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Abstract 

Combined cooling, heating, and power (CCHP) tri-generation systems can greatly im-

prove comprehensive energy utilization efficiency thanks to their energy-cascade utiliza-

tion concept. However, traditional fossil-fuel-based CCHP systems still suffer from inten-

sive carbon emissions, hindering their further development in the current low-carbon sce-

nario. To solve this issue, a new low-carbon CCHP system (LC-CCHP) integrating a cal-

cium-looping, sorption-enhanced steam methane reforming (CL-SE-SMR) unit, a lithium 

bromide absorption chiller, and a hydrogen gas turbine is proposed in this work, and the 

corresponding system model is built to evaluate its performance. The proposed system 

features an innovative architecture that integrates carbon capture directly into the reform-

ing process, which simultaneously enables a high hydrogen yield and low carbon-capture 

penalty. Moreover, instead of the widely used thermodynamic equilibrium assumption, 

a detailed kinetic model is employed for the CL-SE-SMR unit, which provides more real-

istic predictions and greater reference value for practical engineering applications. Then, 

multi-objective optimization is conducted using a particle swarm optimization algorithm 

to identify the optimal operating conditions. It is found that the proposed system per-

forms best at a steam-to-carbon molar ratio of 4.37, a calcium-to-carbon mass ratio of 6.23, 

an air-equivalency molar ratio of 1.39 for a hydrogen gas turbine and a reaction tempera-

ture of 600 °C for SE-SMR. Under these operating conditions, the system can achieve a 

carbon-capture rate of 89.2%, an exergy efficiency of 45.7%, an energy efficiency of 95.4%, 

and a levelized cost of exergy of 0.109 $/kWh. 

Keywords: combined cooling heating and power system; calcium-looping, sorption-en-

hanced steam methane reforming; kinetic model; multi-objective optimization 

 

1. Introduction 

The rapid development of human society has led to a continuous rise in fossil fuel 

consumption Error! Reference source not found.. However, excessive reliance on fossil 

fuel leads to the dual issues of energy shortage and global warming Error! Reference 

source not found.. In this scenario, various combined cooling, heating and power (CCHP) 

systems have been proposed as potential solutions Error! Reference source not found.. 
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Lu et al. Error! Reference source not found. proposed a methane-fueled marine CCHP 

system that combines a solid oxide fuel cell (SOFC), a gas turbine (GT) and a three-effect 

lithium bromide refrigeration machine. The system can achieve an energy efficiency of 

75.4% and an exergy efficiency of 55.2%. Khalvan et al. Error! Reference source not found. 

proposed a natural-gas-based CCHP system consisting of a GT, a modified compression 

refrigeration cycle, and a renewable-integrated energy storage unit. The system achieved 

a total energy efficiency of 65.98% and a power generation efficiency of 54.06%. Cha-

hartaghi et al. Error! Reference source not found. presented a natural-gas-based CCHP 

system with a steam boiler, a steam turbine, a heat exchanger, and a single-effect absorp-

tion chiller, which attained an energy efficiency of 94.51%. 

Although conventional fossil-fuel-based CCHP systems can attain high energy effi-

ciency and can thereby reduce carbon emissions to some extent, carbon emissions are still 

intensive because no carbon-capture technology is used Error! Reference source not 

found.. To address this issue, numerous studies have focused on reducing the carbon 

emissions of CCHP systems. Hai et al. Error! Reference source not found. used tempera-

ture-swing adsorption (TSA) technology to separate CO2 from flue gas in a CCHP system, 

which significantly reduced the system’s net CO2 emissions from 0.9183 kg/s to 0.41 kg/s. 

However, the physical TSA process requires heating of the adsorbent to 80–120 °C for 

desorption, which results in a high energy penalty. In addition, it is reported that the ex-

ergy efficiency of TSA is low, ranging from 3.24% to 9.23% Error! Reference source not 

found.. Akbarnataj et al. Error! Reference source not found. integrated a novel cryogenic 

carbon-capture unit (CCU) into a CCHP system, which reduced CO2 emissions by up to 

91% while increasing auxiliary energy consumption by 41.17 kW. Furthermore, research-

ers adopted a membrane-based CCU to replace a cryogenic CCU Error! Reference source 

not found., achieving an exergy efficiency of 44.96% and a reduction in carbon emission 

intensity from 0.036 kg/kWh to 0.027 kg/kWh. However, the total cost increased by 1.83 

$/h compared with the cryogenic CCU-based CCHP system. 

