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Abstract 

The ground and grout thermal parameters are very important for the Ground-Coupled Heat Pump system (GCHPs) design and 
simulation. An accurate ground and grout thermal parameter will result in a reasonable GCHPs design and operation control 
strategy. In this paper, a new transient ground and grout parameter estimation method was proposed. In addition to the ground 
thermal parameters, the transient borehole thermal resistance and the grout thermal parameters were firstly estimated by analytical 
models with the proposed method. Compared to the measured values by the thermal probes, the parameters estimated by the 
proposed method was reasonable and much more accurate than the conventional method. Accompany with the transient borehole 
thermal resistance estimated by the proposed method, the fluid temperature predicted by the ILS model was acceptable for both 
the early regime and late regime, and the maximum relative error for the fluid prediction result was up to 2.82%. 
© 2017 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the scientific committee of the 10th International Symposium on Heating, Ventilation and Air 
Conditioning. 
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1. Introduction 

The Ground Coupled heat pump system (GCHPs) has been considered as one of the most energy efficiency system 
for space heating and cooling. With a well-designed system, the GCHPs can save energy and reduce pollution, 
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especially for the space heating season in the North of China. However, one-third of the GCHPs in China is poorly 
operated, which is started by the poor ground thermal properties estimation [1]. 

The ground thermal properties estimation method was studied in the Laboratory at the very beginning, and the in-
situ Thermal response Test (TRT) was proposed by [2] due to the poor estimation accuracy for the Laboratory results. 
With a circulating fluid pump, the heat-carrying circulating fluid was pumped into the Ground Heat Exchangers (GHEs) 
and cooled by the surrounding ground along the GHEs. The thermal response of the fluid was recorded and the ground 
and grout thermal properties can be restored with the help of the Heat transfer model for GHEs. The Infinite Line 
Source (ILS) model was the most common models used in the ground thermal parameters estimation method, and it 
has been employed as an international design standard by [3]. The ILS model is very simple and the simulation results 
can be acceptable after 5-10 hours. However, only the borehole thermal resistance, the ground thermal conductivity 
and the ground thermal diffusivity can be restored for the TRT when the ILS model is employed [4, 5]. Therefore, a 
more precisely heat transfer model was urgent demanded to match a more precisely control requirement and much 
more information for the GHEs should be estimated during the in-situ TRT test. 

Numbers of numerical models was developed to restore the thermal parameters for both the ground, such as one-
dimensional model by [6], two-dimensional model by [7], three-dimensional model by [8] and so on. With a numerical 
three-dimensional model, [9] indicated that the grout thermal parameters can be estimated by the early transient regime 
while the ground thermal parameters can be restored by the late transient regime. Both of the grout and ground thermal 
parameters can be restored by this two-step parameter estimation method. Although much more information for GHEs 
which were necessary for the GHEs design can be estimated by the numerical model, the computation process was too 
complex and lack of flexibility. Therefore, much more analytical transient heat transfer model around GHEs should 
be employed in the TRT test [10]. With the equivalent diameter for the U-shaped pipe, the composite medium model 
was developed by [11, 12]. The composite medium model was used to minimize the test duration and remove the 
interrupt or variable heat flux effect on the TRT. However, the main thermal parameters estimation method was still 
based on the ILS model. Li et al. [13-17] developed a short-term response model to predict the outlet temperature of 
the GHEs, and it was titled as full-scale model. The simulation results were reasonable and the computation complex 
was acceptable. However, the borehole thermal resistance was absence in this model and cannot be applied to the 
borehole thermal resistance estimation. With the steady borehole thermal resistance calculated by [18], the full-scale 
model has been improved by [19]. The borehole thermal resistance was set as one term for the temperature simulation 
Polynomial, and the temperature simulation Polynomial was titled as transient quasi-3D entire time scale line source 
(TELS) model. 

Following the two-step parameter estimation method (Bozzoli et al 2011), a new analytical transient parameter 
estimation method based on TELS model was developed in this paper. For the late transient regime, the ILS model 
was employed for the borehole thermal resistance, ground thermal conductivity and ground thermal diffusivity 
estimation. The TELS model was employed at the early transient regime for the borehole thermal resistance, ratio of 
grout and ground thermal conductivity and ratio of grout and ground thermal diffusivity estimation. The root mean 
square error (RMSE) for the two steps were calculated and contributed their own 50% for the final comprehensive 
RSME. The ground and grout thermal parameters can only be restored when the final comprehensive RSME reached 
to the optimal results. Finally, a well prepared Sandbox TRT was employed to validate the accuracy of the new 
proposed method. 

