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Absorption cycle heat pumps, 10, 11
Advection and three-dimensional
conduction, in closed systems
moving point source, 105-106
Advective heat flux, defined, 54
Advective heat transport, 53-54, 70
Aefligen (Switzerland) site, injection of
cold water, 230
Alabama, USA (Auburn site near
Mobile)
aquifer storage and recovery of
heated water, 229
Altach (Austria), case study, 232-239,
234t, 2351, 237f, 238f, 239t
Analytical approximations, 101
Analytical models, for TRT evaluation,
214-218, 215f, 216f, 217f
error analysis, 218
Kelvin line source model, 214,
217-218
linear regression method, 214-215,
216
parameter estimation technique,
215, 216, 216f
temporal superposition principle, 216
Analytical solutions
BHEs, 77
for flow and heat transport
problems, 101-158
for BHE systems, 103
for closed systems. See Closed sys-
tems, analytical solutions for
literature overview, 101-103
for open systems. See Open sys-
tems, analytical solutions for

overview, 101-104
thermal sources of, 103, 104f

Anisotropic conditions, defined, 42

Aquifer bottom elevation, defined, 51

Aquifer material, thermal conductivity
of, 54-55

Aquifers, integral water and energy
balance equations for, 81-86,
82f, 83f. See also Unconfined
aquifer

Aquifers, thermal evolution in

sustainability and, 202-204

Aquifer thermal energy storage (ATES)
systems, 164, 165, 167,
209-210

Aquifer thickness, defined, 51

Aquifer transmissivity, defined, 51

Arithmetic mean model, for thermal
conductivity, 88

ATES (aquifer thermal energy storage)
systems, 164, 165, 167,
209-210

Auburn site near Mobile (Alabama,
USA), aquifer storage and
recovery of heated water, 229

Austria, regulatory issues for
groundwater resources, 29

Back-of-the-envelope calculations, 17

Bad Wurzach (Germany), case study,
243-248, 244f, 245f, 245t,
246f, 247f

Belgium (Ghent), heat transport during
shallow heat injection, 232
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BHE:s. See Borehole heat exchangers
(BHEs) system
Bonnaud (Jura) site (France), warm
water storage in a sandy
gravel aquifer, 229
Borden site (Canada), thermal energy
storage in unconfined sand
aquifer, 230
Borehole heat exchangers (BHEs)
system, 9, 10, 14, 21, 166-167
analytical solutions for, 77, 103
Bad Wurzach (Germany), case
study, 243-248, 244f, 245f,
245t, 246f, 247f
boundary condition, 76
closed-system, 17
computer simulations for, 167, 186
concepts for, 75-79, 75f
heat catchment of, 198-199, 198f
heat extraction rates for single
closed system, 18t
ICS model, 109, 112113, 113f
ILS model and, 106-109, 108f,
109f, 110f-111f
inadequate backfilling of, 22
initial condition, 76
location of, 28
long-term viability and, 197
maximum heat flux to, 199
MILS model, 121-126, 121f, 123f,
1251, 126f
one-dimensional finite difference, 219
SBM in, 219
sustainability and, 198-200, 198f,
201f, 202f
temperature field for, 108, 108f
timescale for thermal diffusion in, 77
TRT and, 212
unit length thermal resistance, 78
U-tube, 13, 13f, 75-76, 75f, 77, 78
configuration, 103
vertical, 13
two-dimensional finite volume
model of, 219
Borehole heat load, calculation, 74
Borehole thermal energy storage
(BTES), 220
Boundary conditions
of BHEs system, 76
for flow problems, 49-50, 49f
for heat transport problem, 72-75,
73f

Britain, regulatory issues for
groundwater resources, 29-30
BTES (borehole thermal energy
storage), 220
Buildings
heating effect of, 4
heat loss from, 4
thermal anomalies and, 3

