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A B S T R A C T   

Compression-absorption cascade refrigeration cycle (CACRC) combined with vapor-compression refrigeration 
and absorption refrigeration cycle attracts great interest due to the less electricity consumption and utilization 
waste heat. In this work, the performance of the CACRC system was investigated using 16 refrigerants in the 
vapor compression section and H2O-LiBr in the absorption refrigeration section. Energy, exergy and economic 
analysis of the CACRC system were carried out and the results were compared. Results show that RE170/H2O- 
LiBr presents the better coefficient of performance and exergy efficiency amongst all the studied fluids. In 
addition, the economic optimization, multi-objective optimization, and thermodynamic optimization of the 
CACRC system based on the RE170/H2O-LiBr working fluid were also carried out.   

1. Introduction 

The vapor-compression refrigeration (VCR) and absorption refrig-
eration cycle (ARC) are two typical cooling ways. Generally speaking, 
the VCR has higher performance and can achieve a low refrigerating 
temperature. However, the VCR consumes a large quantity of electrical 
energy. Meanwhile, ARC can be driven by waste heat source, and the 
electricity consumed is very low. Hence, for the purpose of comple-
mentary advantage, the compression-absorption cascade refrigeration 
cycle (CACRC) combined with VCR and ARC was proposed [1], it at-
tracts more and more interest because of the good potential applications, 
such as food industry or district cooling [2,3]. 

In the last few years, the investigations on the performance of the 
CACRC system have been reported by many researchers [4,5]. The 
existing studies can generally be divided into two categories. One is 
focusing on the different configurations of the system. The conventional 
CACRC system is a combination of an ideal VCR and a single stage ARC 
through a cascade heat exchanger. Subsequently, several advanced 
CACRC configurations with improved ARC cycle (e.g. double stage, 
triple stage) and VCR cycle (e.g. ejector-based VCR, adding throttle) was 
proposed and analyzed [6–8]. Except for the system modification, the 
evaluation of different working fluids used in VCR and ARC sections is 
also essential for the CACRC system. 

The working pairs of NH3-H2O and H2O-LiBr were widely used in the 
ARC cycle. For NH3-H2O pair, the rectifier should be used and this can 

increase the complexity of the cycle [9]. Seyfouri and Ameri [10] re-
ported that the CACRC system using NH3-H2O pair requires higher pump 
power because of higher generator temperature and higher pressure. 
Moreover, Cimsit and Ozturk [2] compared the performance of CACRC 
system using H2O-LiBr and NH3-H2O in the absorption section, respec-
tively. Results show that the thermal energy consumption of the system 
with H2O-LiBr pair decreases by 35% and COP increases by 33% 
compared to NH3-H2O at the same cooling capacity. In this regard, 
H2O-LiBr is a good choice for the absorption section of CACRC system. 

In case of the vapor compression section in the CACRC system (H2O- 
LiBr in the ARC), Cimsit et al. [11] compared the energy and exergy 
efficiency of four refrigerants (R717, R744, R410A and R134a) and 
R717/H2O-LiBr shows the best performance. Colorado and Velazquez 
[12] simulated CACRC system which added an internal heat exchanger 
in the VCR section and compared the performance of R717, R134a and 
R744. The results indicate that R134a/H2O-LiBr has the highest COP. 
Salhi et al. [13] conducted thermodynamic and thermo-economic 
analysis of a geothermal-assisted CACRC system operated with 
R1234yf, R1234ze(E) and R1233zd(E) in the vapor compression section. 
They found that the system using R1234yf/H2O-LiBr gets the better 
performance. Turgut and Turgut [14] compared the performance of 
CACRC system using R1234yf, R134a, R717 and R290. It was found that 
R717/H2O-LiBr has the lowest total annual cost while R290/H2O-LiBr 
can obtain the maximum second law efficiency. 

Although the investigations on the performance of the CACRC system 
using different refrigerants have been reported; however, some of the 
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studied refrigerants (e.g., R134a and R410a) in the VCR section of the 
CACRC system have higher global warming potential (GWP) value. In 
addition, there is no systematical comparison of the whole potential 
refrigerants that used in the CACRC system until now. In this work, the 
performance of the traditional CACRC system was further compared 
considering 16 refrigerants (especially for low GWP refrigerants) used in 
the VCR section, and H2O-LiBr working pair was used in the ARC sec-
tion. The effects of the key operating parameters including generator 
temperature, evaporator temperature, cascade temperature difference 
and solution heat exchanger effectiveness on the system performance 
were analyzed. In addition, the results of three optimization scenarios 
(the single-objective thermodynamic optimization, the single-objective 
economic optimization, and the multi-objective optimization) ach-
ieved by non-dominated sorting genetic algorithms-II (NSGA-II) were 
analyzed for the CACRC system. 

