted in Fig. 11(a and b). As the load decreases,
the turbine outlet temperature gradually increases, which is attributed
to the decrease in turbine efficiency. Meanwhile, the regenerative heat
per unit mass flow rate on the low-pressure side increases continuously,
and this trend corresponds to the increase in turbine outlet temperature.
This is because a higher outlet temperature allows the fluid entering the
recuperator to release more thermal energy. This indicates that as the
turbine deviates from its design conditions, its isentropic efficiency de-
creases on the one hand, while on the other hand, it positively impacts
the regenerative heat of the cycle.



C. Chang et al.

International Journal of Heat and Fluid Flow 116 (2025) 109944

a) 220 b) 220
@ ——ICT7 ® ——CB
200{——IDC 77 200{——IDC T3a
——IDC T7'
180 180
£ 160 1601
~ &~
140 140
120 120
100 00
30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100
Load (%) Load (%)
Fig. 8. Variation curve of T, T, (a) and T3, T3, (b) with load adopting IC and IDC.
(a) 160 (b)
30% Load 30% Load ;
140 LTR LTRb 141.12°C --
120/
£ 100
&~
80+
601
0 £ -49.73°C
00 02 04 06 08 10 0.0 02 04 06 08 10
O/Opcnr Q'Opcue
Fig. 9. T-Q distribution of LTR (left) and LTR (b) (right) at 30% loading.
(a) 81 ICCl —— IDCCI1 (b) 150 -ICC1 ——IDCC1

ICC2 —— IDC C2

60 70 80 90 100

Load (%)

50

-ICC2 ——IDCC2

25 y y g y v v "
30 40 50 60 70 80 90 100

Load (%)

Fig. 10. Variation of compressor efficiency (a) and mass flow rate (b) with load adopting IC and IDC.

a) 560
(a) —
——SCl1
540 S
~520+1
1
& 5001
4801
460~ T y y T v v "
30 40 50 60 70 80 90 100
Load (%)

Fig. 11. Variation curves of turbine outlet temperature (a) and regenerative heat of low-pressure side fluid (b) with load adopting IC and IDC.

(b) 600

5801
5601
3540
S 520/
=500
480/
460/
440

——S8Cl1
——SC2

3

0 40 50

60 70 80 90 100

Load (%)



C. Chang et al.

It’s worth noting that after decoupling the RC cycle, the cycle tran-
sitions from a single turbine T1 within RC to two smaller-capacity tur-
bines T1(a) and T1(b) within SC1 and SC2. The reduction in turbine
capacity inevitably leads to a decrease in turbine efficiency, negatively
impacting cycle thermal efficiency. However, this decrease in turbine
efficiency causes the turbine outlet temperature to rise, positively
impacting the regenerative heat of the cycle. Therefore, it’s necessary to
analyze the specific trend of cycle thermal efficiency considering the
combined effect of these factors. Fig. 12 compares the cycle thermal
efficiency with two strategies at different turbine rated efficiencies. The
reduction in turbine rated efficiency results in the thermal efficiency of
the decoupled cycle being lower than that of the RC cycle at 100 % load.
However, as the load decreases, the thermal efficiency decreases more
slowly when adopting IDC, leading to a reversal in the comparison of
thermal efficiencies at part-load. It can be observed that when the rated
efficiency of T1(a) is 85 % and that of T1(b) is 83 %, the thermal effi-
ciencies at 30 % load are nearly equal for both control strategies. If the
rated efficiencies are further reduced, the thermal efficiency of the IDC
will become lower than that of the IC at part-load. Therefore, the effi-
ciency advantage of IDC at part-load depends on the turbine capacity. If
the turbine capacity is larger both before and after decoupling, and its
rated efficiency decreases less or remains constant, then there is an ef-
ficiency advantage of IDC. Otherwise, there is no efficiency advantage of
IDC.

