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Abstract: Aquifer thermal energy storage (ATES) system is widely used mainly in Europe and USA.
In this paper, we examined the efficient operation method of ATES by comparing it with the water
thermal energy storage (WTES) system of an existent thermal energy storage (TES) system using
simulation. This study uses three aquifers: pumping wells, thermal storage wells, and reducing
wells. The initial temperature is 19.1 °C groundwater from the surrounding area. ATES systems
use the same operating methods as WTES systems to reduce heat storage efficiency and increase
energy consumption. The operation that combines the ATES system with the pre-cooling/pre-heating
coil can be used for air conditioning operation even if the heat storage diffuses or the pumping
temperature changes. The aquifer heat storage system was used for the pre-cooling/pre-heating
coil, and the cooling power consumption was reduced by 20%. The heating operation could not
maintain heat for a long time due to the influence of groundwater flowing in from the surroundings.
Therefore, it is recommended to use the stored heat as soon as possible. When energy saving is
important by introducing a pre-cooling/pre-heating coil, the operation is performed by storing heat
at a low temperature close to geothermal heat and also using groundwater heat. In addition, if the
reduction of peak power in the daytime is important, it is appropriate to operate so that the heat
stored in the pre-cooling/pre-heating coil is used up as much as possible. As a result, it was found
that it is effective to operate the ATES system in combination with a pre-cooling/pre-heating coil. In
cooling operation, ATES-C1-7 was the lowest at coefficient of performance (COP) 2.4 and ATES-C2-14
was the highest at COP 3.7. In heating operation, ATES-H1-45 was the lowest at COP1.2, and in
other cases, it was about the same at COP2.4-2.8. In terms of energy efficiency, the heating operation
ATES-H1-45 had a low energy efficiency of 4.1 for energy efficiency ratio (EER) and 3.9 for seasonal
energy efficiency ratio (SEER). In other cases, the energy efficiency was 8.2-12.4 for EER and 8.7-15.3
for SEER.

Keywords: aquifer thermal energy storage system; water thermal energy storage system; efficient
operation method; water-cooled heat pump; simulation analysis; pre-cooling/pre-heating coil

1. Introduction

Reducing greenhouse gas emissions is an urgent issue as a measure against global
warming [1]. To solve the problem, it is indispensable to introduce a large amount of
renewable energy such as solar power generation and wind power generation [2—4]. How-
ever, the mass introduction of renewable energy makes it difficult to balance the power
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system. It has also been pointed out that restrictions on the power system are becoming
apparent, such as surplus power generated during the interim period when power demand
is low. Energy management that includes time shifts, such as dispersion of power de-
mand in consideration of the balance between power supply and demand is required [5,6].
Xu et al. [2] analyzed how to use solar energy efficiently. In the future, it is necessary to
analyze the optimal operation method for technical and economics. Palensky et al. [5]
analyzed the demand-side management (DSM) overview and provided the optimal solu-
tion. Lund et al. [3,6] examined renewable energy optimal operation such as wind power
and photovoltaic (PV) in Denmark, and proposed optimal systems for efficient energy
supply. These previous studies have not examined the introduction of a heat storage
system. In the future, the introduction of power storage systems and heat storage systems
is expected [7-9]. The introduction of a power storage system is considered to be an
effective solution, but there are still many problems in terms of installation cost and energy
loss [10,11]. Under these circumstances, attention to heat storage systems is regaining
attention. Until now, heat storage systems have aimed to save costs by storing cold and hot
heat for air conditioning with inexpensive electricity at night and using it in the daytime.
In the future, the surplus electricity in the daytime will be used to store cold and hot heat
for air conditioning and will be used during cloudy hours and at night when sufficient
electricity from sunlight cannot be obtained [12,13]. Therefore, it is expected to work as an
adjustment device that shifts the time of power supply and demand [14].

Water thermal energy storage (WTES) systems are the most widespread and serve the
function of adjusting electric power [15]. The WTES system has been introduced to reduce
power consumption during peak hours in the daytime by using it as a daily heat storage
system that stores heat at night and dissipates heat in the daytime [16]. In addition, since
the heat source machine can be operated at full load operation at night and heat can be
stored in a short time, the efficiency of the heat source equipment can be improved and the
operating time of the heat source primary pump can be reduced. In some cases, energy
saving can be achieved [17]. On the other hand, aquifer thermal energy storage (ATES)
systems that store heat in strata surrounded by groundwater such as sand layers, which
have relatively high permeability in the ground, are beginning to spread mainly in Europe
and the United States [18-20]. Similar to the conventional WTES system, this system stores
cold and hot water at night and performs heat utilization operations in the daytime. In
addition, it stores hot heat in summer and uses it in winter. It is also possible to directly
use the groundwater in the aquifer.

The ATES system and the WTES system also use water as a heat source. In the WTES
system, a tank is installed in the underground space of the building to store heat and
dissipate heat. The ATES system performs heat storage and heat utilization operation
for underground strata. The ATES system has a larger capacity than the WTES system
and has the advantage of using geothermal heat. Disadvantages include heat loss due to
groundwater and the presence or absence of an aquifer. The ATES system can be expected
as a measure against the heat island. However, it is important to manage the groundwater
because it uses the groundwater directly. The difference between the ATES system and the
geothermal system is the method of burying pipes to directly utilize the heat of the ground
and the heat of the groundwater.

