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ARTICLE INFO ABSTRACT
Keywords: The ways of utilizing waste heat from chemical looping combustion (CLC) power generation systems warrant
Chemical looping combustion further exploration. In this study, a dual-throttle self-condensing transcritical CO2 cycle is proposed to recover
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Combined cooling and power
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the waste heat from a copper-based CLC-driven power system, aiming to realize flexible combined cooling and
power generation. After establishing the mathematical model, the performance comparisons, exergy analysis,
and parametric studies are performed to elucidate the thermodynamic characteristics of the system. Subse-
quently, a multi-objective optimization is executed for the system to evaluate the cogeneration capacity and
determine the optimal design boundary. The results show that the dual-throttle configuration reduces the sys-
tem’s electrical and exergy efficiencies by only 1.25 and 1.15 percentage points, respectively, compared to the
power generation-only single-throttle configuration. Among the components, the reactors and regenerators
exhibit the highest exergy destruction. Optimization findings reveal that the system’s power generation capacity
ranges from 24374.36 kW to 26473.26 kW, corresponding to a cooling capacity range of 1386.02 kW to 187.69
kW. Under the optimal trade-off conditions, the system achieves an electrical efficiency of 52.02 %, an exergy
efficiency of 50.17 %, and a cooling power output of 1169.08 kW.

technology to various fuels such as coal, natural gas, and biomass makes
it crucial for advancing clean energy transitions and achieving sustain-
able development [6].

The CLC technology, characterized by contactless combustion, con-
sists of a fuel reactor, an air reactor, and a solid phase-supported metal
oxygen carrier [7]. The oxygen carrier is circulated between the fuel and
air reactors to perform oxidation and reduction reactions. The reaction
heat can be transferred to the high-pressure gas for expansion, ulti-
mately converting the chemical energy of the fuel into electrical energy.
To reduce the energy loss of fuel combustion in conventional liquid
natural gas (LNG) power plants, Ishida et al. [8] first proposed a CLC-
based gas turbine power generation system, achieving a thermal effi-
ciency of 50.2 %. Liu et al. [9] compared the power generation perfor-
mance of the CLC and oxy-fuel combustion modes. The results showed
that the CLC provided a net power efficiency advantage of 3.93 per-
centage points, and integrating the supercritical cycle with CLC yielded
an additional 0.93 percentage point efficiency gain. Among the various
oxy-fuel combustion power cycles, the Allam cycle, which uses

1. Introduction

Despite the vigorous advancement of renewable energy sources,
fossil fuels continue to dominate the global energy landscape [1]. The
significant environmental issues arising from the substantial carbon
dioxide (CO5) emissions associated with fossil fuel combustion under-
score the urgent need for effective carbon capture technologies. How-
ever, the current carbon capture strategies, including pre-combustion,
post-combustion, and oxy-fuel combustion, encounter challenges such
as high costs and energy penalties [2,3]. In contrast, chemical looping
combustion (CLC) technology offers great prospects and necessity. The
CLC technology provides two key advantages: (1) it enhances power
generation efficiency by mitigating energy losses typical of conventional
combustion processes [4], and (2) it produces only CO, and water as
combustion byproducts, omitting nitrogen oxides (NOy), which sim-
plifies the capture process and reduces the associated costs while
ensuring efficient CO; capture [5]. Furthermore, the adaptability of CLC
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Nomenclature

E exergy rate, kKW

h enthalpy, kJ/kg

I exergy loss, kW

m mass flow rate, kg/s
p pressure, MPa

Q heat transfer, kW

s entropy, kJ/kg/K

T temperature, °C

W power, MW

Greek letters

a cooling-to- electricity power ratio
n efficiency, %
Subscripts

el electrical

ex exergy

net net power

Abbreviations

AR air reactor

AC air compressor

AT air turbine

CC CO4 compressor

CCP combined cooling and power
CLC chemical looping combustion
CLC-BC CLC-driven Brayton cycle

CT CO, turbine

Eva evaporator

FR fuel reactor

GT gas turbine

HPTV  high-pressure throttle valve
LNG liquid natural gas

LPTV low-pressure throttle valve
OoC oxygen carrier

REG regenerator

Sep separator

supercritical CO; as the working medium, is noted for its efficient energy
conversion and COy capture [10], but the cryogenic air separation
process is energy-intensive [11]. Saqline et al. [12] and Liu et al. [13]
demonstrated that replacing conventional cryogenic air separation with
chemical looping air separation increased the net power efficiency of the
Allam cycle by 6 and 9.5 percentage points, respectively. As an inno-
vative heat-to-electricity conversion technology, the SCO; cycle shows
significant potential for application in different thermal energy fields
due to its high efficiency and compactness [14-17]. Consequently, the
CLC-based SCO, (CLC-SCO>) cycle has emerged as a prominent research
topic, with configurations classified into direct [12,13] and indirect
[18,19] layouts according to the CO, heating method. Khallaghi et al.
[18] evaluated the thermoeconomic performances of the oxy-fuel
combustion- and CLC-driven SCO; cycles. They found that the CLC-
SCO; cycle offered a 2.7 percentage points advantage in net efficiency
and a 1.8 $/MWHh benefit in levelized cost of electricity. Wang et al. [19]
investigated the performance of the indirect CLC-SCO; cycle under at-
mospheric and pressurized reactor conditions. The results indicated that
the pressurized mode improved the system’s exergy efficiency by 1.16
percentage points.

