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Borehole Thermal pile Horizontal

Cast-in-place 
concrete pile 

Examples of ground heat exchangers (GHEs)

Design and simulation tool for GSHP systems with various GHEs has been required

Pre-casting 
concrete pile

Steel pile
(Water filled) Straight pipe Unit typeSpiral pipe

プレゼンターのノート
プレゼンテーションのノート
Ground source heat pump systems have been installed to the buildings targeting net-zero energy buildings in Japan although the total number of ground source heat pump system installed is still small.
Various types of ground heat exchangers have been installed.
The most major type is the boreholes, but the pile-based types and the horizontal types are also installed.
In order to promote installing ground source heat pump systems, design and simulation tool for GSHP systems with various GHEs has been required.
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Temperature calculation of the ground 
surrounding the GHE has become an even 
more important issue for design and simulation 
for GSHP systems

Conceptual diagram of regional use of ground thermal energy
Additionally, there are a growing number of 
examples of regional use of ground thermal 
energy (shown in right figure), such as 5th

generation district heating/cooling system. 

Introduction -Background-

プレゼンターのノート
プレゼンテーションのノート
Additionally, there are a growing number of examples of regional use of geothermal heat as shown in right figure, such as 5th generation district heating/cooling system. 
In this case, predicting the temperature of the hear carrier fluid is important to operate the district heating/cooling system.
Temperature calculation of the ground surrounding the GHE has become an even more important issue for design and simulation for GSHP systems
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The calculation method is mainly categorized into mainly three methods 
1) Numerical calculation 2) Energy balance model 3) Superposition of theoretical model

Ex. FDM, FEM, FVM

Zarrella et al. (2013)

Ex. CaRM, B2G model

Advan
tage

Ahmed A. 
Serageldin 
et al. (2018)

Disadvan
tage

Example

Ex. ILS, FLS, ICS, MLS

• Adaptation to complex heat 
exchanger geometries and 
physical phenomena

• Large calculation time
• Difficulty in combining with the heat 

pump and the building thermal load

• Smaller calculation time
• Adaptation to complex GHEs

• Smaller calculation time
• Adaptation to large number of GHEs

• Difficult to calculate ground temperature 
when using large number of GHEs

• Difficult to apply to complex geometries when 
including the heat carrier fluid in GHEs

ILS theoretical (Analytical) model

Introduction
-Issue of ground temperature calculation -

Suitable for system simulation 

プレゼンターのノート
プレゼンテーションのノート
This slide introduces the calculation method of the ground surrounding the ground heat exchangers.
The calculation method is mainly categorized into mainly three methods
The first is the numerical calculation, the second is the energy balance model, and the third is the superposition of theoretical model.
Numerical calculation such as FDM, FEM, FVM, can adapt to complex heat exchanger geometries and physical phenomena.
However, this method require the large calculation time. And it is difficult to combine with the heat pump calculation and the building thermal load calculation.
Energy balance model including CaRM and B2G model, have advantages of smaller calculation time compared to numerical calculation and adaptation to complex ground heat exchangers.
On the other hand, it is difficult to calculate ground temperature when using large number of GHEs.
Superposition of theoretical model have advantages of smaller calculation and adaptation to large number of GHEs although it is difficult to complex geometries.
Also, it is possible to combine multiple method.
Mr. Yang will have a presentation related to example of combined method.
From the point of view of supporting the simulation tools we are developing, 2 and 3 are more suitable.
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Although the theoretical model is said to have a small computation time, the computation time becomes large when multi-point 
(or average) temperatures over a continuous time period are calculated.
Ex. The ring source model for temperature calculation of the ground surrounding spiral horizontal GHE
(Li, Nagano, et al. 2012)

Ring for temperature calculation 

Temperature response affected by
the ring 

Temperature response affected by 
the other rings

Semi-circular regions are subject to calculation 
considering the symmetry of the ring
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Θ： Nondimensional temperature response [-]
𝑟𝑟𝑜𝑜： Ring radius [m]
𝑟𝑟 : Distance from ring center to the point P [m]
𝑟𝑟∗ : Distance from ring to the point P [m]
𝑅𝑅,𝑅𝑅∗ : Nondimensional distance [-]
𝜎𝜎,𝜑𝜑,𝜔𝜔 ∶ Angle [rad]
𝑧𝑧 ∶ Depth [m]
𝐹𝐹𝐹𝐹 : Fourier number [-]
𝑟𝑟𝑝𝑝 : Pipe radius [m]Ring for temperature 

calculation 

Assuming 100 rings and calculating hourly temperature response for 10 years, it takes about 20 hours.
Regression model is effective to reduce the calculation time

