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Abstract 

The refrigerant-direct convective-radiant cooling (RCC) system is attracting 

widespread concern due to its advantages of good thermal comfort, high energy 

efficiency and simple structure. However, researches on thermal and economic 

optimization of this system are rare. In this study, a novel heuristic approach is proposed 

to optimize the aluminum column-wing type refrigerant-direct convective-radiant 
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cooling (ACT-RCC) system, which adopts artificial neural network (ANN) integrated 

with multi-objective genetic algorithm (MOGA). The numerical and economic models 

of the ACT-RCC terminal are developed and the numerical model is validated by the 

experimental data. Besides, the ANN model is adopted to accelerate the prediction of 

the thermal and economic performances of this system. Results show that the training 

values of the ANN model are fitted well with simulated results and the ANN model can 

greatly improve the runtime in comparison with original numerical and economic 

models. Based on the heuristic optimization approach, the optimal structure of the ACT-

RCC terminal is the copper pipe diameter with 8.7 mm, copper pipe spacing with 25.5 

mm and rib height with 30.3 mm. Compared with original structure, the cooling 

capacity of the improved ACT-RCC system is enhanced by 16.0% and the initial cost 

is reduced by 10.0%. The appearance area equals to the direct product of the length and 

width, and results show that the appearance area of the improved ACT-RCC terminal 

is decreased from 1.04 m2 to 0.78 m2. Therefore, the proposed heuristic approach 

provides guidance for improving the thermal and economic performances of the RCC 

systems. 

Keywords: refrigerant-direct convective-radiant cooling system; thermal and economic 

optimization; artificial neural network; multi-objective genetic algorithm; 



Nomenclature 

A area (m2) γ correlation degree 

bw simplified coefficient φ relative humidity (%) 

cp specific heat (J·kg-1·K-1) θ threshold 

D diameter (m) ζ correlation coefficient  

f activation function Subscripts 

G refrigerant mass flow rate (kg·s-1) aa appearance area 

H height (m) al aluminum-alloy panel 

h 
convective heat transfer coefficient 

(W·m-2·K-1) 
be building envelope 

hD 
conversion heat release coefficient 

(W·m-2·K-1) 
co copper pipe 

I enthalpy (J·kg-1) coi inner surface of copper pipe 

k number of cases coo outer surface of copper pipe 

i node i e evaporate 

L length (m) g gas 

n number of sections in inlet 

p pressure (Pa) l liquid 

Q cooling capacity (W) la labor 

R goodness of fit max maximum value 

Sp spacing (m) min minimum value 

t temperature (oC) n indoor air 

tm mean surface temperature (oC) out outlet 

v velocity (m· s-1) p per square meter 

w width (m) r refrigerant 

wc connection weight coefficient rad radiation 

X independent variable se connection segment 

Xi impact factor sim simulated 

x vapor quality wa water 

xv input vector Abbreviations 

y output vector 
ACT-

RCC 

aluminum column-wing type 

refrigerant-direct convective- 



radiant cooling 

z shape parameter of rib ANN artificial neural network 

Δl control volume length (m) AUST 
average uncooled surface 

temperature 

Δp pressure drop (Pa) GA genetic algorithm 

Greek symbols IC initial cost 

λ thermal conductivity (W·m-1·K-1) MOGA multi-objective genetic algorithm 

ε emissivity RCC 
refrigerant-direct convective- 

radiant cooling 

σ 
Stefan-Boltzmann constant, 

(5.67×10-8 W· m-2· K-4) 
  

1. Introduction 

According to the International Energy Agency (IEA), the global energy demand is 

expected to grow by 4.6% in 2021, which exceeds 4% depression in 2020 [1]. It is 

reported that building industry has become the fourth largest global energy consumer, 

and accounts for about 21% of the total energy consumption in China [2]. In building 

energy consumption, half of them is utilized for Heating, Ventilation and Air 

conditioning (HVAC) systems [3]. Therefore, it is crucial to explore a new technique 

to reduce energy consumption. The world’s first air conditioning system originated in 

1902, which can regulate the indoor thermal environment, has been widely used [4]. 

However, traditional air conditioning systems have the defects of local discomfort and 



low energy efficiency due to their heat transfer via forced convection and power 

consumption of fans.  

In recent years, radiant cooling systems exert a significant role in human being’s 

life since they have good thermal comfort and high energy efficiency. In the study of 

Tian et al. [5], the thermal comfort performance of the radiant ceiling cooling coupled 

with overhead dedicated outdoor air system was evaluated, and results showed that 

when the operative temperature was identical, this system could create a more 

comfortable thermal environment than conventional air conditioning systems. Cen et al. 

[6] carried out the comparative study between a radiant floor system and a fan coil 

system, and suggested that the former one possessed its great superiority of the thermal 

comfort with various space heights. Mikeska et al. [7] developed a simulation model of 

the radiant cooling system, which was composed of capillary micro tubes and inner 

plate of sandwich elements, and confirmed that this system had potential in providing 

good indoor thermal comfort. In the field of research in energy efficiency, Lim et al. [8] 

established a theoretical model to investigate the dedicated outdoor air system 

associated with a thermoelectric module radiant cooling panel, and suggested that this 

system was able to reduce 40.7% of operating energy consumption per year in 

comparison with conventional variable air volume systems. Kwong et al. [9] compared 



the multi-floor radiant slab cooling system and traditional convective air system 

regarding to energy efficiency, and found that the radiant slab cooling system could 

save up 34% of energy consumption. An energy simulation method was adopted by 

Kim et al. [10] to center on the performance of the typical radiant panel system 

integrated with a decentralized air convector, justifying its contribution to saving 

energy due to high cooling impact ratio and large coefficient of performance.  

