10
11

Performance optimization and entropy-TOPSIS
evaluation of a thermochemical solar thermal power
generation system based on packed bed reactor

exothermic characteristics

Jianing Chen ?, Xueming Yang #*, Jie Cui ?, Yingiao Huo ?, Jianfei Xie °

?Hebei Key Laboratory of Low Carbon and High Efficiency Power Generation Technology,
Department of Power Engineering, North China Electric Power University, Baoding 071003,
P. R. China

®School of Engineering, University of Derby, DE22 3AW, United Kingdom

* Corresponding authors: xuemingyang@ncepu.edu.cn (X.M. Yang)



12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Abstract

Solar thermal power generation technology has enormous potential in global low-carbon
energy transition, but its large-scale development is still constrained by solar intermittency
and system stability issues. This study focuses on diatomite-modified calcium-based
materials, revealing that diatomite modification transforms the exothermic reaction
mechanism from an A3 model to a D2 model, significantly reducing activation energy by
8.69% and increasing the pre-exponential factor by 18.19%. The exothermic process in
packed bed reactors was thoroughly investigated, illustrating the evolution patterns of
temperature field, reaction extent, and pressure field. An innovative design incorporating
intermediate air pathways was proposed, reducing reaction time by 28.57%. A novel
thermochemical solar thermal power generation (TSTPG) system was established to
systematically examine its performance from the perspective of reactor heat release
characteristics. Through a comprehensive 4E (energy, exergy, economy, and environment)
analysis framework, the mechanism of reactor parameter optimization on system energy
efficiency improvement, exergy loss reduction, CO> emission reduction, and economic
benefits was systematically investigated. A multi-dimensional evaluation methodology based
on entropy-TOPSIS (Technique for Order Preference by Similarity to Ideal Solution) was
proposed, incorporating power generation capacity, energy efficiency, exergy efficiency,
annual total cost, and carbon emission reduction. Results demonstrate that the newly
established system achieved impressive energy and exergy efficiencies of 56.86% and 49.06%
respectively under optimal conditions (650 K), along with power generation of 48.31 MWh
and a total annual cost of 4.11 m$/year, showing promising prospects for engineering
applications.
Keyword: Thermochemical energy storage; Packed bed reactor; Solar thermal power
generation system; 4E analysis; Entropy-TOPSIS method
1. Introduction

With the intensifying global energy crisis and environmental issues, the development
and utilization of renewable energy has gained increasing attention. Solar energy, with its
characteristics of being clean, renewable, and abundant, holds a significant position in future

energy systems!!!. However, the intermittency and instability of solar energy severely restrict
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its large-scale application, primarily manifested in the supply-demand mismatch caused by
diurnal and seasonal variations. Therefore, developing efficient energy storage technologies
is crucial for improving the solar energy utilization efficiency and achieving a stable energy
supply!?!.

Currently, solar thermal power generation systems mainly employ the sensible heat and
latent heat storage technologies!®]. Among these, molten salt as a heat storage medium has
achieved commercial applications, as demonstrated in Spain's Gemasolar plant™® and the
United States' Crescent Dunes plant®). However, molten salt storage systems face several
challenges: high melting point requires a continuous heating to prevent solidification; strong
corrosiveness happens to the equipment; low energy storage density requires large storage
tanks. In addition, heat loss during the storage process significantly affects the system's long-
term performancel®. In comparison, thermochemical energy storage (TCES) based on the
CaCOs/Ca0 system offers advantages such as high energy storage density!” , long storage

duration, and negligible heat loss during storage!®]. The reaction can be expressed as:

CaCO, f CaO+CO,

(1)
AH =177.9k]J / mol

Calcium-based materials face issues of sintering and poor reaction kinetics during
cycling, which seriously affect their practical applications. Therefore, material modification
is necessary to improve the cycling stability and reaction kinetics”). For TCES reactors,
chemical reactivity and heat/mass transfer performance are primary factors. To address this,
researchers have designed and studied various reactor structures!'®!. At the system integration
level, the calcium cycle (Cal) process is typically coupled with concentrated solar power
(CSP) systems to form Cal-CSP systems. To optimize system performance, researchers also
have proposed various innovative system configurations and operational strategies to
evaluate the system performance through different efficiency indicators!!'!),

As mentioned above, researchers have used the inert oxide doping to improve the
cycling stability and mitigate the degradation of thermal storage density, including Al,O3!?,
SiO,!13, TiO, U4 MgOI'%, etc. TCES reactors play a key role in the system. Packed bed
reactors offer advantages such as low cost, ease of operation, and easy control of operating

parameters. Xu et al.l'¥l achieved efficient thermal storage performance of the CaO/CaCOs
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system in their developed fixed-bed thermochemical reactor, achieving a maximum
temperature difference of 309.83°C at an operating temperature of 550°C and reaching a
maximum absolute temperature of 848.7°C at 750°C, maintaining 27.72% of the reaction
time within 800-900°C. Deng et al.'é! studied the exothermic process of CaCO3/CaO
thermochemical reactors and found that considering CO> flow could increase the reaction
rate by 16.23%, while increasing the reactor thermal conductivity (from 1.33 W/m-K to 4
W/m-K) could improve the reaction rate by 60.26%. Adding cooling channels in the reactor
could further optimize the heat transfer performance, increasing the reaction rate by 34.94%.
Tian et al.l'”) comprehensively evaluated the thermochemical energy storage performance of
the CaCO3/CaO system in a fixed-bed reactor. Experimental results showed that CaCOs3
decomposition conversion reached 63.8% at 850°C, which was followed by CaO carbonation
conversion of 67.2% at 750°C. Reducing bed packing density could improve the storage
efficiency but would decrease the heat release. Further numerical simulations explored the
influence of key operating parameters, finding that calcination temperature (800-950°C) and
material porosity (0.6-0.7) were the main factors which affected the system performance.
Higher temperatures could increase decomposition conversion from 37.6% to 92.6%, while
appropriate porosity could balance the gas diffusion and heat transfer efficiency.

In 1980s, Barker!'®! proposed the CaL process, which forms the foundation of CSP plant
designs. Chen et al.['! developed a novel CaL-based solar thermochemical energy storage
power plant system, which can be working in both day and night modes, avoiding the
drawback of 24-hour continuous carbonation. The system achieved a global storage
efficiency of 37.60% and a global power generation efficiency of 48.04%, surpassing the
existing system's 45% power generation efficiency level, while requiring about 33% less CaO
(reduced from 680 tons to 453 tons) compared to traditional systems. Ortiz et al.?°! developed
a novel Cal-based high-temperature storage solar combined cycle system by integrating the
solar receiver-calcium looping storage-CO: Brayton cycle. The system could achieve an
overall system efficiency of 44.5% under design conditions. Operating in different modes
during day or night at high temperatures of 1000°C, it could achieve 12 hours of full-load
power generation daily, showing significant improvement over the existing integrated solar

combined cycle power plants (ISCC) with 20% solar share. Zhang et al.l''l developed a solar-



101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

thermochemical energy storage based trigeneration system using CalL process as storage
medium, whether operating in day or night mode, capable of producing 2618.09 MW of
electricity, 305.56 MW of heating, and 523.88 MW of cooling capacity daily. Results showed
that the system's total energy efficiency and total exergy efficiency could reach 56.92% and
35.94% respectively, while reducing 2222.76 tons of COz emissions and 696.41 m® of fossil
fuel consumption daily. Ahmad et al.”!! analyzed the performance of three different cooling
systems for solar panels (single-pass duct, multi-pass duct, and tube-type heat absorber)
based on the climatic conditions of Islamabad, Pakistan, with results indicating that the multi-
pass duct design was most effective. This optimized design, utilizing 31 passes, achieved a
maximum power output of 186.713W at a water flow rate of 0.14 kg/s while maintaining the
panel temperature at 38.81°C, significantly enhancing system efficiency. Sher et al.l*]
investigated the effects of various environmental factors on photovoltaic performance,
demonstrating that dust accumulation (particularly ash particles) significantly reduces solar
panel efficiency, with experimental results showing efficiency decreases of up to 94.3% with
121 g/m? of ash compared to clean panels. Their research further established that relative
humidity above 50% negatively impacts performance, though this effect is less pronounced
at higher light intensities, providing valuable insights for optimizing solar energy systems in
challenging environmental conditions.

