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ABSTRACT

When a warm well located downgradient is captured by cold thermal plume originated from an upgradient cold well, the
warm thermal plume is pushed further downgradient in the direction of groundwater flow. If groundwater flow direction is
parallel to an aquifer thermal energy storage (ATES), the warm well can no longer be utilized as a heat source during the
winter season because of the reduced heat capacity of the warm groundwater. It has been found that when the specific
discharge is increased by 1 x 107" m/s in this situation, the performance of ATES is decreased by approximately 2.9% in
the warm thermal plume, and approximately 6.5% in the cold thermal plume. An increase of the specific discharge in a
permeable hydrogeothermal system with a relatively large hydraulic gradient creates serious thermal interferences between
warm and cold thermal plumes. Therefore, an area comprising a permeable aquifer system with large hydraulic gradient
should not be used for ATES site. In case of ATES located perpendicular to groundwater flow, when the specific discharge
is increased by 1 x 107 m/s in the warm thermal plume, the performance of ATES is decreased by about 2.5%. This is
13.8% less reduced performance than the parallel case, indicating that an increase of groundwater flow tends to decrease
the thermal interference between cold and warm wells. The system performance of ATES that is perpendicular to
groundwater flow is much better than that of parallel ATES.
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Fig. 1. A typical (a) cooling mode and (b) heating mode for a well configuration for an ATES system [a doublet system installed in an
aquifer comprising several injection and pumping wells (or recovery and withdrawal wells)]. Transport processes in this configuration are
affected by the advection of groundwater, thermodynamic dispersion, and thermal buoyancy.
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Table 1. Nomenclature of symbols used in governing equations

Symbol Nomenclature

n Porosity

s Arc length of curve (L)

So Specific storage coefficient

q Specific discharge/Darcy velocity (LT™)

Qn Supply term of flow (T

Qhw Specific fluid sink/source function of well (T
Correction sink/source term of extended Oberbeck-

Qron Boussinesq approximation (T™')

K Tensor of hydraulic conductivity (LT™)

k, Relative permeability

fu Viscosity related function of the fluid

T Temperature (0)

Ty Initial temperature (0)

Tw Prescribed temperature at well x,,

(gC)w  Effective heat capacity of fluid

(gC)s  Effective heat capacity of solid
Qrw Specific heat sink/source function of a well (ML™'T~)
Overall heat sink/source term without well function

(ML™'T?)
A Unit or identity matrix
x Buoyancy coefficient: (p — po) / po
\% Vector operator

x 107 m/s¥ F71e dvit 254
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Fig. 2. Schematic diagram of cold and warm wells with observation points, aligned (a) parallel and (b) perpendicular to regional
groundwater flow direction in the modeled domain (1000 m x 1000 m). Point #2 and point #4 in both arrays are the locations of the cold
well and the warm well respectively. The groundwater flows from north to south, as indicated by the blue arrow.

Table 2. The required distance to eliminate thermal interference between cold and warm wells in a doublet system and the related

analytical equations (Hahn and Hahn, 2016)

Name of estimation method

Relevant equation Distance (m)

1. Radius of influence in doublet system (Theis)

2. Minimum distance between cold and warm well to minimize thermal

interference (Gringarten and Sauty)

3. Optimum design distance between two Standing Column well (Staten

Island, USA)

4. The radius of Aquifer thermal storage to prevent thermal breakthrough

(Sauty)

Range and average
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Table 3. Parameter values for the ATES system, groundwater properties and aquifer materials used for the model

Parameter Unit Value Remarks
Well depth m 150
Cold & warm well P ,
Well diameter m 0.2 8 inches
Dynamic viscosity kg/(m-s) 0.52 x 1073
Density kg/m? 1,0
Ambient and Flow rate m¥/d 286
circulating Thermal conductivity J/(m-s'’K) 0.65 0.55 kcal/(mhk)
groundwater Volumetric heat capacity J/(m*K) 42x10° 602 keal/(m?k)
Initial head m(EL) 0
Initial temperature °C 15 Annual mean
Thermal conductivity J/(m-s-’K) 3 Fissured rocks
Hydraulic conductivity m/s 1074
Hydrogeothermal Porosity 02
system (aquifer) Volumetric heat capacity J/(m*K) 2.16 x 10°
Longitudinal dispersivity m 5 Fissured rocks
Transverse dispersivity m 0.5 Fissured rocks
Initial ground temperature °C 15
400 3E+09 .
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2 o £ SE-08 !
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(c) water level of warm and cold well  (d) seasonal variation of local ground temp.(C))

Fig. 3. (a) The injection and pumping rates of the groundwater; (c) water level of the warm and cold well; and (b) heat injection and
extraction rates applied to the cold and warm well along with local ground temperature variation (d), during the first 2 years under no
groundwater flow (q = 0). Here, a — sign indicates the injection of groundwater and heat energy into the well and a + sign stands for the
pumping of groundwater and absorption of heat energy from the well (red color: warm well, blue color: cold well).
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Table 4. (a) seasonal injection and extraction rates of groundwater, injection and absorption rates of heat energy from cold and warm
wells (b) local ground temperatures (locT) near the warm and cold well in the first and second year