However, the above-mentioned improvements to CCHP systems still suffer from a 

fundamental trade-off. Achieving a high carbon-capture rate generally causes substantial 

energy penalties, which undermine the overall system economics. To overcome this limi-

tation, the integration of calcium-looping, sorption-enhanced steam methane reforming 

(CL-SE-SMR) offers a promising alternative, which is one major novelty of this work. This 

technology combines in situ CO2 capture with calcium-looping heat supply, enabling high 

methane conversion and carbon-capture efficiency without excessive energy consump-

tion. In the CL-SE-SMR process, CaO captures CO2 in the produced syngas, releases chem-

ical energy in the form of carbonation, and subsequently promotes H2 generation due to 

the shift in chemical equilibrium. CaO can be further regenerated by CaCO3 calcination, 

and the absorbed heat can be stored chemically Error! Reference source not found.. The 

in situ storage and release of chemical energy during the calcination and carbonation pro-

cesses happen in an internally connected dual-fluidized bed reactor, leading to little en-

ergy being lost during the carbon-capture process. Based on this, a new natural-gas-fueled 

low-carbon CCHP (LC-CCHP) system is proposed in this work. The proposed LC-CCHP 

system consists of a CL-SE-SMR unit, a lithium bromide absorption chiller, and a hydro-

gen gas turbine. To better understand the properties of the LC-CCHP system, it is imper-

ative to systematically investigate its operational performance under various operating 

conditions. Because the LC-CCHP system is complex, coupling a fossil fuel reactor, refrig-

eration unit, and power generation unit, the process simulation methodology is adopted 

before lab-scale and pilot-scale experiments can be implemented Error! Reference source 

not found.. Currently, process simulations of the CL-SE-SMR process are mostly per-

formed based on thermodynamic equilibrium assumptions. Yari et al. Error! Reference 

source not found. built a multi-generation system integrating nuclear energy, CL-SE-
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SMR, and triple-cycle power generation via Aspen Plus, in which the CL-SE-SMR module 

was assumed to reach thermodynamic equilibrium. Zare et al. Error! Reference source 

not found. developed a coupled multi-generation system that combines CL-SE-SMR, bi-

ogas-fueled chemical-looping combustion, and phosphoric acid fuel cells. Similarly, the 

CL-SE-SMR process reported in their work was simulated using the thermodynamic equi-

librium model. Huang et al. Error! Reference source not found. also proposed a solar-

assisted CL-SE-SMR hydrogen production system coupled with a SOFC-GT unit, where 

the CL-SE-SMR process was also modeled using the thermodynamic equilibrium ap-

proach. 

As is known, the thermodynamic equilibrium method is unable to predict the CL-SE-

SMR progress as a function of residence time, sorbent loading and catalyst dosage. There-

fore, the simulation results have limited reference value for practical applications. To ad-

dress the limitations of the thermodynamic equilibrium assumption, a detailed kinetic 

model for the CL-SE-SMR unit is established and used in the proposed system model, 

which is also the major novelty of this work. This novelty is particularly important for 

system-level CCHP design, as the reforming kinetics directly determine the fuel supply 

to the hydrogen turbine and the heat input to the absorption chiller. With the kinetic 

model, the proposed LC-CCHP system can be evaluated under realistic design conditions, 

and the simulation results can provide meaningful guidance for reactor sizing, catalyst 

inventory selection, and downstream equipment specification. 

In this work, the proposed LC-CCHP system is simulated using the developed kinetic 

model for the CL-SE-SMR unit, and the overall system performance is evaluated from 

both thermodynamic and economic perspectives. Multi-objective optimization using a 

particle swarm optimization algorithm is then conducted to identify the optimal operating 

conditions. The results provide not only a comprehensive performance assessment but 

also practical insights into the design and operation of the LC-CCHP system. 

2. Results and Discussion 

In this section, the established models are first validated. Then, an orthogonal exper-

iment-based statistical analysis and the multi-objective optimization of the LC-CCHP sys-

tem are presented. 