Although significant progress has been made in thermochemical energy storage systems,
previous studies have mainly focused on material modification and system integration,
lacking systematic investigations of the exothermic process at the reactor level. Chen et al. [”!
examined the heat storage process of diatomite-doped calcium-based materials, but the
energy exothermic process, which directly affects power generation efficiency and
economics, remains insufficiently researched. The main objective of this study is to
systematically investigate the application of diatomite-modified calcium-based materials in
solar thermochemical energy storage systems, spanning from reaction kinetics to system-
level performance. Unlike previous studies that focus solely on individual aspects (materials,
reactors, or systems), we reveal the intrinsic connections between material modification,
reactor parameters, and system performance. Specifically, this research aims to: (1)

characterize the effect of diatomite modification on exothermic reaction mechanisms, (2)
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analyze the evolution patterns and performance factors in packed bed reactor exothermic
processes, and (3) establish and evaluate a novel thermochemical solar thermal power
generation (TSTPG, as shown in Fig.1) system through comprehensive 4E analysis and

entropy-TOPSIS multi-dimensional evaluation.

4 5 6 Tl G
HEXI1
2 3 TES el Co,
8
HEX3
R 10—-@—11—— lz‘_@@ Ca0
r | ——— Air
IR 1€
1

—o—®

HEX2
Fig. 1 Schematic of thermochemical solar thermal power generation (TSTPG) system.

2. Numerical method
2.1 Kinetics of the SCAM exothermic reaction

Details about the preparation, cycling stability, and heat storage reaction kinetics of pure
calcium carbonate material (PCAM) and calcium-based heat storage material doped with
diatomite (SCAM) were discussed in our previous research!’!. This study is only focused on
the establishment of the exothermic reaction kinetics of PCAM and SCAM.

In this study, TGA thermogravimetric curves were used to analyze the reaction kinetics
and provide parameters for optimizing the thermochemical exothermic reactor. The Coats-
Redfern (C-R) integral method and the Archar-Brindly-Sharp-Wendworth (ABSW)
differential method were applied to determine these parameters(?*].

Eq. (2) can be used to describe the ABSW method:

ln( d(@) j= In (éj—i (2)
f(a)dT B ) RT

Eq. (3) can be used to describe the C-R method:

1n(g(‘f jzln(ﬁj—i 3)
T BE) RT
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(4)

where A is the pre-exponential factor, R is the gas constant of 8.314 J/(mol-K), E is the

activation energy of the reaction in kJ/mol, £ is the heating rate of 15 K/min, T is the

reaction temperature in K, « is the reaction extent coefficient ranging from O to 1, Am is

the current weight gain, Am, is the total weight gain, f(«) and g(«) are the reaction

kinetics mechanism functions for ABSW differential method and C-R integral method

respectively. Table 1 shows different kinetic mechanism models.

Table 1-Various exothermic kinetic mechanism models.

Mechanism function ~ Symbols Aa) g(a)
Avrami-Erofeev A2 2[-In(1-a))]"*(1-a1) [-In(1-a)]"?
Avrami-Erofeev A3 3[-In(1-a)]"3(1-a) [-In(1-0)]"3
Avrami-Erofeev A4 4[-In(1-a)]"*(1-a1) [-In(1-a))]"*

Contracting cylinder R2 2(1-a)!? 1-(1- )2

Contracting sphere R3 3(1-a)*? 1-(1-a)'3
I-dimensional diffusion Dl (1/2) ot o?
2-dimensional diffusion D2 [-In(1-0)]! (1-a)In(1-a)+a
3-dimensional diffusion D3 32(1-0)23[1-(1-0) 3T (1-(1-0)'3)?

To obtain reasonable kinetic models f(«) and g(«), the maximum Rs method is

applied to Egs. (2) and (3). Figs. 2 and 3 show the models obtained by fitting the

thermogravimetric curves using the ABSW differential method and C-R integral method in

PCAM and SCAM, respectively. Tables 2 and 3 display the Rs values obtained from the

fitting calculations using the ABSW differential method and C-R integral method. The A3

model with the highest confidence level is selected in PCAM, and the D2 model with the

highest confidence level is chosen in SCAM.
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Fig. 3 Various exothermic kinetic mechanism models of SCAM: (a) ABSW difference

method and (b) C-R integral method.

Table 2- Rs of the PCAM exothermic kinetics mechanism function.

Mechanism = © 3 A4 DI D2 D3 R2  R3
function
RsaBsw
diffeence 0.8390 0.8899 0.9373 0.9071 0.9944 0.8840 0.9095 0.9258
method)

RS(C-R integral

0.9758 0.9639 0.9417 0.8915 0.9288 0.9692 0.9427 0.9627

method)
Rsaveragey  0.9074  0.9629 0.9395 0.8993 0.9616 0.9266 0.9261 0.9443
Table 3- Rs of the SCAM exothermic kinetics mechanism function.
Mechanism ) A3 A4 DI D2 D3 R2 R3
function
RsaBsw
difference 09721 0.9799 0.9827 09795 0.9904 0.9774 0.9794 0.9880

method)
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Rs@rimeeral 0 9004 0.8485 07227 09867 0.9820 0.9675 09707 0.9615

method)

Rsveragey  0.9383  0.9142 0.8527 0.9831 0.9862 0.9723 0.9751 0.9748

The pre-exponential factor 4 and activation energy E of the exothermic reaction kinetic
equation can be calculated by fitting the intercept and slope of the curve, respectively,
according to Eqgs. (2) and (3). Table 4 presents the pre-exponential factor and activation
energy for PCAM and SCAM. The corresponding exothermic reaction kinetics are described
by Egs. (5) and (6). The results for PCAM are consistent with the values reported in the
literature>¥, demonstrating good reliability and consistency. The exothermic activation
energy of the calcium-based material doped with diatomite was decreased from 74.74 kJ/mol
to 68.22 kJ/mol, while the pre-exponential factor was increased from 162.88 s7' to 192.50 s7".
This indicates that doping diatomite into calcium-based materials reduces the energy barrier
required for the exothermic process, significantly enlarge the frequency factor for reaction
initiation, thereby promoting the reaction and enhancing the material's exothermic reaction
efficiency. The findings in this study are crucial for optimizing exothermic processes while
designing the subsequent reactors.

Table 4- Exothermic reaction kinetic parameters of PCAM and SCAM.

ABSW difference method C-R integration method Average value

Group
E A E A E A
PCAM 75.97 165.13 73.44 160.62 74.71 162.88
SCAM 70.16 194.23 66.28 190.76 68.22 192.50
d(a) 162.88 -74.71 13
—_—t = 3| —In(1- 1- 5
0 3 xexp( P jx [ n( a)} (I-a) (35)
d(a) 19250 xexp(—68.22jx[_ln(l_a)]_l ©)
dt p RT

2.2. Reactor numerical simulation

The three-dimensional cylindrical packed bed reactor studied in this paper has been
previously investigated in the heat storage process!’). It has a total height H of 600 mm,
diameter D of 200 mm, and internal circular hole diameter Dy of 40 mm, as shown in Fig. 4.

During the exothermic process, CO> (reaction gas) flows into the reactor from the bottom
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surface, initiating the carbonation reaction. High-temperature HTF (air) flows along the
reactor outer wall to take away heat. To accurately study the exothermic process inside the
reactor, 6 monitoring points were selected, with coordinates as shown in Fig. 4. The reactor
is filled with SCAM, and the following assumptions are made to simplify the physics and

chemical models of the exothermic process:

Carbon dioxide Carbon dioxide
40mm
flow out flow out
& /| HTF-outlet
| | ) :
= 2 =
E g >
A A g
= = =
A A
HTF-inlet . HTF-inlet
u X
Carbon dioxide Carbon dioxide I 1
¥ inflow inflow 200mm

Fig. 4 Schematic illustration of a cylindrical packed bed reactor.