The cooling capacity is a pivotal criterion for evaluating the performance of radiant 

cooling systems. To improve the cooling performance, many scholars have studied the 

design optimization of radiant cooling systems. Su et al. [11] optimized the heat transfer 

performance of the radiant cooling ceiling panel system through numerical simulation, 

illustrating that the cooling panel with thickness of 4.0 ~ 5.0 mm, copper pipe with 

small diameter and thin plastic join was recommended. Joe et al. [12] put forward a 

model predictive control strategy to optimize the thermo-economic performance of 

radiant floor systems, taking the energy consumption and operating cost as objective 

functions. Results showed that this system could save 29% ~ 50% of energy 

consumption and 34% of operating cost, comparing to baseline feedback control 

systems. Ye et al. [13] developed a three-dimensional model to optimize the operating 

condition of the hybrid cooling system, which integrated the novel free-suspended 



ceiling radiant cooling panel with wall attached ventilation system, and results showed 

that the optimum design was the inlet air velocity of 0.16 m·s-1, inlet air temperature of 

25 oC and panel surface temperature of 23 oC. A multi-objective optimization for a 

ground source heat pump radiant ceiling air conditioning system was executed by Xie 

et al. [14], with results showing that compared with conventional parameters, the 

seasonal performance factor of this system was improved from 3.582 to 3.741 and the 

operating cost was decreased from 4189.8 $ to 3484.9 $. However, the above radiant 

cooling systems resist heat by circulating chilled water, which require secondary heat 

exchange. And these systems need specific plant rooms to place chillers, pumps, water 

pipes, water collectors etc., with complicated structure. To overcome these obstacles, 

the RCC system is proposed, which adopts refrigerant as direct circulating medium, and 

can be designed as split system for individual and flexible application. The RCC system 

can avoid secondary heat exchange and power consumption of the circulating pump. 

Moreover, this system has simple structure and is suitable for residential buildings. The 

authors’ previous study adopted the orthogonal design method to improve the structural 

parameters of the refrigerant-cooling radiant terminal, and results showed that the fin 

height of 40.0 mm, copper pipe diameter of 6.0 mm, copper pipe spacing of 40.0 mm 

and aspect ratio of 0.88 were recommended [15]. Nevertheless, the orthogonal design 



process is complex and tedious to obtain an optimal design. 

The economic performance of radiant cooling systems has also gradually become 

an attractive research point. The economic indicators have multiple forms, such as net 

present value, simple payback period and savings to investment ratio. Li et al. [16] 

adopted cost equations to evaluate the economic efficiency of the radiant cooling 

terminal and fan coil, and proved that the radiant cooling terminal could make sound 

economic sense with regard to life cycle. Boccardo et al. [17] used the global cost and 

payback period to compare the economic performance of three different cooling 

systems, and results showed that the thermally active building system was the economic 

choice, the all-air system was the second and the phase change material ceiling panel 

was the most expensive. Zhou et al. [18] presented that the cooling performance of 

radiant cooling systems could not be improved blindly, while the cost loss was ignored. 

Thus, there is a huge challenge to explore not only cooling performance but also initial 

cost.  

The cooling performance and initial cost of the RCC system are interacted with 

each other. The excessive growth of cooling performance will result in the intense 

elevation of the initial cost. On the contrary, in order to achieve low initial cost, the 

cooling performance tends to deteriorate. Therefore, it is essential to exert more efforts 



to investigate the trade-off between cooling performance and initial cost. Evaluating the 

thermal and economic performances of the RCC system requires fast prediction of the 

performances regarding to various structural parameters. Traditional numerical 

simulation approaches have large computational burden. The ANN is an efficient 

method that can accurately and quickly predict the system performance by training with 

proper data set. Kusiak et al. [19] used the ANN to extract the numerical model of an 

air handing unit, and then the cooling output is taken as objective function to optimize 

this system. Ferreira et al. [20] constructed the predictive control model of the HVAC 

system based on the ANN to achieve good thermal comfort and high energy efficiency. 

The MOGA can solve multi-objective optimization problem effectively. Imran et al. 

[21] adopted the MOGA to optimize the hydraulic and thermal performances of the 

water-to-water chevron type plate heat exchanger, and found a set of optimum solution 

of pressure drop and heat transfer. A multi-objective optimization based on the MOGA 

was performed by Bagheri-Esfeh et al. [22] to achieve the minimum cooling and heating 

loads in a residential building coupled with phase change material.  

In order to accelerate the optimization process and improve the accuracy of target 

value, a novel heuristic approach by combination of the ANN and MOGA is proposed 

for thermal and economic optimization of the ACT-RCC system. The numerical and 



economic models of the ACT-RCC terminal are established and the reliability of the 

numerical model is validated by the measured data. Then the structural parameters of 

this terminal including copper pipe diameter, copper pipe spacing and rib height are 

considered as decision variables, and the cooling capacity and initial cost are chosen as 

objective functions. Finally, a group of Pareto optimal solutions are obtained and one 

of them is chosen as optimal target of this terminal.  