Canada (Borden site), thermal energy
storage in unconfined sand
aquifer, 230
Canton of Zurich, 240
regulations, 28
Capillary pressure, defined, 47
Capillary zone
above water table, 41, 41f
defined, 37
Carbon dioxide (greenhouse gases)
concentration
reduction, GSHP systems and, 2-3
Carnot cycle, ideal performance of,
11-12
Case studies, 229-248
Aefligen (Switzerland) site, injection
of cold water, 230
Alabama, USA (Auburn site near
Mobile)
aquifer storage and recovery of
heated water, 229
Altach (Austria), 232-239, 234t,
235f, 2371, 238f, 239t
Bad Wurzach (Germany), 243-248,
244f, 245f, 245t¢, 246f, 247f
Bonnaud (Jura) site (France), warm
water storage in a sandy
gravel aquifer, 229
Borden site (Canada), thermal
energy storage in unconfined
sand aquifer, 230
Ghent (Belgium), heat transport
during shallow heat injection,
232
Kirchberg (Switzerland) site, natural
river water infiltration, 230
Limmat Valley Aquifer Zurich
(Switzerland), 239-243, 241f,
242f
Shanghai (China), seasonal aquifer
thermal energy storage
experiments in, 230
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Tokyo (Japan), Chiba experimental
station in, 232
Torino (Italy), open-loop heat
pumps of field study in, 232
Tricks Creek study area (Ontario,
Canada), two-dimensional
vertical thermal conductivity
field, 231
Yucca Mountain site (USA),
hydrologic and thermal
processes in a large-scale
underground heater test, 231
Cauchy boundary condition, for heat
transport problem, 73f, 74
Cement—bentonite suspension, 212
Characteristics, defined, 184
China (Shanghai), seasonal aquifer
thermal energy storage
experiments in, 230
Closed-loop systems, 1216, 13f, 14f,
15¢
Closed systems, analytical solutions
for, 105-140
one-dimensional conduction
advection and, moving infinite
plane source, 132-134, 133f
infinite plane source, 130, 131
one-dimensional conductive—
advective heat transport
harmonic temperature boundary
condition for. See Harmonic
temperature boundary
condition
steady-state injection into aquifer
with thermally leaky top
layer, 134-135
three-dimensional conduction
advection and, MFLS, 126-130,
130f, 131f
advection and, moving point
source, 105-106
FCS model, 118-119
FLS model, 114-117, 115f, 116f,
117f
instantaneous point source, 105
two-dimensional conduction
advection and, MILS, 119-126,
120f, 121f, 123f, 125f, 126f
ICS model, 109, 112-113, 113f
ILS model, 106-109, 108f, 109f,
110f-111f

Closed systems, low hydraulic
conductivity formations for,
9,10
Coded functions (MATLAB scripts)
analytical solutions
linear flow, 153
radial flow, infinite disk source,
156
FCS model, 119
FLS model, 116, 117
ICS model, 112-113
ILS model, 108
infinite plane source model, 133-134
MFLS model, 129
MILS model, 121, 122, 124, 126
one-dimensional harmonic thermal
conductive/dispersive—
advective transport, model
for, 138
recirculation rate, calculation, 151
Coefficient of performance (COP),
defined, 11
Complementary error function, in FLS
model, 114
Compressibility, of water, 39-40
COMSOL, software package, 167
Conduction, convection, and
consolidation (CCC) code,
164
Conductive heat flux, in finite
difference method, 177
Constant concentrations, defined, 39
Constant reference pressure, defined,
39
Constant reference temperature,
defined, 39
Constant water density, 43—-44
Continuous line source, 106-107
Continuous point source
in FCS, 118
in FLS model, 114
Continuous ring source model, in FCS,
118
Continuous time random walk
(CTRW) model, 67
COP (coefficient of performance),
defined, 11
Correction terms, in random walk
method, 185
Coupled flow and heat transport,
strategy for, 185-186
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Coupling thermal transport, with
hydraulic models, 79-80

Courant-Friedrichs-Lewy stability
condition, 180

Courant number, 183

Crank-Nicolson scheme, 179, 181

CTRW (continuous time random walk)
model, 67

Cylindrical source models, 213

Damages, geothermal systems
malfunctioning, 21-22, 23f
Darcy’s law, 46
flow in saturated and unsaturated
porous media, 37-44, 38f,
41f, 421
in volume balance equations, 47
Density effects, stability number for,
40-41
Direct-push methods, 210
Dispersive heat transport, 61-68, 64f,
66f
Distributed optical-fiber temperature
sensing (DTS), 221
Double well system in uniform flow field
analytical solutions, 145-152,
146f-147f
Drainable porosity (specific yield),
defined, 51
Drinking water
quality targets, 24
regulatory issues for groundwater
resources. See Regulatory
issues, for groundwater
resources
DTS (distributed optical-fiber
temperature sensing), 221

Earth Energy Designer (EED)
software, 103

Ecology, groundwater quality and

impact on, 20-21

EED (Earth Energy Designer)
software, 103

Effective thermal conductivity tensor, 62

EGRT (enhanced geothermal response
test), 212

EGS (Engineered Geothermal Systems),
200

Energy balance equation, in finite
difference method, 176

Energy demand, 16-19, 17t, 18t
seasonal, 16f
Energy fluxes, toward soil surface, 8, 8f
Energy production, 16-19, 16f, 18t
by GSHPs, 17t
Energy utilization factor, defined, 86
Engineered Geothermal Systems (EGS),
200
Enhanced geothermal response test
(EGRT), 212
Enhanced thermal response tests, 212
Equivalent decay coefficient, in solute
transport code, 171
Equivalent porosity, in solute transport
code, 170
Equivalent solute mass production, in
solute transport code, 170
Exponential integral, definition, 107