(1) The reactants in the reactor are treated as a continuous medium.
(2) The thermal conductivity, particle size, and porosity of solid reactants remain uniform
and constant during the exothermic process.
(3) Local thermal equilibrium is assumed for porous media, and radiation heat transfer is
neglected.
(4) The gas phase is considered as an ideal gas.
(5) The exothermic process of reactants does not distinguish between kinetic control stage
and diffusion control stage.
(6) Based on previous experimental studies, the reaction is considered complete when the
reaction extent reaches 0.85!7),

According to the previous work!”), the relationship between the equilibrium pressure and

temperature is shown as:
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ln( P ):23.6—w (7)
100000

eq
The change in reaction extent X during the exothermic process is expressed as:
oX
2 K
Ot

The reactants follow the law of mass conservation, and the mass conservation equation

(8)

for CO: entering the reactor is:

o r
~(6P)+V - (p)=0, ©)
where u is the velocity of CO:z gas. Darcy's law is used to couple the relationship between
pressure field and velocity field**):
L-_Kap (10)
U
D&’
= P—2 (11)
180(1—-¢)

where D, is the particle size of the reactant.

Q. represents the mass source of the exothermic reaction, indicating the consumption

of CO: or the amount of CO- absorbed by the reactant, expressed as:
dx

O, =*(-8)-f-Ap-— (12)
dt
The energy conservation equation is expressed as:
2((pc)erT)
#ﬁ +uV ((pc,),T) =V (AxVT)+Q, (13)

where the energy source term @, (W-m™) is related to the exothermic reaction in the porous
reaction zone. It can be given below
0,=AH-R (14)

The effective specific heat capacity is calculated by considering the conversion rates of

reactants and products. The related physical parameters are shown as follows!’!:
(PCp)r =0.63-(£(PCp)c, +(1=)(PC) ) +0.37-(1=2) (pCp)g,  (15)

Ao =0.63-(8Ac, +(1=8) A ) +0.37-(1=) - Ag, (16)
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The heat capacity and density of reactants and products are shown as:

Cpsoia =063 (1= X)Cp cy0 + XCp gy, ) +0.37Cp g0, (17)

Poiia = 0-63 ((l = X)Pcuo + X Peuco, ) +0.37- pgo, (18)

Air enters the HTF channel from the bottom and exchanges heat with the reactant. When

the temperature rises, heat is taken away by air from the outlet:

uuur uuur
T HTF

0
(¢ )irre 7 + (¢ e tsrre *V Ty 7V Gure = Oprre (19)

Through convective heat transfer, heat is transferred from the heat exchange wall to the

flowing low-temperature fluid, effectively taking heat away from the reactor:
Ovre = My * (T = Tyrye) (20)

The Nusselt correlation is used to determine the heat transfer between HTF and the wall,

and the heat transfer coefficient is defined by?® 27};
A-Nu
hwall = T (2 1)
where D is the diameter of the HTF channel, and the Nusselt number is obtained through
empirical formulas!?® 27);
0.14
Nu =0.027-Re"® - Pr®? (LJ (22)
/uwallj

Based on the above physics and chemical models, the values of important variables in
the Eqs are shown in Table 5" This study uses COMSOL software to simulate the
exothermic process. The initial and boundary conditions for the baseline case are listed in
Table 6. The simulation model was validated by comparing the CaCO3 exothermic process
with experimental results from Tian et al.l'”l, as shown in Fig. 5(a). The good agreement
between the simulation and experimental results showcases the model's reliability for the
subsequent analysis of the packed bed reactor's exothermic performance. Fig. 5(b) shows the
grid independence verification results of this study. Models with grid numbers of 54,814,
119,383, 200,628, 257,592, and 500,039 were simulated under the baseline case. The analysis
revealed that the tetrahedral grid consisting of 257,592 provides optimal spatial resolution to
accurately capture the essential thermochemical phenomena while maintaining

computational efficiency. Comparative evaluation demonstrated that the discrepancy in



264  predicted reaction time between this optimized mesh and the high-density configuration
265 (500,039 grid) was negligible, conclusively validating the grid independence of the numerical

266  solution.

700 - .
8680
600
n=257,592
500 - Ohandl
w
~ —#— Reaction time
(2'.), 400 | E 8600 |
& =
= 300} =
) . 2 8560 -
""" Experiment-Tian et.al. &
200 —— Simulation-Tian et.al. &
, Simulation-present study 8520 |
100 | :
i (b)
0 Cu 1 1 1 1 8480 C 1 1 1 1 1
0 100 200 300 400 1x10°  2x10°  3x10°  4x10°  5x10°
267 Time (min) Grid number

268  Fig. 5 (a) Validation of model results and (b) Grid independence verification.

269  Table 5- Thermophysical properties in the simulation.

Symbol Parameter Value
Mo, Mole mass of CO> 44 g mol!
M o, Mole mass of CaCO3 100 g mol™!
M, Mole mass of CaO 56 g mol!
Pcaco, Density of CaCOs 2.93 gcm™
Pcao Density of CaO 335gcem?
Psio, Density of SiO; 2.2 gcm
Ceaco, Specific heat capacity of CaCOs 910 J kg! K!
Ceao Specific heat capacity of CaO 799.1 Jkg! K!
Csio, Specific heat capacity of SiO 703 J kg! K!

Ao Thermal conductivity of solid reactant  1.33 Wm™ K'!

A Pre-exponential factor 192.50 s!

E Activation energy 68.22x10° J mol!




3 Porosity of reactant 0.6

270  Table 6- Initial and boundary conditions in the baseline case.
Initial/boundary conditions Descriptions
T (oyazat =0)=Toy, 1 =700 K E:l?i rr::;c:;or temperature and CO; inlet
Tire e = 700 K Initial temperature of the HTF inlet
1 (x,,0,¢=0) =10 L/min, .1, (x, 7, 0,¢ = 0) =5 mvs Sgéci:;’?tr‘tlgg%g‘mfte and initial
P(x,y,z,t=0)=P_ =1bar Initial pressure inside the reactor
Uy (X,1,2,0)=0 No-slip velocity inside the HTF channel
271 2.3 SCAM TSTPG system simulation method
272 Fig. 1 shows the process flow of the SCAM TSTPG system. Through solar heating of
273 the thermochemical reactor designed in Section 2.2, SCAM decomposes into calcium oxide
274  and carbon dioxide, where calcium oxide stores the absorbed heat, while the high-
275  temperature carbon dioxide stores part of the heat through heat exchangers and drives the
276  expander for power generation when needed. During peak electricity demand periods, when
277  calcium oxide in the reactor reacts with carbon dioxide to release heat, the air system stores
278  energy through convective heat transfer and compression processes, subsequently driving the
279  expander for power generation during the expansion phase.
280 The following assumptions are made for the TSTPG system:
281 (1) All components operate under steady-state conditions.
282 (2) Pipeline pressure drops are neglected.
283 (3) Except for the solar receiver and gas storage tanks (98% thermal insulation
284  efficiency), all other components operate under adiabatic conditions.
285 (4) All compressors and expanders have constant isentropic efficiency, with power
286  losses of 15%.
287 (5) Exergy analysis is performed at an environmental temperature of 25°C and a
288  pressure of 1.01 bar. while pump power consumption is neglected.
289 In this study, energy and exergy analyses are conducted for key components, and the
290  energy and exergy balances of various components are shown in Tables 7 and 8.