Ghaebi et al. [21] used a simulation to study an energy-saving operation method for
an air-conditioning system that combines an ATES system and solar heat for an apartment
house. Vanhoudst et al. [22], Paksoy et al. [23] compared the ATES system with the existing
air conditioning system for hospitals using experiments and simulations. As a result, it
was reported that the primary energy consumption could be reduced by 71% by using
the ATES system. Picone et al. [24] reported that experiments and simulations could be
used to combine solar heat with the ATES system to improve the heat recovery of the ATES
system. Paksoy et al. [25], Karim et al. [26] used simulations to deploy ATES systems in
commercial facilities, universities, office buildings, etc. to analyze electricity energy. During
cooling operation, energy can be reduced by 60-80% and peak power can be suppressed
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by 80-90%. We were able to reduce primary energy by 20-30% during heating operation.
Nakamura et al. [27,28] used experiments to Improve the heat recovery rate of heat storage
wells to 90% by installing impermeable walls on the ground for a 40% low-efficiency aquifer.
Umemiya et al. [29,30] improved the heat recovery rate to 60% by applying a heat-insulating
material to the pump pipe to the aquifer with a heat recovery rate of 23% throughout the
experiment. This is due to the heat loss of the pipe. Nakaso et al. [31,32] constructed
a simple cylindrical lumped constant model using the basic equation of FEFLOW [33]
and verified the accuracy of the model by comparing it with the experimental values.
Kitaoka et al. [34], Ochito et al. [35,36] clarified the characteristics of the ATES system in
the short and long term by three-dimensional permeation/consolidation coupled analysis
simulation and actual measurement survey using three heat storage wells. In these previous
studies, the performance and potential of the ATES system have been mainly verified.
However, no research has been conducted on operating methods and control methods
according to the operating conditions of the aquifer heat storage system.

The purpose of this study is to clarify the efficient operation method by comparing the
operating performance of the ATES system with that of the WTES system. We will examine
an efficient operation method of the ATES system by comparing the operation control of
the ATES system and the change of the heat storage set temperature with the WTES system.
In this study, we use the building and energy management system (BEMS) to collect the
outside air temperature, secondary heat load, power consumption, etc. In addition, we are
conducting demonstration experiments and acquiring data such as the temperature inside
the aquifer, water injection, and pumping flow rates. Model parameters and accuracy are
verified using these data. We will clarify the efficient operation method through simulation
of the operating performance of the ATES system.

2. Simulation Model and Calculation Method

This model was constructed using Visual Basic 2017, such as a WTES system, ATES
system, water-cooled heat pump (water-cooled HP), and air handling unit (AHU). The
calculation time interval is 1 min, and the input values are the outside air temperature, the
load on the secondary side, and the cooling water temperature for each time.

2.1. WTES System Model

The WTES system model is as shown in Appendix A. Figure 1 shows a conceptual
diagram of the WTES system model. Table 1 shows the WTES system model settings.
The WTES system used temperature stratified storage tank models from Niwa et al. [37],
Sagara et al. [38]. This model divides the entire heat storage tank into N layers of equal
capacity and resolves heat transfer between layers. The WTES system model is calculated
by dividing the heat accumulator capacity into 10 layers assuming a tank capacity of
1000 m3. The heat accumulator tank is assumed to be a horizontally spreading water tank
with a height of 3 m. The initial temperature of the heat storage tank is 15 °C. The operation
control of the WTES system is performed as follows. The heat storage operation for cooling
is performed when the ninth layer temperature is below 10 °C. When the temperature of
the eighth layer reaches 8 °C or higher, the heat storage operation is stopped. The heat
utilization operation is performed when the temperature of the third layer is 8 °C or lower.
The heat utilization operation is stopped when the temperature of the eighth layer is 11 °C
or higher. The heat storage operation for heating is performed when the temperature of
the ninth layer is 42 °C or lower. The heat storage operation is stopped when the eighth
layer temperature is above 44 °C. For the heat utilization operation, the heat utilization
operation is performed when the temperature of the third layer is 41 °C or higher. The heat
utilization operation stops when the eighth layer temperature is below 42 °C.
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Figure 1. The stratum diagram of the heat storage well. GW_AC is flow rate from secondary side
[m3/h], GW_MC is flow rate from water-cooled HP [m?®/h], GW_ST is flow rate between layers
[m3/h], T_AC is inflow temperature from secondary side [°C], T_MC is inflow temperature from
heat source [°C], T_1 is temperature of layer 1 [°C], and T_N is temperature of layer N [°C].

Table 1. The WTES system model settings.