 

2. System description 

2.1 The ACT-RCC terminal 

The schematic of the ACT-RCC terminal is shown in Fig. 1, and the key 

components contain two aluminum-alloy-column panels, four branches copper pipes, 

cold-storage medium (water), many rectangular fins and one condensation collection 

plate. Each panel has 10 aluminum-alloy columns and the S-shape copper pipes filled 

with refrigerant are embedded in the aluminum-alloy columns. Water is chosen as cold-

storage medium and sandwiched between copper pipes and aluminum-alloy columns to 

enhance the cooling capacity, with the weight of 16.0 kg. The rectangular fins are 

evenly arranged on the backside of the front panel and both sides of the back panel to 

promote the heat transfer between the ACT-RCC terminal and indoor environment. The 



condensation collection plate is located at the bottom of this terminal to collect 

condensation water. As the ACT-RCC system is designed as split system for 

decentralized and individual usage, besides, the combined welding operating 

technology is adopted to ensure the welding quality, the sealing performance is 

excellent and the risk of refrigerant leakage is low. During the cooling period, the ACT-

RCC terminal surface exchanges heat with indoor environment through radiation and 

natural convection. Then the heat is released to the water and copper pipes successively 

via heat conduction. Subsequently, the heat is taken away by the refrigerant since the 

refrigerant evaporates and absorbs heat in copper pipes. 
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Fig. 1. The schematic of the ACT-RCC terminal. 

 

2.2 Experimental system 

The experimental ACT-RCC system is set up in a calorimetric room, as shown in 
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controlled by their independent air conditioning systems. A test room is constructed 

with steel plate in the indoor environment laboratory to guarantee the heat transfer by 

natural convection, with the dimension of 3500 mm × 3500 mm × 2500 mm (L × W × 

H). The main elements of the ACT-RCC system are compressor, gas-liquid separator, 

four-way valve, condenser, sub-cooler, electronic expansion valve and the ACT-RCC 

terminal (evaporator), as depicted in Fig. 3. The R410a refrigerant is adopted in this 

system owing to its ODP with zero. In the test room, the ACT-RCC terminal is arranged 

100 mm above the floor and 170 mm away from the wall. According to ASHRAE 

Standard 55 [23], the measuring point of indoor air temperature is located at the height 

of 1.1 m in the vertical centerline of the test room to reflect its thermal environment. 

Correspondingly, the measuring point of indoor relative humidity is also located at this 

position. During the test, the indoor air temperature is regulated from 26 oC to 30 oC 

and the relative humidity remains 60% constantly. The evaporating temperature is the 

refrigerant temperature in saturated gas state corresponding to the evaporating pressure 

at the outlet of the ACT-RRC terminal, and the evaporating temperature of this system 

is controlled at 6.1 oC, 8.2 oC, 9.9 oC and 11.9 oC. In order to calculate the cooling 

capacity of this system under different conditions, the inlet and outlet temperatures and 

pressures of the ACT-RCC terminal and condenser are measured by K-type 



thermocouples and pressure sensors. The refrigerant mass flow rate is recorded by a 

Coriolis mass flowmeter. The transient response time of the ACT-RCC system is about 

26 min due to the existence of water. To ensure that this system is in a stable state, the 

experimental data is recorded when the system has been running for two hours. The 

data is collected by the central data acquisition every 2s. 

 

Fig. 2. The picture of the calorimetric room.  

 

Fig. 3. The experimental ACT-RCC system.  
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3. Model development 

3.1 Numerical model  

Due to the composite structure of the ACT-RCC terminal, it is vital to simplify the 

numerical model reasonably. The following assumptions are as follows: 

(1) The heat transfer process of the ACT-RCC terminal is assumed to be one-

dimensional and steady-state; 

(2) The ACT-RCC terminal is composed of a series of parallel concentric sleeves, 

and the aluminum-alloy panel can be regarded as a vertical cylinder with the diameter 

of 11.8 mm. 

(3) The heat conduction losses occur in the axial-direction of the refrigerant, 

copper pipes, water and aluminum-alloy panels are ignored;  

(4) The natural convective capacities between water and copper pipes as well as 

aluminum-alloy columns are extremely petty; therefore, the water in the aluminum-

alloy columns is considered as static; 

(5) The indoor air temperature and exterior wall temperature remain constant. 

The finite volume method is used to simulate the numerical model, and the control 

volume of each component of the ACT-RCC terminal is exhibited in Fig. 4. The 



components are separated into n sections along the refrigerant flow direction, with the 

length of Δl. The temperatures of the refrigerant, inner and outer surface of the copper 

pipe, water and aluminum-alloy panel are expressed as tr, tcoi, tcoo, twa, tal, respectively. 

The energy balance equations for the i th node are given as follows: 

 

Fig. 4. Sketch of control volumes of the ACT-RCC terminal. 

For the refrigerant: 
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where G is the refrigerant mass flow rate; Ir-in and Ir-out are the inlet and outlet enthalpies 

of the refrigerant; Dr is the inner diameter of the copper pipe; hr-coi is the convective 

heat transfer coefficient between refrigerant and inner surface of the copper pipe; cpg is 
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the specific heat of the refrigerant in gas phase; tr-in and tr-out are the inlet and outlet 

temperatures of the refrigerant; Irg and Irl are the enthalpies of the refrigerant in gas and 

liquid phases; x is the vapor quality of the refrigerant, 0 < x < 1 represents the refrigerant 

in two phase and x = 1 represents the refrigerant in gas phase.  