291  Table 7 -The energy balance of the components.

Component Energy Balance

Peak electrical load mode

Low electrical load mode

SPT éépr = ”gfhl _”gfshls

Reactor é}iactiheat = ”ggaaccaa( z ‘Wlp)‘aduct - rgct)(hreact)

product

HEX1 S = r&h, — e,

TES &y = r&ch, —nkh, = nih, —n&h,
Cl

Tl W, = (gh, —&h,) 7,
COnorage  1&hs = n&h

Aitsiorage 7y = ity

HEX3 Kns = ey — B,

2

T2 W, = (ioh, — ;) -1,
HEX2 Krs = eI — o,

CaOstorage 7&7]717 = "gthls

é}iactiheat = nggaco3cca003( Z ‘X}lproduct - ztﬂl
reac

product

W, = (nchs —n&h,) 1,

Wgccz = (m8hys — &, hyy) -7,

react )

292 Table 8-The exergy balance of the components.

Component Exergy Balance

Peak electrical load mode

Low electrical load mode

SPT EngPr,f + Egﬁs = E% - E%’SPr,ﬁm

Reactor Bt + B + B+ B, = B, + B,
HEX1 B =B+ B+ B,

TES Bt o+ 5% + B, = B+ B+ B

Cl

B +

al

cos = E&’z + E&b + Eg’m + E%CaCOslm

5%4 + Vﬁél = @5 + é(:h“”




Tl 5&6 = ES@ + WSTLI + @Tlhm
COZstorage E%5 = E&é
Airstorage @9 = E&lo
HEX3 E%%]o = Egkn + E%HEXS + E%HEX&W
C2 Egm + Wgéz = Egkls + E%Cmm
T2 §,€12 = 5%3 + E%Tmm + Wgrcz
HEX2 Egklé = E%w + éHEXZ + E%L/E}(zhm
Caostorage E%n = Egklg
293 The fuel exergy of SPT can be determined below 281,
T
294 B, =DNI- 4, |1-—" (23)
295  2.3.1 Solar power tower (SPT)
296 The SPT consists of mirrors and a receiver, and mirrors concentrate solar radiation onto
297  the receiver at the tower top. This increases the HTF temperature while experiencing
298  convective and radiative heat losses. Following the receiver passage, HTF enters the reactor
299  where it exchanges heat with the SCAM reactant for energy storage. Based on previous work
300  on the reactor's heat storage process!’), the heliostat field area was determined from known
301  receiver inlet and outlet parameters. The specific operating parameters and thermodynamic
302  equations for the SPT are shown in Tables 9 and 10.
303  Table 9- Operating parameters of the heliostats and the receiver!? 2%,
Parameter Value
DNI 850 W/m*
Nheliostat 914
Aheliostat 50 1’1’12
Nfield 0.82
Orec 0.95
eMyec 0.85
Areceiver 300 m?
Hyeceiver 80 m

Tiun 5773 K
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306

307

308

309

310

311

312

313

314

315

316

317

318

Inlet temperature of the SPT 800 K
Outlet temperature of the SPT 1000 K

Table 10- Thermodynamic equations of the SPT!?%-3%,

Description Equation

Qii'e,rec = ’lgilTF (hrec,e - hrec,i)

Heat transfer of the é‘ _, é‘ é‘
receiver use,rec rec " Lirec — Lloss rec

Q}r@c = DN] ’ Amirror ’ nﬁeld
éﬁss,rec = éﬁss,md + éf).ss,cro;lv

4
Q;f)ss,rad - Arec em,,. o T)"ec

Radiant heat loss
Q%)ss,cunv = A"@C : éﬁ'()n‘/ : (I;ur,rec - ]—(Y))

Convective heat loss -T +20

sur,rec rec,e

—6 7;ur rec 7;) "
g =0.577x107°| 2oree 0

tower

2.3.2 Reactor
Energy storage and release processes occur in the packed bed reactor. The reaction is as

follows:
CaCO, =Ca0+CO,
AH =177.9 kJ/mol

The reactor dimensions have been detailed in Section 2.2, which includes a total of 200

24)

reactors.
2.3.3 Compressor and turbine

REFPROP 9.1 software provides thermodynamic parameters, and the main component
parameters are shown in Table 11. The centrifugal compressor is used, and the compressor

outlet temperature and pressure are shown as follow*!:

T, =T [N+#x*"-1)/n] (25)

c,out c,in
c,out = ﬂ-cfz,in (26)

where 7., 77, and Kk represent the compression ratio, isentropic efficiency, and adiabatic

index respectively.
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The turbine outlet temperature and pressure are shown as follows? 33!

T =T [1-A=7""" ), | 27)

P =P Ix (28)

t,out t,in
where 7z, and 77, represent the expansion ratio and isentropic efficiency, respectively.

Table 11- Main parameters of the components.

Component Value
Compressor

Compression ratio 7.0
Specific heat ratio 1.4
Isentropic efficiency 85 %
Turbine

Expansion ratio 7.0
Isentropic efficiency 85 %

2.4 Performance indicators
2.4.1 Reactor

To evaluate the exothermic process in the reactor, this study employs three indicators.
The first one is the total reaction time t (s), and Table 12 summarizes the reaction times for
all conditions. The second one is the heat release power (HRP in kW) during the exothermic

process:
HRP =[Q,dV (29)

HRP is related to the heat release rate, and it represents the amount of heat released per
unit time during the reaction process. The third one is the heat exchange power (HEP in kW)

during the exothermic process:
HEP = (pcp)HTF Uprr (7:)ut -T,)A (30)
HEP represents the heat transferred per unit time by HTF during the heat exchange

process, and it provides energy for subsequent expansion work.

Table 12- The summary of exothermic reaction times under different conditions.

NO Cases Conditions Exothermic reaction time (s)
1 Baseline case 8680
2 550 K 12200
3 Temperature 650 K 7520
4 750 K 10800
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343

344

345

346

347

348

349

350

351

352

353

354

5 0.3 13000

6 Reactant porosity 0.4 11800

7 0.5 10300

8 CO: inlet volumetric flow 5 L/min 10400

9 rate 15 L/min 7500

10 Addition of intermediate air 6200

pathway

11 5 W/m/K 8000

12 Reactant thermal conductivity 10 W/m/K 7010

13 20 W/m/K 6600
2.4.2 Total system

The energy and exergy efficiencies of the TSTPG system, 7,,,,, and 7, areshown

as follows:

Wy

nener = (3 1 )
< QSPT + WC

where W, is the net output of electrical power, Q,, is the heat input from SPT, and W,

is the compressor work input.

Ex;

—_— (32)
ExSPT’f + Ex,

nexergy =

where Ex; is the exergy output of the system, Exg,, . is the fuel exergy, and Ex. is the

exergy input from the compression process.

Net Present Value (NPV) is used as a key indicator to evaluate the economic viability of
the TSTPG system. It can help to measure the system's investment returns and economic
feasibility, thus providing a basis for decision-making!®**!. The calculation of NPV is as
follows:

NPV = i ATE _
=0(1+1i)

(33)

t investment

where i is the discount rate (i.e., 6%), and ¢ is the lifetime cycle (i.e., 25 years). The total

investment cost (C, .. ) is shown in Table 13.

Table 13- Capital cost for component.

Component Cost formula ($)
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Zheliastat = 150AheliostatNheliasmt
SPT
ZReceiver = 1835'7ht0wer - 2568htower + 3 x 107
logC, =K, + K,logV + K, (logV)2
Reactor
k, =4.7116, k, =0.4479, k, =0.0004
c 44.71nk i In i
ompressor —O. %5-n | P P
1.4
Turbine 0145 | (2 g exp(0.025T, —1570))
0.94-n, D,
HEX logZHex ($) = kl + kZIOgAHex + k3 (10g14Hex)2
k, =4.3427, k, =—-0.303, k, =0.1634
Generator 17500 $
logC, = K, + K logV + K. (logV )’
Storage tank e 172208 ; ( 8 )

k =4.1052, k, =0.5320, k, =—0.0005

Annual total profit (ATP) is calculated as follows:

ATP =S8 —Cpey (34)
Annual total revenue is shown as follows!?*!:
S = celec.peak = W; = y = tdch (35)

The annual operating cost is the sum of off-peak electricity prices and maintenance costs

of the TSTPG system. Maintenance costs amount to 6% of the annual investment cost:

CO&M = Celec + ¢X CA,imestment (3 6)
Celec = celec,qﬁ’—peak x VV: x Yy X tch (37)
where ¢, o A Cpr e Tepresent the high and low valley electricity prices,

respectively; ¢ and y denote the system maintenance factor and annual operation time,

respectively.
The capital recovery factor (CRF), which is influenced by the discount rate and

equipment lifespan, is given below:
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_id+i0)"

"y o
Cpimestment = CREX Cippetment (39)
In addition, the total annual cost (TAC) includes C,,, .o a0 Cpg:
TAC=Cyesiment + Coan (40)
The dynamic payback period (DPP) is as follows!*¢l:
DPP:|DPP—1|+W (41)

ATP

|DPP|
where | DPP—1| is the last year in which the NPV is negative.
In contrast to the fossil fuel power plants, the thermochemical solar thermal system can

be operated without consuming the fossil fuels, instead of deriving energy exclusively from

the solar power and calcium-based materials. It can naturally eliminate the fuel consumption

and carbon dioxide emissionst?”> 38!,
MPetro = aPetro X N x WT (42)
Mo, = 0o, X NXW; (43)

where o represents the average crude oil (0.266) and o, represents the carbon

Petro

dioxide emissions from fossil fuels (0.849). During system operation, no CO» is produced,
resulting in zero emissions.
3. Results of the exothermic process in the packed bed reactor
3.1 The baseline case

The exothermic process in an indirect cylindrical packed bed reactor using air and CO-
was studied, with a total reaction time of 8680s. As shown in Fig. 6(a), as the exothermic
process progresses, due to the indirect heat exchange method, the reaction zone permeates
diagonally upward from the exterior to the interior, aligning with the flow directions of CO-
and air and resulting in a "V" shape. Consequently, as shown in Fig. 6(b), the heat storage
reaction at points D, E and F on the outer wall rapidly increases to 0.85. Interestingly, points

A, B and C on the inner wall exhibit a period of stable reaction. This occurs because points
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A, B and C generate higher temperatures and cannot exchange heat with HTF in a timely
manner. According to Eq. (7), the equilibrium equation limits the reaction rate, resulting in a
stable period in reaction progress. As HTF promptly transfers heat from points A, B and C,

the exothermic reaction at these points rapidly resumes.