2.1. Modeling Validation 

Before the model can be used for prediction and analysis, it first needs to be validated. 

For the CL-SE-SMR model, both the thermodynamic model and the kinetic model are im-

plemented and the results are compared with experimental data [17]. The chosen opera-

tional parameters are summarized in Table 1. 

Table 1. Main experimental parameters [17] 

Parameter Value 

Static bed height (cm) 20 

Bed diameter (cm) 8 

Total bed material (cm3) 1004.8 

Catalyst particle size (μm) 180–425 

Dolomite particle size (μm) 180–425 

Dol/cat ratio vol (-) 4 

In Figure 1, it can be seen that the relative errors between the kinetic predictions and 

experimental data for hydrogen at temperatures of 890 K, 918 K, and 932 K are 0.80%, 

0.60%, and 0.70%, respectively, indicating that the kinetic model predictions agree well 
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with the experimental data at different temperatures. Compared with the thermodynamic 

model, the kinetic predictions are more accurate for CH4 and CO. 
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Figure 1. Comparison of kinetic and thermodynamic predictions against experimental data [17,18]. 

Another comparison of the kinetic and thermodynamic model predictions with ex-

perimental data Error! Reference source not found. is shown in Figure 2. The comparison 

is performed at reaction temperatures of 650 °C and 700 °C and a H2O/C molar ratio of 

5.0. It can be seen that the kinetic model exhibits significantly higher accuracy in predict-

ing the syngas species fractions compared with the thermodynamic model. 
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Figure 2. Comparison of kinetic and thermodynamic predictions against experimental data Error! 

Reference source not found.. 

Table 2 compares the results predicted from the lithium bromide absorption refrig-

eration unit with the data reported in Refs. [20,21]. It can be seen that the maximum devi-

ation is 3.24%. 

Table 2. Comparison between the refrigeration model predictions and design values. 

Parameter Literature Data Simulation Result Deviation % 

GENHP load (kW) 265.4 266 −0.23 

GENHP-to-GENLP energy (kW) 201.9 199.5 1.19 

Condenser load (kW) 183.6 180.7 1.58 

Absorber load (kW) 442.5 435.2 1.65 

Evaporator load (kW) 360.6 349.8 2.99 

COP 1.359 1.315 3.24 

Table 3 compares the results predicted by the hydrogen gas turbine unit with the 

data reported in Refs. [22,23]. The maximum deviation is 2.60%. 

Table 3. Comparison between the model predictions and design values [22,23]. 

Parameter Design Value Model Prediction Deviation % 

Compressor pressure ratio 17 17 - 

Turbine pressure ratio 17 17 - 

Net power (MW) 270 274.5 1.70 

Inlet temperature of gas turbine (°C) 1400 1409.5 0.70 

Outlet temperature of gas turbine (°C) 586 571.0 −2.60 

Air flow rate (kg/s) 651 649.5 0.20 

Net efficiency (%) 38.2 38.5 0.80 

To ensure the reliability and accuracy of the economic methodology, in Table 4, the 

economic predictions of the main components are compared with the data reported in 

Error! Reference source not found.. According to the comparison results, the largest dif-

ference lies in the calciner (4.90%). The differences for the remaining components are 

within 5%. 

Table 4. Economic validation of main components. 

Component Unit Literature Data Economic Data Deviation % Source 
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Reformer $/kmol 0.172 0.164 −4.70 

Error! 

Refer-

ence 

source 

not 

found. 

Calciner $/t 1.663 1.585 4.90 

Error! 

Refer-

ence 

source 

not 

found. 

Gas turbine $/h 3.527 3.624 2.80 [26,27] 

2.2. Orthogonal Experimental Analysis 

To investigate the comprehensive influence of the optimization variables on the op-

timization objective, an L25(56) orthogonal array is employed. All 25 simulations are per-

formed using Aspen Plus. The selection of factor levels is shown in Table 5. In orthogonal 

experimental designs, when all columns are occupied by main effects and interactions, the 

number of residual degrees of freedom is zero, which renders the error variance inestima-

ble. Hence, several blank columns should be reserved at the design stage to facilitate the 

estimation of random error. 

Table 5. The six factors and five levels of the orthogonal experiment. 