2. CACRC system and mathematic model 

The schematic diagram of the traditional CACRC system is illustrated 
in Fig. 1. The main components include generator (GEN), condenser 
(CON), absorber (ABS), solution heat exchanger (SHE), cascade heat 
exchanger (CHE), evaporator (EVA), compressor (COM), pump, and 
three expansion valves (EXV). 

In the absorption refrigeration section, weak solution (point 10) is 
separated as superheated water vapor (point 14) and strong solution 
(point 11) in the generator. Then water vapor is condensed to the 
saturated liquid state in the condenser. After throttled in the expansion 

valve 1, the two-phase stream (point 6) gains heat from the cascade heat 
exchanger and becomes saturated vapor state (point 7). The vapor is 
then absorbed into the strong solution in the absorber. The weak solu-
tion (point 8) is pumped into solution heat exchanger to recover the heat 
from the strong solution before entering the generator. After the heat is 
released in the solution heat exchanger, the strong solution (point 12) 
passes through the expansion valve 3 and flows toward the absorber. In 
the vapor compression section, saturated refrigerant vapor (point 1) is 
compressed in the compressor and cooled to saturated liquid state (point 
3) in the cascade heat exchanger. Finally, it is throttled across the 
expansion valve 2 and absorbs heat from chilled air to produce cold 
energy for user. 

For the analysis of CACRC system, several assumptions are taken into 
consideration in this work:  

(1) Each control volume is at steady state condition.  
(2) The refrigerant at points 1, 3, 5 and 7 is saturated. Both the strong 

solution (point 11) and weak solution (point 8) leaving the 
generator and absorber are saturated.  

(3) The heat transfer between CACRC system and environment is 
ignored. The pressure drop in the pipelines and heat exchangers 
as well as the power consumption of the solution pump are 
neglected.  

(4) All expansion valves are isenthalpic. 

Based on the above assumptions, the mass and energy balance are 
applied for each component in CACRC system. The common equations 

Nomenclature 

A Heat transfer area (m2) 
ac Capital recovery factor 
CCO2 Unit damage cost of CO2 emission ($⋅kg− 1) 
Cele Unit cost of electrical exergy ($⋅(kW·h)− 1) 
Cenv Penalty or social cost of CO2 emission ($⋅(kW·h)− 1) 
Cf Unit cost of fuel exergy ($⋅(kW·h)− 1) 
Cp Specific heat (kJ⋅(kg·K)− 1) 
CT Total annual product cost (k$⋅year− 1) 
COP Coefficient of performance 
Dev Relative deviation 
e Specific exergy (kJ⋅kg− 1) 
Ė Exergy flow rate (kW) 
Ėdest Exergy destruction (kW) 
h Specific enthalpy (kJ⋅kg− 1) 
i Annual interest rate 
ṁ Mass flow rate (kg⋅s− 1) 
N System life time (year) 
P Pressure (kPa) 
Q̇˙ Heat transfer rate (kW) 
R Universal gas constant (J⋅(mol⋅K)− 1) 
s Specific entropy (kJ⋅(kg·K)− 1) 
T Temperature (K) 
top Hours of operation per year (h) 
U Overall heat transfer coefficient (kW⋅(m2⋅K)− 1) 
Ẇ Power (kW) 
X LiBr mass concentration 
yi Mole fraction of LiBr 
Z Investment cost ($) 
ΔT Temperature difference (K) 

Greek symbols 
η Efficiency 
ε Effectiveness of solution heat exchanger 

Ф Maintenance factor 
λ Emission conversion factor of electricity ($⋅(kW⋅h)− 1) 

Subscripts 
0 Environmental condition 
1,2…22 State points 
ARC Absorption refrigeration cycles 
b Normal boiling point 
c Critical condition 
ch Chemical exergy 
e Electrical efficiency 
exg Exergy efficiency 
is Isentropic efficiency 
k kth component of system 
ph Physical exergy 
pre Present model 
ref Reference model 
VCRC Vapor compression refrigeration cycles 

Superscripts 
C Cold side 
H Hot side 

Abbreviation 
ABS Absorber 
CACRC Compression-absorption cascade refrigeration cycles 
CHE Cascade heat exchanger 
COM Compressor 
CON Condenser 
EVA Evaporator 
EXV Expansion valve 
GEN Generator 
LMTD Logarithmic mean temperature difference 
NSGA-II Non-dominated Sorting Genetic Algorithms-II 
SHE Solution heat exchanger  
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are expressed as [15]: 

Mass balance :
∑

ṁ = 0 (1)  

Energy balance :
∑

Q̇ +
∑

Ẇ =
∑

ṁouthout −
∑

ṁinhin (2) 

For the solution heat exchanger in the absorption refrigeration sec-
tion, the effectiveness ε is an important parameter, it is defined as the 
ratio of actual heat transfer to the maximum possible heat transfer [16]: 

ε =
h11 − h12

h11 − h12∗
(3)  

where h12* represents the enthalpy of strong solution at the exit of the 
solution heat exchanger when it is cooled to the temperature of point 9. 

