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Abstract: A multi-objective design optimization strategy for vertical U-tube ground heat 

exchangers (GHEs) is presented to minimize the system upfront cost and entropy generation 

number simultaneously. Five design variables of vertical U-tube GHEs, including borehole 

number, borehole depth, borehole radius, U-tube outer radius and fluid mass flow rate, are 

first selected via a global sensitivity analysis method, and then optimized by a genetic 

algorithm (GA) optimizer implemented in MATLAB. Based on the Pareto frontier obtained 

from the GA optimization, a decision-making strategy is then used to determine a final 

solution. Two case studies are presented to validate the effectiveness of the proposed strategy. 

The results based on a small scale GSHP system in Australia show that, compared to the 

original design, the use of this proposed strategy can decrease the total system cost (i.e. the 

upfront cost and 20 years’ operating cost) by 9.5%. Compared to a single-objective design 

optimization strategy, 6.2% more energy can be saved by using this multi-objective design 

optimization strategy. The result from a relatively large scale GSHP system implemented in 

China shows that a 5.2% decrease in the total system cost can be achieved by using this 

proposed strategy, compared with using the original design. 

Keywords: Multi-objective optimization; Ground heat exchangers; Entropy generation; 

Genetic algorithm; Pareto frontier 
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Nomenclature 

B borehole distance (m) P pressure drop (Pa) 

c specific heat (J/kg·K)  T temperature difference (K) 

C cost ($/¥) τ time (s) 

D half shank space (m)  

E1(x)  exponential integral function Subscripts 

f friction number b borehole/borehole wall 

Fij
n non-dimensional objective function f fluid 

h convective heat transfer coefficient (W/m2·K) GHE      ground heat exchanger 

k thermal conductivity (W/m·K) i inner 

L length (m) HP heat pump 

n  number of water-to-water heat pumps m mean 

max maximum o outer 

mf mass flow rate (kg/s) p U-tube pipe 

min minimum s soil 

N borehole number tot total  

Ns dimensionless entropy generation number 0 environmental condition 

q heat flux (W/m) 1 inlet of the U-tube pipe 

Q heat transfer rate (W)  2 outlet of the U-tube pipe 

r radius (m)   

R thermal resistance (m·K/W)   

Sgen entropy generation rate (W/K)   

T temperature (K)   

UC upfront cost ($/¥)   

χ  dimensionless temperature difference   

α thermal diffusivity (m2/s)   

ρ density (kg/m3)   
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1. Introduction 

Enhancing building energy efficiency is crucial nowadays due to the increasing demand 

on energy supply, and the severity of global warming owing to the greenhouse gas emissions 

from the use of fossil fuels [1, 2]. Over the past several decades, many different technologies 

and strategies have been proposed and used to promote building energy efficiency [1-4]. 

Ground source heat pumps (GSHPs) have been recognized as one of the most sustainable 

solutions for heating and cooling of buildings due to their year-round high efficiency and 

environmental friendliness [4, 5]. GSHPs are gaining market shares with an annual increase 

rate of 10-30% in recent years [6]. However, high installation cost, installation infrastructure 

limitations and system design are still the main challenges preventing the wide adoption of 

GSHPs in buildings [7].  

Over the last several decades, many efforts have been made on the design, modelling and 

performance evaluation of various GSHP systems. Nagano et al. [8], for instance, developed 

a design and performance prediction tool for GSHP systems using the infinite cylindrical heat 

source theory. Capozza et al. [9] proposed a new approach to determining the penalty 

temperature, an index to evaluate the long-term behavior of the borehole field. Fisher et al. 

[10] presented the implementation and validation of the ground heat exchanger “g-functions” 

model in EnergyPlus [11] in order to easily exam the performance of GSHPs in a flexible 

manner. The thermodynamic performance of GSHP systems was also evaluated using the 

second law of thermodynamics or exergy analysis [12, 13]. The exergy analysis performed by 

Bi et al. [12] showed that the overall exergy efficiency of the GSHP system studied was 0.1 

in the heating mode and 0.07 in the cooling mode. Kizikan and Dincer [13] presented an 

exergy analysis of a borehole thermal storage system for building cooling applications. The 

results showed that the condenser temperature and evaporator temperature have a strong 
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effect on the system exergetic performance and a significant energy saving can be achieved 

by determining the exergy destructions of all system components. 