Factor RSC(A) RCC(B) RAE(C) TRef(D) Empty(E) Empty(F) 

Number A1 B1 C1 D1 E1 F1 

 A2 B2 C2 D2 E2 F2 

 A3 B3 C3 D3 E3 F3 

 A4 B4 C4 D4 E4 F4 

 A5 B5 C5 D5 E5 F5 

Level 2 2 1 600 1 1 

 3 4.5 1.2 625 2 2 

 4 7 1.4 650 3 3 

 5 9.5 1.6 675 4 4 

 6 12 1.8 700 5 5 

Figure 3 illustrates the variation trends of performance indicators with each factor 

level. According to the range analysis, the order of the six operating parameters affecting 

CCR is D > A > B > C. For EXE, the order is A > C > D > B. For LCOE, the order is A > C > 

D > B. The optimal operating-parameter schemes for CCR, EXE, and LCOE are A4-B2-C3-

D1, A1-B3-C3-D5, and A1-B4-C3-D5, respectively. These conflicting optimal schemes re-

flect inherent multi-objective trade-offs in the system, indicating that it is still impossible 

to directly determine a universally optimal operating condition for the system. Therefore, 

an optimal compromise solution must be determined through multi-objective optimiza-

tion. 
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(b) The influence of the factors on EXE. 
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(c) The influence of the factors on LCOE. 

Figure 3. The influence of the factors on performance. 

Table 6 presents the ANOVA results. For CCR, A and D exert statistically significant 

effects, while the effect of B approaches statistical significance. In contrast, C has no sig-

nificant impact on CCR. For EXE, A, C, and D demonstrate high significance, while B ex-

hibits no significance. For LCOE, A and C show high significance, whereas B and D exert 
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no significant influence. In summary, A is the most critical parameter across all three in-

dicators. C is crucial to both EXE and LCOE. D mainly affects CCR. B only impacts CCR. 

Table 6. ANOVA of performance indicators. 

Indicator Factor SS DOFs MS F P Significance 

CCR A 0.226 4 0.056 14.317 0.001 ** 

 B 0.079 4 0.02 5.025 0.025 * 

 C 0.013 4 0.003 0.827 0.543  

 D 0.391 4 0.098 24.829 <0.001 ** 

 Residual 0.032 8 0.004    

EXE A 0.04 4 0.01 781.931 <0.001 ** 

 B 1.545×10-5 4 3.861×10-6 0.305 0.867  

 C 0.033 4 0.008 649.749 <0.001 ** 

 D 0.005 4 0.001 106.82 <0.001 ** 

 Residual 0 8 1.267×10-5    

LCOE A 0.004 4 0.001 186.51 <0.001 ** 

 B 1.781×10-5 4 4.452×10-6 0.895 0.509  

 C 0.002 4 0.001 105.945 <0.001 ** 

 D 2.129×10-5 4 5.323×10-6 1.071 0.431  

 Residual 3.978×10-5 8 4.972×10-6    

SS: sum of squares; DOFs: degrees of freedom; MS: mean square; F: critical value; P: probability 

value.* and ** represent significant differences (P ≤ 0.05) and extremely significant differences (P ≤ 

0.01), respectively. 

2.3. System Optimization Results 

Based on the simulation results, a response surface modeling method is established 

to relate the operating parameters to the performance indicators. The fitting functions of 

the CCR, EXE, and LCOE are defined as R1, R2, and R3, and the relevant metrics of the 

fitting results are shown in Table 7. 

Table 7. The parameters of models R1, R2, and R3. 

Model RMSE R2 Radj
2  

R1 0.0714 0.9242 0.8346 

R2 0.0141 0.9971 0.9937 

R3 0.0272 0.9879 0.9736 

The calculated weights for CCR, EXE, and LCOE are 0.3457, 0.3358, and 0.3185, re-

spectively. After determining the weights, the PSO algorithm is used to solve the single-

objective optimization problem. The aggregate objective function is defined as the 

weighted sum of the three performance indicators based on the entropy weights obtained 

above. The optimization includes four decision variables, each of which is normalized to 

the range of [0, 1]. For the PSO parameters, the swarm size is set to 50, the maximum 

number of iterations is 200, and both the cognitive and social acceleration coefficients are 

set to 2.00 Error! Reference source not found.. 