Introduction
-Issue of ground temperature calculation -

T. Katsura, et al, 14th IEA HPC, 15-18 May 2023, Chicago, Illinois

プレゼンターのノート
プレゼンテーションのノート
Although the theoretical model is said to have a small computation time, the computation time becomes large when multi-point (or average) temperatures over a continuous time period are calculated.
You can see the ring source model for temperature calculation of the ground surrounding horizontal spiral GHE.
The temperature response can be calculated by superposing the temperature response affected by the ring itself and the temperature response affected by the other rings. However, the problem with this theoretical model is that the calculation of the average temperature of the pipe surface takes a considerable amount of time.
If we assume rings and calculate hourly temperature response for 10 years, it takes about 20 hours.
In order to reduce the calculation time, regression model is effective.
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Regression model of temperature response function 
using ANN

Previous research of regression model of temperature response function using ANN
Pasquier et al. (2018) Application of ANN to near-instant 
construction of short-term  g-fuctions

Shoji et al. (2022) ANN model for fast computation of G-
function in MICS model

Architecture of the ANN
Response function

1. A regression model of temperature response function for the ring source model using ANN.
2. Simulation tool for GSHP systems using horizontal spiral GHEs applying temperature response function by ANN

Conceptual diagram of 
the MICS model 

Architecture of the ANN

Response function

Contents of this research
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プレゼンターのノート
プレゼンテーションのノート
This slide shows previous researches of regression model of temperature response function using ANN.
Pasquier firstly applied ANN to short-term g-functions and developed the regression model of response function.
And Shoji developed the regression model of g-function in moving infinite cylindrical source model by applying ANN and the temperature response calculated by numerical calculation.
As you can see, ANN can provide the regression model, which can reproduce the temperature response calculated by the analytical or numerical calculation.
In this research,
we developed a regression model of temperature response function for the ring source model using ANN and simulation tool for GSHP system using horizontal spiral ground heat exchangers applying temperature response function by ANN.



2. Calculate temperature response function using the ring source model and make dataset
Input： Spiral ring radius ： 𝑟𝑟, Spiral ring interval：D,

Spiral ring number：N, Fourier number：𝐹𝐹𝑜𝑜
Output：Non-dimensional temperature response：𝛩𝛩

Here, 𝛩𝛩 = 𝜃𝜃𝑘𝑘𝑟𝑟𝑝𝑝
𝑞𝑞𝑟𝑟

, 𝐹𝐹𝑜𝑜 = 𝛼𝛼𝑡𝑡
𝑟𝑟𝑝𝑝2

𝜃𝜃： Temperature response [℃]
𝑘𝑘 : Thermal conductivity [W / (m･K)]
𝛼𝛼 : Thermal diffusivity [m² / s]
𝑟𝑟𝑝𝑝: Pipe radius [m]
q : Heat injection per length [W / m]
𝑡𝑡： Time [s]

Regression model of temperature response function 
using ANN

8

1. Build horizontal spiral 
GHE model applying the 
ring source model 

3. Construct regression model using ANN

The non-dimensional 
temperature response 
as training data was 
previously calculated by 
theoretical model
(The ring source model) 

T. Katsura, et al, 14th IEA HPC, 15-18 May 2023, Chicago, Illinois
8

プレゼンターのノート
プレゼンテーションのノート
This slide shows the construction process of regression model of temperature response function using ANN.
First, build horizontal spiral ground heat exchanger model applying the ring source model.
Next, calculate temperature response function using the ring source model and make dataset.
Then, construct regression model using ANN.
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N
r (m) 0.4 0.5 0.6 0.4 0.5 0.6 0.4 0.5 0.6

0.4 0.5 0.6 0.4 0.5 0.6 0.4 0.5 0.6
0.6 0.75 0.9 0.6 0.75 0.9 0.6 0.75 0.9
0.8 1 1.2 0.8 1 1.2 0.8 1 1.2

10 50 100

D (m)
Total 27 pattern (=3×3×3)

Nondimensional temperature response calculation applying the ring source model (Li, Nagano, et al. 2012)

The temperature response was calculated by 
changing the ring interval D, the ring radius r,
the ring number N.