In most existing design optimization studies for GSHP systems, the minimization of the 

economic cost or maximization of the thermal performance of the designed system is 

commonly used as the objective function. The economic cost is usually represented by the 

concept of net present value, total system cost, etc. Alavy et al. [14] proposed a new 

methodology for optimization of the capacity of GSHPs in hybrid systems in terms of the net 

present value. The results indicated that, in most cases, the GSHP systems need to meet more 

than 80% of the total design load of hybrid systems. Robert and Gosselin [15] developed a 

new design method to determine the optimal borehole number, borehole distance, borehole 

depth, and the optimal size of heat pumps, based on the total cost minimization method. 

Entropy has also been used to assist in the design optimization of GSHP systems. In the 

entropy-based optimization, entropy generation number (EGN) is often used as the 

performance indicator and serves as the objective function in the entropy generation 

minimization (EGM) method [16, 17]. A number of studies have used the EGM method in 

the design optimization of vertical U-tube ground heat exchangers (GHEs). Li and Lai [18], 

for instance, derived the analytical expressions to determine both the optimal borehole depth 

and flow velocity by using the EGM method. Huang et al. [19] proposed an EGM based 

single-objective design optimization method by using genetic algorithms to determine the 

optimal borehole number, borehole depth, borehole radius, U-tube outer radius and fluid 

mass flow rate. The above studies were mainly based on the single-objective design 

optimization. The single-objective design optimization may either increase the system 

upfront cost if the thermal performance is used as the objective function, or may decrease the 

system thermodynamic performance if the economic cost is employed as the objective 

function [20, 21].  
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In order to overcome the disadvantage of single-objective design optimization, multi-

objective design optimization has been proposed and used to facilitate the optimal design of 

various thermodynamic systems. Ndao et al. [21] utilized the thermal resistance and pump 

power consumption as two objective functions to determine the optimal thermal design and 

operating conditions of four different shapes of electronic cooling devices. It was concluded 

that the multi-objective design optimization can provide better performance. Sayyaadi et al. 

[22] proposed a multi-objective optimization strategy for a vertical U-tube GSHP system to 

minimize both the total levelized cost and the exergy destruction of the system. Seven 

temperature differences (e.g. between inlet brine and sub-cooled refrigerant in the condenser, 

between the outlet air and superheated refrigerant in the evaporator, etc.) and the pipe 

diameter of the GHE were chosen as the decision variables. The sensitivities of the interest 

rate, operating hours and the cost of electricity for the optimization were also studied. Gholap 

and Khan [23] applied a multi-objective optimization procedure by considering energy 

consumption and material cost as the two different objective functions to optimize the design 

of heat exchangers for refrigerators. The results demonstrated that this proposed method is 

technically feasible and effective in the design optimization of the refrigeration equipment 

with the vapor compression cycle.  

From the above studies, it can be found that multi-objective optimization exhibits better 

performance than that of single-objective optimization. This paper presents a multi-objective 

design optimization strategy for vertical U-tube ground heat exchangers, in which EGN and 

system upfront cost are used as two objective functions. The five parameters, including the 

borehole number, borehole depth, borehole radius, U-tube outer radius and fluid mass flow 

rate, determined by a global sensitivity analysis are used as the decision variables. Two case 

studies are presented to validate the effectiveness of the proposed multi-objective design 

optimization strategy.  
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2. Development and formulation of the design optimization strategy 

2.1 Outline of the multi-objective design optimization strategy 

Fig. 1 outlines the design optimization strategy for vertical U-tube GHEs proposed in this 

study, which mainly consists of three steps. The first step is to use a global sensitivity analysis 

method to reduce the size of the optimization problem by identifying the high sensitive design 

parameters. The high sensitive design parameters identified will be globally optimized in the 

second step through a multi-objective genetic algorithm optimizer, to search for a set of 

Pareto optimal solutions based on the two objective functions defined and the mathematic 

model of the vertical U-tube heat exchanger as well as the constraints defined for each key 

design variables. The third step is the decision-making process to determine the desired 

optimal solution among a set of Pareto optimal points.  

Genetic algorithms (GA) with random initialization can provide reasonable good 

solutions and have been widely applied in engineering and science fields [20, 24]. 

MATLAB’s multi-objective genetic algorithm solver, named as gamultiobj [25], is used in 

this study to solve the optimization problem and identify a set of Pareto optimal solutions. 

The gamultiobj genetic algorithm solver consists of the objective functions and the parameter 

space along with some genetic algorithm options, and the results of the function are a set of 

non-inferior solutions [25]. 

The formulation of the objective functions, identification of the key design variables and 

their constraints, the decision-making in the multi-objective design optimization, and 

mathematic modelling of vertical U-tube GHEs are described below. 