FCS (finite cylindrical source), in
closed systems
three-dimensional conduction,
118-119
FEFLOW code, 219, 220
FEFLOW software, 165, 166, 167, 186
Field methods, 209-224
hydrogeological, 209-210
overview, 209
TRTs. See Thermal response tests
(TRTS)
TTTs. See Thermal tracer tests
(TTTs)
Finite cylindrical source (FCS), in
closed systems
three-dimensional conduction,
118-119
Finite difference method, for heat
transport
principles, in multidimensional
numerical solutions, 166, 175,
176-181, 177f
Finite element method, for heat transport
principles, in multidimensional
numerical solutions, 164, 175,
181-183, 181f
Finite line source (FLS), 103, 104f
in closed systems, three-dimensional
conduction, 114-117, 115f,
116f, 117
advection and, MFLS, 126-130,
130f, 131f
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Finite volume method, for heat transport
principles, in multidimensional
numerical solutions, 166, 175,
183
First- or second-order predictor—
corrector schemes
for coupled equations solution, 186
Flow equation, hydraulic processes in
porous media, 48
FLS (finite line source), 103, 104f
in closed systems, three-dimensional
conduction, 114-117, 115f,
116f, 117f
advection and, MFLS, 126-130,
130f, 131f
FLUENT software, 167
Fokker—Planck terms, in random walk
method, 185
FORTRAN-based code, 219
Fourier’s law, defined, 54
FRACTure, for forced water flow in
fractured rocks, 165
FRACTure code, for TRT analysis, 219
France (Bonnaud (Jura) site), warm
water storage in a sandy
gravel aquifer, 229
Freezing and thawing, heat transport
equation, 68-69
Frozen soil conditions, 60
Fundamentals, of heat transport in
groundwater systems, 37-93
heat transport processes in
subsurface. See Heat
transport processes in
subsurface, water flow and
thermal property values, 87-93,
87t, 88t, 89t-91t, 92t, 93f
water flow theory in subsurface. See
Water flow, heat transport
processes in subsurface and

Galerkin finite element model,
164-165

GenOpt software, 219

Geometric mean model, for thermal
conductivity, 88

Geotechnical constructions, heat
exchangers in, 14, 15

Geotechnical issues, 21-22, 23f

Geothermal ground source heating
pump (GSHP) system

Bad Wurzach (Germany), case
study, 243-248, 244f, 2451,
245¢, 246f, 247f

Germany

Bad Wurzach, case study, 243-248,
244f, 245f, 245t, 246f, 247f

regulatory issues for groundwater
resources, 30-31

Ghent (Belgium), heat transport during
shallow heat injection, 232

GLHEPRO software, 103

Greenhouse gases (carbon dioxide)
concentration

reduction, GSHP systems and, 2-3

Grid Peclet number, 183

Ground heat flux, defined, 8

Ground source heat pump (GSHP)
systems, 1, 2f, 3,12, 21-22,
209

TRTs for planning and design of.
See Thermal response tests
(TRTs)

Ground surface temperature (GST),
4-9, 5f, 6f, 71, 8f, 9f

Groundwater heat pump (GWHP)
systems, 1, 2f

Groundwater quality and ecology,
impact on, 20-21

Groundwater Regulations, 30

Groundwater systems, thermal use.
See Thermal use of shallow
underground systems

GSHP (ground source heat pump)
systems, 1, 2f, 3,12, 21-22,
209

TRTs for planning and design of.
See Thermal response tests
(TRTs)

GST (ground surface temperature),
4-9, 5f, 6f, 71, 8f, 9f

GWHP (groundwater heat pump)
systems, 1, 2f

Hantush approximation, 156

Harmonic mean model, for thermal
conductivity, 88

Harmonic temperature boundary
condition

for one-dimensional conductive—

advective heat transport,
135-140
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horizontal conductive/dispersive—
advective transport, 136-138,
137f, 138f

horizontal layer embedded in
conductive bottom and top
layer, 138-140

vertical conductive heat
transport, 135-136

Heat capacity
thermal conductivity values and,

87-93, 87t, 88t, 89t-91t, 92t,

93f
thermal processes in porous media,
53-54
“Heat catchment,” of BHEs, 198-199,
198f

Heat conduction, thermal processes in
porous media. See Thermal
conductivity(ies)

Heat exchangers, in geotechnical
constructions, 14, 15
HEATFLOW, finite element numerical

model, 231
HEATFLOW-SMOKER code, 186
Heat pumps, 10-12

absorption cycle, 10, 11

COP, 11

ideal performance of Carnot cycle,
11-12

PER, 12

SPF, 12

vapor compression, 10, 11f

working fluid of, regulations, 24

Heat sink, 3

Heat storage, thermal processes in
porous media, 53-54

Heat transport equations, coupled flow
and

strategy for, 185-186
Heat transport processes in subsurface,
water flow and, 37-86
hydraulic processes in porous
media, 37-52
flow equation, 48
flow in saturated and unsaturated
porous media, Darcy’s law,