Ring for temperature calculation 

Temperature response affected by
the ring 

Temperature response affected by 
the other rings

Semi-circular regions are subject to calculation 
considering the symmetry of the ring
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Θ： Nondimensional temperature response [-]
𝑟𝑟𝑜𝑜： Ring radius [m]
𝑟𝑟 : Distance from ring center to the point P [m]
𝑟𝑟∗ : Distance from ring to the point P [m]
𝑅𝑅,𝑅𝑅∗ : Nondimensional distance [-]
𝜎𝜎,𝜑𝜑,𝜔𝜔 ∶ Angle [rad]
𝑧𝑧 ∶ Depth [m]
𝐹𝐹𝐹𝐹 : Fourier number [-]
𝑟𝑟𝑝𝑝 : Pipe radius [m]
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Ring for temperature 
calculation 

Regression model of temperature response function 
using ANN

プレゼンターのノート
プレゼンテーションのノート
To calculate temperature responses for horizontal spiral ground heat exchangers, we apply the ring source model as I explained.
The temperature response can be calculated by superposing the temperature response affected by the ring itself and the temperature response affected by the other rings.
The temperature response was calculated by changing three parameters and the total pattern is 27.
In the next slide, I will explain the detail of three parameters.
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D

𝑁𝑁 = 10 , 50 , 100

𝑟𝑟 = 0.4 , 0.5 , 0.6 m

𝐷𝐷 = 𝑟𝑟 𝐷𝐷 = 1.5𝑟𝑟 𝐷𝐷 = 2𝑟𝑟

𝐷𝐷 𝐷𝐷 𝐷𝐷

𝑟𝑟 𝑟𝑟 𝑟𝑟

Spiral ring interval 3 pattern

Spiral ring radius 3 pattern

Spiral ring number 3 pattern

Outline of the ring radius r, the ring number N, the ring interval D.

T. Katsura, et al, 14th IEA HPC, 15-18 May 2023, Chicago, Illinois

Regression model of temperature response function 
using ANN

The temperature response 
function is calculated for 10 
years in 1-hour steps

プレゼンターのノート
プレゼンテーションのノート
This slide shows outline of three parameters, which are the ring interval D, the ring radius r, and the ring number N.
Spiral ring radius is 0.4, 0.5 and 0.6 m.
Spiral ring number is 10, 50 and 100.
Spiral ring interval is r, 1.5r and 2r.
The temperature response function is calculated for 10 years in 1-hour steps
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Temperature response obtained by the ring source model Derivation of temperature response function by ANN

Input layer Hidden layer Output layer

D

N

𝐹𝐹𝑜𝑜

𝛩𝛩

r

 Activation function ： ReLU function
 Total data number ： 11,826,000
 Regression model performance validation： Hold-out method

→The dataset was divided as :  Training : Validation : Test = 7 : 1.5 : 1.5
 Loss function ：Mean squared error

Using feed-forward neural networks

Regression model of temperature response function 
using ANN

プレゼンターのノート
プレゼンテーションのノート
The graph on the left of the slide shows the results of obtaining dimensionless temperatures for 10 years under each condition. 
This data is loaded into the ANN model as teacher data and used to train and create a regression model.
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Determination of hyperparameters by Bayesian optimization
Hyperparameters and their search ranges

ANN regression model shows good regression performance and 
significantly reduces the calculation time 

Temperature response between the obtained ANN regression model and the ring source model（𝑵𝑵 = 𝟏𝟏𝟏𝟏𝟏𝟏、 𝐫𝐫 = 𝟎𝟎.𝟒𝟒）

Parameter Search range
𝑛𝑛𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 3-8 (Integer)
𝑛𝑛𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 100-500 (Integer)
𝐿𝐿𝐿𝐿 1.0 × 10-6 – 1.0 × 10-4

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 50-120 (Integer)
𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊_𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 1.0 × 10-12 – 1.0 × 10-8

Parameter Optimal value
𝑛𝑛𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 5
𝑛𝑛𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 499
𝐿𝐿𝐿𝐿 5.74 × 10-5

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 98
𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊_𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 2.52 × 10-12

Maximum evaluation time: 72 h
Maximum evaluation number : 50 times

Hyperparameters obtained by Bayesian optimization 

T. Katsura, et al, 14th IEA HPC, 15-18 May 2023, Chicago, Illinois

Average mean squared error between two models: 3.71×10-9

Time required for 10-year calculation : Approx. 2 sec

Regression model of temperature response function 
using ANN

プレゼンターのノート
プレゼンテーションのノート
The values of hyper parameters, which are important factors in determining the performance of the ANN model, are determined by Bayesian optimization. 
The five parameters are set as shown here. 
From the results of Bayesian optimization, a model like the one shown on the right was created. 
Using this model, as an example, the temperature response was calculated for 100 rings with a ring radius of 0.4 m. 
The results were compared between the theoretical model and the ANN model. 
The results showed that the MSE was in relatively good agreement. 
In addition, the time required for the calculation was approximately 2 seconds for 10 years, confirming that the model is good in terms of both accuracy and calculation speed.