The final results indicate that the system performs best at an RSC of 4.37, an RCC of 6.23, 

and RAE of 1.39, and a TRef of 600 °C. Under this configuration, the system achieves a car-

bon-capture rate of 89.2%, an exergy efficiency of 45.7%, an energy efficiency of 95.4% and 

a levelized cost of exergy of 0.109 $/ kWh. 

3. Materials and Methods 

https://doi.org/10.3390/catal16080691


Catalysts 2026, 16, 691 9 of 18 
 

https://doi.org/10.3390/catal16080691 

This section provides a detailed introduction to the LC-CCHP system and proposes 

a kinetic model for the CL-SE-SMR unit. Then, the detailed methods for energy analysis, 

exergy analysis, economic analysis, and multi-objective optimization are also presented. 

3.1. System Flow-Sheet Description 

The flow sheet of the proposed LC-CCHP system is depicted in Figure 4. It consists 

of a CL-SE-SMR unit, a lithium bromide absorption chiller, a hydrogen gas turbine and a 

CO2 reheater. Water is converted into high-temperature steam in the steam generator, then 

enters the reformer to react with the preheated CH4. The reformer includes bed-material 

CaO and catalyst NiO. After the SE-SMR reaction is completed, the main products are 

hydrogen-rich gas and CaCO3, which are then separated. On the one hand, the CaCO3 is 

sent to the calciner, where CaCO3 is calcinated into CaO, and CO2 gas is produced. Then, 

part of the hot CO2 gas is recycled back to the calciner. The remaining CO2 gas serves as a 

heat source for the cooling and heating sections. On the other hand, most of the hydrogen-

rich gas is sent to the hydrogen gas turbine for power generation, producing high-tem-

perature gas. A small portion of the hydrogen-rich gas is burned in the combustion cham-

ber to heat the circulating CO2 stream, thereby providing heat for the calciner. The lithium 

bromide absorption chiller mainly consists of a high-pressure generator and a low-pres-

sure generator. The sensible heat contained in the high-temperature gas from the hydro-

gen gas turbine, the remaining CO2 from the calciner and the flue gas from the CO2 heat 

exchanger are extracted to the high-pressure generator and the low-pressure generator so 

that the concentrated lithium bromide solution is regenerated. The co-generated steam is 

then condensed and subsequently evaporated to supply cooling energy. Finally, the steam 

left the evaporator is absorbed by the concentrated lithium bromide solution. Note that 

the following simplifying assumptions are adopted throughout the system analysis: 

(1) The LC-CCHP system operates at a steady state, and the reactors are adiabatic. 

(2) Pressure drops in the system pipelines are neglected. 

(3) The gas–solid multiphase hydrodynamics in the reactors are assumed to be ho-

mogeneously mixed, which is an important characteristic of the fluidized bed. 

(4) Catalyst deactivation over time, sorbent attrition and the associated loss of CaO-

based material are ignored. 
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Figure 5. The flow sheet of the CL-SE-SMR model. 

The external user-defined FORTRAN routine is used to implement the kinetic models 

Error! Reference source not found.. Among the numerous reaction kinetic models, the 

kinetic model for the SMR and water–gas shift reactions reported in Ref. Error! Reference 

source not found. is the most popular; the detailed model can be expressed as follows: 
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(3) 

where, Pi is the gas-phase partial pressure of component i (i denotes CH4, H2O, H2, CO2, 

or CO), K1 and K2 are the equilibrium constants, and k1 and k2 are the rate constants. The 

expressions of the kinetic parameters are listed in Table 8. 

Table 8. Kinetic and equilibrium parameters. 

Kinetic Parameter No. 