The pressure drop occurs during the refrigerant flows in copper pipes, which is 

divided into two sections, can be formulated as:  

 two-phase gas-phasep p p       (4) 

where Δp is the total pressure drop of the refrigerant; Δptwo-phase and Δpgas-phase are the 

pressure drops of the refrigerant in two phase and gas phase.  

For the inner surface of the copper pipe:  
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where λcoi is the thermal conductivity of the copper pipe; Dcoo is the outer diameter of 

the copper pipe.  

For the outer surface of the copper pipe: 
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where λwa is the thermal conductivity of the water; Dwa is the diameter of the water. 

For the water: 
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where λal is the thermal conductivity of the aluminum-alloy panel; Dal is the diameter 

of the aluminum-alloy panel. 

For the aluminum-alloy panel: 
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where hair is the natural convective heat transfer coefficient; cp-air is the specific heat of 

air; Iair is the enthalpy of air; Ial is the enthalpy of the saturated air boundary layer on 

aluminum-alloy panel; wse is the width of the connection segment; hD is the conversion 

heat release coefficient of air side on rib surface; Irib is the enthalpy of the saturated air 

boundary layer on rib surface; bw is the simplified coefficient of air enthalpy; z is the 

shape parameter of the rib; Qrad,al-be is the radiant heat transfer between aluminum-alloy 



panel and building envelopes, which can be expressed as:  
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where ε is the emissivity; σ is the Stefan-Boltzmann constant, 5.67◊10-8 W· m-2· K-4; 

Aal is the area of the aluminum-alloy panel; tm is the mean surface temperature of the 

aluminum-alloy panel; AUST is the average uncooled surface temperature of building 

envelopes; Ai and ti are the area and temperature of each enclosure. 

Therein, the correlations of hr-coi, Δp and hair of the numerical model can be 

obtained in Ref. [24-26].  

 

3.2 Economic model 

The economic model is established to evaluate the economic performance of the 

ACT-RCC system. As the outdoor unit of this system is the same as that of traditional 

split air-conditioners, only the initial cost (IC) of the ACT-RCC terminal is calculated. 

The IC is made up of the aluminum-alloy panels cost (ICal), ribs cost (ICrib), copper 

pipes cost (ICco) and labor cost (ICla). Therefore, the IC is defined as follow:  



 al rib co la=IC IC IC IC IC     (12) 

The ICal, ICrib and ICco can be determined using the following equations: 

 
al p-al al= IC IC A   (13) 

 
rib p-rib rib= IC IC A   (14) 

 
co p-co co= IC IC L   (15) 

where ICp-al and ICp-rib are the prices per square meter of the aluminum-alloy-column 

panel and rib; Aal and Arib are the areas of the aluminum-alloy-column panel and rib; 

ICp-co is the price per meter of copper pipes and Lco is the length of copper pipes.  

The prices of the copper pipe with different diameters, aluminum-alloy material 

and labor cost are displayed in Table 1.  

Table 1. The prices of different materials of the ACT-RCC terminal [15, 27]. 

Category Prices Category Diameter (mm) Prices 

aluminum-

alloy panel 
10.0 $·m-2 

copper pipe 

4.0 0.5 $·m-1 

5.0 0.9 $·m-1 

6.35 1.0 $·m-1 

8.0 1.5 $·m-1 

rib 6.6 $·m-2 
9.52 1.6 $·m-1 

10.0 2.1 $·m-1 

labor cost 14.8 $ 
12.0 2.3 $·m-1 

14.0 3.5 $·m-1 



3.3 Optimization model 

Optimizing the thermal and economic performances of the ACT-RCC system 

requires numerical solution of the proposed numerical and economic models, of which 

the computational burden is very extensive. In order to accelerate the performance 

prediction process, the ANN model is adopted to regress the input-output simulated 

data of the ACT-RCC system. 

3.3.1 ANN model 

The ANN is a kind of mathematical model, which adopts the structure similar to 

synaptic connection of brain to process information [28]. The ANN is composed of a 

large number of nodes (or neurons) and connection sections. The connection between 

two nodes represents the weighted value of signal passing through this interface, called 

weight, which is equivalent to the memory of the ANN. The common multilayer neural 

network is made up of input layer, output layer and hidden layer. The purpose of neural 

network is to learn from the environment by adjusting its neuron weight and threshold 

until the output error achieves the expected value. Many researchers have adopted the 

ANN model for predicting the thermal performance of absorption heat pump systems 

[29], air conditioning systems [30] and liquid desiccant systems [31].  



The mathematical model of the artificial neuron is shown in Fig. 5. The 

information of input layer is named as input vector. Correspondingly, the information 

of output layer is named as output vector. The correlation between input vector and 

output vector in the ANN model can be expressed as: 

 
,

1

= ( )
n

i c i v i

i

y f w x 


  ,
  (16) 

where xv is the input vector; y is the output vector; wc is the connection weight 

coefficient; θ is the threshold of the hidden layer neural node; f is the activation function, 

which depends on neurons output.  

 

Fig. 5. The mathematical model of the artificial neuron [32].  

In this work, the ANN model is developed to predict the correction between 

structural parameters and thermal and economic performances of the ACT-RCC system, 

as displayed in Fig. 6. The input variables are copper pipe diameter, copper pipe spacing 

and rib height, and the output objectives are cooling capacity and initial cost. The 

training process is to achieve minimum gap between ANN output and correct output by 
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adjusting weight and deviation coefficient.  