Heat storage tank capacity [m?] 1000
Number of layers [-] 10
Inflow flow rate [L/min] 833
° Cooling: 7
Inflow temperature [°C] Heating: 45
Initial temperature in the heat storage tank [°C] 15
start The 9th layer is below 10 °C
Heat storage operation
Stop 8th layer 8 °C or more
Cooli
ooing start The third layer is below 8 °C

Heat utilization operation -
Stop 8th layer 11 °C or higher
start The 9th layer is below 42 °C

Heat storage operation -
Stop 8th layer 44 °C or higher
Heati
g start The third layer is below 41 °C

Heat utilization operation

Stop 8th layer 42 °C or higher

2.2. ATES System Model

The ATES system model is as shown in Appendix B. The aquifer model was cre-
ated based on the cylindrical model of Nakaso et al. [32] and the energy equation in
FEFLOW [33]. Figure 2 shows a conceptual diagram of the cylindrical model. In this
model, assuming that the upper and lower parts are horizontal aquifers under pressure
and sandwiched between impermeable layers. The groundwater flow velocity between



Appl. Sci. 2021, 11, 10321

50f24

layers is set to 0 m/s, and the heat transfer due to groundwater transfer is calculated. Then,
consider the heat loss due to heat conduction include the inner and outer layers. The outer
edge (boundary) of the cylinder of the aquifer is opened and flows out from the outer edge
by water injection to lose heat. In the pumping operation, groundwater at underground
temperature flows in from the outer edge. The parameters of the ATES system model were
established using experimental data. The parameter was set by examining the thickness of
the impermeable layer [39].

Water Water
injection pumping

Heat inflow and outflow to the
upper part of the impermeable layer

Impermeable layer

t

Aquifer thickness

Injection flow rate

i I 4
[njection temperature : ;

— ! : Inflow and outflow
Flow velocity of groundwater

temperature >
—— !
Heat transfer Pumpmg flow rate ‘
with the next Pumping temperature ~ Model
--------- 17" outermost !
1layer2layer - - * N layer I layer |

v

Impermeable layer

: Surrounding soil (19.1 °C) Heat inflow and outflow to the
oo oo e lower part of the impermeablelayer

Figure 2. A conceptual diagram of the cylindrical model.

Figure 3 shows a geological map in which the ATES system was actually installed.
The ATES system operates using three wells: a pumping well (6 m), a heat storage well
(22 m—-32 m), and a reduction well (80 m). The pumping and heat storage wells are sand
gravel layers. The reduction wells are clay mixed sand and gravel layers. The excavation
depth of the heat storage well is located between GL-22 m and GL-32 m. The ground of the
heat storage well is a clay layer of the impermeable layer from GL-32 m, but the upper part
of the heat storage well is a gravel layer in the water-permeable layer. The diameter of the
well is 0.45 m, and the strainer position is GL-22 m to —30 m. The submersible pump is
located at GL-22 m, and temperature sensors are installed at a total of five locations. The
water pumped from the pumping well exchanges heat with the hot water sent from the
heat pumps through a heat exchanger, and stores the heat in the heat storage well. The
heat stored in the heat storage well is pumped up and sent to the air handling unit (AHU)
installed in the building to perform heat utilization operation. It is a system that returns
water to the reduction well after heat utilization operation.
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Figure 3. The stratum diagram of the heat storage well.

The accuracy of the aquifer model was verified using the measured data. Figure 4
shows the results of verifying the accuracy of the aquifer model. The measured data in
Figure 4 represents the data measured at 23 m in the aquifer. The measured tempera-
ture between 17 m and 22 m is affected by the heat generated by the pump, while the
temperature between 26 m and 29 m shows little change due to its depth. We will verify
the accuracy of the simulation using the data at 23 m where we can see the temperature
change between water injection and pumping. The aquifer model has errors between actual
measurement and simulation due to water left in the pipes during the start-up operation.
In addition, the trend differs from the measured values because the losses in the piping
and the start-up and shutdown of the heat source equipment are not taken into account.
The aquifer model was validated using root mean square error (RMSE). In the RMSE for
summer operation, the water injection operation is 0.2 °C and the pumping operation
is 0.8 °C. The summer operation reproduces the actual measured values. In the RMSE
for winter operation, the water injection operation is 4.8 °C and the pumping operation
is 2.2 °C. The winter operation reproduces the measured values except for the start of
operation, although there are some differences from the measured values. In this model,
the measured values can be reproduced in general except for about 30 min after the start of
the calculation.
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Figure 4. Accuracy verification of aquifer model. (a) Summer operation. (b) Winter operation.

3. Building Overview and Air Conditioning System

Table 2 shows the appearance and outline of the target building. The target building is
an office building with five floors above ground and one floor of the tower. The system dia-
gram of the air conditioning system installed in the target building is shown in Appendix C.
BEMS is used to collect operation data of air conditioning systems. Figure 5 shows the
transition of the load on the secondary side using BEMS data. The secondary load is
calculated by the following Formula (1) using the secondary cold /hot water inlet/outlet
temperature and flow rate of the BEMS data. The cooling load in summer is large, and the
heating load in winter is smaller than the cooling load in summer. The load has a different
pattern on weekdays and holidays, and changes according to the outside air temperature.

QHeat Load = M X pXcp X (tin - tout) (1)

where Qpenr 1oad 1S the processing load [W], m is the flow rate of cold /hot water [m3/s],
p is the density of water [kg/m?], ¢, is the specific heat of water [J/(kg °C)], t; is the water
supply temperature [°C], ¢,y is the return water temperature [°C].
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Table 2. Building overview.

Location

Takamatsu City, Japan

Site area

14,058.0 [m?]

Total floor area

11,613.3 [m?]