2.2 Formulation of the objective functions 

There are two different objective functions used to formulate the design optimization 

strategy. One is the EGN (i.e. entropy generation number) and the other is the system upfront 

cost. EGN is used to represent the thermodynamic irreversibility due to the friction fluid flow 
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and the heat transfer driven by the finite temperature difference in the vertical GHEs [16]. It 

is represented based on the entropy generation rate (Sgen) expressed in Equation (1) [16]. 

                                                   
Q

TS
N mfgen

s
,

                                                           (1) 

where, Ns is the dimensionless entropy generation number, Sgen is the entropy generation rate, 

Tf,m is the mean fluid temperature, and Q is the heat transfer rate. 

The system upfront cost (UC) is the sum of the capital costs of major components in the 

vertical GSHP system, as expressed in Equation (2). As the upfront costs of the water pumps 

and valves in the pipelines are relatively small when compared to the costs of the water-to-

water heat pumps and ground heat exchangers, their upfront costs are not considered in this 

study. The upfront costs of the U-tube ground heat exchangers (UCGHE) and water-to-water 

heat pumps (UCHP) are determined by Equation (3) and Equation (4), respectively.  

                                              HPGHE UCUCUC                                                             (2) 

                                              totbppGHE LCLCUC                                                         (3) 

                                            



n

i
iHPHP CUC

1
,                                                               (4) 

where, Cp is the cost of the U-tube per meter, Cb is the drilling and grouting costs of per 

borehole per meter, CHP is the cost of per water-to-water heat pump, Ltot is the total borehole 

length which is calculated by multiplying the borehole number and borehole depth, Lp is the 

total U-tube length within the boreholes, and n is the total number of the water-to-water heat 

pumps. 

2.3 Key design variables and constraints 

Usually, three groups of decision variables, including geometry variables, material 

variables and operational variables, are considered in the design of vertical U-tube GHEs. 

Based on the global sensitivity analysis using extensive Sobol’ method with  Monte Carlo 
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simulations and parametric studies performed in our previous studies [19, 26], the borehole 

radius (rb), fluid mass flow rate per U-tube (mf), borehole depth (Lb), borehole number (N) 

and U-tube pipe outer radius (ro) have been identified as the key decision variables of the 

vertical U-tube GHEs. It is worthwhile to mention that these five decision variables were 

determined based on the sensitivity indices in terms of the dimensionless entropy generation 

number (EGN) as the system upfront cost has a direct relationship with the borehole number 

(N) and borehole depth (Lb) only, as defined in Equation (3).  

These decision variables will be centrally optimized by the genetic algorithm 

optimization technique based on the constraints defined. The details on the global sensitivity 

analysis used can be found in Ref. [19]. 

Defining the constraints of the decision variables is crucial to avoid the infeasible 

solutions of the optimization problem [27]. In this study, the imposed optimization 

constraints of the key design variables were determined based on the recommended values 

from the practical engineering projects [28, 29] and are summarized in Table 1. The 

acceptable range of the maximal heat flux is chosen between 30 W/m and 130 W/m [15]. The 

entering water temperature to the water-to-water heat pumps is considered higher than the 

ground temperature by 11-17 K in the cooling mode and is lower than the ground temperature 

by 6-11 K in the heating mode [28]. The values of the other variables used in this study are 

summarized in Table 2, which are the recommended values from the practical engineering 

projects as well [28, 29]. 

2.4 Decision-making in the multi-objective design optimization 

Multi-objective optimization problems usually exhibit a probably uncountable set of 

solutions to assess the status of vectors showing the best possible trade-offs in the objective 

function space [20-22]. The Pareto frontier is one of the key concepts and can be used to 
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establish a hierarchy among the solutions of a multi-objective optimization problem, in order 

to determine whether a solution is one of the best possible trades-offs [20-22]. 

In multi-objective design optimization, the decision-making is essential for the selection 

of the final solution among a set of optimum points on the Pareto frontier. The decision-

making process is generally performed based on the engineering experience and the 

importance of each objective for decision-makers [20, 22]. In this study, a hypothetical point, 

named as ideal point, is used to assist in determining the final optimal solution in the 

decision-making process [30]. In the Pareto frontier, both objectives have their optimum 

values and are independent with each other in the ideal point. The ideal point cannot be 

located on the Pareto frontier as it is impossible to have both objectives at their optimum 

values simultaneously. Therefore, the closest point of the Pareto frontier to the ideal point can 

be considered as a desired final solution [31]. The dimension of various objectives in a multi-

objective optimization problem might be different. For instance, in this study, the EGN is a 

dimensionless objective while the system upfront cost is a dimensional objective. It is 

therefore necessary to non-dimensionalize the objective vectors before the decision-making 

process [30, 32].  