(a) 0.91
X
078
0.9 _
0.8 0.65
0.7
0.6 5 052
0.5
039 A o
0.4 c D
0.3 0.26 - E F
0.2 013 R
0.1
0 0.00

1] 2200 4400 6600 8800

t=1500 s t=3000 s t=5000 s )

Fig. 6 Baseline case results: (a) Reaction extent contours and (b) Reaction extent variations
at monitoring points.

As shown in Fig. 7(a), the temperature in the external reaction zone first decreases
because the exothermic reaction ends and the reactants are cooled by low-temperature HTF
at the reactor outer wall. When CO» flows through the reactants, intense exothermic reactions
occur, raising the temperature to reach an equilibrium state. As the exothermic process
continues, the local temperature in the unreacted zone also rises to an equilibrium temperature.
Based on Eq. (7), the reaction rate decreases, resulting in a local cessation of the exothermic
reaction. This aligns with the results shown in Fig. 6. As shown in Fig. 7(b), the monitoring
points A, B, C, D, E and F all experience rapid temperature increases due to the exothermic
reaction. The cooling effect of low-temperature HTF at the reactor outer wall makes
temperature decrease at points D, E and F. Due to the sequential flow of low-temperature
HTF through points D, E and F, the maximum temperatures follow the order F > E > D. As
the inner points A, B and C cannot exchange heat with HTF promptly, they exhibit a period
of stable peak temperature, which explains the stable period in reaction progress at points A,
B and C shown in Fig. 6(b). As low-temperature HTF takes heat away, the temperatures at

points A, B and C decrease, following a similar sequential pattern at points D, E and F.
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Fig. 7 Temperature evolution in baseline case: (a) Temperature distribution contours and (b)
Temperature variations at monitoring points.

As shown in Fig. 8(a), a "V" shape appears inside the reactor and moves along the axial
axis, similar to the patterns shown in Figs. 6 and 7. As shown in Fig. 8(b), due to intense local
exothermic reactions, the monitoring points show steep reaction rate slopes. The reaction rate
peaks at points A, B and C are lower than those at points D, E and F due to cooling by low-
temperature HTF. As the exothermic reaction progresses, points A, B and C show a second
peak in reaction rate, as the local heat is transferred to low-temperature HTF, allowing the
exothermic reaction to resume. Although Eq. (6) indicates that higher temperatures lead to
faster reaction rates, the equilibrium equation restricts the reaction rate at high temperatures,
creating a mutual constraint. The following discussions focus on the effect of initial

temperature on the exothermic process.

- (a) 1.0x10°

1 | Kx10-(s1)
10 8.0x10° i
9

l ] 8 _eaxiotf
7 T
6 S40x107
5
4 20x10°
3
2
" 0.0 . . ‘ .
0 0 2200 4400 6600 8800
t=1500 s t=3000 s t=5000 s £(s)

Fig. 8 Reaction rate in baseline case: (a) Reaction rate distribution contours and (b) Reaction
rate variations at monitoring points.
Fig. 9(a) shows the pressure changes at monitoring points. During the exothermic

process, COz is strongly consumed by local reactions, causing rapid pressure drops in the
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reactor. Subsequently, CO diffuses uniformly throughout the system and generates
significant reaction heat, leading to sharp pressure increases at the monitoring points.
Interestingly, monitoring points at the same horizontal level show highly consistent pressure
changes, indicating that CO> content does not affect reaction progress at these points.
Pressure data shows smaller variations at the CO» inlet and larger variations at the outlet.
This is due to increased CO» diffusion resistance from low reactant porosity. Additionally, at
the CO» inlet where consumption occurs, continuous supply of large amounts of CO; leads
to thermal expansion.

The overall performance of the exothermic reaction is shown in Fig. 9(b). The
exothermic reaction maintains intense heat release within 900s, with a peak heat release
power of 25 kW and high thermal utilization efficiency during this period. Subsequently, the
exothermic process reaches a steady state. The heat exchange power peak appears around
1800s, showing a delay relative to the initial exothermic reaction due to indirect heat
exchange. When the reaction power falls below a specific threshold, the reactor cannot meet

the industrial heating requirements®”),

2.5x10° 3.0
(b)

2.0x10° - 24
= - HEP
& Al 1.8 =
< 1.5x10 =
2 Z
2 .
£ 1ox10° 12 3
& =

5.0x10° 106

A B C X
0.0k D E F g {0.0
0 2200 4400 6600 $800 0 2200 4400 6600 8800

£(s) £(s)
Fig. 9 (a) The pressure variation of the baseline case and (b) Overall performance of the
baseline case.
3.2 The impact of temperature
In previous research, Tian et al.'”) found that temperatures between 550-750°C had
minimal impact on exothermic performance, while temperatures below 450°C showed
significant effects. According to Egs. (6), (7) and (30), both initial temperature and inlet

temperature affect the reaction rate and heat exchange processes. In this section, initial and
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inlet temperatures are set at 550 K, 650 K, and 750 K along with other conditions identical
to the baseline case. As shown in Table 12, the shortest exothermic time occurs at 650 K.

As shown in Fig. 10(a), reaction progress rapidly increases at temperatures of 650 K,
700 K and 750 K and then slows due to reaction equilibrium constraints. At temperatures
above 650 K, closer proximity to equilibrium temperature extends the exothermic time. At
550 K, initial reaction progress is slow. However, as large amounts of heat are released during
the exothermic process, the reaction rate increases, leading to a final reaction progress which
only reaches 0.76. As shown in Fig. 10(b), both HRP and HEP reach their maximum values
at 650 K. When selecting appropriate temperatures, it needs to balance the relationship
between the Arrhenius equation and equilibrium equation, ensuring ideal reaction rates to

maintain good reaction equilibrium.

REY 3.0
28 24
znt 118 =
- ==
a & vy
& 14 - 11.2 =
== =
0.26 — 550K — 650K 7 L 106
—— T K —— 750 K
0.13
0 + 1 0.0
0-0" 1 1 L L 1 1 1 1 1 L
0 2500 5000 7500 10000 12500 0 3000 6000 9000 12000

t(s) 1(s)

Fig. 10 The impact of temperature on the exothermic process: (a) The variation in reaction
extent and (b) Overall performance variation with different temperatures.
3.3 The impact of the reactant porosity

In the above discussions, reactant porosity was kept constant at 0.6. This section
examines the impact of porosity on the exothermic process. As shown in Fig. 11(a),
decreasing porosity significantly increases the reaction time. This is due to increased reactant
concentration and decreased permeability, which increases the flow resistance for CO»
passing through the reactor. As shown in Fig. 11(b), evaluation of exothermic capacity under
different porosities reveals that lower porosity significantly extends the duration of maximum

HRP and HEP in the reactor, demonstrating a notable heat release performance.
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Fig. 11 The impact of reactant porosity on the exothermic process: (a) The variation in
reaction extent and (b) Overall performance variation with different reactant porosities.
3.4 The impact of CO: inlet volumetric flow rate

In this section, COz inlet volumetric flow rates of 5 L/min and 15 L/min are studied, and
all other conditions are kept constant as in the baseline case. As shown in Fig. 12(a),
increasing the CO> inlet volumetric flow rate significantly shortens the reaction time. This
can be attributed to two factors: first, higher inlet flow rate increases the CO2 supply rate,
thereby accelerating the reaction with the reactants; second, larger mass flow rate facilitates
the faster heat removal during the exothermic process, effectively reducing temperature
buildup within the system. As a result, the reaction rate is enhanced due to the lowered
equilibrium temperature. As shown in Fig. 12(b), both HRP and HEP increase as the

volumetric flow rate increases.