Reasonably utilizing the waste heat from the two post-reaction gases
in the CLC system can effectively enhance energy efficiency. Du et al.
[20] improved the electrical efficiency of the system by 2.78 percentage
points by integrating a portion of the waste heat from the post-reaction
air into the direct CLC-SCO; cycle. Wang et al. [21] and Du et al. [22]
developed CLC-driven SCO, and organic Rankine combined cycles for
energy cascading, achieving power generation efficiencies of 51.79 %
and 52.68 %, respectively. Ma et al. [23] diverted all reaction waste heat
from the CLC unit into an absorption refrigeration device, resulting in
the exergy and power generation efficiencies of the combined system
being 46.38 % and 46.74 %, respectively. In power generation-only
systems, the exergy input from the fuel exceeds its energy input, lead-
ing to a notable difference between exergy and power generation effi-
ciencies. The two efficiencies reported in Ref. [23] are comparable
because the additional cooling exergy enhances the exergy efficiency
while the absence of excess electrical power limits improvements in
power generation efficiency. Given the reduction in power output due to
cooling energy production, it is crucial to explore the low-grade waste
heat-driven combined cooling and power (CCP) strategies for flexible
adjustments in cooling and power generation capacities. While
employing a combined cycle (e.g., separate power generation and
refrigeration units) can achieve this, it may complicate system design.

Therefore, developing a stand-alone cycle for waste heat recovery that
can simultaneously perform CCP functions appears to be a more prac-
tical approach.

Thermodynamically, common refrigeration effects are achieved
under adiabatic conditions through methods such as expansion and
throttle. These techniques have led to the development of the self-
condensing transcritical COy (tCO32) cycle, which addresses the chal-
lenge of liquefying SCO; in dry environments. Pan et al. [24] introduced
a self-condensing tCO5 cycle using an expander to transition the working
medium into the two-phase region. They found that the thermal effi-
ciency of the proposed cycle at 34.63 % was lower than that of the SCO4
reheat cycle at 37.77 %. Building on this, Haq et al. [25] enhanced the
thermal efficiency to 39.82 % by modifying the layout. Researchers
including Zhu and Cetin [26], Wan et al. [27], and Chen et al. [28]
designed self-condensing tCO; cycles with different configurations using
vortex tubes. They obtained thermal efficiencies of 35.50 %, 38.71 %,
and 42.00 %, and exergy efficiencies of 58.21 %, 65.09 %, and 66.10 %,
respectively, under baseline conditions. Xia et al. [29] and Guo et al.
[30] developed ejector-based self-condensing tCO; cycles. They
improved the exergoeconomic of the system for both power generation
and cogeneration of heat and electricity through layout modifications.
Liu et al. [31] established a liquid CO, energy storage system based on
an ejector condensation cycle and found that the exergy destruction
within the ejector condensation cycle decreased significantly with low-
pressure tank temperature (i.e., condensation temperature). Despite
these advancements, the self-condensing mode that reduces the lowest
temperature of CO5 in the loop does not produce a cooling effect. This is
because lower condensing temperatures necessitate lower condensing
pressures, which can diminish system efficiency by increasing the power
consumption for compression.

In summary, the CLC technology has been shown to facilitate the
clean use of carbon-based fuels and can be combined with the SCO,
cycle for efficient electricity generation. When refrigeration capacity is
required, incorporating a CCP unit to recover waste heat from CLC-
based systems is essential for flexible adjustment of thermodynamic
performance, yet it remains a research gap. Among various waste heat-
driven thermodynamic systems, a stand-alone self-condensing tCO;
cycle is more practical than a combined cycle with complex configura-
tions for fulfilling CCP needs. However, the application of self-
condensing tCO2 cycles for CCP is limited due to the constraints of
existing self-condensing methods. For instance, expanders face chal-
lenges such as low efficiency, blade corrosion, and high friction losses
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due to the two-phase state of CO5 [24,25]. Vortex tubes and ejectors
achieve low-temperature self-condensing only at lower liquefaction
pressures [26-28], which can significantly augment compression power
consumption due to the higher gas-phase composition. Therefore, a two-
stage adiabatic throttle driven by different pressure drops is recom-
mended to equip the self-condensing tCO5 cycle with refrigeration
capability. The first-stage throttle valve addresses the reduction of gas-
phase composition, while the second-stage throttle valve ensures a
certain cooling capacity.

This study presents a two-stage throttle-based self-condensing tCOy
cycle, which actualizes CCP by recovering low-grade waste heat. This
method enables the avoidance of significant reductions in thermody-
namic efficiency associated with cold energy production through flex-
ible regulation. Based on this concept, a CLC-based dual-throttle self-
condensing tCO, cycle system is proposed, aiming to achieve efficient
cogeneration of cooling and power through clean utilization of natural
gas. A thermodynamic model of the proposed system is developed, fol-
lowed by exergy flow distribution and parameter analysis to examine
component exergy destruction and the effects of key parameters on
system performance. A multi-objective optimization is then performed
to balance power generation and cooling capacities. The novelties and
contributions of this study are as follows:

(1) A dual-throttle approach for the self-condensing of CO; is intro-
duced. By adjusting the back pressure of the first-stage throttle valve, the
gas-liquid phase composition can be controlled, allowing flexible
regulation of both compression power consumption and refrigeration
capacity. This self-condensing tCO5 cycle offers both methodological
and theoretical support for the simultaneous conversion of low-grade
waste heat into electricity and cooling energy.

(2) A zero-carbon emission combined cooling and power system,
integrating a Cu-based CLC unit with a dual-throttle self-condensing
tCO-, cycle, is proposed. Various adjustment methods and optimal design
boundary of the system’s cooling-to-electricity power ratio are
determined.

2. System description

The layout of the proposed cogeneration system is depicted in Fig. 1
(a), featuring a CLC-based Brayton cycle (CLC-BC) upstream and a self-
condensing tCO5 cycle downstream. The CLC equipment converts the
chemical energy of the fuel into thermal energy through contactless
combustion. Oxygen carriers are integral to the CLC process, with their
types directly influencing the CCL performance. Cu-based oxygen car-
riers are attractive due to their high reactivity with fuels compared to
other metal oxides, facilitating complete reactions reaction within the
CLC and enabling efficient CO, capture [32]. However, the relatively
low melting temperature of Cu-based oxygen carriers restricts the re-
actor’s operating temperature to below 900 °C to prevent agglomeration
[32]. The use of a support phase can enhance the mechanical strength
and thermal stability of the oxygen carrier. Adanez et al. [33] experi-
mentally demonstrated that a MgAl>O4-based support phase enables Cu-
based oxygen carriers to remain sinter-free at an operating temperature
of 950 °C. Consequently, this study employs a mass ratio of 6:4 for
MgAl,O4-supported CuO/Cu to transport the oxygen element. The
chemical reactions occurring in the two reactors are represented by Egs.
(1) and (2), respectively, with an excess of CuO and O, required to
ensure thorough reactions.