2. Methods

2.1. Overview of the method 

The ground thermal parameters estimation method essentially is a parameter optimization problem. The final 
ground thermal parameter will be obtained when the RSME between the Experiment result and the calculated results 
reach to a minimum value [20]. The transient ground and grout thermal parameters estimation method proposed in this 
paper is a combination of for the grout thermal parameters estimation in the early transient regime and the ground 
thermal parameters estimation in the late transient regime. The RSMEs between the calculation results and the 
experimental results for the early and late transient regime are calculated and make themselves be a part of the final 
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especially for the space heating season in the North of China. However, one-third of the GCHPs in China is poorly 
operated, which is started by the poor ground thermal properties estimation [1]. 

The ground thermal properties estimation method was studied in the Laboratory at the very beginning, and the in-
situ Thermal response Test (TRT) was proposed by [2] due to the poor estimation accuracy for the Laboratory results. 
With a circulating fluid pump, the heat-carrying circulating fluid was pumped into the Ground Heat Exchangers (GHEs) 
and cooled by the surrounding ground along the GHEs. The thermal response of the fluid was recorded and the ground 
and grout thermal properties can be restored with the help of the Heat transfer model for GHEs. The Infinite Line 
Source (ILS) model was the most common models used in the ground thermal parameters estimation method, and it 
has been employed as an international design standard by [3]. The ILS model is very simple and the simulation results 
can be acceptable after 5-10 hours. However, only the borehole thermal resistance, the ground thermal conductivity 
and the ground thermal diffusivity can be restored for the TRT when the ILS model is employed [4, 5]. Therefore, a 
more precisely heat transfer model was urgent demanded to match a more precisely control requirement and much 
more information for the GHEs should be estimated during the in-situ TRT test. 

Numbers of numerical models was developed to restore the thermal parameters for both the ground, such as one-
dimensional model by [6], two-dimensional model by [7], three-dimensional model by [8] and so on. With a numerical 
three-dimensional model, [9] indicated that the grout thermal parameters can be estimated by the early transient regime 
while the ground thermal parameters can be restored by the late transient regime. Both of the grout and ground thermal 
parameters can be restored by this two-step parameter estimation method. Although much more information for GHEs 
which were necessary for the GHEs design can be estimated by the numerical model, the computation process was too 
complex and lack of flexibility. Therefore, much more analytical transient heat transfer model around GHEs should 
be employed in the TRT test [10]. With the equivalent diameter for the U-shaped pipe, the composite medium model 
was developed by [11, 12]. The composite medium model was used to minimize the test duration and remove the 
interrupt or variable heat flux effect on the TRT. However, the main thermal parameters estimation method was still 
based on the ILS model. Li et al. [13-17] developed a short-term response model to predict the outlet temperature of 
the GHEs, and it was titled as full-scale model. The simulation results were reasonable and the computation complex 
was acceptable. However, the borehole thermal resistance was absence in this model and cannot be applied to the 
borehole thermal resistance estimation. With the steady borehole thermal resistance calculated by [18], the full-scale 
model has been improved by [19]. The borehole thermal resistance was set as one term for the temperature simulation 
Polynomial, and the temperature simulation Polynomial was titled as transient quasi-3D entire time scale line source 
(TELS) model. 

Following the two-step parameter estimation method (Bozzoli et al 2011), a new analytical transient parameter 
estimation method based on TELS model was developed in this paper. For the late transient regime, the ILS model 
was employed for the borehole thermal resistance, ground thermal conductivity and ground thermal diffusivity 
estimation. The TELS model was employed at the early transient regime for the borehole thermal resistance, ratio of 
grout and ground thermal conductivity and ratio of grout and ground thermal diffusivity estimation. The root mean 
square error (RMSE) for the two steps were calculated and contributed their own 50% for the final comprehensive 
RSME. The ground and grout thermal parameters can only be restored when the final comprehensive RSME reached 
to the optimal results. Finally, a well prepared Sandbox TRT was employed to validate the accuracy of the new 
proposed method. 

2. Methods

2.1. Overview of the method 

The ground thermal parameters estimation method essentially is a parameter optimization problem. The final 
ground thermal parameter will be obtained when the RSME between the Experiment result and the calculated results 
reach to a minimum value [20]. The transient ground and grout thermal parameters estimation method proposed in this 
paper is a combination of for the grout thermal parameters estimation in the early transient regime and the ground 
thermal parameters estimation in the late transient regime. The RSMEs between the calculation results and the 
experimental results for the early and late transient regime are calculated and make themselves be a part of the final 
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optimal function. The models for the early regime in this paper is ILS model while the models for the late regime is 
the FELS model. 