0.91 20 4 3.0
(b)
0.78 (a) 55 ] 2.5
0.65 - —~ 0] it P20
0.52 E A Z
be ] —— 5 L/min = 15 - LS =
—— 10 L/min o~ : =
0.39 ! = ;
—— 15 L/min 04 ° HRP HEP 10 =
e s 5 Limin
- Y A N ORI 10 L/min
0.5
5 1 - 15 L/min 0
0.13
0 4 S LTI Pervmouenv I | X | )
['.['[' 1 1 1 1 1 L 1 L 1 1 1
0 2000 4000 G000 8000 10000 0 2000 4000 6000 8000 10000
t(s) 1(s)

Fig. 12 The impact of COz> inlet volumetric flow rate on the exothermic process: (a) The
variation in reaction extent and (b) Overall performance variation with different CO> inlet
volumetric flow rates.

3.5 The impact of the addition of an intermediate air pathway
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Based on the above study, it is obvious that increasing the low-temperature HTF flow
rate to remove heat during the exothermic process in the reactor is of significant importance.
We have added HTF channels to lower the temperature within the reactor. As shown in Fig.
13(a), the concentration distribution curves in the reactor with additional HTF channels differ
significantly from the baseline case. The reaction progress inside the reactor is more uniform,
especially in the early stages (e.g., t=1500 s), where the concentration gradient within the
reactor is notably reduced. This indicates that the added HTF channels effectively can help
improve the heat distribution and reduce the local overheating, thereby enhancing the overall
reaction efficiency and uniformity. Furthermore, in the later stages (t=5000 s), the reaction is
essentially complete, demonstrating that adding channels can significantly accelerate the
reaction progress. Fig. 13(b) shows the temperature cloud diagrams in the reactor over time.
In the initial stage (t=1500 s), the low-temperature zone is mainly concentrated in the lower
part of the reactor, showing distinct temperature gradients. it also indicates that low-
temperature HTF effectively removes heat. In the middle stage (t=3000 s), the low-
temperature zone gradually expands upward, and temperature gradients significantly
decrease, showing that the added HTF channels can effectively enhance the heat transfer
efficiency. In the later stage (t=5000 s), the temperature distribution inside the reactor tends
to become uniform. As shown in Fig. 13(c), the exothermic time with added air channels is
6200 s, which is reduced by 2480 s. As shown in Fig. 13(d), with added air channels, HRP
rapidly rises to 27.23 kW in the initial reaction stage and decreases slowly, indicating that the
addition of channels makes the heat release process more stable. Meanwhile, HEP
significantly increases with added channels, effectively enhancing the heat transfer. This
design optimizes the heat transfer by effectively reducing the local overheating risks and

improves the stability and thermal energy utilization of the exothermic process.
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Fig. 13 Effect of intermediate air pathway: (a) Reaction extent contours; (b) Temperature
distribution contours; (c) Reaction extent variation; and (d) System performance.
3.6 The impact of the reactant thermal conductivity

A variety of researchers!® “°! have enhanced the thermal conductivity of calcium-based
materials through doping to enhance their effective reaction rates. Therefore, it is meaningful
to analyze the performance of calcium-based materials with varying thermal conductivity
coefficients in packed bed reactors!!”). As shown in Fig. 14(a), enhancing the thermal
conductivity of the reactants can significantly shorten the exothermic reaction time. This is
because a higher thermal conductivity allows the heat released during the reaction to transfer
more rapidly from the reaction zone to the outer wall, where the low-temperature HTF is
located, thereby reducing the thermal non-uniformity and limiting the phenomenon of local
heat accumulation. As shown in Fig. 14(b), increasing the reactant thermal conductivity
significantly increases both HRP and HEP. HRP peaks are higher and reached earlier,
indicating that higher thermal conductivity can accelerate reaction rates and heat release. The
overall trend of HEP is similar to HRP but shows a slight time lag due to the time required
for heat transfer from the reaction zone to HTF. By optimizing the thermal conductivity of

filling materials (such as adding high thermal conductivity materials), the reaction process
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can be accelerated and heat transfer efficiency is improved, showcasing an important strategy

for enhancing system performance.
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Fig. 14 The impact of the reactant thermal conductivity on the exothermic process: (a) The
variation in reaction extent and (b) Overall performance variation with different reactant
thermal conductivities.
4. Results of thermochemical solar thermal power generation system
4.1 Energy, exergy, economic and environmental analysis

Since the reactor plays a crucial role in thermal energy utilization in TSTPG system, this
study for the first time systematically investigates its impact on the proposed system from
the reactor perspective. To this end, this study employs a 4E analysis framework (energy,
exergy, economy, and environment) to comprehensively evaluate the system performance,
focusing on the analysis for the mechanism of reactor parameter optimization to improve the
system energy efficiency, reduce the exergy loss, decrease CO; emissions and optimize
economic benefits. The thermodynamic properties at various cycle points are shown in Table
14. Table 15 displays the power generation of the TSTPG system under different conditions.
Fig. 15(a) presents the energy streamline of the TSTPG system based on the packed bed
reactor in baseline case. The system receives input energy (73.62 MWh) and compression
work (31.11 MWh) from SPT. The total stored energy is 91.37 MWh with 20.38 MWh
storage loss during the heat storage process. Through the exothermic reaction in the packed
bed reactor, an amount of 70.99 MWh energy is released with 14.78 MWh release loss. The

system finally outputs 56.21 MWh of electrical work. Furthermore, as depicted in Fig. 15(b),

the fuel exergy ( Exgr ) significantly exceeds the heat of the SPT (Qg,; ), resulting in an

exergy efficiency that is lower than the energy efficiency.



563  Table 14- Thermodynamic characteristics at different points.

1 2 3 4 5 6 7 8 9
Temperature (K) 1000 1000 700 308 578 566 325 700 1000
Pressure (bar) 7 1 1 1 7 7 1 1 7
E, (MW) 60.58  1.38x102 5.5x103 0 6x1073 6x1073 0 1.47x10°  60.58
Mass flow rate (kg/s) 112.28 3.5x102  3.5x102  3.5x102 3.5x102 3.5x10? 3.5x102  6.2x1072 112.28
10 11 12 13 14 15 16 17 18
Temperature (K) 1000 700 750 430 430 806 1000 700 700
Pressure (bar) 7 7 7 1 1 7 1 1 1
E, (MW) 60.58  36.55 45.48 0.75 0.75 45.48 1.15x10"  4.95x10%  4.95x10%?
Mass flow rate (kg/s) 112.28 112.28 112.28 112.28 112.28 112.28 0 0 0

564  Table 15- Electricity generation of thermochemical solar thermal power systems under

565  different conditions.