 

Fig. 6. The ANN model of the ACT-RCC system [30].  

 

3.3.2 MOGA optimization 

The genetic algorithm (GA) is a method to search the optimal solution through 

simulating the natural evolution process, which originates from the computer 

simulation of biological system [33]. GA encodes the problem parameters as 

chromosomes, and then uses iterative process for selection, crossover and mutation to 

exchange the population chromosome information, and finally produces the fittest 

target chromosome. The flow chart of the GA for optimization process is depicted in 

Fig. 7. In terms of single objective problem, the GA has its own obvious superiority and 

practical value. In terms of multi-objective optimization problem, the non-dominated 

sorting genetic algorithm-II (NSGA-II) is the most widely applied [34]. However, each 

objective function of the NSGA- II is in conflict with each other, and one target 

improves may cause the performance depression of another. It is difficult to achieve the 
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Investment cost (IC)



optimal solution of all objective functions simultaneously. Thus, the means of 

coordination and compromise are adopted to overcome this issue, and then the Pareto 

optimal solution set is derived. Many scholars have successfully utilized the NSGA- II 

to obtain the optimal target of the porosity and thermal diffusivity of fluid [35], green 

building design [36] and HAVC system control [37].  

The MOGA is employed to optimize the thermal and economic performances of 

the ACT-RCC system. The cooling capacity and initial cost are chosen as objective 

functions. The structural parameters of the copper pipe diameter, copper pipe spacing 

and rib height are selected as decision variables, and their scopes are exhibited in Table 

2.  



 

Fig. 7. Flow chart of genetic algorithm optimization process [4]. 

Table 2. The ranges of decision variables for optimization. 

Decision variables Ranges Unit 

copper pipe diameter (Dco) 5.0 ~ 14.0 mm 

copper pipe spacing (Spco) 20.0 ~ 100.0 mm 

rib height (Hrib) 5.0 ~ 50.0 mm 

 

3.4 Solution strategy 

The simulated calculation and optimization of the ACT-RCC system are based on 

Python environment, and the solution procedure is presented in Fig. 8. The solution 
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steps are as follow: (a) input operating parameters and environmental parameters, and 

then calculate the cooling capacity by iterative method; (b) input structural parameters 

to calculate the IC based on the economic model; (c) select the data sets for training 

neural network to correlate between decision variables and objective functions using 

the ANN model; (d) determine the lower and upper bound of each decision variable, 

and then adopting the MOGA to perform optimization operation; (e) output Pareto 

optimal solution. 

 

Fig. 8. Optimization framework of the ACT-RCC system. 
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3.5 Model validation  

The geometrical parameters of the ACT-RCC terminal are listed in Table 3. The 

measured data including refrigerant mass flow rate (G), inlet pressure (pin) and 

temperature (tin) of the ACT-RCC terminal as well as indoor air temperature (tn) and 

relative humidity (φ), velocity (v) are used as input parameters. The tested and 

simulated results of the outlet pressure (pout) and temperature (tout) of the ACT-RCC 

terminal are depicted in Table 4, and their cooling capacities are compared in Fig. 9. 

Case 1 ~ 4 display the variation trends of the outlet pressure and temperature as well as 

cooling capacity under the evaporating temperature (te) of 6.1 oC ~ 11.9 oC, with the 

indoor air temperature at 26 oC. Cases 5 ~ 8 and Cases 9 ~ 12 reflect its properties with 

the indoor air temperature at 28 oC and 30 oC. It is found that the deviations of the outlet 

pressure and temperature between simulated and measured data vary from 0.2×106 Pa 

~ 0.3×106 Pa and 0.5 oC ~ 1.3 oC, and the relative error of the cooling capacity is within 

the range of 1.5% ~ 6.7%. The simulated results exhibit reasonable agreement with the 

experimental data, indicating the reliability of the established numerical model of the 

ACT-RCC terminal. 

In addition, the accuracy of the constructed ANN model of the ACT-RCC system 

is evaluated by numerous simulated data. The data sets of the cooling capacity are 



divided into two groups. The first 50 data sets are selected for training neural network, 

and the other 10 data sets are used for validation. Correspondingly, the same number of 

data sets are distributed for initial cost. The simulated and predicted results of the 

cooling capacity and initial cost based on the ANN model are displayed in Fig. 10. It 

can be observed that the predicted values are in accordance with the simulated data for 

both cooling capacity and initial cost, and the goodness of fit are 0.9854 and 0.9631. 

The computer used for simulation has an Intel(R) Core (TM) i5-6500 64bit CPU and 

8.00GB RAM memory. The runtimes of the original numerical and economic models 

as well as the ANN model of the ACT-RCC terminal are separately compared in Table 

5. It is indicated that the runtimes of the ANN model are extremely short, which merely 

take 1.21 s for cooling capacity and 1.24 s for initial cost. Therefore, the established 

ANN model can be used to accurately and quickly predict the thermal and economic 

performances of the ATC-RCC system. 

Table 3. The geometrical parameters of the ACT-RCC terminal. 