4 0.5

1 cat

240100 1 1
1.842 10 exp , kmolbar /kg h

R 648
k

T

− −  
=  −  
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2 cat
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40.91exp , bar

R 648
COK

T

−  
= −  

  
  (10) 

2

182900 1 1
0.0296exp , bar

R 648
HK

T

−  
= −  

  
 (11) 

To describe the carbonation of the CaO-based sorbents and the calcination rate of 

CaCO3, an empirical equation is chosen Error! Reference source not found.. The reaction 

rate of calcium carbonation and the calcination rate can be calculated as follows: 

( )
2 2

3

,

20300
5.007 10 exp

R
CB CO CO EQ CaOR P P m

T

− − 
=  − 

 
 (12) 

2

7

,

20474
4.137 10 expCO EQP

T

 
=   

 
 (13) 
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( ) ( )
2 2

2/3

,

91700
252015.2 exp 1

R
CAL CAL CO EQ COR x C C

T

− 
=  − − 

 
 (14) 

where PCO2,EQ and PCO2
 denote the equilibrium CO2 pressure and CO2 partial pressure; 

mCaO is the CaO-sorbent mass flow rate; xCAL denotes the conversion of CaCO3; and CCO2,EQ 

and CCO2
 denote the CO2 concentrations at the equilibrium state and any other state, re-

spectively. 

3.3. Modeling of the Lithium Bromide Absorption Chiller 

The model of the lithium bromide absorption chiller is shown in Figure 6. The refrig-

eration machine is driven by the heat of the high-temperature gas from the hydrogen gas 

turbine, the CO2 gas from the calciner in the CL-SE-SMR unit and the flue gas from the 

CO2 heat exchanger. The low-temperature steam is absorbed in the lithium bromide ab-

sorption chiller. The resulting dilute lithium bromide solution is then divided into two 

parts, which further enter the low-pressure and high-pressure regenerators separately to 

achieve regeneration. The produced steam is then mixed, depressurized and cooled before 

being absorbed by the absorber. Meanwhile, the regenerated lithium bromide solution is 

also mixed and stored in the absorber. 

GEN-HP

GEN-LP

CondenserEvaporator

Absorber

HEX-HP
HEX-LP

EX1

EX2V2V1

V4

V3

MX

Pump1
Pump2

Lithium bromide concentrated solution Lithium bromide dilute solution

33

34

35

36373839
40

41

42

43

44

45

46

47

48

49

50

51

52

53

54
Sep

 

Figure 6. The flow sheet of the lithium bromide absorption refrigeration model. 

The waste heat obtained by the high-pressure generator is defined as Q
GEN-HP

. The 

condenser load and absorber load are defined as Q
COND

  and Q
ABS

  Error! Reference 

source not found.. 

( )38 37COND coolQ m h h= −  (15) 

( )42 41ABS coolQ m h h= −  (16) 

where mcool represents the mass flow rate of the circulating solution, h37 and h38 are the 

specific enthalpies of the circulating working fluid entering and leaving the condenser, 

and h41 and h42 are the specific enthalpies of the circulating working fluid entering and 

leaving the heat exchanger. The cooling capacity of the evaporator (Q
EVA

) is defined as 

follows Error! Reference source not found.: 

( )40 39EVA cwQ m h h= −  (17) 
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where mcw denotes the mass flow rate of the working fluid flowing through the evapora-

tor and h39 and h40 are the specific enthalpies of the working fluid entering and leaving 

the evaporator. The refrigeration COP is defined as follows Error! Reference source not 

found.: 

EVA

GEN HP

Q
COP

Q −

=  (18) 

3.4. Modeling of the Hydrogen Gas Turbine Model 

The hydrogen gas turbine model is shown in Figure 7. The hydrogen-rich fuel gas is 

mixed with nitrogen and enters the combustion chamber, where it burns with air. The 

compressed air is divided, with one portion serving as an oxidant in the combustion 

chamber and the other portion cooled and sent to the gas turbine to regulate temperature 

Error! Reference source not found.. 

N2

Fuel gas

Mixer

Air

Air compressor FSpilt

Combustion chamber

Cooler

Gas turbine

Gas

Air1

Air2

 

Figure 7. The flow sheet of the hydrogen gas turbine model. 

3.5. Energy and Exergy Analyses 

The exergy balance of the proposed LC-CCHP system is expressed as follows Error! 

Reference source not found.: 

2in in in out out

Q Q

X X in X X X out Cool CO Loss

steam fuel gas

E E W E E E W E E E+ + + = + + + + +      
 

(19) 

where ECool denotes the exergy of the system’s cooling capacity, ECO2
 denotes the exergy 

of the discharged CO2 stream, and ELoss denotes the system’s exergy loss. 