Electricity generation

NO Cases Conditions (MWh)
1 Baseline case 56.21
2 550 K 76.47
3 Temperature 650 K 48.31
4 750 K 70.37
5 0.3 84.39
6 Reactant porosity 0.4 76.52
7 0.5 66.73
8 CO:z inlet volumetric flow 1000 L/min 67.06
9 rate 3000 L/min 48.43
10 Addition of intermediate air 40.32

pathway
11 5 W/m/K 51.93
12 Reactant thermal conductivity 10 W/m/K 45.49
13 20 W/m/K 43.01

Weloss Energy stored loss
4.67 ' 20.38

We 31.11
Energy stored
Osrr 73.62 91.37

" Qsrr loss )
Unit: MWh 3. 69

566

Energy released loss

14.78

(a)




EXx loss Exergy stored loss (b)
4.67 ' 30.28

Ex 31.11
Exergy stored
Ex, 9623 10642
Exergy released loss
Unit: MWh Ex“”r'/ loss 19.93

567 16.25 :

568 Fig. 15 The streamline of TSTPG system: (a) Energy and (b) Exergy.

569 As shown in Fig. 16(a), as the temperature increases from 550 K to 750 K, the system's

570  energy and exergy efficiencies increase first before decreasing, reaching peak values of 56.85%
571 and 49.06% respectively at 650 K. This is mainly because this temperature point achieves the
572 optimal compromise between the reaction kinetics and thermodynamic equilibrium, resulting
573 in the highest exothermic efficiency in the reactor. Meanwhile, CO; emission reduction and
574  fossil fuel reduction show similar trends, but the system's TAC increases with temperature,
575  indicating that higher operating temperatures bring greater economic burden. By considering
576  all indicators comprehensively, 650 K is identified as the optimal operating temperature for
577  the system. As shown in Fig. 16(b), as the reactant porosity increases from 0.3 to 0.6, the
578  system's energy and exergy efficiencies show a clear downward trend, decreasing from 58.31%
579  to 53.67% and from 50.04% to 44.14%, respectively. Similarly, CO> emission reduction and
580  fossil fuel reduction also show declining trends, while the system's annual TAC slightly
581  decreases with the increasing of porosity. This can be explained as follows. Although lower
582  porosity increases the reactant concentration and reaction time, it also improves the reactor's
583  heat storage and utilization efficiency. As a result, better overall performance is observed. As
584  shown in Fig. 16(c), changes in CO2 volumetric flow rate significantly affect the system's
585  comprehensive performance. As the flow rate increases from 1000 L/min to 3000 L/min, the
586  system's energy and exergy efficiencies show notable nonlinear characteristics, reaching
587  53.67% and 44.14% respectively at 2000 L/min. In contrast, CO> emission reduction and
588  fossil fuel replacement rates keep declining with the increasing of flow rate. It is mainly
589  because higher flow rates reduce the reactor exothermic time, leading to a decreased power
590  generation. Meanwhile, the system's TAC reaches the minimum value at a CO: flow rate of

591 2000 L/min before beginning to increase, indicating the presence of an optimal CO> flow rate



592  range where both technical and economic performance are most effectively balanced. As
593  shown in Fig. 16(d), adding intermediate air channels significantly improves the reactor
594  exothermic efficiency. Compared to the baseline case, adding intermediate air channels
595  increases the system's energy and exergy efficiencies from 53.67% to 54.96% and from 44.14%
596  to 45.61%, respectively. This improvement is mainly attributed to enhanced convective heat
597  transfer which reduces the local temperature accumulation. However, CO2 emission
598  reduction and fossil fuel replacement rates show opposite trends, indicating that although air
599  channel improvements enhance the reactor exothermic efficiency, they somewhat affect the
600  system power generation. Notably, the system's TAC also slightly increases with air channel
601  optimization, reflecting the trade-off between the heat transfer performance improvement and
602  economic costs. As shown in Fig. 16(e), enhanced reactant thermal conductivity significantly
603  improves the system performance. As the thermal conductivity is enhanced from 1.33
604  W/(m'K) to 20 W/(m-K), the system's energy and exergy efficiencies show a continuous
605  upward trend, which is mainly attributed to promote the heat transfer within the reactor.
606  However, CO, emission reduction and fossil fuel replacement rates show continuous
607  declining trends, indicating that although increased thermal conductivity improves the
608  exothermic efficiency, it somewhat reduces the system power generation. Meanwhile, the
609  system's TAC decreases with the increasing of thermal conductivity, indicating that
610  improving material thermal conductivity can achieve economic optimization while

611  maintaining the system performance.
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613 Fig. 16 4E analysis of the exothermic process in the reactor for thermochemical solar power
614  systems: (a) Temperature effect; (b) Porosity effect; (¢c) CO: flow rate effect; (d) Ventilation
615  effect; and (e) Thermal conductivity effect.

616 Based on the economic model established in Section 2, this study conducted an
617  economic assessment of the TSTPG system. System operational data shows: during off-peak
618  electricity demand periods (0.046 $/kWh), the system uses solar energy for energy storage;
619  during peak periods (0.264 $/kWh), electricity is generated through exothermic reactions and

620  sold. As shown in Fig. 17, the payback period for the TSTPG system is 12.53 years.



621
622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

[
=

DPP=12.53

& -
3 YT
Z-10F _
A ] Baseline case
z.

220 F

30|

0 % lll] 1I5 2I0 2I5

Year (-)
Fig. 17 NPV and DPP of TSTPG system.
4.2 Comprehensive appraisal via entropy-TOPSIS
To provide an objective and fair evaluation system, this study uses the entropy weight
method to quantify the weights of various indicators. The procedure for determining indicator
weights based on the entropy weight method is as follows:
Frist, standardize the assessment metrics.

The TSTPG system has 13 operating modes and 5 evaluation indicators, so the indicator

matrix is:
bll b12 L blm
bnl bn2 bnm

The evaluation indicators are divided into positive and negative types, with data
normalization as follows:

Positive indicators:

a, = (bij —minb, )/(maxbj —minbj) (45)

y
Negative indicators:
=(maxbj —bl.j)/(maxbj —minbj) (46)

a;

where b, represents the value at position j in working mode /, max b; and min b; are the

nxm

maximum and minimum values of index j, respectively, and A'=[q,],,,, is the normalized

indicator matrix.
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Second, determine the normalized specific gravity values for each element a,.

4
B=— (47)
2
2
k= _%Eljl/ln])ll (48)

where p, represents the weight of each indicator in total value. If p,= 0, then F,/nF, =0,

and »n denotes the number of evaluation indicators.

Third, the entropy weights of each indicator are as follows:

1-E.
w,=—— (j=LL ,m) (49)
Z(I_E/‘)

j=1

The smaller value of @, the less useful information the evaluation indicator conveys,
indicating a reduced contribution to the overall evaluation.

TOPSIS is a decision-making method, which can be used to evaluate and rank multiple
alternatives. It scores each alternative by calculating the distances to both the ideal and worst-
case scenarios. This method has been applied to rank and analyze the five evaluation
indicators of the TSTPG system.

The calculation process is as follows:

Step 1: Determine the weighted normalized decision matrix:
X; =wa, (50)
where @, indicates the indicator weight, and g, refers to the normalized matrix.
Step 2: Determine the positive ideal solution X" and the negative ideal solution X:
X+={maxX,.j},(j=1,L ,n) (51)
X ={minX,},(j=1L ,m) (52)

Step 3: Calculate the Euclidean distance.

D= /fl()(l ~x;).G=LL ,n) (53)



662 D= /fl(XJ ~X;).G=LL ,n) (54)

663  where D' and D, represent the Euclidean distances between the i-th evaluation unit, and

664  the positive ideal solution X, and the negative ideal solution X, respectively. The

665  magnitudes of these distances indicate how closely the evaluation object approaches to the

666  ideal solutions.

667 Step 4: Calculate the relative closeness.
D
668 = 55
< D +D; (53)
669 The closer value of Q. to 1, the more optimal the overall performance of the alternative.

670  Alternatives are ranked and classified based on the value of Q.

671 To accurately evaluate the system performance under different operating conditions, this
672  study employs indicators per unit time for assessment. In terms of power generation
673  performance, power generation capacity (MW) rather than power generation (MWh) is
674  chosen as the evaluation indicator. This is because power generation is more related to the
675  reactor's exothermic time, and under different conditions (such as changes in temperature,
676  porosity, CO: flow rate, etc.), there are significant differences in reaction completion time
677  (see Table 12). These time differences would mask the system's true power generation
678  capability. Similarly, in environmental benefit assessment, CO> emission reduction rate
679  (tons/h) rather than total emission reduction (tons) is selected as the evaluation indicator.
680  Although longer reaction times lead to increased cumulative emission reductions, this does
681  not truly reflect the system's emission reduction efficiency. Table 16 shows the original
682  decision matrix for evaluating the performance of the TSTPG system.