FR : 4CuO + CH;—~4Cu+CO, + 2H,0 AH = — 217.1kJ/kmol m

AR : 2Cu + 0,—2Cu0O AH = — 314.6kJ/kmol 2)

The upstream CLC-BC is powered by a fuel reactor (FR) and an air
reactor (AR), generating electricity through expansion in a gas turbine
(GT) and an air turbine (AT). In the FR, the oxygen carrier is reduced by
natural gas transported by the fuel compressor (FC), and its operating
temperature is controlled by the recirculated CO, with a cooling effect.
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Fig. 1. Layout (a) and downstream T-s diagram (b) of the CLC-based cogene-
ration system.

Following expansion in the GT, the post-reaction gas mixture passes
through the regeneratorl (REG1), heaterl, and coolerl, releasing heat
at each stage. The cooled gas mixture then enters the separatorl (Sepl)
for dehydration, where a portion of the dried CO, is captured before
recirculation. The recirculated CO; is first pressurized by the CO;
compressorl (CC1) and then heated by the REG1 before entering the FR.
In the AR, the oxygen carrier is oxidized by air, which is first compressed
by an air compressor (AC) and then heated by the REG2. After the
nitrogen-rich air expands in the AT, it dissipates heat sequentially in the
REG2 and heater2 before being discharged into the atmosphere.

The downstream dual-throttle self-condensing tCO, cycle achieves
CCP by recovering waste heat from the upstream process through two
heaters, as depicted in its temperature-entropy (7-s) diagram in Fig. 1
(b). The CO; exiting the cooler2 undergoes adiabatic expansion from a
supercritical state to a two-phase state with a low vapor fraction in the
high-pressure throttle valve (HPTV). The two-phase CO3 is then sepa-
rated into saturated liquid and saturated gas in the separator2 (Sep2).
The saturated liquid CO; is pressurized by a pump before flowing into
the two parallel heaters for heat absorption and subsequently entering
the CO; turbine (CT) for expansion. The saturated gaseous CO;
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undergoes adiabatic expansion to a low-temperature two-phase state in
the low-pressure throttle valve (LPTV). The low-temperature two-phase
CO4 absorbs heat in the evaporator (Eva) to reach a saturated gaseous
state before entering the CC2 for compression. The two streams of SCO4
flowing out of CT and CC2 are mixed and then re-enter the cooler2.
Additionally, when the saturated gaseous stream at the Sep2 outlet by-
passes the LPTV and Eva and flows directly into the CC2, the dual-
throttle self-condensing transitions into a single-throttle self-
condensing.

3. System modeling
3.1. Methodology and assumptions

In this study, the thermodynamic processes of the proposed system
are simulated using two platforms: ASPEN PLUS and MATLAB. The Cu-
based CLC process is modeled in ASPEN PLUS by employing two RGibbs-
type reactors, with the equilibrium state determined by minimizing
Gibbs’s free energy. The thermophysical properties of the substances are
obtained through the Peng-Robinson equation of state in ASPEN PLUS
and NIST REFPROP in MATLAB [34]. The base design parameters for the
cogeneration system are summarized in Table 1, with the pinch-point
temperature difference set at 10 °C for heaters and regenerators and
5 °C for coolers and evaporators. Furthermore, the following assump-
tions are made to simplify the simulation and analysis processes of the
system:

(1) The system maintains a steady-state operation without leakage of
the working medium.

(2) The composition of natural gas is 100 % CH4, and the composi-
tion of air is 21 % Oy and 79 % No.

(3) Ignore the pressure drop and heat dissipation for all components.

(4) The temperatures of the substances at the reactor outlet are
equal.

(5) The two reactors are treated as a whole during exergy analysis.

3.2. Component model

The system model is constructed by integrating the component
models based on the principles of energy and mass conservation. Beyond
the two reactors, the thermodynamic models for the turbomachinery,
throttle valves, and heat exchangers are essential. The compression

Table 1

Base design parameters of the system.
Items Values
Ambient temperature, Ty (°C) 25.00
Ambient pressure, po (MPa) 0.10
Generator efficiency, 7gen (%) 98.50
Pinch-point temperature difference of HEX, ATy, (K) [22] 10.00 and 5.00
CLC-BC unit
CH, flow rate, g (kg/s) [22] 1.00
Outlet temperature at fuel reactor, T3 (°C) [18] 900.00
Outlet temperature at air reactor, Ta4 (°C) [13] 950.00
Reactor operating pressure, pra/a3 (MPa) 0.20
Mass ratio of MgAl,04 to CuO, [22] 1.50
Excess coefficient of CuO, [13] 1.40
Compressor efficiency, 7comp (%) 90.00
Turbine efficiency, #ub (%) 92.00
Water temperature at cooler] outlet, T3z (°C) 30.00
Self-condensing tCO5 unit
Pump inlet pressure, ps (MPa)[26] 6.80
Pump outlet pressure, ps (MPa) 15.00
CO, turbine outlet pressure, p4 (MPa) 7.70
Pump efficiency, 7pump (%) [25] 65.00
CO, Compressor efficiency, #comp (%) [25] 80.00
CO, turbine efficiency, 7w (%) [25] 88.00
HPTV inlet temperature, Ty4 (°C) 32.00
Evaporation temperature, T5 (°C) 5.00
CO, Compressor inlet temperature, T5 (°C) 10.00
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components and turbines are modeled as Egs. (3) and (4), respectively,
with their power output shown in Eq. (5).

hout.s B hin

Neomp = . 3
hin - hau

Neury = hin _ hout[x (4)

Wcomp/mrb =mxX (hout/in - hin/out) )

where hj, and hoy represent the inlet and outlet enthalpies of the
component, respectively. The subscript s is the isentropic condition.