Components Dimension (mm) Components Diameter (mm) 

ACT-RCC terminal 
1600 × 100 × 650 

(L × W × H) 
inner surface of copper pipe 5.35 

rib spacing  10.0 outer surface of copper pipe 6.35 

rib height 20.0 water 11.55 

copper pipe spacing 40.0 aluminum-alloy panel 11.80 



 

Fig. 9. Comparisons of the tested and simulated cooling capacity. 
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Table 4. Comparisons of the experimental data and simulated results of the ACT-RCC system. 1 

Parameters Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9 Case 10 Case 11 Case 12 

tn (oC) 26.0 26.0 26.0 26.0 28.0 28.0 28.0 28.0 30.0 30.0 30.0 30.0 

te (oC) 6.1 8.2 9.9 11.9 6.1 8.2 9.9 11.9 6.1 8.2 9.9 11.9 

G (kg∙s-1) 53.0 51.8 49.0 47.3 53.9 52.0 49.9 47.8 54.3 52.5 50.6 48.5 

pin (×106 Pa) 9.7 10.2 10.7 11.2 9.7 10.3 10.8 11.3 9.7 10.3 10.8 11.3 

tin (oC) 7.0 8.3 9.5 10.2 7.0 8.7 10.0 10.7 6.8 9 10.3 11.2 

pout, test (×106 Pa) 9.6 10.2 10.7 11.4 9.6 10.3 10.8 11.5 9.6 10.3 10.8 11.5 

pout, sim (×106 Pa) 9.4 9.9 10.4 11.1 9.3 10.0 10.5 11.2 9.3 10.1 10.5 11.2 

tout, test (oC) 13.9 14.7 15.3 16.2 15.4 15.6 16.5 16.9 15.8 16.6 17.3 17.6 

tout, sim (oC) 13.3 14.1 14.6 15.5 14.9 15.0 15.9 16.5 14.5 16.1 16.6 17.0 

2 



  
(a) cooling capacity (b) initial cost 

Fig. 10. The simulated and predicted values based on the ANN model. 3 

Table 5. The runtimes of the original numerical and economic models as well as the ANN model. 4 

Parameters 
Original numerical/economic 

model runtime (s) 
ANN model runtime (s) 

cooling capacity (Q) 2250.6 1.21 

initial cost (IC) 6.5 1.24 

 5 

4. Results and discussion 6 

In this section, the impacts of different structural parameters on thermal and 7 

economic performances of the ATC-RCC system are examined comprehensively based 8 

on the numerical and economic models. Subsequently, the sensitivity of the above 9 

factors is analyzed. Then the combination of the ANN model and MOGA is applied to 10 

search the optimal structure of the ATC-RCC terminal. Finally, the thermal and 11 

economic performances of the improved ATC-RCC system is further compared with 12 
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other structures. The values of operating parameters and environmental parameters used 13 

for simulation are depicted in Table 6.  14 

Table 6. The operating parameters and environmental parameters of the ACT-RCC system. 15 

Operating parameters Values Environmental parameters Values 

G (kg∙ s-1) 8.3 ×10-3 tn (oC) 26.0 

Ir (J∙ kg-1) 2.6 ×105 φ (%) 60.0 

tin (oC) 8.3 v (m∙ s-1) 0.2 

pin (Pa) 1.02 ×106   

Δl (m) 0.05   

 16 

4.1 Impact factor on thermal and economic performances  17 

4.1.1 Copper pipe diameter 18 

Different copper pipe diameters (Dco) are used in the numerical and economic 19 

models to explore its effect on thermal and economic performances of the ACT-RCC 20 

system, in the premise of copper pipe spacing (Spco) with 40.0 mm and rib height (Hrib) 21 

with 20.0 mm. Fig. 11 depicts the change of the cooling capacity (Q) with the increase 22 

of the Dco. When the Dco rises from 5.0 mm to 14.0 mm, the refrigerant outlet superheat 23 

decreases approximately 1.5 oC, as shown in Fig. 12. Then the refrigerant outlet 24 

temperature is dropped from 19.9 oC to 18.5 oC, resulting in the reduction of the mean 25 



surface temperature of the ACT-RCC terminal and the improvement of the Q. 26 

Meanwhile, the IC is improved significantly by 4.7% ~ 82.2%, which is mainly 27 

attributed to the enhancement of the ICco with large Dco even though the length of 28 

copper pipes (Lco) declines. In addition, as the Dco varies from 5.0 mm to 10.0 mm, the 29 

average growth rate of the Q is 1.2 W, while it drops to 0.03 W when the Dco is larger 30 

than 10.0 mm. Correspondingly, the average growth rate of the IC is 10.1 $ firstly, and 31 

then climbs to 18.5 $. It indicates that the excessive increase of the Dco (over 10.0 mm) 32 

will lead to the decrease of the increment of the Q and the elevation of the IC. Therefore, 33 

the Dco with 5.0 ~ 10.0 mm is a great option for optimization of the ACT-RCC terminal.  34 

 35 

 36 

Fig. 11. Effect of Dco on thermal and economic performances of the ACT-RCC system. 37 
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 39 

Fig. 12. Different temperature variations under various Dco. 40 

 41 

4.1.2 Copper pipe spacing 42 

The change of the Spco exerts a significant role in evaluating the thermal and 43 

economic performances of the ACT-RCC system. In order to elucidate the relationship 44 

among them, the Dco and Hrib are remained 5.0 mm and 20.0 mm. Results presented in 45 

Fig. 13 show that as the Spco increases from 20.0 mm to 100.0 mm, the Q is decreased 46 

by 0.2% ~ 3.6%. This is due to the reduction of the Lco, ranging from 54.6 m to 35.4 m. 47 