The heat input from the hot water in the generator is expressed as: 

Q̇GEN = ṁ11⋅h11 + ṁ14⋅h14 − ṁ10⋅h10 (4) 

The heating capacity of the condenser, absorber and cascade heat 
exchanger are given by: 

Q̇CON = ṁ5⋅(h14 − h5) (5)  

Q̇ABS = ṁ7⋅h7 + ṁ13⋅h13 − ṁ8⋅h8 (6)  

Q̇CHE = ṁ6⋅(h7 − h6) = ṁ2⋅(h2 − h3) (7) 

The refrigeration output in the evaporator is described as: 

Q̇EVA = ṁ1⋅(h1 − h4) (8) 

The isentropic efficiency and power consumption for the compressor 
are: 

ηis,COM =
h2s − h1

h2 − h1
(9)  

ẆCOM = ṁ1⋅(h2 − h1)
/

ηe,COM (10)  

where ηe,COM represents electrical efficiency of the compressor and is 
taken as 0.90 [2]. 

The coefficient of performance of the absorption section: 

COPARC = Q̇CHE/Q̇GEN (11) 

The coefficient of performance of the compression section: 

COPVCR = Q̇EVA/ẆCOM (12) 

The overall coefficient of performance of the CACRC system: 

COPCACRC = Q̇EVA/(Q̇GEN + ẆCOM) (13) 

The exergy balance equation is established and the expression is: 

Ėdest =
∑

in
ṁe −

∑

out
ṁe −

∑
Q̇
(

1 −
T0

T

)

+
∑

Ẇ (14) 

When calculating exergy value of stable flowing LiBr solution in a 
component, kinetic and potential components of exergy are ignored, 
only physical exergy and chemical exergy are considered, and the 
expression is: 

e = eph + ech (15) 

Physical exergy is calculated based on: 

eph = (h − h0) − T0(s − s0) (16)  

where h0 and s0 are specific enthalpy which refers to the steady flow 
under environmental temperature and pressure conditions. 

Chemical exergy is calculated as [2,13]: 

ech = RT0lnyi (17)  

where R is universal gas constant, yi is mole fraction. 
The exergy efficiency of the CACRC system is expressed as: 

ηexg =

Q̇EVA

⃒
⃒
⃒
⃒1 −

(
2T0

T19+T20

)⃒
⃒
⃒
⃒

Q̇GEN

[

1 −

(
2T0

T15+T16

)]

+ ẆCOM

(18) 

The detailed energy and exergy balance equations for each compo-
nent are given in Supplementary material. The properties of water and 
the studied refrigerants are obtained from REFPROP 10.0 [17], and the 
enthalpy and entropy of LiBr solution are calculated using the formulas 
proposed by Patek and Klomfar [18]. 

In order to evaluate the quality of the system, the economic perfor-
mance was analyzed in this work. The economic analysis considers the 
operational cost, including the cost of fuel input to the generator and the 
cost of electricity consumed by compressor, the investment and main-
tenance cost and penalty or social cost of CO2 emission. The total annual 
product cost is given by Jain et al. [19]: 

CT = top
(
CfQ̇GEN +CeleẆCOM

)
+ acϕ

∑

k∈EQS
Zk + Cenv (19) 

∀ k ∈ EQS ∩ {GEN, CON, ABS, CHE, SHE, EVA, COM} where the unit 
cost of fuel exergy (Cf) and electrical exergy (Cele) are supposed to be 
0.03785 $⋅(kW⋅h)− 1 [19,20] and 0.075 $⋅(kW⋅h)− 1 [21], respectively. In 
addition, the system operates (top) 5,000 h annually [19,20]. The 
maintenance factor (Ф) is assumed to be 1.06 [22]. Furthermore, the 
capital recovery factor (ac) is considered as follows: 

ac =
i(1 + i)N

(1 + i)N
− 1

(20)  

where annual interest rate (i) and life time (N) are assumed to be 0.15 
and 10 years [19], respectively. 