The outlet pressure of the HTPV and the outlet temperature of the
LPTV are known, so their outlet states after adiabatic expansion can be
determined by Egs. (6) and (7), respectively.

Tout :f(poutyh(Timpin)) (6)

Dout :f(Touhh(Timpin)) (7)

The heat exchangers, designed with a counter-flow layout, are
modeled by setting the pinch-point temperature difference (4Tpp). Due
to the drastic physical changes of CO», particularly near its supercritical
point (30.97 °C, 7.38 MPa), the pinch point may occur inside the heat
exchanger. Therefore, the pinch point is identified using a discrete
approach described in Eq. (8).

Qn =m; X (hc,n+1 - hc.n) =my X (hh,n - hh.n+l) (8)

where Q is the heat transfer capacity. The subscripts ; and , denote the
hot and cold fluids, respectively. n is the discrete number.

3.3. Exergy analysis

Exergy analysis, a well-established thermodynamic tool, is employed
to evaluate the energy utilization of the system by providing insights
into component-level exergy flow distribution. Excluding kinetic exergy
and potential exergy, the exergy (E) of the working medium is charac-
terized as physical exergy (Eph) and chemical exergy (Ep), i.e. Eq. (9).

E=Eqn+En (©)]

By treating the two reactors as a single entity, the need to consider
the exergy of the solid phase during exergy analysis is eliminated. Thus,
the physical exergy of fluids is represented by Eq. (10), and the chemical
exergy is only considered in processes involving CH4, which has a
chemical exergy of 51.90 MJ/kg [35].

Epp =m x [(h—ho) — To(s — $o)] (10)

where the subscript ¢ is the ambient condition. LHV is the low heating
value of CHy, 50 MJ/kg.

The exergy balance equation for the kth component is expressed as
Eq. (11).

Eing + Wik = Eque + I 1)

where Ej k+ Win k, Eou k+Wour k» and I denote the exergy fuel (i.e. the
sum of input exergy and input work), exergy production (i.e. the sum of
output exergy and output work), exergy destruction, respectively.
Accordingly, the detailed exergy balance equations for each component
are shown in Table 2.

3.4. Performance index

The system’s thermodynamic performance is evaluated through
electrical efficiency (1,) and exergy efficiency (#.x), expressed as Egs.
(12) and (13), respectively. Additionally, the system’s cooling capacity
is characterized by defining the cooling-to-electricity power ratio (a), as
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Table 2
Exergy balance equations for each component.
Components EintWin Eguet Wout I
FC Wi ) E'FZ*EH WFC*_(EFZ*E F1) )
FR&AR EF2+EF11+EA3 Epz+Enq EF2+EF11+EA3*(EF3+EA4)
GT Epz—Epq War Eps—Epa—Wer
Coolerl e Eyws—Ews Fpg—Epy—(Ews—Ewz)
REG1 Ers4—Eys Er11-Er10 Epg4—Eps—(Erpp1—Er10)
Sepl Ery Erg+ ErotBwn Egy—(Exg+ Epot+Ewr)
CC1 Wee Ep10—Ers Weer—(Erro—Ers)
AT 1:5A4*1:5A5 WAT ) Ej‘AA*EAS* WAT )
REG2 Ens—Ene Ens—Enz Ens—Eps—(Ens—Ea2)
AC WAC ) Ena—En WACf(EAsz A1)
HE1 Eps—Ere E10—Eo Eps—Egpe—(E10—Eo)
HE2 Epe—Ear Eg—F7 Ene—En7—(Eg—Ey)
Mixerl Eyo+Eg En Eyo+Es—En
CT Ey—Era Wor Eyy—Era—Wer
cc2 chz_ E4*E3 chz_*(EfEﬂ
Mixer2 E12+E4 Ei3 E12+E4—Eq3
Cooler2 Eys—Fra Ews—Ewa Er3—Era—(Bws—Ewa)
HPTV Erq Es Ey4—Eis
Sep2 Eis Ei+ Es Ey5—(Er+ Es)
Pump WCP ﬁs*Es WCPf(EefE 5)
LPTV B By By—E,
Evaporator Ey—Eg Ew7r—FEwe Ey—Es—(BEwys—Ewe)
given in Eq. (14).
ha= a2
mcy, X LHV
oo = Whet + (Ewz — Ews) 13)
Ep
o = Ve 14

Whet

where Wi represents the net power generation, as shown in Eq. (15).

Wiee = (Wer + War + Wer) X Ngen — Wrc — Wae1 — Weez — Wac — Weump
(15)

3.5. Model verification

Given that the proposed system primarily consists of CLC and self-
condensing tCOy units, this section validates the modeling approach
for these two cycles. The validation results for the CLC unit obtained
based on Ref. [36] are detailed in Table 3. A maximum relative deviation
of 1.60 % confirms the reliability of using ASPEN PLUS for CLC
modeling. Additionally, Table 4 presents comparative results for the
nodal thermophysical properties of the self-condensing tCO5 cycle based
on Ref. [25]. A maximum relative deviation of less than 0.1 % un-
derscores the high accuracy of the thermodynamic modeling approach.