Building area

42782 [m?]

Use

Office

Number of floors

5 floors above ground
1 floor of the tower

Outer wall 0.528 [W/m2 K]
Roof 0.491 [W/m2 K]
. 2.40 [W/m2 K]
Window (Low-E glass)
Floor 0.753 [W/m? K]
Lighting 25 [W/ m?]
Number of people 2
in the room 015 [people/m”]

ventilation rates

0.5 [times/h]

et
(o))

[Cooling load I Heating load -~ Outside air temperature

=
S N =

Cooling/Heating load [G]/day]

S N = O @

o
[a=]
Outside air temperature [ C ]

Jul| Aug | Sep | Oct | Nov | Dec | Jan | Feb | Mar | Apr | May | Jun
2016 2017

Figure 5. The cooling load and heating load and the outside air temperature of the building.

Figure 6 shows the transition of the air inlet temperature of the AHU installed in the
room of the target building. Figure 6a shows the AHU air inlet temperature in summer.
The hottest August outside air temperature is about 25 °C to 35 °C, and the AHU air inlet
temperature is about 26 °C to 28 °C. Figure 6b shows the AHU air inlet temperature in
winter. The coldest January outside air temperature is about 0 °C to 10 °C, and the AHU
air inlet temperature is about 20 °C to 22 °C.



Appl. Sci. 2021, 11, 10321

9 of 24

==Qutside air temperature === AHU air inlet temperature
)
2
£
<
ol
Q.
=
o
=
15
July August | September
2016
@)
——=Qutside air temperature AHU air inlet temperature
30
25
< 20
d
v 15
B
g 10
g 5
3]
=0
-5
Dec Jan ‘ Feb
2016 2017
(b)

Figure 6. AHU inlet air temperature and outside air temperature. (a) The indoor temperature in sum-
mer and outside air temperature. (b) The indoor temperature in winter and outside air temperature.

4. An Efficient Operation Method of Aquifer Heat Storage System

Figure 7 shows the schematic diagram of the air conditioning system according to
each case and operation method in this study. Table 3 shows the rated capacity of the
heat pump and heat exchanger. In this study, a schematic diagram of the air conditioning
system introduced by AHU was assumed throughout the building. The heat source
equipment introduced a water-cooled heat pump and aquifer heat storage system. Three
heat source devices have been introduced, two for nighttime heat storage and one for
daytime operation.
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Figure 7. Air conditioning system diagram in each system. (a) WTES system. (b) ATES system.
(c) ATES system (pre-cooling/pre-heating).
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Table 3. The rated capacity of the heat source equipment.

Heat Source Equipment Rated Capacity Number of Units
Cooling capacity [kW] 194.2
Water-cooled HP - - 3
Heating capacity [kW] 2915
Heat Exchanger 1 Heat exchange capacity [kW] 292.0 1
Heat Exchanger 2 Heat exchange capacity [kW] 210.0 1

In this study, we assume three types of cases. Figure 7a is a WTES system, which
exchanges cold /hot water sent to the secondary side by a heat exchanger and cold /hot
water from the heat storage tank. Figure 7b is an ATES system that sends heat to the
secondary side in the same way as in Figure 7a. In Figure 7b, only the part of the water heat
storage tank in Figure 7a is replaced with the ATES system, and the other configurations
are the same. Figure 7c is an ATES system, in which heat is dissipated by the AHU pre-
cooling/pre-heating coil installed on the secondary side. In Figure 7c, a pre-cooling/pre-
heating coil that uses cold /hot water sent from the ATES system and a cold /hot water
coil that uses cold /hot water sent from the water-cooled HP are introduced in the AHU.
Figure 8 shows the configuration of the AHU.

Retum to the
aquifer storage Retum to

Cd

W4

IdJ/ hot
tgr cpil

the water-cooled HP 4 4 the water-cookd HP

Alr Retum| \[Pr4eoplhe ¢ didf/ ot l Air
supply air prdh %lt N2 witdr il supply
1

A

T T F rom

F rom
the water-cooledHP

From the aquifer the water-cooledHP
storage

(@) (b)

Figure 8. Configuration of the AHU. (a) Cold/Hot water coil. (b) Pre-cooling/Pre-heating coil.

Table 4 shows the cooling and heating operation cases. Case WTES is a WTES system
operation, and Case ATES is an ATES system operation. C is a cooling operation, and H
is a heating operation. The numbers divide the heat storage temperature. Case WTES is
a case that reproduces the operation of a WTES system, and stores heat at a heat storage
temperature of 7 °C for cooling operation and 45 °C for heating operation. Case ATES stores
the ATES system at the same operation case as the WTES system, with the heat storage
temperature at 7 °C for cooling operation and 45 °C for heating operation. CaseATES-C2 is
a case in which a pre-cooling/pre-heating coil is provided in the AHU to search for a more
suitable operation method for the ATES system (Figure 7c). Case ATES-C2 is divided into
Case ATES-C2-7 and Case ATES-C2-14 according to the temperature level at which heat
is stored.
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Table 4. Cooling and heating operation case.

