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Development of LNG Vaporization System with Ground Source Heat Pump

Part 4

Study on optimal design method of Hybrid Ground Source Heat Pump System with

the Air-Water Heat Exchangers
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Abstract: The purpose of this paper is to clarify the optimal design method of the hybrid ground source heat pump (GSHP)

system. Specifically, the representative region in Japan is selected first, assuming the introduction of the hybrid GSHP system

to the LNG vaporization system, the required number of ground heat exchangers (GHEX) and air-water heat exchangers

(AWHEX) are calculated by simulation tool. Next, the multiple regression analysis is carried out. The relational formula is

obtained by using ridge regression regression model, and the relative error between the predicted value and the test value is

about 12.1%.

1. Introduction

In the third report”, the authors introduced the ground
temperature suppression effect of the hybrid ground source
heat pump (GSHP) system with the air-water heat exchangers
(AWHEX) by simulation tool? which is developed in our
laboratory. In addition, the purpose of this paper is to
investigate the optimal design method of hybrid GSHP
system with AWHEX. The way is that considering the import
of the hybrid GSHP to the LNG vaporization system by
selecting the representative region in Japan, and to calculate
the required number of ground heat exchangers (GHEX) and
AWHEX to simulate the scale of the vaporization system
according to the simulation tool. The required number of
GHEX and AWHEX are calculated in representative region
in Japan. Then, we clarify the optimal design method of
Hybrid GSHP System which is matched the size of the
vaporization system and region by the multiple regression
analysis.

2. Summary of calculation

In order to calculate the required number of GHEX and
AWHEX, the rated output of the heat pump (50,100,200kW)
and the allowable temperature of the heat pump inlet (-5°C)
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was set, and the calculation conditions of the vaporization
system of representative cities is imported in simulation tool.
Then, specific calculation conditions will be described. First
of all, the weather data® of representative cities in Japan
(Sapporo, Sendai, Niigata, Takamatsu, Fukuoka) published
by the Japan Meteorological Agency as conditions of ambient
the
underground temperature of representative cities (Table 1)
and condition of GSHP (Fig1) are imported. In addition, heat
load of LNG vaporization in actual factory (Fig2) is also

temperature in 2018 were selected. Secondly,

imported in simulation tool (when the heat load of
vaporization exceeds the rated output of the heat pump, the
heat pump processes the load up to the rated output). Finally,
operating conditions of AWHEX is set. Fig 3 shows the
performance characteristics of AWHEX wused in the
simulation. Regarding the control of AWHEX operation, it is
assumed that when the ambient temperature is lower than the
outlet of GHEX in the primary side and less than 5 ° C, the
entire flow was bypassed without passing through the
AWHEX. However, when ambient temperature was higher
than the outlet of GHEX in the primary side and above 5°C,
eventhough there is no heat load, AWHEX is operated to
restore the underground temperature. The procedure of



determining the size of GHEX and AWHEX is shown in Fig4.

Fig5 shows the variation of the inlet temperature at the
primary side under the condition that the number of GHEX
is 36, the number of AWHEX is 20, and the rated output is
100 kW in Sapporo as an example. The minimum
temperature of the inlet temperature of the primary side
obtained under these conditions is -2.65 ° C and the allowable
value of the primary side is -5 © C. Therefore, it can be said
that the number of GHEX 36 and the number of AWHEX 20
are the required number of GHEX and AWHEX in Sapporo.

Table 1 Typical regional underground temperature
Area

underground temperature [°C]
104
14.0
15.0
17.8
185

Sapporo

Sendai

Niigata

Takamatsu
Fukuoka

Secondary circulation pump
Flow rate: 150 L min!
Electricity consumption: 0.75 kW

Gas boiler
GSHP

Rated capacity: 50 kW

GSHP
ABRANAN

Primary circulation pump
— Flow rate: 150 L min'!
Electricity consumption; 0.75 kW

AWHEX
Flow rate: 100 L min

GHEX

Vaporizer GHEX type: Borehole single U-tube
Length: 100 m

Effective thermal conductivity: 1.5 W m1 K1

Figl Condition of GSHP
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Fig2 Heat load

Electricity consumption: 0.05 kW
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Fig4 Sizing procedure
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Fig5 Heat pump inlet temperature