37-44, 38f, 41f, 42f

initial and boundary conditions,
49-50, 49¢f

two-dimensional flow models for
saturated regional water flow,

50-52, 51f, 52f

volume balance, 47-48
water mass balance, 44-47, 45f
integral water and energy balance
equations for aquifers, 81-86,
82f, 83f
overview, 37
thermal processes in porous media,
52-81
BHEs, concepts for, 75-79, 75f
coupling thermal transport with
hydraulic models, 79-80
dispersive and macrodispersive,
61-68, 64, 66f
heat conduction. See Thermal
conductivity(ies)
heat storage, heat capacity, and
advective heat transport,
53-54
heat transport equation, 68-72
initial and boundary conditions,
72-75, 73f
two-dimensional heat transport
models, §0-81, 80f
Horizontal groundwater flow, TRT
and, 218
Horizontal layer embedded in
conductive bottom and top
layer, harmonic temperature
boundary condition for,
138-140
HST3D code, 186
Hydraulic conductivity
in anisotropic conditions, 42
in layered porous media, 42
temperature dependence of water
viscosity on, 38-39
Hydraulic contacts, boreholes and,
10
Hydraulic inflow rates, for unconfined
aquifer, 81-82, 82f
Hydraulic models, coupling thermal
transport with, 79-80
Hydraulic outflow rates, for unconfined
aquifer, 81-82, 82f
Hydraulic processes, in porous media,
37-52
flow equation, 48
flow in saturated and unsaturated
porous media, Darcy’s law,
37-44, 38, 41f, 42f
initial and boundary conditions,
49-50, 49f
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two-dimensional flow models for
saturated regional water flow,
50-52, 51f, 52f
volume balance, 47-48
water mass balance, 44-47, 45f
Hydraulic tomography method, 210
Hydrogeological conditions, 9, 10
Hydrogeological field methods,
209-210
HydroGeoSphere code, 165-166, 187,
219
Hydrographic Service, 234
Hydrological conditions, 9, 10

ICS (infinite cylindrical source), in
closed systems
two-dimensional conduction, 109,
112-113, 113f
ILS (infinite line source), 103, 104f
in closed systems, two-dimensional
conduction, 106-109, 108f,
109f, 110f=111f
advection and, MILS, 119-126,
120f, 121f, 123f, 125f, 126f
Impermeable boundary, 49f, 50
Inadequate backfilling, cause of
damages, 22
Induction of thermal fluxes, 3
Infinite cylindrical source (ICS), in
closed systems
two-dimensional conduction, 109,
112-113, 113f
Infinite disk source, radial flow
analytical solutions, 155-156, 157f
Infinite line source (ILS), 103, 104f
in closed systems, two-dimensional
conduction, 106-109, 108f,
1091, 110f-111f
advection and, MILS, 119-126,
120f, 121f, 123f, 125f, 126f
Infinite plane source
in closed systems, one-dimensional
conduction, 130, 131
advection and, moving infinite
plane source, 132-134, 133f
Initial conditions
of BHEs system, 76
for flow problems, 49-50, 49f
for heat transport problem, 72-75,
73f
Instantaneous line source, 106

Instantaneous point source, in closed

systems
three-dimensional conduction, 105

Integral water and energy balance
equations, for aquifers,
81-86, 82f, 83f

Integrated compartment method, 166

International Governmental
Commission of Alpine Rhine
region (IRKA), 236

IRKA (International Governmental
Commission of Alpine Rhine
region), 236

Italy (Torino), open-loop heat pumps
of field study in, 232

Japan (Tokyo), Chiba experimental
station in, 232

Johansen’s model, thermal conductivity
and, 58, 59

Kelvin line source theory, 213
in TRT evaluation, 214, 217-218
Kersten’s number, thermal conductivity
and, 59-60
Kirchberg (Switzerland) site, natural
river water infiltration, 230

Land subsidence and uplift, cause of
damages, 22, 23f
Land surface temperature (LST),
satellite-derived, 7
Lawrence Berkeley Laboratory, 164
Leakage coefficient, 50, 52
Limmat Valley Aquifer Zurich
(Switzerland), case study,
239-243, 241f, 242f
Linear flow, analytical solutions for
in open systems, 152-153, 152f, 154f
Linear regression method, for TRTs,
214-215, 216
Local meteorological conditions,
importance, 4-10
hydrological and hydrogeological
conditions, 9, 10
thermal regime, 4-9, 5f, 6f, 7f, 8f, 9f
Longitudinal thermal
macrodispersivity, 64—66, 66f
Long-term injection-storage
experiments, 220
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Long-term operability, 197-207
further criteria of sustainability,
204-207, 205t, 206t
overview, 197
systems in low permeable media,
197-202, 198f, 201f, 202f
thermal evolution in aquifers,
202-204
Low-enthalpy energy (shallow
geothermal energy), 1
Low permeable media, systems in
sustainability and, 197-202, 198f,
201f, 202f
LST (land surface temperature),
satellite-derived, 7