In this study, the solutions on the Pareto frontier are normalized using a fuzzy non-

dimensionalization method, in which the non-dimensional objective function (Fij
n), is defined 

by Equation (5) for minimizing objectives or Equation (6) for maximizing objectives [32]. 

                                          
)min()max(

)max(
min

ijij

ijijn
ij FF

FF
F




                                                    (5) 

                                          
)min()max(

)min(
max

ijij

ijijn
ij FF

FF
F




                                                      (6) 

where ij is an index for each individual solution on the Pareto frontier, min and max represent 

the minimum and maximum values of each objective among the corresponding values for all 
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solutions on the Pareto frontier. The normalized values for each objective vary between 0 and 

1. 

2.5 Mathematical modelling of vertical U-tube ground heat exchangers 

The heat transfer, pressure drop and entropy generation calculations of vertical U-tube 

GHEs are briefly described below. More details can be found in Ref. [19]. 

The infinite line source model (LSM) developed based on Kelvin’s line source theory [6], 

is used to analyze the heat transfer of GHEs. In the vicinity of the borehole, for sufficiently 

long time scales and constant heat flux, the line source model gives the expression below to 

determine the borehole wall temperature (Tb). This model can provide acceptable prediction 

when the simulation time (τ) is larger than 20rb
2/ɑs [6, 33]. 
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                               (7) 

where, Ts,0 is the undisturbed soil temperature, rb is the borehole radius, q is the heat flux 

determined by Equation (8), ks is the soil thermal conductivity, αs is the thermal diffusivity,  τ 

is the simulation time, E1(x) is the exponential integral function, ρs is the soil density, and cs 

is the specific heat of the soil. 

                                                 
bNL

Q
q                                                                            (8) 

where, N is the borehole number, and Lb is the borehole depth. 
 

The borehole thermal resistance (Rb) driven by the line-source approximation is 

determined by Equation (9), in which the pipe thermal resistance (Rp) is calculated by 

Equation (10) [18, 34]. The pressure drop ( P) along a single U-tube pipe is determined by 

Equation (11) [18]. 
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where, ri and ro are the inner radius and outer radius of the U-tube respectively, D is the half 

shank space, hf is the convective heat transfer coefficient, kb is the thermal conductivity of the 

grout material, kp is the thermal conductivity of the U-tube, f is the friction factor, mf is the 

mass flow rate per U-tube pipe, and ρ is the fluid density. 

Entropy generation is a term used to evaluate the thermodynamic irreversibility losses of 

a heat exchanger. The total entropy generation rate (Sgen) in vertical U-tube GHEs can be 

considered as the sum of the entropy generation rate caused by the finite temperature 

difference (Sgen,∆T) and the entropy generation rate caused by the fluid friction (Sgen,∆P) [16].  

                          
mff
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mf
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                                     (12)                       

where, χ is a dimensionless temperature difference defined as mfTT , , which can be 

negligible on the thermodynamic temperature scale [16], Tf,m is the mean temperature of the 

fluid defined as )ln()( 2,1,2,1,, ffffmf TTTTT  and can be regarded as a convenient 

representative mean fluid bulk temperature in the pipe, and ∆T is the temperature difference 

between the mean temperature of the fluid (Tf,m) and the borehole wall temperature (Tb) [16], 

and mf,tot is the total mass flow rate of the system.  

3. Performance tests and evaluation 

3.1 Description of two case studies 

In this study, two case studies are used to validate the effectiveness of the proposed multi-

objective design optimization strategy for vertical U-tube GHEs. Case I is based on a small 

scale GSHP implemented in the Sustainable Buildings Research Centre (SBRC) at University 
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of Wollongong, Australia. Wollongong is in the Australian Climate Zone 5 with a mild, 

oceanic climate. Fig 2a) illustrates the render of the building. In this GSHP system, two 

water-to-water heat pumps connected with three vertical U-tube ground heat exchangers and 

a total of twelve horizontal linear heat exchangers are used to supply around 20% of the total 

heating and cooling demand of the building while the rest heating and cooling demand of the 

building is supplied by an air-source heat pump. For simplification of the optimization 

process, the three vertical U-tube ground heat exchangers connected with one water-to-water-

heat pump are considered in this study.  