2.2. Infinite Line source model 

Among various models developed for the TRT test, the infinite line source model [21] was proved to be the most 
useful one due to its easy and reasonable from. Accompany with the undistributed ground temperature, the ground 
temperature around the GHEs can be written as a function of the borehole radius and the sampling time, which is 
shown in Eq. (1) 
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Essentially, the pipe wall temperature should be an integral mean temperature for the whole circle of the pipe wall. 
It has been simplified as the mean temperature of Point A (0, D-ro) and Point B (0, D+ro). It is acceptable when the 
composite medium model applied to the Sandbox experiment [22]. 

However, this model can be applied to TRT test due the borehole thermal resistance is absence in this equation, and 
it is included in the equation with an assumed borehole geometry, which is not verified by the in-situ test. Thus, to 
minimize the effect on the assumed borehole geometry, [23] proposed a TELS model on the basis of the composite 
medium model. With the same assumed borehole geometry, the steady borehole thermal resistance calculated by [18] 
tended to the calculated transient borehole thermal resistance in the late time, and the transient borehole thermal 
resistance is written as  
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The mean fluid temperature for the TELS model was shown as  
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The ratio of the grout and ground thermal conductivity, the ratio of the grout and ground thermal diffusivity and 

the borehole thermal resistance can be obtained by minimizing the difference between the calculated mean fluid 
temperature and measured mean fluid temperature. 

2.4. Estimation Algorithm 

The transient ground and trout thermal parameters estimation method is a combination of the early transient regime 
and the late transient regime. As five ground and grout thermal properties are estimated by this method, the Genetic 
Algorithm is employed for the parameter optimal problem, and it is shown in Figure. 1. With the basic information 
for the GHEs, the inlet and outlet fluid temperature and the constant heat flux, a set of initialized ground and grout 
thermal parameters are proposed and the generation for this step is recorded as gen=0.  With the initialized ground 
and grout thermal parameters, the fluid temperature for the early regime and the late regime is calculated with Eq. (4) 
and Eq. (8), respectively. The RSME between the calculation results and measured results also been calculated with 
Eq. (9) and Eq. (10). In this paper, the weight for the early regime and the late regime are equal and the final objective 
function for this parameter estimation is shown in Eq. (11).  
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Essentially, the pipe wall temperature should be an integral mean temperature for the whole circle of the pipe wall. 
It has been simplified as the mean temperature of Point A (0, D-ro) and Point B (0, D+ro). It is acceptable when the 
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The mean fluid temperature for the TELS model was shown as  

0 ,f b transientT T qR− =
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where ( ) / ( )b s b sk k k kσ = − +     
The ratio of the grout and ground thermal conductivity, the ratio of the grout and ground thermal diffusivity and 

the borehole thermal resistance can be obtained by minimizing the difference between the calculated mean fluid 
temperature and measured mean fluid temperature. 

2.4. Estimation Algorithm 

The transient ground and trout thermal parameters estimation method is a combination of the early transient regime 
and the late transient regime. As five ground and grout thermal properties are estimated by this method, the Genetic 
Algorithm is employed for the parameter optimal problem, and it is shown in Figure. 1. With the basic information 
for the GHEs, the inlet and outlet fluid temperature and the constant heat flux, a set of initialized ground and grout 
thermal parameters are proposed and the generation for this step is recorded as gen=0.  With the initialized ground 
and grout thermal parameters, the fluid temperature for the early regime and the late regime is calculated with Eq. (4) 
and Eq. (8), respectively. The RSME between the calculation results and measured results also been calculated with 
Eq. (9) and Eq. (10). In this paper, the weight for the early regime and the late regime are equal and the final objective 
function for this parameter estimation is shown in Eq. (11).  
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When the minimal RMSE is obtained after multiple mutations, heredity and recombination, the final ground and grout 
thermal parameters will be estimated. 

 

Fig 1 Calculation Algorithm for the transient ground and grout thermal parameter estimation method

3. Sandbox experiment description 

The Sandbox Experiment operated by [24] is employed as the reference TRT test in this paper. With an 18.3m U-
pipe in the Sandbox, the fluid was cooled by surround sand, and the thermal response of the fluid was recorded in the 
data logger. The detailed parameters for the Sandbox Experiment is listed in Beier’s study [24]. 