Macrodispersive heat transport,
61-68, 64f, 66f
MATLAB scripts
analytical solutions
linear flow, 153
radial flow, infinite disk source,
156
FCS model, 119
FLS model, 116, 117
ICS model, 112-113
ILS model, 108, 109
infinite plane source model,
133-134
MFLS model, 129
MILS model, 121, 122, 124, 126
one-dimensional harmonic thermal
conductive/dispersive—
advective transport, model
for, 138
recirculation rate, calculation, 151
Maximum heat flux, to BHEs, 199
Mechanical dispersion effects, in porous
media, 61-68, 64f, 66f
Method of characteristics, for heat
transport
principles, in multidimensional
numerical solutions, 183-184
METRA, advective—conductive heat
transport models with, 165
MFLS (moving finite line source), in
closed systems
three-dimensional conduction and
advection, 126-130, 130f, 131f
MILS (moving infinite line source), in
closed systems

two-dimensional conduction and
advection, 119-126, 120f,
121f, 123f, 125f, 126f
MODFLOWY96 code, 236
MODFLOW model, 187
Moving finite line source (MFLS), in
closed systems
three-dimensional conduction and
advection, 126-130, 130f,
131f
Moving finite line source model, 213
Moving infinite line source (MILS), in
closed systems
two-dimensional conduction and
advection, 119-126, 120f,
121f, 123f, 125f, 126f
Moving infinite plane source, in closed
systems
one-dimensional conduction and
advection, 132-134, 133f
Moving point source, in closed systems
three-dimensional conduction and
advection, 105-106
MT3DMS code, 236
in heat transport in closed
geothermal systems, 165,
187
Multidimensional numerical solutions,
175-185
heat transport, principles
finite difference method for, 166,
175, 176-181, 177f
finite element method for, 164,
175, 181-183, 181f
finite volume method for, 166,
175, 183
method of characteristics for,
183-184
random walk method for, 165,
175, 184-185
MULTIFLOW code, 165
Multiple well systems, steady-state
flow in
analytical solutions for, open
systems, 142-152, 143f, 144f
double well system in uniform
flow field, 145-152, 146f-147f

Natural background groundwater flow,
in open systems
analytical solutions, 156, 158
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Natural conditions, defined, 26
Net radiation, defined, 8
Neumann boundary condition
for flow problems, 50
for heat transport problem, 72, 73f
Numerical codes for thermal transport
modeling in ground water,
186-187, 188t-189¢
HEATFLOW-SMOKER code, 186
HST3D code, 186
HydroGeoSphere code, 165-166, 187
MODFLOW model, 187
MT3DMS, 165, 187
MULTIFLOW code, 165
SEAWAT code, 165, 187
SHEMAT code, 187
SPRING code, 166, 187
SUTRA code, 187
TOUGH2 code, 166, 187
VS2DI code, 187
Numerical models, for TRT evaluation,
218-220, 220f
Numerical solutions, 163-189
codes for thermal transport
modeling in ground water,
186-187, 188t-189t
HEATFLOW-SMOKER code,
186
HST3D code, 186
HydroGeoSphere code, 165-166,
187
MODFLOW model, 187
MT3DMS, 165, 187
MULTIFLOW code, 165
SEAWAT code, 165, 187
SHEMAT code, 187
SPRING code, 166, 187
SUTRA code, 187
TOUGH?2 code, 166, 187
VS2DI code, 187
development of, 163
multidimensional, for heat
transport, 175-185
finite difference method,
principles, 166, 175, 176181,
177f
finite element method, principles,
164, 175, 181-183, 181f
finite volume method, principles,
166, 175, 183
method of characteristics,
principles, 183-184

random walk method, principles,
165, 175, 184-185
overview, 163-167
strategy for coupled flow and heat
transport, 185-186
two-dimensional horizontal, 167-175
solute transport models, analogy
with, 170-171
steady-state open system in
rectangular aquifer, analysis,
171175, 171f, 172f, 173f,
174f, 175f

One-dimensional conduction, in closed
systems
advection and, moving infinite
plane source, 132-134, 133f
infinite plane source, 130, 131
One-dimensional conductive—advective
heat transport
harmonic temperature boundary
condition for. See Harmonic
temperature boundary
condition
One-dimensional finite difference BHE
model, 219
One-dimensional horizontal conductive/
dispersive-advective transport
harmonic temperature boundary
condition for, 136-138, 1371,
138f
One-dimensional vertical conductive
heat transport
harmonic temperature boundary
condition for, 135-136
Ontario, Canada (Tricks Creek study
area), two-dimensional vertical
thermal conductivity field, 231
Open-loop systems, 12-16, 13f, 14f, 15f
Open systems, analytical solutions for,
140-158, 141t
linear flow, 152-153, 152f, 154f
natural background groundwater
flow, 156, 158
radial flow, infinite disk source,
155-156, 157f
steady-state flow in multiple well
systems, 142-152, 143f, 144f
double well system in uniform
flow field, 145-152, 146f-147f
Open-well thermal dilution tests, 221
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Parameter estimation technique, for
TRTs, 215, 216, 216f