Fig. 1. Schematic diagram of the CACRC system.  
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In this work, the investment costs of all the heat exchangers and 
compressor are considered, and the costs of pump, expansion valves and 
connecting pipes are ignored [23]. The cost of heat exchanger mainly 
depends on its heat transfer area (Ak), which can be calculated from the 
following expression: 

Q̇k = Uk⋅Ak⋅LMTDk (21) 

∀ k ∈ EQS ∩ {GEN, CON, ABS, CHE, SHE, EVA} where LMTDk is the 
logarithmic mean temperature difference, and the expression is: 

LMTDk =
ΔTH

k − ΔTC
k

ln ΔTH
k

ΔTC
k

(22)  

where ΔTH
k and ΔTC

k are the temperature differences on both hot and cold 
sides, respectively [24,25]. The detailed LMTD and overall heat transfer 
coefficient (Uk) for each heat exchanger in CACRC system are listed in 
Supplementary material. 

The investment cost of heat exchanger is: 

Zk = 516.621Ak + 268.45 (23) 

The capital cost of compressor can be expressed as: 

ZCOM =

(
573m1

0.8996 − ηis,COM

)(
P2

P1

)

ln
(

P2

P1

)

(24) 

The penalty or social cost of the CO2 emission is considered as 
important environmental criteria in this work, which is estimated based 
on the following equation [26]: 

Cenv = λẆCOMtopCCO2 (25)  

wherein, the emission conversion factor of electricity from grid (λ) and 
the unit damage cost of CO2 emission (CCO2) are taken as 0.968 
$⋅(kW⋅h)− 1 [22,27] and 90,000 $⋅kg− 1 [19], respectively. 

In order to validate the correctness of the model, the calculated re-
sults from the model were compared with the work of Cimsit and Ozturk 
[2]. The input parameters are QEVA=50 kW, TGEN=363 K, TCON=

TABS=313 K, TEVA=263 K, T7=283 K, ΔTCHE=8 K, εSHE=0.6, ηis,COM=0.8 
and ηe,COM=0.9. The relative deviation was calculated from: 

Dev = 100
⃒
⃒Rref − Rpre

⃒
⃒

Rref
(26) 

Table 1 shows the comparison results of the present model with the 
work of Cimsit and Ozturk [2] for CACRC system. H2O-LiBr is chosen for 
the absorption refrigeration section, and R134a, R717 and R410a are 
selected for the vapor compression section. It is obvious that the 
calculated results of the present model are quite close to the literature. 

3. Results and discussion 

3.1. Calculated results from 16 refrigerants 

Considering the restriction of the environmental characteristics, the 

low GWP refrigerants were chosen in this work. In addition, for com-
parison purpose, R134a, R245fa and R124 with high GWP were also 
included. The fundamental properties of the 16 refrigerants are given in 
Table 2. The studied refrigerants can be classified into three groups 
according to the slope of saturated vapor curve in the T-s diagram: dry 
fluids (positive-slope, including R600a, R600 and R245fa), isotropic 
fluids (nearly infinite-slope, including R1234yf, R1243zf, R1234ze(E) 
and R124) and wet fluids (negative-slope, including R744, R170, R32, 
R1270, R290, R134a, R152a, RE170 and R717). 

The input parameters for the CACRC system and calculated results 
using the 16 refrigerants are listed in Tables 3 and 4, respectively. 

Fig. 2 shows COP and exergy efficiency of the CACRC system sorted 
by critical temperature of the refrigerants. As presented in Fig. 2(a), for 
dry fluids, COP and exergy efficiency are increasing with critical tem-
perature, and R245fa shows the highest. It is observed from Fig. 2(b) 
that COP and exergy efficiency are increasing with critical temperature 
except R1234ze(E) for isotropic fluids. Although the critical temperature 
of R1234ze(E) is slightly higher than R1243zf, its latent heat of vapor-
ization is much lower than R1243zf, resulting lower COP and exergy 
efficiency. As shown in Fig. 2(c), with critical temperature increasing, 

Table 1 
Comparison of the present model with the reference for CACRC system.  