4.5. Influence of minimum cycle temperature

The minimum temperature of the cycle has a critical impact on
overall performance. As demonstrated in previous studies, an increase in
the minimum cycle temperature results in a decrease in cycle efficiency
(Ehsan et al., 2018). This effect also applies to the IDC. As shown in
Fig. 13, at 60 % load, the cycle efficiency under two different control
strategies is compared across a range of minimum cycle temperatures. It
can be observed that as the minimum temperature increases, the effi-
ciency decreases for both strategies. However, the IDC consistently
achieves higher efficiency, with the efficiency difference remaining
above 0.3 % across all conditions. This further confirms the superiority
of the IDC in part-load operation.

4.6. Future scope and recommendations

The inventory decoupling control strategy combines inventory

46
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Fig. 12. Comparison of cycle thermal efficiency with two strategies at different
turbine rated efficiencies.
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Fig. 13. Cycle thermal efficiency corresponding to different minimum cycle
temperatures at 60% load.

control with cycle configuration, resulting in a novel decoupled cycle
and a more efficient part-load control strategy. Similar to inventory
control under varying loads, it requires managing the CO storage tank
to adjust the working fluid flow, and it is relatively simple to implement
for variable load control. Moreover, compared to inventory control, the
cycle load control in this strategy is more flexible and efficient, offering a
higher degree of feasibility.

The potential challenges and limitations of the IDC are primarily as
follows: 1. Whether the thermal load provided by the heat source is
sufficient to meet the requirements of both sub-cycles. Additionally,
there is a temperature discrepancy between the heat absorption zones of
the two sub-cycles, which necessitates optimizing the heat source
structure. 2. After decoupling the recompression cycle, the turbine ca-
pacity decreases, resulting in lower turbine efficiency. If the turbine’s
rated efficiency decreases significantly, the IDC may lose its advantages.

To address these issues, future research will focus on optimizing the
heat source structure. Furthermore, efforts will be made to refine the
IDC to mitigate the impact of turbine efficiency losses.

5. Conclusions

In this study, the partial-load characteristics of the cycle are analyzed
in conjunction with the cycle construction process, and the potential of
inventory control is further explored. Based on the net power super-
position principle, we proposed a new strategy from the perspective of
cycle configuration optimization: by decoupling the cycle and applying
independent inventory control to each sub-cycle, a more efficient
partial-load control strategy is obtained. The main conclusions are as
follows:

1. In this study, the thermal efficiency of the recompression cycle is
mathematically derived based on the net power superposition prin-
ciple, thereby extending the application of this principle to the field
of part-load analysis. Accordingly, an efficiency enhancement
approach for sCO; cycles under partial-load operation is proposed:
(1) When the base cycle term remains constant, a large net power
superposition term results in higher thermal efficiency. (2) When the
net power superposition term remains constant, a larger base cycle
term results in higher thermal efficiency.

2. Anew part-load control strategy is proposed based on a new idea: the
inventory decoupling control strategy. This strategy can simulta-
neously improve the base cycle efficiency and the net power
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superposition at part-load. Further, by constructing a part-load
model of a 20 MW sCO; cycle, it is demonstrated that the new
strategy can enhance the cycle thermal efficiency by 1.21 % at 30 %
load.

3. The IDC strategy alters the distribution of the regenerative heat in-
side each recuperator. The SC2 cycle supplies more regenerative heat
to the SC1 cycle, with an increase of 2.2 %. The internal heat transfer
inside the LTR(b) is more efficient, with a log mean temperature
difference of 4.79 °C. Additionally, due to the change of the LTR(a)
low-pressure side inlet temperature Ty, the amount of regenerative
heat in the LTR(a) increases, while the amount of regenerative heat
in the HTR(b) decreases accordingly.

4. The adoption of IDC strategy results in a much smaller change in the
overall compressor efficiency and an overall improvement in
compressor operating efficiency and safety. The decrease in turbine
efficiency at part-load has a positive impact on the regenerative heat
of the cycle. In addition, to assess the impact of reduced turbine
capacity on the decoupling cycle, the changes in thermal efficiency of
the decoupling cycle at different turbine rated efficiencies are
calculated. In cases where the difference in turbine efficiency before
and after decoupling falls within the range of 2-4 %, the IDC strategy
shows an efficiency advantage.
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