Particle tracking, in random walk
method, 184

PER (primary energy ratio), defined, 12

Picard iteration scheme (point
iteration), 185
PMWIN, software package, 236
Pollutants, water quality by, 21, 24
Porous media
hydraulic processes, flow in
saturated and unsaturated,
37-44, 38f, 41f, 42f. See
also Hydraulic processes, in
porous media
thermal processes in. See Thermal
processes, in porous media
PPTs (push—pull tests), 221
Predictor—corrector schemes, first- or
second-order
for coupled equations solution, 186
Primary energy ratio (PER), defined,
12

Pumped groundwater as heat source, 3
Push—pull tests (PPTs), 221

QS/QA (quality standards and quality
assurances)
future damages and, 22
Quality standards and quality
assurances (QS/QA)
future damages and, 22

Radial flow, infinite disk source
analytical solutions, 155-156, 157f
Random walk method, for heat
transport
principles, in multidimensional
numerical solutions, 165, 175,
184-185
ReacTrans, 221
Recirculation rate, between wells,
149-151
Rectangular aquifer, Steady-state open
system in
analysis, two-dimensional
horizontal numerical
solutions, 171-175, 171f
illustrative example, 172f, 173f
scaled solution, 173-175, 174,
175f

Regional water flow, two-dimensional
flow models for, 50-52, 51f,
52f

Regulatory issues, for groundwater
resources, 24-31

Austrian regulation, 29

British regulation, 29-30

for drinking water supply, 24

exploitation of renewable resource,
24

German regulation, 30-31

heat pumps, 24

international legal status, 25

recommendations and, 25

for soil and ecosystem protection,
24

Swiss regulation, 25-28, 27f

Renewable resources, exploitation
of, 24. See also Regulatory
issues, for groundwater
resources

Renormalization (self-consistent)
approximation, 55

Richards’ equation, defined, 47

Satellite-derived LST, 7
Saturated porous media, flow in
Darcy’s law, 37-44, 38f, 41f, 42f

Saturated regional water flow, two-
dimensional flow models for,
50-52, 51f, 52f

SBM (superposition borehole model),
219

Seasonal operation of technical
installations

underground resources

management, 19-20

Seasonal performance factor (SPF),
defined, 12

Seasonal soil surface temperature, 8

SEAWAT code, 165, 187

Self-consistent (renormalization)
approximation, 55

Semipermeable boundary, flux
condition for, 49f, 50

Sewer systems, thermal anomalies and, 3

Shallow geothermal energy (low-
enthalpy energy), 1

Shallow groundwater systems, thermal
use. See Thermal use of
shallow underground systems
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Shallow regional aquifers
heat transport equation for, 80
steady-state heat transport in, 80
Shallow soils, 21
Shanghai (China), seasonal aquifer
thermal energy storage
experiments in, 230
SHEMAT code, 187
SIA (Swiss Society of Engineers and
Architects), 26-28
Soil and ecosystem protection,
regulations, 24. See also
Regulatory issues, for
groundwater resources
Soil surface temperature, 7-8
heat balance at, 8, 8f
seasonal, 8
Solid materials, thermal conductivity
of, 54
Solute transport equation with first-
order decay, codes for, 171
Solute transport models, analogy with
in two-dimensional horizontal
numerical solutions, 170-171
Specific advective heat flux, defined, 54
Specific heat capacity, thermal
conductivity values and, 87-93,
87t, 88t, 89t-91t, 92t, 93f
Specific storativity, concept of, 45, 48
Specific yield (drainable porosity),
defined, 51
SPF (seasonal performance factor),
defined, 12
SPRING code, 166, 187
Stability number, defined, 40
Stable thermal yield, 3
Standing column wells, 15
State of Vorarlberg, 233, 234
Steady-state flow in multiple well systems
analytical solutions for, open
systems, 142-152, 143f, 144f
double well system in uniform
flow field, 145-152, 146f-147f
Steady-state injection, in closed
systems
into aquifer with thermally leaky
top layer, 134-135
Steady-state open system in rectangular
aquifer, analysis
two-dimensional horizontal
numerical solutions, 171-175,
171f

illustrative example, 172f, 173f
scaled solution for open system
in rectangular aquifer,
173-175, 1741, 175f
Steady-state point source solution, in
FLS model, 114
Steady-state scaled solution, for open
system in rectangular aquifer,
173175, 174f, 175f
Superposition borehole model (SBM),
219
Surface heat fluxes, in finite volume
method, 183
Sustainability, of thermal use of
the shallow underground,
197-207
BHESs and, 198-200, 198f, 201f, 202f
further criteria, 204-207, 205t, 206t
overview, 197
systems in low permeable media,
197-202, 198f, 201f, 202f
thermal evolution in aquifers,
202-204
SUTRA code, 187
Swiss Society of Engineers and
Architects (SIA), 26-28
Switzerland
Aefligen, injection of cold water, 230
Kirchberg, natural river water
infiltration, 230
Limmat Valley Aquifer Zurich, case
study, 239-243, 241f, 242f
regulatory issues for groundwater
resources, 25-28, 27f
Zurich-Affoltern
ground temperature profiles at
meteorological station, 5-6, 6f
monthly average temperature of
air and soil at meteorological
station, 6, 7f