Case II is based on a relatively large scale GSHP system designed for a three story dining 

hall, as illustrated in Fig. 2b), at Xi’an Jiaotong University, China.  Xi’an is in the sub-humid 

warm temperate continental monsoon climate with hot and humid summer, cold and dry 

winter. The total floor area of the building is 15,528 m2, and the total design cooling load and 

heating load of the building are 1871 kW and 1451 kW, respectively. The GSHP system in 

this building consists of 270 vertical U-tube GHEs with a 100 m borehole depth each, a 90 

mm borehole radius and a 4 m borehole distance. The total required installation area is 4320 

m2. In order to simplify the simulation process, a water-to-water heat pump with a cooling 

capacity of 937 kW is assumed to connect with the 270 vertical boreholes to supply the 

heating and cooling for the cooking area and student dining area, which accounts for 

approximately 50% of the total building heating and cooling demand. The rest heating and 

cooling demand of the building is supplied by the conventional air-conditioning systems.  

The specifications and design conditions of the above two GSHP systems are summarized 

in Table 2. The indicative installation costs for vertical U-tube GHEs in Australia and in 

China are presented in Table 3.  
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3.2 Setup of the tests 

A simulation platform, illustrated in Fig. 3, which was developed based on TRNSYS [35], 

is used to facilitate the system performance evaluation and economic analysis. In this 

simulation platform, the major component models used were the mathematical models 

provided in the standard TRNSYS library. The key component models used are the water-to-

water heat pump model (Type 927), vertical U-tube GHE model (Type 557), and water pump 

model (Type 110). 

Fig. 4a) illustrates the total heating and cooling loads of the SBRC building (Case I) 

studied, which were simulated by using DesignBuilder [36], based on the RMY weather data 

for Sydney (Australia) as shown in Fig. 4b). The positive value in the figure indicates the 

cooling load while the negative value represents the heating load. In the simulation, the load 

allocation for the three vertical U-tube ground heat exchangers with one water-to-water heat 

pump concerned was based on the heating/cooling capacity of the water-to-water heat pump 

and the operation priority given to the GSHP with the three vertical U-tube ground heat 

exchangers. Fig. 5a) shows the total heating and cooling loads of the three story dining hall 

(Case II) with the floor areas supplied by the GSHP system, based on the Chinese Standard 

Weather Data (CSWD) for Xi’an, China, as shown in Fig. 5b), which was also simulated 

using DesignBuilder [36]. 

3.3 Test results from Case I 

3.3.1 Determination of the final optimal solution in the multi-objective design optimization 

Fig. 6 presents the Pareto optimum frontier obtained by using the proposed multi-

objective design optimization strategy, which was generated based on the design conditions 

described in Table 2 and the cost data presented in Table 3. It can be found that the system 

upfront cost decreased with the increase of the EGN, which indicates that the optimal 

solutions are the trade-off between the two competing objective functions. Theoretically, 
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each point on the Pareto frontier could be the optimal solution for a specific project 

dependent on the preference of the decision makers and the project limits. 

Fig. 7 shows the approach employed to determining the final optimal solution, and the 

normalized Pareto frontier based on the method introduced in Section 2.4. The closest point 

in the normalized Pareto frontier to the ideal unreachable point (e.g. hypothetical point) was 

selected as the desired final optimal solution. This solution is considered as a trade-off 

between the system upfront cost and EGN. It is worthy to note that the final solution 

determined by this approach might not be the globally optimized solution but it can be 

considered as one of the best candidate solutions. 

3.3.2 Comparison among the results using different design strategies 

In this section, a comparison among the results by using the proposed multi-objective 

design optimization strategy and an entropy generation minimization (EGM)-based single-

objective design optimization strategy as well as the original design is provided. The EGM-

based single-objective design optimization strategy employed the EGN as the objective 

function, and used the same mathematic models and optimization constraints as that used in 

the proposed multi-objective design optimization strategy. The details on the EGM single-

objective design optimization strategy used can be found in Ref. [19]. 

Table 4 summaries the results obtained by using the three different design strategies. It 

can be observed that the EGNs by using the original design, EGM-based single-objective 

design optimization and multi-objective design optimization were 0.2180, 0.1913 and 0.1929, 

respectively. The higher EGN represents the larger thermal irreversibility and the lower 

thermal performance of the vertical U-tube GHEs. Compared to the original design, a 12.2% 

reduction in the EGN was achieved by using the EGM-based single-objective design 

optimization, and an 11.5% reduction was achieved by using the proposed multi-objective 

design optimization. Compared with the EGM-based single-objective design optimization, 
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the use of the multi-objective design optimization resulted in a larger EGN. The larger EGN 

may deteriorate the thermal performance of the vertical U-tube GHEs, but it will help reduce 

the system upfront cost, which will be demonstrated in Section 3.3.3. 