However, the IC ascends from 143.0 $ to 154.3 $ owing to the enhancement of the 48 

aluminum-alloy panel area, that is to say, the rising rate of the ICal is superior to the 49 

dropping rate of the ICco. It is noted that the less Spco leads to the higher Q and the lower 50 

IC, as a consequence, the copper pipes with small spacing of the ACT-RCC terminal is 51 
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recommended in the following simulation. 52 

 53 

Fig. 13. Effect of Spco on thermal and economic performances of the ACT-RCC system. 54 
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4.1.3 Rib height 56 

The thermal and economic performances of the ACT-RCC system are limited by 57 
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due to the excessively diminution of the Lco. As shown in Fig. 15, when the Hrib is larger 65 

than 35.0 mm, the vapor quality is decreased obviously from 1.0 to 0.87. 66 

Correspondingly, the tout and tsuperheat vary slightly. Therefore, the Hrib within the range 67 

of 5.0 mm ~ 35.0 mm is determined for optimizing the ACT-RCC terminal. 68 

 69 

Fig. 14. Effect of Hrib on thermal and economic performances of the ACT-RCC system. 70 

 71 

 72 

Fig. 15. Different temperatures and vapor quality variations under various Hrib. 73 
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4.1.4 Grey relational analysis on impact factors  74 

Grey relational analysis reflects the correlation degree in the developing process 75 

of two objects based on the grey system analysis, prediction and decision-making. If 76 

the synchronous change ratios of two impact factors are high, it indicates that they 77 

possess superior relevance and vice versa. In this section, the correlation degrees among 78 

the different structural parameters and Q as well as IC of the ACT-RCC system are 79 

conducted by grey relational analysis. Firstly, the original data sequence should be 80 

processed in dimensionless treatment, and its expression is written as:  81 

 0
0 0 0 0

0

= ( (1), (2), , ( ))
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where X0 is the cooling capacity or initial cost of the ACT-RCC system; Xi is the value 84 

of the impact factor; k is the number of cases. 85 

Then the correlation coefficient of the impact factor can be calculated according 86 

to Eq. (19): 87 
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 0 0( )= ( ) ( )i ik x k x k   (20) 89 

 max 0=max max ( ) ( )i k ix k x k   (21) 90 



 min 0=min min ( ) ( )i k ix k x k   (22) 91 

Finally, the correlation degree of the impact factor is evaluated based on the 92 

correlation coefficient, which is defined as:  93 

 0 01 01 01

1
= ( (1) (2) ( ))i k

k
      (23) 94 

where γ is the correlation degree of the impact factor.  95 

The results of grey relational analysis of the structural parameters are presented in 96 

Table 7. With regard to Q, the crucial relevant factor is the Hrib with the correlation 97 

degree of 0.913. The grey correlation of these factors is ordered as: Hrib > Spco > Dco, 98 

indicating that the Hrib contributes significantly to cooling performance of the ACT-99 

RCC system. With regard to IC, the Dco is a dictator and its correlation degree is 0.767. 100 

The influence degree of these factors is sorted as: Dco > Hrib > Spco. It can be denoted 101 

that the Dco exerts a prominent role in initial cost of this system. 102 

Table 7. Gray correlation analysis of structural parameters. 103 

Structural parameters 

Correlation degrees 

cooling capacity (Q) initial cost (IC) 

copper pipe diameter (Dco) 0.820 0.767 

copper pipe spacing (Spco) 0.864 0.694 

rib height (Hrib) 0.913 0.751 



4.2 Optimization results 104 

The Pareto optimal solutions of optimization for the ACT-RCC system are 105 

exhibited in Fig. 16. The primary target of this study is to explore maximum Q and 106 

minimum IC. While the default values of all objective functions are of the minimum 107 

type, thus the Q can be replaced by -Q. Then totally 23 solutions are derived. It can be 108 

observed that the improvement of the Q within the range of 1478.9 W ~ 1745.5 W 109 

resulting in the elevation of the IC within the range of 17.4 $~ 149.0 $. When the IC is 110 

chosen as the single objective function, point A can be taken as the preferred answer 111 

with the minimum value of 21.6 $ while the corresponding Q is the lowest. On the 112 

contrary, when the Q is a main priority, point B provides the best solution with the 113 

maximum value of 1745.5 W whereas the IC will be sacrificed.  114 

In the MOGA, all the results from the Pareto front can be used as the optimal 115 

solution. However, only one solution should be selected as the best project in practical 116 

application. The technique for order preference by similarity to an ideal solution 117 

(TOPSIS) is a general decision-making method to settle this issue, and the ideal and 118 

non-ideal points need to be identified at first [38]. The ideal point is defined as the 119 

optimal value of each target, on the contrary, is non-ideal point. The optimal point is 120 

located at the nearest distance from the ideal point and the farthest distance from the 121 



non-ideal point [39]. In Fig. 16, the results illustrate that the optimal solution of the 122 

ACT-RCC system is associated with the Q of 1688.3 W and IC of 132.9 $, which is 123 

denoted by point C. The corresponding values of the decision variables are listed in 124 