3. Calculation of Result

The calculation results of the required number of GHEX
and AWHEX for each rated heating output (50kW, 100kW,
200kW) of the heat pump and effective thermal conductivity
of ground (1.5, 2.0 W/(m'K)) in each region are shown in
Fig6~Figl0. The required number of GHEX or AWHEX



decrease as one increases. Also, it was found that the required
number of GHEX and AWHEX also increased with the
increase of the rated heating output and the reducing of
thermal conductivity. Moreover, the different hybrid GSHP
scale characteristics are also showed . It can be said that the
import of GSHP in cold regions is recommended because the
required number of GHEX in Sapporo is the highest, where
has the lowest ambient temperature and underground
temperature. On the other hand, due to the ambient
temperature in the other four regions (Sendai, Niigata,
Takamatsu, Fukuoka) is higher than in Sapporo and the heat
extraction of AWHEX is improved, in these regions, the
required number of AWHEX increases and the required
number of GHEX decreases. It can be said that the utilization
of AWHEX with the rise in the ambient temperature is
advantageous to the hybrid GSHP system. Therefore, it can
be said that the scale of GSHP (the required number of GHEX
and AWHEX) is related to the rated heating output, effective
thermal conductivity of ground, ambient temperature, and

underground temperature.
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Fig.6 Relationship between required number of GHEX and
required number of AWHEX (Sapporo)
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Fig.8 relationship between required number of GHEX and
required number of AWHEX (Niigata)
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Fig.9 Relationship between required number of GHEX and
required number of AWHEX  (Takamatsu)
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Fig.10 Relationship between required number of GHEX and
required number of AWHEX  (Fukuoka)

4. Multiple regression analysis

In order to clarify the required number of GHEX and
AWHEX according to the scale of the vaporization system
and the region, multiple regression analysis was performed
by using the data shown in Fig6 ~ 10. In this multivariate
linear regression, feature is the rated heating output (50, 100,
200kW), the average ambient temperature, the maximum
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ambient temperature, the minimum ambient temperature in
one year, the underground temperature (10.4, 14, 15, 17.8,
18.7°C), the effective thermal conductivity of the soil (1.5,
2.0W/(m - K)), and required number of AWHEX in different
regions. The label is required number of GHEX. However,
considering that there may be multicollinearity among
ambient maximum  ambient

average temperature,

temperature, minimum ambient temperature, and
underground temperature, we performed a collinearity test on
average ambient temperature, maximum ambient
temperature, minimum ambient temperature, and ground
temperature at first. The relationship between average
ambient temperature and minimum ambient temperature is
shown in Fig 11. The correlation coefficient between the
average outside temperature and the minimum outside
temperature is 0.99, so the collinearity is the strongest.
Therefore, in order to solve the problem of multicollinearity
in multivariate linear regression, we used the ridge regression
method to eliminate the multicollinearity among the features
and achieve multilinear regression. Specifically, we imported
the data sets of Figob~Fig10 into Python, and divided the data
into training data, verification data, and test data at a ratio of
5: 3: 2. Then, use the training set data to train the ridge
regression model and get the weight of each feature, and the
following relational formula is obtained.

Ng=0.300 + 1.46Taa — 0.80Tamax + 0.47Tamin — 3.74Ts —
10.901—0.53Na+85.24

In order to test the nature of the model, the test set data was
brought into the model and the required number of GHEX
was predicted. The relative error between the predicted value
and the test value is about 11.8%, and the relationship is
shown in Fig 12. It should be explained that when the test
values are 19, 27, and 29, these value are non-linear at the
head or the tail of the trend line shown in Fig6 ~Fig10. So the

relative error with the predicted values are also large.
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Fig.11 Relationship between average ambient temperature
and minimum ambient temperature
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5. Conclusion

1) The required number of GHEX and AWHEX were
calculated according to the scale and region of the
vaporization system by simulation tool.

2) The multiple regression analysis is carried out, and the
relative error between the predicted value and the test value
is about 11.8%. Therefore, the optimal design method of the
GSHP system is clarified.
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Subscript
Q: rated output [kW]
Taa: average annual ambient temperature [° C]
Tamax : maximum annual ambient temperature [° C]
Tamin : minimum annual ambient temperature [° C]
750 : underground temperature [ C]
A + effective thermal conductivity [W/(m'K)]
Na : required number of GHEX [N]
Ng : required number of AWHEX [N]