TAZ (thermally affected zone), 244
Technical guideline, for quality
assurance for GSHP systems,
22
Technical systems, 10-16
closed- and open-loop systems,
12-16, 13f, 14f, 15f
heat pumps. See Heat pumps
TED (TRT device), 210, 211f, 212
Temperature anomalies, 3, 199
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Temperature range, defined, 16
Temporal superposition principle, in
TRT evaluation, 216
Thawing, freezing and
heat transport equation, 68—69
Thermal anomalies, 3, 199
Thermal borehole resistance,
determination, 74
Thermal conductivity(ies), 54-61
of aquifer materials, 54-55
de Vries method for, 56-57
for dry conditions, 59
effective, 55-56
heat conduction equation, 71
Johansen’s model, 58, 59
Kersten’s number and, 59-60
Kunii and Smith, equations of, 56
porosity and saturation degree on, 60
of saturated and unsaturated porous
media, 55
self-consistent (renormalization)
approximation and, 55
soils, 56-57
solid materials, 54
thermal properties and densities of
basic soil constituents, 60t
values, heat capacity and, 87-93,
87t, 88t, 89t-91t, 92t, 93f
water, 54
weighted arithmetic average, 55
by weighted geometric average,
58-59
for wet material with water
saturation, 58-59
Thermal diffusion coefficient, of
porous medium, 69
Thermal evolution in aquifers,
sustainability and, 202-204
Thermal exploitation, of resource, 3
Thermal fluxes, induction of, 3
Thermal inflow rates, for unconfined
aquifer, 83-84, 83f
Thermally affected zone (TAZ), 244
Thermally insulating boundary, for
heat transport problem, 73,
73f
Thermally leaky top layer, in closed
systems
steady-state injection into aquifer
with, 134-135
Thermal mechanical dispersion effect,
61-68, 64f, 66f

Thermal monitoring, of groundwater
resources. See Regulatory
issues, for groundwater
resources

Thermal outflow rates, for unconfined
aquifer, 83-84, 83f

Thermal overexploitation, 3

Thermal Peclet number, 63, 71

MILS model and, 120

Thermal processes, in porous media,

52-81

BHEs, concepts for, 75-79, 75f

coupling thermal transport with
hydraulic models, 79-80

dispersive and macrodispersive heat
transport, 61-68, 64f, 66f

heat conduction. See Thermal
conductivity(ies)

heat storage, heat capacity, and
advective heat transport,
53-54

heat transport equation, 68-72

initial and boundary conditions,
72-75, 73f

two-dimensional heat transport
models, 80-81, 80f

Thermal property values, heat capacity
and thermal conductivity
values, 87-93, 87t, 88t,
89t-91t, 92t, 93f

Thermal regime, local meteorological
conditions and, 4-9, 5f, 6f,
7f, 8f, 9f

Thermal response tests (TRTs), 209,
210-220

development, 210-212, 211f
evaluation, 213-220
analytical models. See Analytical
models, for TRT evaluation
numerical models, 218-220, 220f
setup and application, 212-213,
213f

Thermal retardation factor, 70

Thermal tracer tests (TTTs), 209,
220-224,222t-223t

Thermal use of shallow underground
systems

analytical solutions. See Analytical
solutions

case studies. See Case studies

challenges related to design and
management, 31
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energy demand and energy pro-
duction, 16-19, 16f, 17t, 18t
field methods. See Field methods
fundamentals. See Fundamentals, of
heat transport in groundwater
systems
geotechnical issues, 21-22, 23f
groundwater quality and ecology,
impact on, 20-21
local conditions, importance.
See Local meteorological
conditions, importance
long-term operability. See Long-
term operability
motivation for, 2—4
numerical solutions. See Numerical
solutions
overview, 1-32
regulatory issues. See Regulatory
issues, for groundwater
resources
sustainability. See Sustainability
technical systems. See Technical
systems
underground resources,
management. See
Underground resources,
management
Three-dimensional conduction, in
closed systems
advection and
MFLS, 126-130, 130f, 131f
moving point source, 105-106
FCS model, 118-119
FLS model, 114-117, 115f, 116f, 117f
instantaneous point source, 105
Three-dimensional finite element code,
219
Tokyo (Japan), Chiba experimental
station in, 232
Torino (Italy), open-loop heat pumps
of field study in, 232
TOUGH2 code, 166, 187
Transmission boundary condition
for heat transport problem, 74
Transversal thermal macrodispersivity,
64-65, 66-67
Trial solution, defined, 181
Tricks Creek study area (Ontario,
Canada)
two-dimensional vertical thermal
conductivity field, 231