Parameters R134a/H2O-LiBr R717/H2O-LiBr R410a/H2O-LiBr 

Ref. This work Dev (%) Ref. This work Dev (%) Ref. This work Dev (%) 

Q̇˙
GEN (kW) 76.45 76.87 0.546 76.45 76.74 0.382 76.76 77.20 0.571 

Q̇˙
CHE (kW) 57.41 57.55 0.247 57.3 57.46 0.276 57.72 57.80 0.138 

Q̇˙
ABS (kW) 72.76 73.21 0.616 72.76 73.09 0.452 73.06 73.52 0.634 

Q̇˙
CON (kW) 61.06 61.21 0.248 61.06 61.11 0.084 61.31 61.48 0.269 

ẆCOM (kW) 8.25 8.39 1.706 8.08 8.29 2.556 8.58 8.67 1.003 
COPARC 0.750 0.749 0.172 0.75 0.749 0.172 0.750 0.749 0.172 
COPVCR 6.061 5.959 1.684 6.188 6.034 2.490 5.827 5.770 0.984 
COPCACRC 0.59 0.586 0.601 0.592 0.588 0.669 0.586 0.582 0.629  

Table 2 
Properties of the studied refrigerants [17,28,29].  

Substance Tb (K) Tc (K) Pc 

(MPa) 
ODP GWP Safety 

group 

1 R744 194.69 304.15 7.38 0 1 A1 
2 R170 184.57 305.35 4.87 0 ~20 A3 
3 R32 221.55 351.25 5.78 0 675 A2L 
4 R1270 225.46 365.57 4.665 0 ~20 A3 
5 R1234yf 243.7 367.85 3.382 0 4 A2L 
6 R290 231.06 369.83 4.247 0 ~20 A3 
7 R134a 247.08 374.21 4.059 0 1430 A1 
8 R1243zf 247.95 378.65 3.74 0 <150 - 
9 R1234ze 

(E) 
254.18 382.55 3.64 0 6 - 

10 R152a 249.13 386.41 4.517 0 124 A2 
11 R124 261.19 395.43 3.624 0.02 609 A1 
12 RE170 248.37 400.35 5.34 0 0.1 A3 
13 R717 239.82 405.4 11.333 0 <1 B2L 
14 R600a 261.4 407.85 3.63 0 ~20 A3 
15 R600 272.6 425.13 3.796 0 ~20 A3 
16 R245fa 288.05 427.2 3.64 0 1030 B1  

Table 3 
Input parameters under the design condition.  

Items Units Values Items Units Values 

P0 kPa 101.325 ΔTCON K 8 
T0 K 298.15 ΔTABS K 8 
Q̇˙

EVA kW 250 ΔTEVA K 8 
TGEN K 363.15 ΔTCHE K 8 
T7 K 283.15 εSHE - 0.7 
TEVA K 263.15 ηis,COM - 0.8 
ΔTGEN K 8 ηe,COM - 0.9  
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COP and exergy efficiency also show upward tendency except R170 and 
R717 for wet fluids. R744 has lower specific heat capacity than R170, 
resulting in higher COP and exergy efficiency of R744. Because specific 
heat capacity of R717 is much higher than other wet fluids, it may 
present different characteristics with other wet fluids [30]. 

Overall, the larger exergy efficiency of the system for the studied 
substances is RE170/H2O-LiBr and R245fa/H2O-LiBr. Due to the high 
GWP value of R245fa, RE170 (dimethyl ether, C2H6O) can be considered 
as a potential fluid. Hence, the analysis of the CACRC system using 
RE170/H2O-LiBr pair was further carried out in this work. Table 5 lists 
the calculated results of each state point under the design condition 
using RE170. 

3.2. Analysis of the CACRC system using RE170/H2O-LiBr pair 

3.2.1. Effect of generator temperature on the performance of the system 
Fig. 3 shows the effect of generator temperature on the performance 

of the system at the following conditions: TCON=TABS=308.15 K, 
TEVA=263.15 K, T7=283.15 K, ΔTCHE=8 K and εSHE=0.7. 

As presented in Fig. 3(a), with the increasing of TGEN, the heat input 
of generator decreases rapidly to minimum and then increases very 
slightly. The concentration difference between the strong solution and 
weak solution increases with the increasing of generator temperature, 
hence, a smaller strong solution mass flow rate is required to produce the 
same mass of water vapor. This is the reason that the heat input of 
generator decreases firstly. However, the mass flow rate of the strong 
solution tends to a stable value at higher generator temperature. It is also 

Table 4 
Calculated results of the compression-absorption cascade refrigeration cycle (CACRC) system using 16 working fluids (sorted by critical temperature).   