The energy efficiency (ENE) and exergy efficiency (EXE) of the LC-CCHP system are 

calculated as follows: 

100%
•

out hot cool

fuel

W Q Q
ENE

m LHV

+ +
=   (20) 

water

100%

fuel

out hot cool

in

X air

W E E
EXE

E E E

+ +
= 

+ +
 (21) 

where Wout denotes the system’s output work, which consists of the output power of the 

hydrogen gas turbine, the power consumption of the compressor, and the power con-

sumption of the two pumps of the lithium bromide absorption chiller. 

3.6. Economic Analysis 

The overall LC-CCHP system cost consists of the total investment cost (TIC) and the 

operation and maintenance (O&M) cost, which further includes the variable O&M (VOM) 

and fixed O&M (FOM) Error! Reference source not found.. The detailed economic models 

are listed in Tables 9–11. The β parameter in Table 2 is calculated as follows: 
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( )1 1
N

i

i


−

 
 

=  
 − +   

 (22) 

The levelized cost of exergy (LCOE) is adopted as the key economic indicator, repre-

senting the ratio of the plant lifetime costs to the plant total lifetime exergy. 

( ) ( )0 01

&
/

1

N N
net cool hott t t

t t
t t

TIC O M W E E
LCOE

discount rate discount rate= =

+ + +
=

+ +
   (23) 

where 𝑖 is the yearly interest rate and 𝑁 is the economical plant lifetime. 

Table 9. Economic analysis method of the LC-CCHP system Error! Reference source not found.. 

TIC Calculation Method 

Equipment cost (CE) See Table 10 

Utilities and offsite units—installed cost (A) 25% of main equipment cost (∑(𝐶𝐸)) 

Installed cost (IC) ( )EIC C A= +  

Owners’ cost and contingency (B) 15% IC 

Land purchase, permitting, surveying, etc. (C) 5% IC 

Total investment cost (TIC) 𝑇𝐼𝐶 = 𝐼𝐶 + 𝐵 + 𝐶 

  

O&M calculation Method 

VOM costs (D) SUM (1:8) 

  1 Raw material (excluding fuel) See Table 11 

  2 Fuel cost See Table 11 

  3 Maintenance 3% TIC 

  4 Operating supplies 1% TIC 

  5 Patents & royalties 3% O&M  

  6 Operating labor 4 laborers  

  7 Supervision/clerical 10% operating labor 

  8 Laboratory charges 10% operating labor 

Fixed charges (F1) SUM (9:11) 

  9 Capital charge β×TIC 

  10 Local taxes 2% TIC 

  11 Insurance 1% TIC 

Plant overhead (F2) 5% O&M 

General expenses (F3) SUM (12:14) 

  12 Marketing, sales, and distribution 2% O&M 

  13 Administrative 2% O&M 

  14 R&D 5% O&M 

FOM costs (𝐹 = 𝐹1 + 𝐹2 + 𝐹3) - 

  CO2 emission penalty (G) CO2 emission in flue gases × ETS CO2 price 

  O&M D + F + G 

Table 10. The LC-CCHP system-component equipment costs. 

Component Equipment Cost Equation Source 

Reformer ( )
0.78

0.4

130 3240
0.093

Ref

Ref Ref

A
C V

 
= + 

 
 

Error! Refer-

ence source 

not found. 

Calciner 3

0.67

590000
59875

CaCO

Cal

m
C

 
=  

 
 

Error! Refer-

ence source 

not found. 
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GT ( )1318.5 98.328lnGT GT GTC W W= −    

Error! Refer-

ence source 

not found. 

AEH 
0.592681AEH AEHC A=   

Error! Refer-

ence source 

not found. 

MEH 0.592681MEH MEHC A=   
Error! Refer-

ence source 

not found. 

CBH 0.592681CBH CBHC A=   
Error! Refer-

ence source 

not found. 

SG 0.592681SG SGC A=   
Error! Refer-

ence source 

not found. 

Heating 0.592681Heat HeatC A=   
Error! Refer-

ence source 

not found. 

Chiller ( )0.07273482 159.7Cool Cool CoolC Q Q−=  −  

Error! Refer-

ence source 

not found. 

Table 11. Basic economic assumptions for calculation. 

Item Assumption Source 

CaO cost 5.534 $/t 
Error! Reference source not 

found. 