3.3.3 Economic analysis 

An economic analysis was also performed to validate the effectiveness of the proposed 

multi-objective design optimization strategy for the vertical U-tube GHEs. In this study, the 

total system cost, including the upfront cost and 20 years’ operating cost of the concerned 

GSHP system, is used as the performance indicator. The analysis was performed based on the 

simulation platform presented in Fig. 3 and the cost data presented in Table 3. 

The annual maximum entering water temperature to the water-to-water heat pump and the 

variation of the annual energy consumption of the GSHP system with the vertical U-tube 

GHEs in 20 years of operation are shown in Fig. 8 and Fig. 9, respectively. As mentioned 

earlier, the energy consumption of the water pump in the system was not included although 

including energy consumption of the water pump will affect the overall optimization results, 

but the impact on the total system cost will be around 1.0% for this case. It is worthwhile to 

mention that inappropriate design of the ground loop system and improper selection of 

circulating water pumps may severely impair the overall efficiency of GSHP systems. It is 

shown that the annual maximum entering water temperature to the water-to-water heat pump 

and the annual energy consumption of the concerned system by using the proposed multi-

objective design optimization strategy were higher than that using the EGM-based single-

objective design optimization and the original design. This is mainly due to the reduction of 

the total borehole length when the proposed strategy was used. The less total borehole length 

resulted in an increase in the heat flux per meter per borehole, which increased the mean 

circulating fluid temperature in the vertical U-tube GHEs. The increase of the entering water 

temperature will lead to an increase of the energy consumption of the water-to-water heat 
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pump for this cooling-dominated building. Compared to the original design and the EGM-

based single-objective design optimization, the use of the proposed strategy can result in a 

reduction of the total borehole length by 19.4% and 12.7%, respectively. The use of the 

EGM-based single-objective design optimization also led to a higher annual energy 

consumption and a larger annual maximum entering water temperature to the water-to-water 

heat pump, as compared to the original design. From Fig. 9, it can also be found that the 

annual energy consumption of the GSHP system increased with the increase of the operating 

years due to the performance degradation of the vertical U-tube GHEs resulted by the 

unbalanced heat rejection and extraction. 

Table 5 summarizes the results from the economic analysis by using the three different 

designs. It is clearly shown that the total system costs (i.e. the upfront cost and 20 years’ 

operating cost) by using the proposed multi-objective design optimization and EGM-based 

single-objective design optimization were 9.5% and 3.5% lower than that by using the 

original design, respectively. However, the system operating costs by using the multi-

objective design optimization and EGM-based single-objective design optimization were 

$15,181 and $15,058 respectively, where were 2.7% and 1.9% higher than that of using the 

original design, while the system upfront costs by using the two design optimization 

strategies were $25,360 and $28,176, respectively, where were 15.5% and 6.2% lower than 

that using the original design. 

The above results demonstrated that the optimal solution determined based on the trade-

off between the system upfront cost and EGN by using the proposed design strategy is more 

cost effective and economic viable.  
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3.4 Test results from Case II  

3.4.1 Determination of the final optimal solution in the multi-objective design optimization 

Fig. 10 shows the desired optimal point and normalized Pareto frontier of the two 

objective functions, which was determined based on the cost data in China presented in Table 

3. The normalization of the original Pareto frontier was carried out using the same method as 

that used in Case I.  

      The optimal values of the decision variables obtained by using the proposed multi-

objective design optimization strategy are compared with that of the original design and are 

summarized in Table 6. The optimized borehole number and the total area required for 

installation of the vertical U-tube GHEs by using the proposed strategy were 164 and 2624 

m2, respectively. Compare to the original design which required a land area of 4320 m2, a 

39.3% reduction in the installation area was achieved by using the proposed design 

optimization strategy when the same borehole distance of 4 m was used. The shortage of 

available land source is always a common problem in metropolises. The minimization of the 

usage of the land area for installation of vertical U-tube GHEs is therefore important. The 

results also show that the EGNs of using the original design and multi-objective design 

optimization were 0.2125 and 0.1885, respectively. Compared to the original design, around 

11.3% decrease in the EGN was achieved by using the multi-objective design optimization 

strategy.   

3.4.2 Economic analysis 

An economic analysis was also performed for validating the effectiveness of the multi-

objective design optimization strategy for this case. Fig. 11 and Fig. 12 illustrate the annual 

maximum entering water temperature to the water-to-water heat pumps and annual energy 

consumption of the GSHP system under the two different designs, respectively. Similar 

conclusions as that from Case I can be drawn that the annual maximum entering water 
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temperature to the water-to-water heat pumps using the multi-objective design optimization 

strategy was larger than that using the original design. 