R744 R170 R32 R1270 R1234yf R290 R134a R1243zf 

Q̇˙
GEN (kW) 376.77 376.81 363.62 363.21 363.93 363.09 362.65 362.78 

Q̇˙
CHE (kW) 298.95 298.98 288.52 288.19 288.76 288.10 287.74 287.85 

Q̇˙
ABS (kW) 357.89 357.93 345.40 345.01 345.69 344.90 344.48 344.61 

Q̇˙
CON (kW) 317.83 317.86 306.73 306.39 306.99 306.29 305.91 306.03 

ẆCOM (kW) 54.39 54.43 42.80 42.44 43.07 42.33 41.94 42.06 
COPARC 0.794 0.794 0.794 0.794 0.794 0.794 0.794 0.794 
COPVCRC 4.597 4.593 5.842 5.891 5.805 5.906 5.961 5.944 
COPCACRC 0.580 0.580 0.615 0.616 0.614 0.617 0.618 0.618 
ηexg 0.207 0.207 0.232 0.233 0.232 0.233 0.234 0.234  

- R1234ze(E) R152a R124 RE170 R717 R600a R600 R245fa 

Q̇˙
GEN (kW) 362.86 361.73 362.38 361.47 362.05 362.14 361.60 361.58 

Q̇˙
CHE (kW) 287.91 287.02 287.53 286.81 287.27 287.35 286.91 286.90 

Q̇˙
ABS (kW) 344.68 343.61 344.22 343.36 343.91 344.00 343.48 343.46 

Q̇˙
CON (kW) 306.09 305.14 305.69 304.92 305.41 305.49 305.03 305.01 

ẆCOM (kW) 42.12 41.13 41.70 40.91 41.41 41.50 41.01 41.00 
COPARC 0.794 0.794 0.794 0.794 0.794 0.794 0.794 0.794 
COPVCRC 5.935 6.078 5.995 6.112 6.037 6.025 6.096 6.098 
COPCACRC 0.617 0.621 0.619 0.621 0.620 0.619 0.621 0.621 
ηexg 0.234 0.236 0.235 0.237 0.236 0.236 0.237 0.237  

Fig. 2. COPCACRC and exergy efficiency for 16 refrigerants (every group is sorted by critical temperature); (a) Dry fluids; (b) isotropic fluids; (c) wet fluids.  
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observed that there is little change in the power consumption of 
compressor. This is because that the mass flow rate and pressure ratio of 
the compressor do not change. Based on above reasons, COP of the 
CACRC system shows a trend of increase and then decrease slowly. 

Fig. 3(b) displays the effect of TGEN on exergy efficiency and total 
annual product cost of the system. Since the power consumption of 
compressor remains stable, the variation trend of exergy efficiency is 
contrary to that of the heat input of generator. Increasing TGEN can cause 
the investment cost reduction of generator, absorber, and solution heat 
exchanger. In addition, the temperature of water vapor (point 14) raises 
with the increasing of TGEN, leading to the investment cost growth of 
condenser. This can be explained that total annual product cost of the 
system decreases rapidly to minimum and then remains constant. 

3.2.2. Effect of evaporator temperature on the performance of the system 
The effect of evaporator temperature on the performance of the 

system is indicated in Fig. 4 at the following conditions: TGEN=363.15 K, 
TCON=TABS=308.15 K, T7=283.15 K, ΔTCHE=8 K and εSHE=0.7. 

As can be seen in Fig. 4(a), the power consumption of compressor 
decreases with the increasing of TEVA. The reason is that the mass flow 
rate of the refrigerants in the compression section decreases and the inlet 
pressure of compressor increases with TEVA when the cooling capacity 
remains unchanged. Since the mass flow of water vapor required for the 
absorption section is reduced, the heat input of generator decreases with 
TEVA. The heat input of generator and the power consumption of 
compressor are reduced simultaneously, COP of the CACRC system 
shows an increasing trend. 

Fig. 4(b) shows the effect of TEVA on exergy efficiency and total 
annual product cost of the system. Although the heat input of generator 
and the power consumption of compressor decrease with TEVA, the 
cooling capacity of the compression section is larger than them. 
Therefore, the numerator of Eq. (18) plays a major role in the process of 
calculating exergy efficiency. Under the premise that ΔTEVA is constant, 

Table 5 
The calculated results for each state point under the design condition using 
RE170.  