(a) injection and extraction rates of groundwater and heat energy from cold and warm well

Pumping & injection rate (m%/d)

Absorption & injection rate of heat energy

Cycle Period (day) of ATES (Joule/d)
Cold well Warm well Cold well Warm well
Winter (heating) 0~145 -286 +286 1.89 x 10° 0
Balanced 145 ~ 205 0 0 0 0
Summer (cooling) 205~ 330 +286 -286 0 -1.13 x 10°
Balanced 330~ 365 0 0 0 0
Remarks (-) sign: injection of groundwater or heat energy

(+) sign: pumping of groundwater or absorption of heat energy

(b) simulated seasonal local ground temperature T in the first and second year at the warm and cold well

Cycle Ist Year (day) Warm well in °C Cold well in °C  2nd year (day) Warm well in °C Cold well in °C
Winter 0-145 15 12.15 365-510 15.31 11.65
Balanced 145-205 15 13.35 510-570 15.37 12.93
Summer 205-330 16.92 14.37 570-695 17.17 14.06
Balanced 330-365 16.25 13.94 695-730 16.69 14.07
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Table 5. Summary of simulation combinations (array configuration, specific discharge, spacing of cold and warm well, direction of

ATES array to ambient groundwater flow)

Atrray direction to
groundwater flow

Specific discharges (ea) well spacing (m)

Thermal energy load No. of scenarios Symbols

200
200

Parallel 6
Perpendicular 6
0,05x107, 1x107

2x107 3 x 1077

4x107

Remarks

2 12 aT(nT)3F-locT
2 12 aT(la)2F-locT
24

Note: aT(nT)0.5F - locT : 1) “aT(nT)” indicates that the Dirichlet (1st type) thermal boundary condition is not applied and the ATES array is
parallel to the main groundwater flow direction and that “0.5F” means 0.5 x 10~ m/s of specific discharge of groundwater and locT stands for
the 20-year average of the local ground temperature at the observation point. In the case of aT(la)2F-locT,”la“ indicates that the ATES array is
at a right angle (perpendicular) to the ambient groundwater flow direction and that 2F means 2 x 107 m/s of specific discharge.
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Table 6. Local ground temperature in T in of six observation points with an array parallel to the groundwater flow direction under no

flow and 1 x 107" m/s of specific discharge

OB point and q

Groundwater temperature in Celsius
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Table 7. Minimum and maximum local ground temperature T in °C of the hot spots, migrated distance (m) of the hot spots from cold
and warm well (down-gradient), and the extent (width X length in meter) of the thermal plumes under various specific discharges after

20 years operation of the ATES (north to south direction)
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Fig. 11. Cold and warm thermal plumes created by the injection and abstraction of groundwater and heat energy at the cold and warm
well, located at 400 m and 600 m, respectively from the western boundary of the model domain, with an array perpendicular to the
regional groundwater flow direction under various specific discharges (units: 1077 m/s) after 20 years. (Blue: cold thermal plume and red:

warm thermal plume).
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Table 8. Minimum and maximum local ground temperatures (T in °C) of the hot spots, migrated distance (m) of the hot spots from the
cold and warm wells (down-gradient), and the extent (width x length in meters) of thermal plumes under various specific discharges
after 20 years of operation of the ATES (west to east direction)

Cold thermal plume Warm thermal plume
q Migrated distance of Areal extent lower Migrated distance of A.real extent
(107 m/s) Hot sp?)t— the hot spot from than 14.9°C Hot SPOt:, the hot spot from hlgherothan
Min T () cold well (m) (length x width) (m) Min T in °C warm well (m) I5.1°C
(length x width) (m)
10 0 185 x 185 19.1 0 164 x 164
0.5 11.3 0 210 x 174 182 0 190 x 152
1 122 0 260 x 158 17.6 0 223 x 138
2 13.3 0 335x 134 16.4 0 280 x 116
3 13.9 0 420 x 114 16.3 0 353 x 100
4 14.2 0 491 x 96 16.0 0 420 x 84
19
18
17
16
Z 15
8 14 4
13
12 4
11 4
10 +
s |
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Distance from western boundary(m)

Fig. 12. Distance-local ground temperature profiles for the ATES (along the West to East direction) with an array perpendicular to the
regional groundwater flow direction under various specific discharges (unit: 10”7 m/s). Six observation points of #1, #2 (cold well), #3, #4
(warm well), #5 and #6 are located from 300 m to 800 m, respectively from the western boundary of the model domain with a distance
interval of 100 m each. The cold and warm wells are located at 400 m and 600 m from western boundary, respectively, as shown in Fig.
2(b).
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