Table 7 summarizes the results from the economic analysis by using the original design 

and the multi-objective design optimization. It is clearly shown that the total system cost (i.e. 

the upfront cost and 20 years’ operating cost) by using the multi-objective design 

optimization strategy was ¥ 9,371,595, which was 5.2% lower than that of using the original 

design. The 20 years’ operating cost of the system by using the multi-objective design 

optimization strategy was ¥ 5,807,755, which was 3.1% higher than that of using the original 

design, while the system upfront cost using the multi-objective design optimization was 

¥ 3,563,840, where was 16.3% lower than that of the original design. 

4. Conclusion 

     This paper presented a multi-objective design optimization strategy for vertical U-tube 

ground heat exchangers used in GSHP systems. A multi-objective genetic algorithm 

implemented in MATLAB was used to search for a set of Pareto optimal solutions, which 

were presented in the Pareto frontier. A decision-making strategy based on an ideal point was 

used to determine a final optimal solution.  

The performance of the proposed multi-objective design optimization strategy was 

validated based on a small scale GSHP system in Australia (Case I) and a relatively large 

scale GSHP system in China (Case II), respectively. The results from Case I showed that the 

use of the proposed strategy can achieve around 9.5% total system cost savings (i.e. the 

upfront cost and 20 years’ operating cost) of the GSHP system concerned, as compared to the 

use of the original design. Compared to the single-objective design optimization with the 

entropy generation number (EGN) as the objective function, 6.2% more energy can be saved 

by using the multi-objective design optimization, based on the same mathematic models and 

optimization constraints. The results from Case II showed that the use of the multi-objective 



        19 
 

design optimization can result in a 5.2% reduction in the total system cost, when compared 

with that of using the original design. The results from both case studies also demonstrated 

that the proposed multi-objective design optimization strategy taking into consideration of 

both thermodynamic and economical aspects is technically feasible and effective in 

facilitating the design of vertical U-tube ground heat exchangers. 
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Tables     

Table 1 Ranges of the design variables of vertical U-tube heat exchangers [28, 29] 

Design parameters Values or ranges

Geometry 
parameters 

Number of boreholes N [1, 
min,min b

tot

Lq

Q
] 

Borehole depth Lb (m) [50, 200] 
Borehole distance B (m) [3, 10] 
Borehole radius rb (m) [0.0325, 0.1] 
Pipe outer radius ro (m) [0.012, 0.022] 
Half shank space D (m) [0, rb-2ro] 

Material 
parameters 

Pipe material conductivity kp (W/m·K) [0.2, 0.6] 

Grout material conductivity kb (W/m·K) [0.5, 2.5] 

Soil material conductivity ks (W/m·K) [0.5, 2.5] 

Operating 
conditions 

Circulating fluid mass flow rate per pipe mf (kg/s) [0.1, 1] 

Undisturbed soil temperature Ts,0 (°C) [10, 20] 

 

Table 2 Design specifications and design conditions of the two GSHP systems concerned 

Parameters Case I    Case II 

Pipe material conductivity kp (W/m·K) 0.5 0.5 

Borehole distance B (m) 8 4 

Half shank space D (m) rb-2ro rb-2ro 

Soil material conductivity ks (W/m·K) 2.0 2.0 

Grout material thermal conductivity kb (W/m·K) 2.42 2.42 

Undisturbed soil temperature Ts,0 (°C) 20 18 

Design 
condition 

Design cooling load (kW) 15 927 

Indoor design temperature (°C) 24 25 

Outdoor design temperature (°C) 31 33 

Mean undisturbed soil temperature (°C) 20 18 
Water-to-
water heat 

pump 

Rated cooling capacity/power (kW/kW)  16.4/4.1 937/209 

Rated heating capacity/power (kW/kW)  20.5/5.5 1024/231
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Table 3 Installation costs for vertical U-tube heat exchangers 

Component Cost (Australia) Cost (China) 
U-shaped polyethylene pipe 2.5*     ($/m) 10 (¥/m) 
Drilling cost 75      ($/m) 

110 (¥/m) 
Grouting cost  8       ($/m) 
Water-to-water heat pump 6000  ($/unit) 749,600 (¥/unit) 
Electricity price   0.25  ($/kWh) 0.79 (¥/kWh) 
* Mean cost determined based on the installation costs for 40 mm and 32 mm outer diameters of the U-
shaped polyethylene pipes 