Air Conditioning Operation Case Heat Storage System Operation Control and Method

Cold water operation

Case WTES-C1-7 WTES system operation 7°C heat storage operation

Cold water operation

Case ATES-C1-7 7 °C heat storage operation

Cooling operation
Pre-cooling operation

Case ATES-C2-7 ATES system operation 7 °C heat storage operation

Pre-cooling operation

Case ATES-C2-14 14 °C heat storage operation

Hot water operation

Case WTES-H1-45 WTES system operation 45 °C heat storage operation

Hot water operation

Case ATES-HI-45 45 °C heat storage operation

Heating operation

Pre-heating operation

Case ATES-H2-30 ATES system operation 30 °C heat storage operation

Pre-heating operation

Case ATES-H2-25 25 °C heat storage operation

Heat storage operation time: 10 h
Heat utilization operation time: 10 h
Stop operation time: 4 h
Initial groundwater temperature: 19.1 °C
Initial storage tank temperature: 15 °C

In each case, the heat storage operation is 10 h, the heat utilization operation is 10 h,
and the operation stop is 4 h. The initial temperature of the aquifer is 19.1 °C, and the
temperature of the water storage tank is 15 °C. The water-cooled HP of the heat source
equipment operates the outlet temperature at 7 °C for cooling operation and 45 °C for
heating operation. Case studies will be conducted using BEMS data from July to September
for cooling operations and from December to February for heating operations. In the
simulation of heat storage operation, a one-month run-up period is provided to stabilize
the actual temperature change of the heat storage layer. The capacity of the ATES system
and the WTES system is assumed to be 50% of the maximum building load, and the
thermal storage operation is performed at night. Therefore, we calculated the flow rate
of the heat exchanger assuming 10 h of thermal storage operation. Building load was
analyzed using BEMS data. Building loads occurred from 8:00 to 18:00 in the summer and
from 7:00 to 18:00 in the winter. The operation of the aquifer heat storage system and the
water-cooled HP operates during the time when there is a building load. In the building
load processing operation, the aquifer thermal storage system operates first, followed by
the water-cooled HP.

5. Results and Discussions
5.1. Time of Day Analysis of Cooling and Heating Operations

Figure 9 shows the operation results on 9 August, when the secondary load of the
cooling operation is the largest. In the HEX2 heat storage tank side inlet/outlet temperature
transition in Figure 9a, Case WTES-C1-7 can send cold water of about 7 °C to 9 °C from
the heat storage tank. In Case ATES-C1-7, the pumping temperature of the heat storage
well has risen since 13:00, and heat exchange has not been possible since 16:00. An aquifer
thermal storage system draws in groundwater from the surroundings as it pumps water
from the aquifer. Therefore, heat is diffused in the aquifer, and it is difficult to maintain
the temperature of the aquifer. The aquifer heat storage system is not suitable for use in
the same way as the water heat storage system. Looking at the amount of heat stored and
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dissipated in Figure 9b, it can be seen that Case ATES-C1-7 does not secure as much heat as
Case WTES-C1-7 even though it stores more heat than Case WTES-C1-7.
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Figure 9. Operation analysis on 9 August in summer. (a) Flow rate and temperature of Heat Exchanger 2. (b) Operational
transition of heat storage and heat utilization.

Case ATES-C2-7, which uses the heat of the aquifer heat storage system for pre-cooling
operation, stores heat at 7 °C and supplies heat to the pre-cooling coil during heat utilization
operation. In this case, the HEX2 heat storage tank side inlet temperature is about the same
as Case ATES-C1-7, but the HEX2 heat storage tank side outlet temperature is kept high,
and the inlet/outlet temperature difference can be secured. Looking at the amount of heat
released in Figure 9b, the amount of heat released is about the same as Case WTES-C1-7.
However, the amount of heat storage is larger than Case WTES-C1-7. Case ATES-C2-14
specializes in raising the temperature level for heat storage to 14 °C and supplying cold
heat for pre-cooling. The HEX2 heat storage side inlet temperature is stable at 14 °C to
15 °C, and the temperature difference from the HEX2 heat storage side outlet temperature
can be secured. The HEX2 heat storage side outlet temperature is about 20 °C, which is
higher than the groundwater temperature of 19.1 °C originally in the aquifer. Therefore,
the heat of groundwater can be used for air conditioning. From Figure 9b, it can be seen
that the heat utilization amount of Case ATES-C2-7 is smaller than that of Case WTES-C1-7,
but it is secured to some extent, and the heat storage amount is suppressed compared to
Case WTES-C1-7. Looking at the transition of the heat storage amount of Case ATES-C2-14,
the stored heat is almost used up at 18:00.