Table 3
Validation results for the CLC unit.
Reactors Parameters Ref. [36] Present Dev
(%)
Fuel reactor T (°C) 723.00 721.11 0.26
Mole flow (kmol/ 2.999 2.998 0.03
s)
Mole fraction (—) CO, 0.3333 0.3334  0.02
H>0 0.6665 0.6664  0.01
Stream T (°C) 727.00 724.64 0.46
reactor Mole flow (kmol/ 6.55 6.55 0
s)
Mole fraction (—) H,0 0.5938 0.5929 0.15
Hy 0.4062 0.4071 0.22
Air reactor T (°C) 880.00 865.89 1.60
Mole flow (kmol/ 2.5380 2.5483  0.41

s)

Table 4

Validation results for the self-condensing tCO, cycle.
Nodes T (°C) h (kJ/kg)

Ref. [25] Present Dev (%) Ref. [25] Present Dev (%)

01 550.00 550.00 0 1031.8 1031.8 0
02 421.25 421.25 0 891.70 891.70 0
03 148.76 148.76 0 579.20 579.20 —0.01
04 63.25 63.24 —0.02 460.70 460.60 —0.01
05 35.00 35.00 0 318.60 318.50 —0.02
06 18.88 18.88 0 314.20 314.20 0.01
07 18.88 18.88 0 410.10 410.10 0.01
08 18.88 18.88 0 252.10 252.10 0.01
09 138.76 138.76 0 483.20 483.10 —0.01
10 47.30 47.31 0.01 287.90 287.90 0
11 360.98 360.98 0 795.70 795.70 0

4. Results and discussion

The cogeneration performance of the proposed CLC-based self-
condensing tCO; cycle is evaluated through performance comparisons,
parametric analysis, and multi-objective optimization. The detailed
findings are presented below.

4.1. Base design-based system performance

The impact of the dual-throttle mode on system performance is
examined by comparing it with the single-throttle mode under base
design conditions. As shown in Table 5, the net power generation in
dual-throttle mode is 627.98 kW lower than that in single-throttle mode.
This reduction is attributed to the increased compression power con-
sumption due to the larger pressure ratio of the CO, compressor2 in
dual-throttle mode. The presence of the low-pressure throttle valve and
evaporator allows the dual-throttle mode to produce a cooling capacity
of 1132.46 kW. As a result, the electrical and exergy efficiencies of the
dual-throttle mode with CCP effect are reduced by 1.25 and 1.15 per-
centage points, respectively, compared to the power generation-solely
single-throttle mode. Nevertheless, the electrical efficiency of 52.02 %
and exergy efficiency of 50.17 % under dual-throttle configuration un-
derscore the necessity of further exploring the proposed system. The
thermophysical parameters of the nodes within the proposed system
under base design conditions are detailed in Table 6. With a CH4 flow
rate of 1 kg/s, the system requires a CO; flow rate of 97.33 kg/s and an
air flow rate of 137.53 kg/s to maintain operating temperatures of
900 °C in the fuel reactor and 950 °C in the air reactor. The waste heat-
driven self-condensing tCO, cycle engenders a CO, flow of 84.00 kg/s
for power generation and 21.41 kg/s for refrigeration, corresponding to
a dryness value of 0.20 at the separator2 inlet. Consequently, the up-
stream cycle consumes a total compression work of 14652.51 kW and

Table 5
Base design performance of the system in both modes.

Items Single-throttle mode Dual-throttle mode
Energy input, (kW) 50000.00

Exergy input, (kW) 51900.00

Wec, (kW) 126.11

Weer, (kW) 4645.85

War, (KW) 13916.96

Wac, (kW) 9880.55

War, (kW) 27294.11

Whumps (KW) 1487.02

Wer, (kW) 2297.09

Weca, (KW) 83.72 707.96
Wher, (kW) 26636.03 26008.05
Weoolings (KW) 0 1132.46
Ecooting, (kW) 0 29.50
N1, (%) 53.27 52.02
Nex> (%) 51.32 50.17
a 0 0.04
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Table 6
Nodal thermophysical properties of the proposed system under base design
conditions.

Nodes Working fluid T (°C) p (MPa) m (kg/s) E (kw)
F1 CH4 25.00 0.10 1.00 53000.00
F2 CH,4 80.08 0.20 1.00 52015.38
F3 COy/water 900.00 0.20 102.33 60486.67
F4 COy/water 794.40 0.10 102.33 46230.26
F5 CO,/water 151.95 0.10 102.33 2086.14
F6 CO,/water 56.65 0.10 102.33 177.55
F7 COy/water 30.00 0.10 102.33 13.76

F8 COy 30.00 0.10 97.33 3.45

F9 CO2 30.00 0.10 2.75 0.10

F10 CO2 83.42 0.20 97.33 4141.11
F11 CO, 784.40 0.20 97.33 45962.86
Al Air 25.00 0.10 137.53 0

A2 Air 95.73 0.20 137.53 9074.24
A3 Air 750.14 0.20 137.53 61803.36
A4 Nitrogen-rich air 950.00 0.20 133.53 83130.63
A5 Nitrogen-rich air 776.43 0.10 133.53 55157.35
A6 Nitrogen-rich air 105.73 0.10 133.53 1266.75
A7 Nitrogen-rich air 56.71 0.10 133.53 226.95

1 CO2 27.41 6.80 21.41 4583.16
2 CO2 5.00 3.97 21.41 4264.85
3 COy 10.00 3.97 21.41 4185.36
4 CO2 64.53 7.70 21.41 4767.60
5 CO 27.41 6.80 84.00 17914.45
6 COy 46.65 15.00 84.00 18914.60
7 CO- 46.65 15.00 44.12 9933.44
8 CO2 95.73 15.00 44.12 10782.37
9 CO 46.65 15.00 39.89 8981.16
10 CO, 141.95 15.00 39.89 10520.80
11 CO2 115.43 15.00 84.00 21225.31
12 CO, 61.14 7.70 84.00 18647.98
13 CO, 61.81 7.70 105.41 23415.12
14 CO2 32.00 7.70 105.41 22660.64
15 CO2 27.41 6.80 105.41 22497.60
w1 Water 30.00 0.10 2.25 0.39

w2 Water 25.00 0.10 167.11 0

w3 Water 30.00 0.10 167.11 28.96
W4 Water 25.00 0.10 430.57 0

W5 Water 34.33 0.10 430.57 257.55
w6 Water 25.00 0.10 18.03 0

w7 Water 10.00 0.10 18.03 29.50

produces a total expansion work of 41211.07 kW, as illustrated in
Table 5. The downstream cycle exhibits a compression power con-
sumption of 2194.98 kW and an expansion power of 2297.09 kW.