Table 8.  125 

 126 

Fig. 16. Pareto optimal solutions of the MOGA. 127 

Table 8. The optimization results of the ACT-RCC terminal. 128 

Project Parameters Values Unit 

Decision variables 

copper pipe diameter (Dco) 8.7 mm 

copper pipe spacing (Spco) 25.5 mm 

rib height (Hrib) 30.3 mm 

Objective functions 

cooling capacity (Q) 1688.3 W 

initial cost (IC) 132.9 $ 

 129 



4.3 Comparison with other structures  130 

The cooling capacity per unit appearance area (Qaa) is introduced to evaluate the 131 

cooling performance since the appearance areas of the RCC terminal with different 132 

structures are diverse. The Qaa and IC of the optimum solution of the ACT-RCC system 133 

are compared with its original structure, as shown in Table 9. It turns out that the Qaa of 134 

the improved ACT-RCC system is increased by 16.0% and the IC is declined by 9.9%. 135 

This is due to the reduction of the Lco and the increment of the aluminum-alloy panels 136 

and ribs areas, leading to the enhancement of the Qaa and the depression of the IC. 137 

Furthermore, both the appearance areas are also compared. Results show that the 138 

appearance area of the improved ACT-RCC terminal is less than the original structure, 139 

which is 1200 mm (L) × 650 mm (H), indicating that this terminal has great potential 140 

in saving occupation area. It can be concluded that the proposed heuristic optimization 141 

approach of the combination of the ANN and MOGA is beneficial for improving the 142 

thermal and economic performances of the RCC system.  143 

In addition, a comparison between the improved ACT-RCC terminal and the 144 

improved steel-panel RCC terminal has been performed to evaluate their advantages 145 

regarding to thermal and economic performances as well as occupation area. Results 146 

presented in Table 9 show that the optimal results of the steel-panel RCC terminal are 147 



the Qaa of 109.8 W and the IC of 104.2 $, and both of them are superior to the ACT-148 

RCC terminal [15]. This is because the length of copper pipes of the former is larger 149 

and the price of steel panels is less than aluminum-alloy panels. However, the 150 

appearance area of the steel-panel RCC terminal is 1300mm (L) × 900 mm (H), which 151 

is greater than the ACT-RCC terminal, resulting in more spacious occupation area. 152 

Hence, in terms of thermal and economic performances, the steel-panel RCC terminal 153 

is suitable to provide enough cooling capacity with low initial cost. In terms of 154 

occupation area, the ACT-RCC terminal is a more preferable choice for application in 155 

future. 156 

Table 9. The optimization results of the ACT-RCC terminal compared with other structures. 157 

 158 

Parameters 

Original 

structure of the 

ACT-RCC 

terminal 

Optimized 

structure of the 

ACT-RCC 

terminal 

Optimized 

structure of the 

steel-panel 

RCC terminal  

Unit 

copper pipe diameter (Dco) 6.0 8.7 6.0 mm 

copper pipe spacing (Spco) 40.0 25.5 40.0 mm 

rib height (Hrib)  20.0 30.3 40.0 mm 

cooling capacity per unit 

appearance area (Qaa) 
90.1 104.5 109.8 W 

initial cost (IC)  147.6 132.9 104.2 $ 

outline dimension 
1600 mm (L) × 

650 mm (H) 

1200 mm (L) × 

650 mm (H) 

1300 mm (L) × 

900 mm (H) 
/ 



5. Conclusion 159 

A novel heuristic approach is proposed to optimize the thermal and economic 160 

performances of the ACT-RCC system, adopting the ANN and MOGA. The numerical 161 

and economic models of the ACT-RCC terminal are established and the numerical 162 

model is validated by the measured data. Taking the copper pipe diameter, copper pipe 163 

spacing and rib height as decision variables, and the cooling capacity and initial cost as 164 

objective functions, the optimal solution of this terminal is obtained. The main 165 

conclusions are drawn as follows:  166 

(1) The numerical model of the ACT-RCC terminal shows satisfactory agreement 167 

with the experimental data. The simulated results of the refrigerant outlet pressure and 168 

temperature as well as cooling capacity of this system are within the relative errors of 169 

3.1%, 9.4% and 6.7%, respectively. 170 

(2) The constructed ANN model is able to accurately and quickly predict the 171 

thermal and economic performances of the ACT-RCC system. The goodness of fit of 172 

the cooling capacity and initial cost are 0.9854 and 0.9631, and the runtimes of them 173 

are merely 3.4 s and 1.7 s. 174 

(3) Based on the heuristic optimization approach, the copper pipe diameter with 175 



8.7 mm, copper pipe spacing with 25.5 mm and rib height with 30.3 mm of the ACT-176 

RCC terminal are recommended. The grey relational analysis of the above factors 177 

indicates that the rib height has the greatest impact on cooling performance, and the 178 

copper pipe diameter as a main contributor for initial cost.  179 

(4) Compared with original structure, the cooling capacity of the improved ACT-180 

RCC system is enhanced by 16.0% and the initial cost is declined by 10%. Moreover, 181 

its appearance area is decreased from 1.04 m2 to 0.78 m2. 182 

The proposed heuristic optimization approach not only improves cooling 183 

performance but also reduces initial cost, which is conductive to solve complex 184 

optimization issues of the RCC terminals and further promote its practical application. 185 

 186 
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Highlights:  290 

 291 

1) A novel heuristic approach is proposed to optimize the ACT-RCC terminal. 292 

2) The runtimes of ANN model are 1.21s for cooling capacity and 1.24s for initial cost. 293 

3) The optimal structure is Dco with 8.7 mm, Spco with 25.5 mm and Hrib with 30.3 mm. 294 

4) The cooling capacity is enhanced by 16% and initial cost is reduced by 10%. 295 

5) The appearance area of optimum solution is decreased from 1.04 m2 to 0.78 m2. 296 

 297 