The heating operation on 23 January is shown in Figure 10. In the HEX2 heat storage
tank side inlet/outlet temperature transition in Figure 10a, Case WTES-H1-45 can send hot
water of about 45 °C to 42 °C from the heat storage tank. In Case ATES-H1-45, which is
used in the same way as Case WTES-H1-45, the pumping temperature of the heat storage
well drops to 42 °C after 11:00, and heat exchange is not possible from 11:00. As with
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cooling operations, it is difficult to maintain a high temperature in the aquifer due to
the influence of groundwater flowing in from the surroundings when water is pumped
from the aquifer. Case ATES-H2-30 and Case ATES-H2-25 used for pre-heating operations
are operating until 17:00. In Case ATES-H2-25, the temperature difference between the
inlet and outlet on the HEX2 heat storage tank side has become smaller since 14:00. Case
ATES-H2-25 specializes in lowering the temperature level for heat storage to 25 °C and
supplying it for pre-heating. The HEX2 heat storage side inlet temperature is stable at
25 °C to 23 °C, and the temperature difference from the HEX2 heat storage side outlet
temperature can be secured. The HEX2 heat storage side outlet temperature is about
22 °C. It can be seen that Case ATES-H1-45 in Figure 10b does not secure as much heat
utilization as Case WTES-H1-45, even though it stores more heat than Case WTES-H1-45.
The amount of heat stored in Case ATES-H2-25 is smaller than that of Case WTES-H1-45,
but it is secured to some extent, and the amount of heat released is smaller than that of
Case WTES-H1-45. In the transition of the heat storage amount of Case ATES-H2-30 and
Case ATES-H2-25, the stored heat is almost used up at 17:00.
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Figure 10. Operation analysis on 23 January in winter. (a) Flow rate and temperature of Heat Exchanger 2. (b) Operational
transition of heat storage and heat utilization.

5.2. Analysis of AHU Inlet/Outlet Temperature and Humidity

Figures 11 and 12 show the operating trends of inlet and outlet temperature and
humidity of AHU for heating and cooling operation. Figure 11 shows the air temperature
and humidity before and after the AHU pre-cooling coil and chilled water coil in Case
ATES-C1-7 and Case ATES-C2-14. The cold-water coil air outlet humidity of Case ATES-
C1-7 and Case ATES-C2-14 is close to 100%. It can be seen that the cold-water coil is
dehumidifying. In Figure 11b, the pre-cooling coil air outlet temperature is about 22 °C,
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and the air humidity at this time is 60% to 80% except immediately after the start of
operation. For this reason, the outlet of the pre-cooling coil is not in a dehumidified state,
and only sensible heat is processed. If a pre-cooling coil is installed and the heat of the
aquifer is used for air cooling up to a little over 20 °C, the heat storage temperature level of
the aquifer can be raised, which leads to effective utilization of the groundwater heat.

— Air inlet temperature of AHU ++=++ Air inlet humidity of AHU

____ Airoutlet temperature of cold Air outlet humidity of
‘0 water coil cold water coil 10
O 50 fom—o—— o — o 100
e 4 O\o
% 40 >
c ke
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— ..%......................................... (o)
P ... ’ E
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(b)

Figure 11. Air temperature and humidity before and after the AHU by the cooling operation. (a) Cold
water coil operation (Case ATES-C1-7). (b) Pre-cooling coil operation (Case ATES-C2-14).
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Figure 12. Air temperature and humidity before and after the AHU by the heating operation. (a) Hot

water coil operation (Case ATES-C1). (b) Pre-heating coil operation (Case ATES-C2-2).

Figure 12 shows the air temperature and humidity before and after the AHU pre-
heating coil and hot water coil in Case ATES-H1-45 and Case ATES-H2-25. The temperature
of the hot water coil air outlet of Case ATES-H1-45 and Case ATES-H2-25 is controlled at
about 30 °C. In Case ATES-H2-25 in Figure 12b, the pre-heating effect due to the operation
of the ATES system has almost disappeared from around 15:00, and the pre-heating coil has
not been able to heat it. The AHU air inlet temperature is about 19 °C, and the pre-heating
coil heats it to about 22 °C. For pre-heating, it is sufficient to have hot water of at least 19 °C
or higher, and it can be seen that it can be operated even if the heat storage temperature
level of the aquifer is lowered. The AHU air inlet temperature of 19 °C is close to the
under-ground temperature, and it is somewhat difficult to use the heat of groundwater as
it is during heating.
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5.3. Daytime Processing Heat and Total Power Consumption

Figures 13 and 14 shows a scatter plot of the ratio of heat-processed in water-cooled
HP operation and the rate of increase in total power consumption. The scatter plot shows
each case monthly. The lower the ratio of heat-processed in water-cooled HP operation,
the more the building load is processed by the heat utilization operation. In addition,
the heat storage system suppresses the peak in the daytime. The ratio of processing heat
for water-cooled HP operation is calculated by Equation (2), and the rate of increase in
total power consumption is calculated by Equation (3). The ratio of heat-processed by
water-cooled HP operation is the ratio of building load processed using water-cooled HP.
The rate of increase in total power consumption is the result of comparing the power
consumption of each case with the water-cooled HP operation case. Power consumption
includes power consumption of heat source equipment and pumps.
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Figure 13. Processing heat ratio of the water-cooled HP in cooling operation and rate of increase in
total power consumption.
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Figure 14. Processing heat ratio of the water-cooled HP in heating operation and rate of increase in
total power consumption.
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Figure 13 shows the Case WTES-C1-7 and Case ATES-C2-7 have a low the ratio of
heat processed in water-cooled HP operation and suppress daytime power consump-
tion. Case ATES-C2-7 has the same ratio of heat-processed in water-cooled HP opera-
tion and total power consumption as Case WTES-C1-7. Case ATES-C2-14 has a ratio of
heat-processed in water-cooled HP operation of 10% to 20% point (pt) higher than Case
WTES-C1-7. Total power consumption is reduced by 20%. Case ATES-C1-7 has a higher
ratio of heat-processed in water-cooled HP operation and total power consumption than
Case WTES-C1-7.