Fig. 2 depicts the exergy flow distribution within the proposed sys-
tem under base design conditions. The exergy distribution of each
component is listed in Table 7. The total exergy destruction of the system
is approximately 25862.45 kW, with 23575.99 kW attributed to the
upstream cycle and 2286.46 kW to the downstream cycle. In the up-
stream cycle, the highest exergy destruction is 16134.80 kW in the two
reactors, resulting from irreversible chemical reactions. This is followed
by 2322.38 kW in the regeneratorl and 1161.48 kW in the regenerator2.
In the downstream cycle, the exergy destruction of the cooler2, CO,
pump, and low-pressure throttle valve is relatively high, with values of
496.94 kW, 486.86 kW, and 318.30 kW, respectively. The exergy flow
for power generation and refrigeration is distributed among four com-
ponents. The exergy fuel input to the gas turbine is 14256.42 kW, with
97.62 % converted into output work and 2.38 % lost as irreversibility.
The exergy fuel of the air turbine is 27973.27 kW, consisting of exergy
production of 97.57 % and exergy destruction of 2.43 %. The CO tur-
bine operates with an exergy fuel of 2577.33 kW, where 89.13 % is
utilized for output and 10.87 % is destroyed. The evaporator has an
exergy input of 79.49 kW, with 37.11 % used for refrigeration and the
remainder lost.

The ratio of exergy production to exergy fuel of a component rep-
resents its exergy efficiency. Accordingly, the exergy efficiencies of the
cooler1, cooler2, and evaporator are relatively low, at 17.68 %, 34.14 %,
and 37.11 %, respectively. This diminished performance in these heat
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exchangers is primarily due to substantial terminal temperature differ-
ences, despite a small pinch-point temperature difference. The abrupt
changes in physical properties during the phase transition and near the
critical point of the working fluid contribute to these inefficiencies. To
analyze these effects, the heat transfer processes of cooler1, cooler2, and
the evaporator were examined and their T-Q diagrams at 1000 discrete
numbers are shown in Fig. 3. Fig. 3(a) illustrates the cooling process of
the binary mixture in the coolerl, where the mixture transitions from a
gaseous state to a two-phase state. The saturated vapor pressure varies
and temperature decreases gradually during condensation, influenced
by the mixture composition. The water temperature rises as the mixture
temperature falls, with minimum and maximum temperature differ-
ences of 5 °C and 26.65 °C occurring at the cold and hot ends, respec-
tively. The cooling process of sCO3 in the cooler2 is depicted in Fig. 3(b).
In the constant-pressure region near the critical point, the heat capacity
of CO; sharply decreases and then increases as the temperature drops,
leading to a rapid initial cooling followed by slower cooling. The pinch
point occurs at a heat transfer capacity of 9726.22 kW, with the
maximum temperature difference of 27.48 °C found at the hot end.
Unlike the two coolers, the maximum temperature difference of the
evaporator is inside it rather than at the terminal, as shown in Fig. 3(c).
This is due to the lower heat capacity of the gaseous state compared to
the two-phase state. The maximum temperature difference of 17.22 °C is
observed at the location of the saturated gaseous state of CO2, with a
minimum temperature difference of 5 °C at the cold end. The heat ab-
sorption in the two-phase region is crucial for outputting cold energy by
producing chilled water.

4.2. Parameter analysis

A comprehensive parameter analysis is conducted to investigate the
impact of key design parameters on the performance of the proposed
system. The parameters discussed cover upstream reactor pressure
(Preactor), fuel reactor temperature (Tpg), and air reactor temperature
(Tar), as well as downstream pump outlet pressure (pg) and CO5 turbine
outlet pressure (p12). When analyzing a certain parameter, all other
parameters are held at their base design values.

4.2.1. Reactor pressure

Fig. 4 exhibits that the effect of increasing preactor from 0.2 MPa to
0.4 MPa on system performance. AS Dreactor increases, both the upstream
compression and expansion ratios are augmented. This rise in expansion
ratios lowers the outlet temperatures of the gas and air turbines, which
serve as the heat sources for the two regenerators. Consequently, the
temperatures of air and CO; (Ta3 and T g11) entering their respective
reactors decrease, as shown in Fig. 4(a). To maintain constant operating
temperatures in both reactors, the air and recirculated CO5 flow rates (mn
a3 and rip;) decrease by 59.42 kg/s and 44.24 kg/s, respectively.
Despite the reduction in upstream flow rates, the increase in expansion
and compression ratios leads to higher expansion and compression
work, as detailed in Fig. 4(b). Initially, the increase in expansion work
outpaces the rise in compression work, causing both electrical and
exergy efficiencies to peak at 52.35 % and 50.49 %, respectively, at 0.24
MPa, before declining as preactor cOntinues to rise, as exemplified in Fig. 4
(c). The reduced hot-side flow rates and temperatures in both heaters
lead to a decrease in the downstream CO- flow rate, causing the evap-
orator power to drop by 0.25 MW and the cooling-to-electricity power
ratio to decrease from 0.044 to 0.034. The small cooling-to-electricity
power ratio explains the concurrent variations observed in electrical
and exergy efficiencies.

4.2.2. Fuel reactor operating temperature

Fig. 5 illustrates the impact of raising Trg from 800 °C to 900 °C on
system performance. Since Trg equals the outlet temperature of the fuel
reactor products, this increase leads to higher outlet temperature for the
gas turbine and higher Tg;;, as shown in Fig. 5(a). The elevated Tg1
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Fig. 2. Exergy flow distribution of the system.