TRNSBM software, 219
TRNSYS software, 219
TRT device (TED), 210, 211f, 212
TRTs. See Thermal response tests (TRTs)
TTTs (thermal tracer tests), 209
Two-dimensional conduction, in closed
systems
advection and, moving ILS,
119-126, 120f, 121f, 123f,
125f, 126f
ICS model, 109, 112-113, 113f
ILS model, 106-109, 108f, 109f,
110f-111f
Two-dimensional finite volume model,
of vertical BHE, 219
Two-dimensional flow models
for saturated regional water flow,
50-52, 51f, 52f
Two-dimensional heat transport
models, 80-81, 80f
Two-dimensional horizontal numerical
solutions, 167-175
solute transport models, analogy
with, 170-171
steady-state open system in
rectangular aquifer, analysis,
171-175, 171f
illustrative example, 172f, 173f
scaled solution for open system
in rectangular aquifer,
173175, 174f, 175f

UFM (Upper Freshwater Molasse), 243
Unconfined aquifer
hydraulic inflow and outflow rates
for, 81-82, 82f
shallow aquifer for thermal use,
potential estimation, 85-86
thermal inflow and outflow rates
for, 83-84, 83f
Underground resources, management,
19-20
seasonal operation of technical
installations, 19-20
water supply and thermal use, 20
Underground systems, thermal use.
See Thermal use of shallow
underground systems
Uniform flow field, double well system in
analytical solution, 145-152,
146f-147f
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United States
Alabama (Auburn site near Mobile),
aquifer storage and recovery
of heated water, 229
Yucca Mountain site, hydrologic
and thermal processes in
a large-scale underground
heater test, 231
Unsaturated porous media, flow in
Darcy’s law, 37-44, 38f, 41f, 42f
Upper Freshwater Molasse (UFM), 243
Urban environments, mean annual
ground temperatures, 7
Urban heat island effect, 3-4
Urbanization on shallow groundwater,
4
Utilization of underground, 3
U-tube configuration, of BHEs, 13,
13f, 103
single, 75-76, 75f, 77, 78

Van-’t-Hoff rule, 21
Vapor compression heat pumps, 10, 11f
Vertical double wells, 15-16
Vertical geothermal heat probes
installation of, 27
steps for design of, 27-28
Vertical groundwater flow, TRT and,
218
Vertical heat balance equation, for
unconfined aquifers, 169
Vertical Richards equation, 169
Volumetric heat capacity, 53, 54, 87,
88t, 89t-91t
thermal conductivity of soil and,
87t
thermal conductivity values and,
87-93, 87t, 88t, 89t-91t, 92,
93f
Volumetric water content, defined, 43
VS2DI code, 187

Water density, 40, 41
flow in saturated porous media with
constant, 42
temperature dependence of, 38-39,
38f
Water flow, heat transport processes in
subsurface and, 37-86
hydraulic processes in porous
media, 37-52

flow equation, 48
flow in saturated and unsaturated
porous media, Darcy’s law,
37-44, 38f, 41f, 42f
initial and boundary conditions,
49-50, 49¢f
two-dimensional flow models for
saturated regional, 50-52,
511, 52f
volume balance, 47-48
water mass balance, 44-47, 45f
integral water and energy balance
equations for aquifers, 81-86,
82f, 83f
overview, 37
thermal processes in porous media,
52-81
BHEs, concepts for, 75-79, 75f
coupling thermal transport with
hydraulic models, 79-80
dispersive and macrodispersive
heat transport, 61-68, 64f, 66f
heat conduction. See Thermal
conductivity(ies)
heat storage, heat capacity, and
advective heat transport,
53-54
heat transport equation, 68-72
initial and boundary conditions,
72-75, 73f
two-dimensional heat transport
models, 80-81, 80f
Water mass balance, hydraulic
processes in porous media,
44-47, 45f
Water pressure—dependent piezometric
head, defined, 46
Water quality
and ecology, impact on, 20-21
by pollutants, 21, 24
Water Resources Act, 30
Water retention curve, defined, 47
Water saturation, defined, 44
Water supply, underground resources
management
Austria, regulatory issues, 29
for domestic and industrial use, 19
Switzerland, regulatory issues,
25-28,27f
thermal use and, 20
Water table, capillary zone and, 41, 41f
Water temperature, 20-21
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Water viscosity, 40, 41
temperature dependence of, 38-39,
38f
Water volume balance, hydraulic
processes in porous media,
47-48
Weighted arithmetic average
defined, 53
of thermal conductivity, 55
Weighted geometric average, thermal
conductivity by, 58-59
Weighted harmonic average, 55
Well-doublet scheme, 15, 15f
Well systems, steady-state flow in
multiple
analytical solutions for, open
systems, 142-152, 143f, 144f

double well system in uniform
flow field, 145-152, 146f-147f
Working fluid of heat pumps, 24

Yucca Mountain site (USA)
hydrologic and thermal processes
in a large-scale underground
heater test, 231

Zurich-Affoltern (Switzerland)
ground temperature profiles at
meteorological station, 5-6,
6f
monthly average temperature of air
and soil at meteorological
station, 6, 7f
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