 
 

Table 4 Comparison among three different designs - Case I 

Design optimization strategy rb 
(m) 

mf 
(kg/s) 

Lb 
(m) 

N 
 (-) 

ro 
(m) 

EGN 
(-) 

EGN 
reduction 

(%) 
Original  0.075 0.4 91 3 0.020 0.2180 - 
EGM-based  single-objective  0.06 0.595 126 2 0.016 0.1913 12.2 
Multi-objective  0.085 0.75 110 2 0.020 0.1929 11.5 
 

 

Table 5 Economic analysis of the system by using three different designs - Case I 

 
Original 
design 

Single-objective 
design 

Multi-objective 
design 

Number of boreholes 3 2 2 

Borehole depth (m) 91 126 110 
Energy consumption in 20 years’ 
operation (kWh) 

59,127.7 60,232.7 60,723.8 

20 years’ operating cost ($) 14,781.9 15,058.2 15,180.9 

Total upfront cost ($) 30,024.0 28,176.0 25,360.0 

Total system cost (i.e. upfront cost 
and 20 years’ operating cost) ($) 

44,805.9 43,234.2 40,540.9 

Total cost savings (%) - 3.5 9.5 
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Table 6 Comparison between the two different designs - Case II 

Design 
optimization 
strategy 

rb 
(m) 

mf 
(kg/s) 

Lb 
(m) 

N 
 

ro 
(m) 

Installation 
area  
(m2) 

EGN 
EGN 

reduction 
(%) 

Original  0.09 0.37 100 270 0.017 4320 0.2125 - 
Multi-objective 0.095 0.55 132 164 0.022 2624* 0.1885 11.3 
* The installation area was estimated based on the assumption of the squared configuration of the boreholes. 
 
Table 7 Economic cost analysis of the system by using two different design strategies - Case 

II 

  Original design Multi-objective design
Number of boreholes 270 164 
Borehole depth (m) 100 132 
Energy consumption in 20 years’ operation 
(kWh) 

7,128,020 7,351,588 

20 years’ operating cost (¥) 5,631,136 5,807,755 
Total system upfront cost (¥) 4,259,600 3,563,840 
Total system cost (i.e. upfront cost and 20 
years’ operating cost) (¥) 

9,890,736 9,371,595 

Total cost savings (%) - 5.2 
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Figure Captions 

Fig. 1 Outline of the design optimization strategy 

Fig. 2 Renders of the buildings concerned in this study 

Fig. 3 Simulation platform developed by TRNSYS   

Fig.4 Building heating and cooling load profiles and weather conditions - Case I 

Fig.5 Load profiles of the areas conditioned by GSHP and weather conditions - Case II 

Fig. 6 Illustration of the Pareto optimal frontier identified - Case I 

Fig. 7 Normalized Pareto frontier and determination of the final solution - Case I 

Fig. 8 Annual maximum entering water temperature to the water-to-water heat pump - Case I 

Fig. 9 Annual energy consumption of the GSHP concerned - Case I 

Fig. 10 Normalized Pareto frontier and determination of the final solution - Case II 

Fig. 11 Annual maximum entering water temperature to the water-to-water heat pumps - 

Case II 

Fig. 12 Annual energy consumption of the GSHP concerned - Case II 
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Fig. 1 Outline of the design optimization strategy. 
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a) Building concerned in Case I. 

 

b) Building concerned in Case II. 

Fig. 2 Renders of the buildings concerned in this study.   

 

Fig. 3 Simulation platform developed by TRNSYS. 
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a) Building load profile    

 

 

 

 

 

 

                                                               b) Sydney weather condition         

Fig.4 Building heating and cooling load profiles and weather conditions - Case I  
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a) Load profile of the areas conditioned by the GSHP 

    

 
b) Xi’an weather condition 

Fig. 5 Load profiles of the areas conditioned by GSHP and weather conditions - Case II 

 

 

Fig. 6 Illustration of the Pareto optimal frontier identified - Case I. 
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Fig. 7 Normalized Pareto frontier and determination of the final solution - Case I. 

 

 

Fig. 8 Annual maximum entering water temperature to the water-to-water heat pump - Case I. 
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Fig. 9 Annual energy consumption of the GSHP concerned - Case I. 

  

Fig. 10 Normalized Pareto frontier and determination of the final solution - Case II. 
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Fig. 11 Annual maximum entering water temperature to the water-to-water heat pumps - 

Case II. 

 

 

Fig. 12 Annual energy consumption of the GSHP concerned - Case II. 
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