Table 7

Exergy input, exergy output, and irreversibility for each component.
Components Ein+ Win (kW) Eourt Wour (kW) I&w)
FC 126.11 115.38 10.72
FR&AR 159781.60 143646.80 16134.80
GT 14256.42 13916.96 339.46
Coolerl 163.79 28.96 134.83
REG1 44144.12 41821.74 2322.38
Sepl 13.76 3.94 9.82
CC1 4645.85 4137.67 508.18
AT 27973.27 27294.11 679.16
REG2 53890.61 52729.12 1161.48
AC 9880.55 9074.24 806.31
HE1 1908.58 1539.64 368.94
HE2 1039.80 848.93 190.87
Mixerl 21303.17 21225.31 77.87
CT 2577.33 2297.09 280.24
CC2 707.96 582.24 125.73
Mixer2 23415.58 23415.12 0.45
Cooler2 754.49 257.55 496.94
HPTV 22660.64 22497.60 163.03
Sep2 22497.60 22497.60 0
Pump 1487.02 1000.16 486.86
LPTV 4583.16 4264.85 318.30
Evaporator 79.49 29.50 50.00

necessitates a reduction in the recirculated CO5 flow rate by 65.29 kg/s
to prevent excessive fuel reactor temperatures. Concurrently, the rise in
the temperature of the oxygen carriers leaving the fuel reactor requires
an increase in the air flow rate into the air reactor by 38.36 kg/s to
maintain a constant operating temperature. These changes in upstream
flow rates result in decreased power output from the gas turbine and CO,
compressorl, while the power of the air compressor and air turbine
increases, as displayed in Fig. 5(b). Notably, the significant increase in
air turbine power enhances the system’s net electrical output. Conse-
quently, the electrical and exergy efficiencies of the system improve
linearly by 3.10 and 2.98 percentage points, respectively, with the in-
crease in Tgpg, as shown in Fig. 5(c). However, as the reduction in
recirculated CO5 flow rate outweighs the increase in air flow rate,

downstream heat recovery diminishes, leading to a reduction of 0.06
MW and 0.005 in the evaporator power and cooling-to-electricity power
ratio.

4.2.3. Air reactor operating temperature

Fig. 6 plots the effect of raising Tag from 850 °C to 950 °C on system
performance. Since Tag equals the outlet temperature of the air reactor
products, the outlet temperature of the air turbine and Tas3 rise
accordingly, as shown in Fig. 6(a). The increase in Tas leads to a
reduction in air flow rate by 57.80 kg/s to avoid excessive air reactor
temperature. Meanwhile, the elevated temperature of the oxygen car-
riers leaving the air reactor causes an increase in the recirculated COy
flow rate into the fuel reactor by 52.31 kg/s to maintain a constant fuel
reactor temperature, given the near-constant Tg;. These changes in
upstream flow rates increase the power of the gas turbine and CO»
compressor] but reduce the power of the air turbine and air compressor,
as presented in Fig. 6(b). The overall system experiences a reduction in
both compression and expansion work with the rise in Tagr, primarily
due to the dominant changes in the air-related components. As the
reduction in compression work initially exceeds and then falls below the
reduction in expansion work, the electrical and exergy efficiencies of the
system first increase and then decrease, reaching their peak values of
52.15 % and 50.29 %, respectively, at approximately 910 °C. Addi-
tionally, since the decrease in air flow rate surpasses the increase in
recirculated CO; flow rate, the downstream heat recovery diminishes,
resulting in a reduction of 0.04 MW and 0.002 in the evaporator power
and cooling-to-electricity power ratio.

4.2.4. Pump outlet pressure

Fig. 7 illustrates the impact of increasing pe from 10 MPa to 20 MPa
on system performance. The change in pg affects the system performance
exclusively by altering the downstream parameters. As pg increases, the
pump outlet temperature rises from 35.96 °C to 55.81 °C, leading to a
16.93 kg/s increase in the COy flow rate for power generation by
reducing the cold-side enthalpy difference in the two heaters, as
depicted in Fig. 7(a). Simultaneously, the CO; flow rate for refrigeration
augments by4.32 kg/s due to the unchanged vapor composition at the
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Fig. 3. T-Q diagrams of the coolerl (a), cooler2 (b), and evaporator (c).
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separator2 inlet. As a result, the downstream expansion work,

compression work, and refrigeration capacity all increase with the rise
in pe, as shown in Fig. 7(b). Since the increment in expansion work is
initially larger and then smaller than that in compression work, the
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Fig. 5. Influence of fuel reactor temperature on system performance.

electrical and exergy efficiencies of the system increase and then
decrease, peaking at 52.05 % and 50.21 % around 14.00 MPa, respec-
tively. Additionally, the cooling-to-electricity power ratio rises by 0.01,

corresponding to a 0.23 MW increase in evaporator power.
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Fig. 6. Influence of air reactor temperature on system performance.

4.2.5. CO; turbine outlet pressure

Fig. 8 elucidates the effect of increasing p;5 from 7.7 MPa to 8.7 MPa

on system performance. The variation in p;3 not only alters the power
output of downstream turbomachinery but also impacts the vapor-
-liquid phase composition. As shown in Fig. 8(a), an increase in pjo
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Fig. 7. Influence of pump outlet pressure on system performance.

decreases the vapor composition (x;5) at the separator2 inlet from 0.20
to 0.006, thus reducing the refrigeration flow rate of CO2 by 20.91 kg/s
due to the constant power generation flow rate of CO,. Consequently, as
P12 rises, the CO5 turbine power, the CO5 compressor2 power, and the
refrigeration capacity all decline while the pump power consumption

10
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Fig. 8. Influence of CO, turbine outlet pressure on system performance.

remains unchanged, as confirmed in Fig. 8(b). Because the reduction
amplitude of the compression work is from a greater to a less than the
reduction amplitude of the expansion work, the electrical and exergy
efficiencies of the system first increase and then decrease, peaking at
52.64 % and 50.72 % at 8.5 MPa, respectively, as presented in Fig. 8(c).
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The reduction in evaporator power by 1.11 MW lowers the system’s
cooling-to-electricity power ratio from 0.044 to 0.001.