State T (K) p (kPa) XLiBr m 
(kg⋅s− 1) 

h 
(kJ⋅kg− 1) 

s (kJ⋅ 
(kg⋅K)− 1) 

1 263.15 185.031 - 0.6545 481.07 1.8314 
2 307.938 479.735 - 0.6545 537.32 1.8683 
3 291.15 479.735 - 0.6545 99.09 0.3658 
4 263.15 185.031 - 0.6545 99.09 0.3798 
5 308.15 5.629 - 0.1209 146.63 0.5051 
6 283.15 1.228 - 0.1209 146.63 0.5205 
7 283.15 1.228 - 0.1209 2519.21 8.8998 
8 308.15 1.228 0.5219 0.6224 76.12 0.2313 
9 308.15 5.629 0.5219 0.6224 76.12 0.2313 
10 333.812 5.629 0.5219 0.6224 130.73 0.4014 
11 363.15 5.629 0.6477 0.5015 239.65 0.4753 
12 325.095 5.629 0.6477 0.5015 171.88 0.2776 
13 325.095 1.228 0.6477 0.5015 171.88 0.2776 
14 363.15 5.629 - 0.1209 2669.02 8.6637 
15 381.15 101.325 - 0.1584 2692.09 7.3983 
16 371.15 101.325 - 0.1584 410.74 1.2846 
17 300.15 101.325 - 14.5898 113.28 0.3952 
18 305.15 101.325 - 14.5898 134.18 0.4642 
19 271.15 101.325 - 49.7206 397.27 3.7850 
20 266.15 101.325 - 49.7206 392.25 3.7663 
21 300.15 101.325 - 16.4290 113.28 0.3952 
22 305.15 101.325 - 16.4290 134.18 0.4642  

Fig. 3. The effect of generation temperature on (a) the heat input of generator, the power consumption of compressor and coefficient of performance (b) exergy 
efficiency and total annual product cost of the system. 

Fig. 4. Effect of evaporator temperature on (a) the heat input of generator, the power consumption of compressor and coefficient of performance, (b) exergy ef-
ficiency and total annual product cost of the system. 
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the temperature of chilled air in and out evaporator increases with TEVA, 
resulting in exergy efficiency decreasing. In addition, total annual 
product cost of the system decreases with the increment of TEVA. The 
area of heat exchangers, the volume of compressor and penalty or social 
cost of CO2 emission decrease with the mass flow rate, which lead to the 
decrease of total annual product cost. 

3.2.3. Effect of cascade temperature difference on the performance of the 
system 

Fig. 5 depicts the trend of the system performance with cascade 
temperature difference at the following conditions: TGEN=363.15 K, 
TCON=TABS=308.15 K, TEVA=263.15 K, T7=283.15 K, and εSHE=0.7. The 
curves in Fig. 5(a) show that the heat input of generator and the power 
consumption of compressor increase with ΔTCHE, while COP of CACRC 
system decreases. This is because that condenser temperature (T3) in the 
compression section and the refrigeration capacity from the absorption 

section increase with the increment of ΔTCHE. Because the heat input of 
generator and the power consumption of compressor increase, COP of 
CACRC system decreases. 

As shown in Fig. 5(b), exergy efficiency of the system decreases with 
ΔTCHE, whereas total annual product cost decreases to minimum and 
then increases. The minimum total annual product cost is obtained at 
cascade temperature difference of 6 K. This is because the investment 
cost of cascade heat exchanger decreases with ΔTCHE, while the in-
vestment cost of generator, absorber, condenser and compressor and 
penalty or social cost of CO2 emission increase. 

3.2.4. Effect of solution heat exchanger effectiveness on the performance of 
the system 

The effect of solution heat exchanger effectiveness on system per-
formance is presented in Fig. 6 at the following conditions: TGEN=363.15 
K, TCON=TABS=308.15 K, TEVA=263.15 K, T7=283.15 K and ΔTCHE=8 K. 
As shown in Fig. 6(a), the heat input of generator descends and the 
power consumption of compressor remains stable with the increment of 
εSHE. The enthalpy of the weak solution entering generator increases 
with εSHE. However, increasing εSHE does not change the parameters of 
the compression section. Based on above reasons, COP and exergy effi-
ciency of CACRC system show upward trends. It is also observed from 
Fig. 6(b) that the total annual product cost presents a tendency to 
decrease and then increase. The system achieves the minimum total 
annual product cost at εSHE = 0.78. The reason is that the investment 
cost of generator decreases with εSHE, whereas the investment cost of 
solution heat exchanger and absorber increase. 

Fig. 5. Effects of cascade temperature difference on (a) the heat input of generator, the power consumption of compressor and coefficient of performance, (b) exergy 
efficiency and total annual product cost of the system. 

Fig. 6. Effect of solution heat exchanger effectiveness on (a) heat input of generator, the power consumption of compressor and coefficient of performance, (b) 
exergy efficiency and total annual product cost of the system. 

Table 6 
Parameter settings of multi-objective optimization using NSGA-II method.  