Calculation flowchart of 
simulation tool

T. Katsura, et al, 14th IEA HPC, 15-18 May 2023, Chicago, Illinois

Simulation tool for GSHP system using horizontal 
spiral GHE applying temperature response
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プレゼンターのノート
プレゼンテーションのノート
This is a calculation flowchart of simulation tool for ground source heat pump system using horizontal spiral ground heat exchanger applying temperature response.
As shown in this flowchart, the temperature response is previously calculated by ANN model.
And the operation of the ground source heat pump system is simulated by using the temperature response.
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Application –Case studies to determine the 
required GHE length-

Using the developed simulation tool, it was assumed that the GSHP system with horizontal spiral GHEs was installed in a residential 
house in Akita and Tokyo and the required GHE length was estimated.

Assumed residential house
Floor area: 116m2

Whole-house air-conditioning 
system with GSHP 

Conditions of residential house and hourly thermal load

Hourly heating and cooling 
load in annual 
(Calculated by AE-CAD/Simheat, which is 
commercially available thermal load 
calculation software)

Akita Tokyo

プレゼンターのノート
プレゼンテーションのノート
Using the developed simulation tool, it was assumed that the GSHP system with horizontal spiral GHEs was installed in a residential house in Akita and Tokyo and the required GHE length was estimated.
These are conditions of residential house and hourly thermal load.
We assume a residential house with typical size in Japan and high insulation performance.
The hourly thermal load is calculated by giving the performance of this residential house.
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Determination method of size L
The minimum GHE size (L in above figure), which is the minimum GHE size required to keep the GHE outlet temperature within the 
range of -5~35°C throughout the year, was defined as the required GHE size for the GSHP system operation conditions.

L

Soil property 
Specific heat: 2.0 kJ kg-1K-1

Density: 1500 kg m-3

Effective thermal conductivity: 1.0 W m-1K-1

Undisturbed ground temperature:
Tokyo 16.5oC, Akita 13.0oC

GHE condition
Spiral ring radius : 0.5 m
Spiral ring interval : 0.5 m 
Spiral pipe inside diameter: 0.025 m
Spiral pipe outside diameter: 0.032 m

Application –Case studies to determine the 
required GHE length-

Conditions of GSHP system, GHE, and soil property GSHP air-
conditioner

Rated heating 
output: 6.0 kW
Rated cooling 
output: 6.3 kW 

T. Katsura, et al, 14th IEA HPC, 15-18 May 2023, Chicago, Illinois

プレゼンターのノート
プレゼンテーションのノート
This slide shows conditions of ground source heat pump system.
We assumed the horizontal spiral ground heat exchangers and the ground source heat pump air-conditioner for the residential house.
The soil effective thermal conductivity was set at 1.0 W/(m・K). 
The minimum GHE size required to keep the fluid temperature of GHE outlet within the range of -5~35oC throughout the year was defined as the ground heat exchanger required size in each city.
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Application –Case studies to determine the 
required GHE length-

Result
Determined size L 

Akita:51m, Tokyo: 60 m
Temperature variation in fluid temperature at the outlet of GHE 

Conceptual diagram of installing GHE in Akita

Approx. 80m2

T. Katsura, et al, 14th IEA HPC, 15-18 May 2023, Chicago, Illinois

プレゼンターのノート
プレゼンテーションのノート
The determined size L were 51 m for Akita and 60 m for Tokyo, respectively.
And the temperature variations in fluid temperature at the outlet of GHE are shown in this graph when the size L were given.
Also, assuming the installation of horizontal geothermal heat exchangers in a residential house in Akita, the diagram is shown here.
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Conclusion

In this study, an ANN regression model of the temperature response of the ground surrounding horizontal spiral GHE 
was developed using dataset obtained by the ring source model. Then, a simulation tool for the GSHP system using 
horizontal spiral GHEs was developed by applying the temperature response. In addition, case studies were conducted 
in Akita and Tokyo to determine the required GHE length for the residential GSHP system, and the following findings 
were obtained.

1) A regression model of the temperature response function of ring source model was created by training ANN on the 
results of the theoretical calculation. As a result, a highly accurate regression model with an MSE of 1.46 × 10-9

was created for the validation data set. Furthermore, the ANN model required only about 2 seconds of 
computation time over a 10-year period with 100 number of rings, a significant reduction in the computation load.

2) The required GHE length for the residential GSHP system in Akita and Tokyo was examined. The required GHE 
length was 51 m in Akita and the GHE length was 60 m in Tokyo. 

T. Katsura, et al, 14th IEA HPC, 15-18 May 2023, Chicago, Illinois
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Thank you for your attention

T. Katsura, et al, 14th IEA HPC, 15-18 May 2023, Chicago, Illinois
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