4.3. Optimization and comparison of performance

As obtained from the above parameter analysis, there are optimal
values for reactor pressure, air reactor temperature, pump outlet pres-
sure, and CO turbine outlet pressure to maximize system efficiency,
underscoring the importance of optimization. Moreover, the system’s
efficiency and cooling-to-electricity power ratio exhibit global mutual
constraints with the changes of fuel reactor temperature and CO5 turbine
outlet pressure, and local mutual constraints with the changes of other
design parameters. To acquire the optimal system efficiency and balance
it with the cooling-to-electricity power ratio, an NSGA-II-based multi-
objective optimization is conducted. Given the nearly synchronous
variation of electrical and exergy efficiencies observed in the parameter
analysis, electrical efficiency, which is directly related to net electrical
power, is selected as one of the objective functions. The decision vari-
able and optimization space are respectively composed of the studied
five parameters and their corresponding intervals. The algorithm’s
parameter settings and the determination of the LINMAP-based Pareto-
optimal solution are consistent with the methodology outlined in
Ref. [37].

Derived from the multi-objective optimization of the system’s CCP
performance, the Pareto frontier is displayed in Fig. 9. This frontier
represents a series of non-dominated solutions, delineating the optimal
cogeneration design boundary of the system. It facilitates rapid identi-
fication of the most suitable design scheme based on varying scenario
requirements. The labeled solutions A, B, and C denote the highest
electrical efficiency, largest cooling-to-electricity power ratio, and Par-
eto optimality closest to the ideal solution, respectively. The decision
variables and system performance metrics for these design schemes are
detailed in Table 8. The system’s cooling capacity ranges from 187.69
kW to 1386.02 kW, corresponding to a power generation capacity of
26473.26 kW to 24374.36 kW. As the system shifts from the scenario of
maximum power generation to that of maximum cooling capacity, the
electrical and exergy efficiencies decrease from 52.95 % and 51.02 % to
48.75 % and 47.03 %, respectively, while the cooling-to-electricity
power ratio increases from 0.01 to 0.06. The optimal trade-off yields
an electrical efficiency of 52.03 %, an exergy efficiency of 50.18 %, and
a cooling-to-electricity power ratio of 0.04. The decision variables for
achieving the highest efficiency are within the specified parameter
ranges, except the fuel reactor temperature. However, the variables for

54
A
QRN -
_ 9 239 Voo c,%C /
52 Y
& o Pareto frontier
;:5 o Largest o
5oL © Highest 7,
Pareto optimality %
o Ideal solution %
B
48 ' '
0.00 0.02 0.04 0.06

a

Fig. 9. Pareto frontier for CCP performance of the proposed system.
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Table 8

Single-objective and bi-objective optimal performance of the system.
Items Solution A Solution B Solution C
Preactor; (MPa) 0.24 0.20 0.21
Trr, (°C) 900.00 800.00 900.00
Tar, (°C) 920.16 850.00 865.86
Pe>, (MPa) 16.45 20.00 16.36
P12, (MPa) 8.37 7.70 7.70
Wheo (KW) 26473.26 24374.36 26015.43
Wmoling, (kW) 187.69 1386.02 1169.08
Eeooling, (kW) 4.89 36.10 30.45
Nets (%) 52.95 48.75 52.03
Nex> (%) 51.02 47.03 50.18
a 0.01 0.06 0.04

obtaining the largest cooling-to-electricity power ratio are situated at
the bounds of these intervals. Expanding the parameter ranges further to
increase the cooling-to-electricity power ratio poses several challenges:
lower reactor temperatures and pressures can reduce the reaction rate,
resulting in incomplete fuel conversion and hindered oxygen carrier
regeneration; higher pump outlet pressures exacerbate turbine design
complexities due to increased expansion ratios; and lower CO2 turbine
outlet pressures can cause the working medium to transition into the
subcritical region, resulting in low efficiency and significant friction
losses of the turbine, thus beyond the applicable range of the system.

5. Conclusions

In this study, a novel dual-throttled self-condensing tCOy cycle is
designed to recover the waste heat from a copper-based CLC power
system, aiming to achieve high-efficiency CCP generation. After devel-
oping the mathematical model, performance comparisons, exergy
analysis, and parametric studies are implemented to assess the cogene-
ration characteristics of the system. Subsequently, a multi-objective
optimization is performed to balance the system’s power generation
efficiency and cooling-to-electricity power ratio. The following critical
conclusions are obtained:

(1) Under base design conditions, the dual-throttle mode with CCP
effect reduces the system’s electrical and exergy efficiencies by 1.25 and
1.15 percentage points, respectively, compared to the power generation-
only single-throttle mode. The components with relatively large exergy
destruction are the two reactors and two regenerators in the upstream
cycle, and the cooler2, CO, pump and low-pressure throttle valve in the
downstream cycle.

(2) The optimal reactor operating pressure, air reactor temperature,
CO4, turbine outlet pressure, and pump outlet pressure exist to maximize
the system’s thermodynamic efficiency. Lowering the operating pres-
sures and temperatures of the two reactors, increasing the pump outlet
pressure, and decreasing the CO, turbine outlet pressure can enhance
the system’s cooling capacity.

(3) The increase in the system’s generating capacity is synchronized
with a decrease in the cooling capacity, leading to mutual constraints on
the electrical efficiency and the cooling-to-electricity power ratio. The
optimal trade-off performance is characterized by an electrical effi-
ciency of 52.02 %, an exergy efficiency of 50.17 %, and a cooling power
of 1169.08 kw.

While the dual-throttle self-condensing tCO2 cycle has been inspi-
rationally proposed to achieve CCP generation by recovering low-grade
waste heat, its limited cooling-to-electricity power ratio restricts its
potential applications. Future work should focus on enhancing the sys-
tem’s cooling capacity without compromising efficiency. Meanwhile, an
off-design performance investigation is needed to explore effective
operational strategies that balance supply and demand. Additionally,
the dynamic characteristics of the system are worth exploring when
considering the influence of chemical reaction rates.
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