Figure 14 shows the processing heat ratio of Case WTES-H1-45 in water-cooled HP
operation is low, and daytime power consumption is suppressed. Figure 14 shows the Case
WTES-H1-45 has a low ratio of heat-processed in water-cooled HP operation and suppresses
daytime power consumption. Case ATES-H2-30 has a higher ratio of heat-processed in
water-cooled HP operation of 40% to 50% pt than Case WTES-H1-45. Case ATES-H2-25
is 60% pt higher. Case ATES-H2-30 and Case ATES-H2-25 have a lower nighttime heat
storage temperature than Case WTES-H1-45. Therefore, the power consumption of the
nighttime heat storage operation is reduced, and the total power consumption is reduced.
Since the room temperature in winter is the same as the aquifer temperature, it was difficult
to operate the pre-heating coil.

Qrate = QW_HP x 100 (2)
QLoad
W

Wrate = ——TES %100 3)
Ww_np

where Qg is the ratio of processing heat for water-cooled HP operation [%], Qw pp is
processing heat of water-cooled HP [kW], Qp,,4 is building load [kW], Wyt is rate of
increase in total power consumption [%], Wy _pp is water-cooled HP power consumption
[kW], WarEs is ATES system power consumption [kW].

Figure 15 shows the power consumption and energy efficiency. Table 5 shows the
seasonal power consumption and energy efficiency. The coefficient of performance (COP)
is calculated by Equation (5), the energy efficiency ratio (EER) is calculated by Equation (6),
and the seasonal energy efficiency ratio (SEER) is calculated by Equation (7.) The COP is
the ratio of the heating or cooling output power to the input power demand of the heat
pump. The EER is calculated by multiplying the COP by 3.413. EER values of higher 8.5
are efficient. A higher EER rating means that of cooling effect for every Watt of energy you
provide. The SEER is the ratio of the total cooling of the heat pump to the total electrical
energy input during the same period. SEER values of 8-10 are efficient.

Table 5. Seasonal power consumption and energy efficiency.

Case Operation Power Consumption cor EER SEER
P [MWh] [-] [-] [-]
Case WTES-C1-7 Cooling 71.5 2.9 10.0 11.1
Case WTES-H1-45 Heating 43.7 24 8.3 8.8
Case ATES-C1-7 Cooling 86.8 2.4 8.2 8.7
Case ATES-H1-45 Heating 89.1 1.2 4.1 3.9
Case ATES-C2-7 Cooling 72.8 2.9 9.8 10.8
Case ATES-H2-30 Heating 423 25 8.6 9.2
Case ATES-C2-14 Cooling 57.3 3.7 124 15.3

Case ATES-H2-25 Heating 37.7 2.8 9.6 10.6
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Figure 15. Power consumption and energy efficiency. (a) Summer operation. (b) Winter operation.

The COP for cooling operation was 2.4-3.7, with the ATES-C1-7 was the lowest at
COP 2.4 and ATES-C2-14 was the highest at COP 3.7. The COP for heating operation is
1.2-2.8, with the ATES-H1-45 was the lowest at COP1.2, and in other cases, it was about
the same at COP2.4-2.8. As mentioned in Chapter 5.1, the ATES system has difficulty
maintaining heat for long periods. Therefore, it was found that the operation using the
pre-cooling / pre-heating coil performs an efficient operation. In terms of energy efficiency,
the heating operation ATES-H1-45 had a low energy efficiency of 4.1 for EER and 3.9 for
SEER. In other cases, the energy efficiency was 8.2-12.4 for EER and 8.7-15.3 for SEER.

The COP of the ATES system operation in this study is about two lower than that of
the ATES system coupled with a chiller for cooling operation in Ghaebi et al. [21]. The
pre-cooling/ pre-heating operations considered in this study have a similar SEER compared
to the work of Vanhoudt et al. [22], Picone et al. [24]. However, it is about 10 lower than
the summer SEER in Vanhoudt et al. [22]. In the Vanhoudt et al. [22] study, the aquifer
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temperature is 10 °C lower than the aquifer temperature in this study, which is considered
to be specialized for cooling operation.
_ Output power

cor = Input power @

EER = 3.413 x COP (5)

Total seasonal cooling output

SEER = Total electrical energy input

(6)

where COP is the coefficient of performance of heat pump [-], output power is the power
drawn from the heat pump as cooling or heat [W], input power is the power supplied to the
compressor [W], EER is an energy performance rating for cooling devices [-], SEER is the
seasonal cooling performance [-], total seasonal cooling output [Whl, total electrical energy
input [Wh].

6. Conclusions

In this study, we compared the operating performance of the WTES system of the
existing heat storage system and the ATES system using a simulation model and clari-
fied the efficient operation method of the ATES system. This study uses three aquifers:
pumping wells, thermal storage wells, and reducing wells. The initial temperature is
19.1 °C groundwater from the surrounding area. The findings obtained in this study are
summarized below.

(1) Inthe ATES system, if the same operation method as the WTES system is used, the
heat storage efficiency will decrease, and the energy consumption will increase.