4. Results and discussions 

4.1. Estimation results 

Using the TRT test data sets from the Sandbox Experiment, the ground and grout thermal parameters were 
estimated by the transient ground and grout thermal parameters estimation method, and the results were shown in 
Table 1. According to Beier’s study [24], the borehole thermal resistance and the ground and grout thermal 
conductivity were measured by the non-steady-state thermal probe with an estimated uncertainty of 5%. Although the 
ground and grout thermal diffusivity is not given in the paper [24], the values have been recommended by the author 
with private communication. In this paper, the results recommended by [24] is set as the benchmark.  

Table 1 Estimation results for the Sandbox Experiment 
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Parameters Benchmark 
Proposed  method ILS model Composite model 

values RE values RE values RE 

Rb (m/K·W) 0.173 0.165 4.85% 0.164 5.20% 0.165 4.85% 

ks (W/m·K) 2.82 2.88 2.08% 2.91 3.19% 2.94 4.26% 

as (10-7m2/s) 8.81 8.56 2.92% - - - - 

kb (W/m·K) 0.73 0.84 13.10% - - - - 

ab (10-7m2/s) 1.92 2.18 11.93% - - - - 

Note: the optimal results is bold in the table. 
Compared to benchmark results, the proposed method give the reasonable estimation results which are shown in 

Table 1. Apart from the grout thermal parameters which could be influenced by the moisture content, the relative 
errors for the estimated ground thermal properties are under 5%. Comparing to the conventional models which were 
used for traditional TRT tests, such as the ILS model and the analytical composite model, the proposed method is 
much more accurate.  Besides that, the proposed method can give a reasonable grout thermal parameters estimation 
result as this model cannot be responded by the conventional models. The relative errors for the grout thermal 
properties are under 15% as the benchmark result for the grout is measured at a 20L container rather than the borehole. 

4.2. Transient borehole thermal resistance 

As we know, the ILS is very attractable in the GCHPs design for its simple computation process. However, it is 
not valid for the first few hours because the test borehole thermal resistance is a steady parameter for the conventional 
parameter estimation method. In this paper, the borehole thermal resistance was improved by the full-scale model and 
it has been considered as a transient one. The borehole thermal resistance can be defined as the temperature difference 
across the film between the borehole wall and the fluid. Thus, the transient borehole thermal resistance can be obtained 
by the Full-scale model developed by [13] with an assumption borehole geometry, and it is shown in Figure. 2. Figure. 
2 also indicated that there are great gaps between the test borehole thermal resistance and the transient borehole 
thermal resistance due to the assumed borehole geometry. To minimize the effect on the assumed borehole geometry, 
the steady borehole thermal resistance calculated by [18] was employed. The transient borehole thermal resistance 
was also illustrated in Figure. 2, the relative error between the transient borehole thermal resistance and the tested 
values in the late time is 2.2%, which will be diminished as the integral pipe wall temperature is used. 

4.3. Fluid temperature prediction with transient borehole thermal resistance 

The ILS model cannot be used in the first few hours as only the steady borehole thermal resistance can be estimated 
by the TRT. However, the borehole thermal resistance has been improved as the transient parameter in this paper 
including the grout thermal capacity. With the transient borehole thermal resistance, the ILS model can be used for 
the fluid temperature prediction for both the early regime and the late regime, the result is shown in Figure. 3. 
Accompany with the transient borehole thermal resistance estimated by the proposed method, the ILS model matched 
well with the inlet and outlet temperature measured in the test. The maximum relative error for the predicted fluid 
temperature simulated by the ILS model with transient borehole thermal resistance is 2.82%, and it is acceptable for 
GCHP system performance simulation. 
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Fig. 2. Various borehole thermal resistance calculation methods 

 

Fig. 3. Inlet and outlet temperature prediction for the ILS model

5. Conclusions 

This paper proposed a transient ground and grout thermal parameter estimation method. In addition to the ground 
thermal parameters, the transient borehole thermal resistance and the grout thermal parameters were firstly estimated 
by analytical models with the proposed method. It has been found that: 
• The proposed method was an effective parameter estimation method, the relative errors for the estimation results 

were attractive compared to the conventional method. 
• The transient borehole thermal resistance was in agreement with the test borehole thermal resistance in the late 

region 

8 Zhang Linfeng et al. / Procedia Engineering 00 (2017) 000–000 

• With the transient borehole thermal resistance estimated by the proposed method, the ILS model was useful for 
the fluid prediction for both the early and late regime. 
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