683  Table 16- Original decision matrix for the entropy-TOPSIS comprehensive evaluation.

Carbon dioxide emission

NO Generated power (MW)  Moprgy (%0) 0, (Y0) - TAC (m$/year) reduction rate (tons/h)

1 23.31 53.67 44.14 4.15 19.79
2 22.56 45.52 36.12 5.21 19.16
3 23.13 56.86 49.06 4.11 19.64
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23.46 50.52 39.83 4.42 19.91

23.37 58.31 50.04 4.82 19.84
23.35 56.98 48.41 4.61 19.83
23.32 55.32 46.34 4.43 19.80
23.21 51.8 43.39 5.24 19.71
23.25 48.73 39.42 4.76 19.74
23.41 54.96 43.61 4.45 19.88
23.37 53.21 43.37 4.09 19.83
23.36 55.01 45.04 3.99 19.86
23.46 55.3 45.2 3.95 19.91
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Fig. 18 displays the entropy (£;) and weights (®,) of various evaluation indicators

calculated based on the entropy weight method. The results show that TAC has the highest
weight coefficient (31.50%), reflecting that economic cost remains the primary challenge in
TSTPG system. This is followed by exergy efficiency (22.39%) and energy efficiency
(19.63%), indicating that system energy utilization efficiency is also an important evaluation
indicator. Environmental benefits (13.41%) and power generation capacity (13.07%) have
relatively lower weights but still significantly impact the comprehensive system evaluation.
The information entropy values of all indicators are high (>0.91), indicating reasonable
selection of evaluation indicators and uniform data distribution. The weight distribution
shows distinct gradient characteristics (13.07%-31.50%), reflecting the multi-level nature of
system performance evaluation. The combined weights of TAC and exergy efficiency exceed
50%, emphasizing the dominant position of system economics and energy quality in the
evaluation system. This weight distribution pattern reveals the trade-offs among the

economic feasibility, energy utilization efficiency and environmental friendliness.

Primary indexes Information entropy (E;) Weights (w;)
Generated power 0.9656 13.07%
_ N energy 0.9484 19.63%
Weights T 0.941 22.39%
TAC 0.9171 31.50%
Environmental effects 0.9647 13.41%




699
700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

Fig. 18 The weight of evaluation index.

Fig. 19 presents the multi-dimensional evaluation results and comprehensive scores of
the TSTPG system under 13 operating conditions based on the entropy-TOPSIS method. The
radar chart intuitively displays the performance of each condition across different evaluation
dimensions, and larger outer circle values indicate the superior performance. Similar
performance is observed under most conditions for power generation capacity (23.21-23.46
MW) and carbon emission reduction rate (19.16-19.91 tons/h), but significant differences are
obvious in energy efficiency (45.52%-58.31%), exergy efficiency (36.12%-50.04%) and
TAC (3.95-5.24 m$/year). Comprehensive scoring results show that Case 3 (temperature at
650 K) achieves the highest score (0.8296), mainly due to its higher energy efficiency
(56.86%) and exergy efficiency (49.06%) as well as moderate TAC cost. In contrast, Case 8
(CO: flow rate of 1000 L/min) receives the lowest comprehensive score (0.3689), which is
attributed to its higher TAC and relatively lower energy utilization efficiency. The results
indicate that the system performance cannot be justified by a single indicator. Instead, it
requires comprehensive consideration of various performance indicators' weights and their
interactions. The multi-dimensional evaluation results, which are based on the entropy-
TOPSIS method, provide novel guidance for system optimization design and operational
parameter selection.

Comparing with existing systems, our TSTPG system demonstrates notable
advancements through reactor-level optimization. For instance, Zhang et al. ['3! developed a
solar-thermochemical energy storage based trigeneration system and achieved energy and
exergy efficiencies of 56.92% and 35.94%, respectively. Our system, while focusing solely
on power generation, reaches comparable energy efficiency (56.86%) and significantly
higher exergy efficiency (49.06%) under optimal conditions (650 K). These improvements
can be attributed to our comprehensive investigation of exothermic reaction characteristics
and systematic parameter optimization through entropy-TOPSIS evaluation, which provides

new insights for the design and operation of thermochemical energy storage systems.
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Fig. 19 Radar chart visualization of performance metrics and comprehensive assessment
results for the TSTPG system.

5. Conclusions

This study has systematically studied the application of diatomite-modified calcium-
based materials in solar thermochemical energy storage from three aspects: reaction kinetics,
reactor exothermic process, and system integration optimization. The main conclusions are
drawn as follows:

1. It revealed the effect of diatomite doping on the exothermic reaction mechanism of
calcium-based materials. Using C-R integral method and ABSW differential method, kinetic
models before and after modification were established. The results showed that pure calcium-
based materials obeyed the A3 model, but it was reduced to the D2 model after diatomite
modification. The introduction of diatomite reduced the activation energy (from 74.74 kJ/mol
to 68.22 kJ/mol) and increased the pre-exponential factor (from 162.88 s to 192.50 s™).

2. Regarding the reactor exothermic process, it systematically analyzed the evolution
patterns of temperature field, reaction extent and pressure field in the packed bed reactor. It
was found that the optimal reaction temperature was 650 K, and reducing porosity from 0.6
to 0.3 significantly extended the exothermic time along with the CO- flow rate showing
optimal effects at 15 L/min. Additionally, it proposed an optimized design incorporating
intermediate air channels, which reduced the reaction time by 28.57%. It also showed that
increasing the reactant thermal conductivity can accelerate the reaction rate and heat transfer
efficiency.

3. For the first time, it systematically investigated the impact on TSTPG system from
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the perspective of reactor exothermic characteristics. Through the 4E analysis framework and
multi-dimensional evaluation system based on entropy-TOPSIS method, it was found that
economics (31.50%) and exergy efficiency (22.39%) are the most important factors in system
evaluation. Under optimal conditions (650 K), the system achieved a power generation
capacity of 23.13 MW along with system energy and exergy efficiencies respectively
reaching 56.86% and 49.06% and an annual total cost of 4.11 m$/year.

This study has explored the performance optimization pathways for thermochemical
energy storage systems from the perspective of reactor exothermic characteristics, but
challenges remain in engineering practice. Future works can be focused on optimizing the
reactor structure design and operational strategies, deeply exploring the correlation between
the heat and mass transfer mechanisms and system dynamic response characteristics.
Meanwhile, there is an urgent need to establish a more comprehensive system performance
evaluation framework to achieve coordinated optimization of energy storage and power
generation processes. The development of these works will provide foundations and
engineering support for the large-scale application of thermochemical energy storage

technology, promoting renewable energy to play an important role in energy transition.
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Nomenclature

Latin symbols
A

o

X SNDmTER S ¥ mox OO

L

T

eq

C

cel ec, peak

celec,off — peak

¥ OB B %

Greek symbols
&

S e

Pre-exponential [s™!]

Reactant molar concentration [mol-m ]

Heat capacity [J-kg "K™]

Diameter [mm]
Height of reactor [mm]

Activation energy [ J- mol™]

Permeability [m?]
Effective reaction ratio

Reaction rate coefficient [s™']
Mole mass [kg-mol ]

Pressure [Pa]

Mole gas constant [J-mol K]
Temperature [K]

Velocity [m's™!]

Reaction extent

Mass source [kg'm=-s]

Temperature at equilibrium state [K]
Cost [$]

Peak electricity prices [$/kWh]

Off-peak electricity prices [$/kWh]

Heat transfer rate [MW]

Exergy flow rate [MW]

Mass flow rate [kg/s]

Volume [m?]

Power [MW]

Porosity of reactant

Density [kg'm™]

Thermal conductivity [W-m™-K™']
Efficiency

H Dynamic viscosity [Pa-s]
& Convective heat transfer coefficient [W/m?K]
o Stefan-Boltzmann constant [W/m?-K*]
o Absorption coefficient
@ Maintenance factor
Subscripts
eff Effective
eq Equilibrium
solid Solid reactant and product
ini Initial value
CaCO; Reactant CaCOs3
CaO Reactant CaO
elec Electrical
rec receiver
t turbine
c compressor
Abbreviations
TCES Thermochemical energy storage
Thermochemical  solar  thermal  power
TSTPG i
generation system
HTF Heat transfer fluid
CSP Concentrating solar power
DNI Direct normal irradiance [W/m?]
HEX Heat exchanger
SPT Solar power tower
ATP Annual total profit
CRF Capital recovery factor
DPP Dynamic payback period
NPV Net Present Value
TAC Total annual costs
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