(2) When using an ATES system, the cold and hot heat input to the aquifer diffuses
quickly and the pumping temperature changes quickly, it is suitable to introduce a
pre-cooling and pre-heating coil. That allows heat to be used even when the water
temperature approaches the underground temperature.

(3) The aquifer heat storage system was used for the pre-cooling coil, and the cooling
power consumption was reduced by 20%. If a pre-cooling / pre-heating coil is intro-
duced and energy saving is important, heat is stored at a low temperature close to
the geothermal temperature, and the operation that also uses the groundwater heat is
performed. In addition, if the reduction of peak power in the daytime is important, it
is appropriate to operate so that the heat stored in the pre-cooling/pre-heating coil is
used up as much as possible.

(4) In cooling operation, ATES-C1-7 was the lowest at COP 2.4 and ATES-C2-14 was the
highest at COP 3.7. In heating operation, ATES-H1-45 was the lowest at COP1.2, and
in other cases, it was about the same at COP2.4-2.8.

(5) In terms of energy efficiency, the heating operation ATES-H1-45 had a low energy
efficiency of 4.1 for EER and 3.9 for SEER. In other cases, the energy efficiency was
8.2-12.4 for EER and 8.7-15.3 for SEER.
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Appendix A

The equations for the heat balance of the WTES system model are shown in Equa-
tions (A1)—(A6).

e  Heat utilization

Layer N VdstN = GWAC(TAC — TN) (Al)

Layeri V% = GWST(TH»l - T,) (A2)

Layer 1 Vddlt1 = GWST(T2 - Tl) + GWMC(TMC — Tl) (A3)
e  Heat storage

Layer 1 VL = GWyse(Te — Tr) (A4)

Layer i VL = GWer(T; 1 — T1) (A5)

Layer N VI = GWsr(Ty_1 — Tn) + GWac(Tac — Tw) (A6)

where V is capacity of each layer [m3], t is time [min], GW_AC is flow rate from
secondary side [m3/h], GW_MC is flow rate from heat source [m3/h], GW_ST is flow
rate between layers [m3/h], T_AC is inflow temperature from secondary side [°C], T_MC
is inflow temperature from heat source [°C], T_i is temperature of layer i [°C], T_N is
temperature of layer N [°C]

Appendix B

For the aquifer model, parameters were set using experimental data. The root mean
squared error (RMSE) was used for model evaluation [39]. In order to reproduce the actual
aquifer, the dispersion length was set to 0.05 m and the thickness of the impermeable
layer was set to 0.002 m. However, it is unlikely that such a thin impervious layer will
exist. Figure Al shows the sensitivity analysis. Sensitivity analysis was performed using
previous studies to examine how much it affects the model [40]. The thickness of the
impermeable layer represents the heat insulating performance of the aquifer. For the model
parameters of this study, the model settings shown in Table A1 were set in order to assume
the same performance as the water heat storage system.

Table A1. The ATES system model input values.

Radius [m] 20
Initial division width [m] 0.03
common ratio [-] 1.10
Volumetric specific heat [M]/ (m3K)] 3.18
Aquifer Effective thermal conductivity [W/(mK)] 1.6
Clearance rate [-] 0.3
Volumetric specific heat [M]/ (m3K)] 3.06
clay Effective thermal conductivity [W/(mK)] 1.2
Clearance rate [-] 0.3
Volumetric specific heat [M]/ (m3K)] 4.18
Water Thermal conductivity [W/(mK)] 0.59
Aquifer thickness [m] 8
Dispersion length [m] 0.05
Impermeable layer thickness [m] 1

Initial underground temperature [°C] 19.1
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Figure A1. The sensitivity analysis of the model.
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The target building has the air conditioning system diagram shown in Figure A2 and
the specifications of the heat source equipment shown in Table A2. The air conditioning
system uses BEMS to collect data. Air-cooled heat pumps (air-cooled HP), ice heat storage
systems, water-cooled HP, and ATES systems have been introduced as heat source equip-
ment. The secondary side processing the load of the building by the fan coil unit (FCU) and
the AHU. In the air conditioning system of the subject building, the TES system operates
first, followed by the water-cooled HP. Finally, the air-cooled HP is in operation control.
On the secondary side, the AHU and FCU processing the building load.
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Figure A2. System diagram of the target air conditioning system.
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Table A2. Specifications of heat source equipment.

Heat Source Equipment Rated Capacity Number of Units
Heat storage capacity [M]] 4176 *1
Ice heat storage tank Heat storage capacity [kW] 120.1 1
Heat utilization capacity [kW] 116.0 *?
' Cooling capacity [kW] 345.0
Air-cooled HP Heating capacity [kW] 309.2 2
Cooling capacity [kW] 182.7
Water-cooled HP Heating capacity [kW] 197.9 !
Cooling exchange heat quantity [kW] 157.0
Heat Exchanger 1 - - 1
Heating exchange heat quantity [kW] 214.0
Heat Exchanger 11 Cooling/heating exchange heat quantity [kW] 122.8 1
Heat Exchanger 21 Cooling/heating exchange heat quantity [kW] 35.0 1

*1 Calorific value of 10 h deicing operation; *? capacity during 10 h heat utilization operation.
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