CH4 cost  9.51 $/GJ 
Error! Reference source not 

found. 

Ni cost  21,800 $/t - 

LiBr cost 690.7 $/t - 

Cooling water price 0.014 $/t 
Error! Reference source not 

found. 

Labor employee cost 11,634.2 $/year 
Error! Reference source not 

found. 

ETS CO2 price  21.59 $/t 
Error! Reference source not 

found. 

CO2 price  6.11 $/t 
Error! Reference source not 

found. 

Economical plant life 20 years 
Error! Reference source not 

found. 

3.7. System Optimization Methodology 

To find the optimal condition of the LC-CCHP system, this section proposes a hybrid 

optimization that integrates an orthogonal experimental design, response surface fitting, 

the entropy weight method (EWM), and particle swarm optimization (PSO). 

The steam-to-carbon molar ratio (RSC), the calcium-to-carbon mass ratio (RCC), the air-

equivalency molar ratio for the hydrogen gas turbine (RAE), and the temperature of the SE-

SMR reaction (TRef) are selected as the optimization variables. The carbon-capture rate 

(CCR), EXE, and LCOE are selected as the performance indicators. 

After applying the orthogonal experimental design to the selected optimization var-

iables to obtain the experimental data, the response surface-fitting method is used to es-

tablish the relationship between the optimization variables and the optimization objective. 
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Common performance metrics for response surface models include the root mean square 

error (RMSE), the coefficient of determination (R2), and the adjusted coefficient of deter-

mination (Radj
2 ) Error! Reference source not found., which can be calculated as follows: 

( )
2

1

1 k

i i

i

RMSE y y
k y =

= −  (24) 

( )

( )

2

1

2

1

1

k

i i

i

k

i

i

y y

R

y y

=

=

−

= −

−





2  (25) 

( ) ( )

( ) ( )

2

1

2

1

1

1

k

i i

i

adj k

i

i

y y k

R

y y k p

=

=

− −

= −

− −





2  (26) 

where k is the number of tests, y̅ is the average value of all test points, y
i
 is the test value 

of the sampling point, ỹ
i
 is the calculated value of the response surface regression equa-

tion, and p is the number of experimental factors. Subsequently, the EWM is employed to 

determine the weight of each indicatorError! Reference source not found.. The calcula-

tion formulas for entropy weight are expressed as follows Error! Reference source not 

found.: 

wi=
1 − Hi

m − ∑ Hi
m
i=1

 (27) 

Hi= −
1

lnn
∑ fij

n
j=1 lnfij  (28) 

fij=
rij

∑ rij
n
j=1

 (29) 

where 𝐻𝑖  is the information entropy and 𝑓𝑖𝑗 is the characteristic proportion. 

4. Conclusions 

To reduce carbon discharge and improve the thermal efficiency of a carbon combined 

cooling, heating and power (CCHP) system, a novel low-carbon CCHP (LC-CCHP) sys-

tem is proposed in this work, and the corresponding system model is built. To improve 

the system model’s prediction accuracy, a detailed kinetic model for the CL-SE-SMR unit, 

the key unit of the LC-CCHP system, is developed. To find the optimal operating condi-

tions of the LC-CCHP system, a multi-objective optimization is implemented. Finally, the 

following promising conclusions are obtained: 

(1) The proposed LC-CCHP system runs stably under the given ranges of operational 

conditions. The kinetic model for the CL-SE-SMR unit is reliable and more accurate than 

the thermodynamic model. 

(2) The proposed LC-CCHP system performs best at a steam-to-carbon molar ratio of 

4.37, a calcium-to-carbon mass ratio of 6.23, an air-equivalency molar ratio of 1.39 for a 

hydrogen gas turbine, and a temperature of 600 °C for an SE-SMR reaction. 

(3) Under the optimal configuration, the LC-CCHP system achieves a carbon-capture 

rate of 89.2%, an exergy efficiency of 45.7%, an energy efficiency of 95.4% and a levelized 

cost of exergy of 0.109 $/ kWh. 

(4) From an implementation perspective, the proposed LC-CCHP system is most suit-

able for industrial parks that have simultaneous demands for electricity, heating, and 
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cooling and where a consistent supply of natural gas and CO2 storage or utilization infra-

structure is available. 
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