Items  Value 

Population size - 100 
Pareto front population fraction - 0.3 
Maximum number of generations - 200 
Selection process - Tournament 
Tournament size - 2 
Function tolerance - 10− 5 

Variable constrains TGEN (K) 337.15–373.15 
- TEVA (K) 259.15–267.15 
- ΔTCHE (K) 4–12 
- εSHE 0.6–0.8  
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3.3. Optimization of the performance of the system 

In order to obtain higher exergy efficiency at the expense of lower 
total annual product cost, non-dominated sorting genetic algorithms-II 
(NSGA-II) method is used for multi-objective optimization. Exergy effi-
ciency and total annual product cost of the system are selected as target 
functions in this work. Parameter settings of multi-objective optimiza-
tion are listed in Table 6. 

Sayyaadi and Nejatolahi [21] recommended that working with the 
normalized data of the Pareto frontier is better than working with real 
values. The normalized form of target functions ηexg and CT are listed 
below: 

ηexg,N =
ηexg − ηexg,min

ηexg,max − ηexg,min
(27)  

CN =
CT − CT,min

CT,max − CT,min
(28)  

where ηexg,max and ηexg,min are the maximum and minimum values of ηexg 
in the Pareto frontier. Besides, CT,max and CT,min represent the maximum 
and minimum values of CT in the Pareto frontier. 

Normalized form of Pareto optimized sets of multi-objective opti-
mization for CACRC system and the distance of each point in the Pareto 
frontier from the idea point (point A) are shown in Fig. 7. The values at 
the point B, C and D represent the optimized results of the single- 
objective economic optimization, the single-objective thermodynamic 
optimization, and the multi-objective optimization, respectively. 

Table 7 summarizes the calculated results of above three optimiza-
tion scenarios. Compared to the design condition, the exergy efficiency 
of the system improves by 4.85%, 23.08% and 35.29% for the economic 
optimization, the multi-objective optimization, and the thermodynamic 

optimization, respectively. However, the total annual product cost de-
creases by 2.02% and 9.51% for multi-objective optimization and 
thermodynamic optimization, whereas the economic optimization in-
creases by 7.86%. The comparison for the exergy destruction as well as 
the investment cost of each component in CACRC system at different 
optimization scenarios is given in Figs. 8 and 9, respectively. As indi-
cated in Fig. 8, the exergy destruction of generator, absorber, and 
cascade heat exchanger decreases obviously after optimization, result-
ing the enhancement of the exergy efficiency of the CACRC system. 
However, the investment cost of the absorber, solution heat exchanger, 

Fig. 7. Normalized form of Pareto optimal sets of multi-objective optimization 
for compression-absorption cascade refrigeration cycle (CACRC) system and the 
distance of each point in the Pareto frontier from the idea point (point A). 

Table 7 
Optimized results for system.  

Items Design condition Economic optimization Multi-objective optimization Thermodynamic optimization 

TGEN (K) 363.15 353.80 343.57 341.14 
TEVA (K) 263.15 267.15 264.82 259.15 
ΔTCHE (K) 8 5.63 4.10 4.01 
εSHE 0.7 0.79 0.80 0.80 
ηexg 0.237 0.248 0.292 0.321 
CT (k$⋅year− 1) 123.27 113.58 120.78 134.99  

Fig. 8. Comparison of the exergy destruction of each component in 
compression-absorption cascade refrigeration cycle (CACRC) system. 

Fig. 9. Comparison of the investment cost of each component in compression- 
absorption cascade refrigeration cycle (CACRC) system. 
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and the cascade heat exchanger increases after optimization, and other 
components have no obvious change. 

Fig. 10 shows the exergy destruction proportion of each component 
for CACRC system in the multi-objective optimization. Generator has the 
largest exergy destruction proportion which is followed by absorber, 
accounting for 24.24% and 20.62%, respectively. 

4. Conclusions 

In this work, the performance of the CACRC system was evaluated 
using 16 refrigerants in vapor compression section and H2O-LiBr in the 
absorption refrigeration section. Results show that the higher critical 
temperature and latent heat of vaporization of refrigerants in the vapor 
compression section, the better the performance of CACRC system. 
RE170/H2O-LiBr exhibits the best performance for the CACRC system 
amongst all the fluids selected under the design condition. Further 
analysis using RE170/H2O-LiBr indicates that the exergy efficiency of 
CACRC system increases firstly and then decreases with TGEN, while total 
annual product cost decreases rapidly to minimum and then remains 
constant. With the increment of ΔTCHE or εSHE, the system could achieve 
the minimum total annual product cost at 6 K and 0.78. In addition, the 
exergy efficiency of the system improved by 4.85%, 23.08% and 35.29% 
based on economic optimization, multi-objective optimization, and 
thermodynamic optimization, respectively. 
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