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Abstract. This study presents the development of tools for 1 Introduction
the sustainable thermal management of a shallow unconsoli-
dated urban groundwater body in the city of Basel (Switzer-
land). The concept of the investigations is based on (1) alhermal groundwater regimes in urban areas are affected by
characterization of the present thermal state of the urbafumerous anthropogenic changes, such as surface sealing or
groundwater body, and (2) the evaluation of potential mitiga_subsurface constructions as well as groundwater use. Addi-
tion measures for the future thermal management of Speciﬁéionally, the extension of subsurface infrastructures and the
regions within the groundwater body. diffuse heat input of heated buildings have resulted in ele-
The investigations focus on thermal processes down.vated groundwater temperatures observed in many urban ar-
gradient of thermal groundwater use, effects of heated build€as (€.g. Taniguchi et al., 1999, 2005, 2007; Ferguson and
ings in the subsurface as well as the thermal influence ofVoodbury, 2004, 2007; Zhu et al., 2010). Also, in northwest-
river—groundwater interaction. Investigation methods include® Switzerland, Basel, groundwater temperatures have in-
(1) short- and long-term data analysis, (2) high-resolutioncreased significantly, and have reached up toClin an area
multilevel groundwater temperature monitoring, as well aswhere the long-term average annual air temperature is ap-
(3) 3-D numerical groundwater flow and heat transport mod-Proximately 10C (Epting et al., 2011). This increase is sub-
eling and scenario development. The combination of thesétantial, considering the groundwater temperatures in areas
methods allows for the quantifying of the thermal influences ot influenced by anthropogenic activities should be compa-
on the investigated urban groundwater body, including the'@ble to the average annual air temperature.
influences of thermal groundwater use and heated subsurface Prediction of groundwater temperatures is an important is-
constructions. Subsequently, first implications for manage-Sue for groundwater protection in urban areas (Florides and
ment strategies are discussed, including minimizing further<@logirou, 2007; Pouloupatis et al., 2011; Shi et al., 2008),
groundwater temperature increase, targeting “potential natl particular when considering the missing rules for resource

ural” groundwater temperatures for specific aquifer regionsanagement in l_eran areas as well as current deficiencies in
and exploiting the thermal potential. adaption strategies related to future environmental develop-

ment and mitigation measures for infrastructures. Therefore,
understanding groundwater heat transport is essential for the
design, performance analysis and impact assessment of ther-
mal devices (e.g. Fuijii et al., 2005).

The design and construction of shallow geothermal sys-
tems has been investigated comprehensively. Spitler (2005)
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reviewed past ground-source heat pump system researchydrogeological input (Banks, 2009). Haehnlein et al. (2010)
from the 1940s to present and Lund et al. (2005) providecompiled the international status of the use of shallow
a comprehensive review of geothermal systems worldwidegeothermal energy. Bonte et al. (2011) investigated the envi-
Fry (2009) focused in his work on the regulation of the in- ronmental risks and policy developments in the Netherlands
creasing number of open-loop ground source heat pumpand European Union related to underground thermal energy
being installed into the confined chalk aquifer of central storage. Commonly, groundwater temperature changes are
London. The main issues are: (1) how can production tem+estricted by installation guidelines or occasionally by gov-
peratures (cooling or heating) be maintained throughout theernmental environmental agencies. For instance, in Switzer-
years? (2) How far extents the area influenced by cooling ofand, the maximum allowed temperature difference induced
heating around the injector (Banks, 2009)? from geothermal energy use is 3 K down-gradient of thermal
Evaluating the effect of geothermal systems on subsurfacgroundwater use in relation to a “natural state” of ground-
environments requires appropriate monitoring and modelingvater temperatures without anthropogenic influence (GSchV,
tools. Recent availability of simple and reliable temperature2001).
measurement devices and the advancement of 3-D heat trans-This study analyses the thermal regime of the shallow un-
port models facilitate investigations of subsurface heat transeonsolidated urban groundwater body of Basel. The analyses
port at different scales. Fujii et al. (2007) proposed the develshow how to predict the influence of thermal systems and ur-
opment of suitability maps for the Chikushi Plain (western ban subsurface development on the basis of field-scale hydro-
Japan) based on local geological and hydrogeological inforgeological data as well as 3-D numerical groundwater flow
mation for ground-coupled heat pump systems using field-and heat transport modeling and scenario development. A
survey data and numerical groundwater and heat transportoncept for adaptive resource management and shallow ther-
models. Zhu et al. (2010) evaluated the case-specific potermal groundwater use in the investigated urban area is pre-
tial heat content in urban aquifers and quantified available casented, which is based on the characterization of the present
pacities for space heating. Nam and Ooka (2010) performedhermal state of the urbanr@ind Water Body (GWB) (CEC,
numerical simulation of ground heat and water transfer for2000).
groundwater heat pump system based on real-scale experi- Several factors affecting the magnitude and timing of tem-
ment. Handel et al. (2013) numerically assessed on a regionaperature increases and decreases are examined, with focus
scale a future geothermal use of an unconsolidated shallown (1) thermal groundwater use for cooling purposes; (2) the
aquifer utilizing large open-loop groundwater heat pumps.effect of heated buildings reaching into the unsaturated and
Detailed groundwater temperature measurements in Colognsaturated aquifer, with emphasis on building density and the
(Germany) and Winnipeg (Canada) reveal high subsurfaceirban heatisland effect; and (3) the role of river—groundwater
temperature distributions in the centers of both cities and in4interaction. A set of scenarios is presented that focuses on the
dicate a warming trend of up to 5 K. Such geothermal poten-compensation of past influences on the thermal groundwater
tials are also observed in other cities such as Shanghai anggime such as thermal groundwater use and urbanization.
Tokyo and can supply heating demand even for decades. Also
Allen et al. (2003) propose that Northern European countries
can utilize the urban heat island effect to generate low en2 Settings
thalpy geothermal energy for space heating and cooling sys-
tems (dual heating and cooling functions) in buildings, pro- Many Swiss valleys which are underlain by unconsolidated
vided a suitable aquifer underlies the urban area. alluvial sediments belong to the most densely populated ar-
Dahlem and Heinrich (1999) and Dahlem (2000) inves-eas. Furthermore, these aquifers are important for drinking
tigated the influence of groundwater flow on the heat lossand process water supplies and, as they maintain a relatively
of heated cellars. They found that heat loss due to advectivetable geothermal source or sink, the aquifers are suited for
groundwater flow can be in the order of 10 times higher com-the geothermal use of groundwater.
pared to solely conductive heat loss. Ampofo et al. (2006) re- The investigated shallow unconfined aquifer in the Basel
viewed groundwater cooling systems in London. They showarea consists of late Pleistocene gravels deposited by the river
that environmental influence of building parts that reach intoRhine. The thickness of the gravel deposits range between
the groundwater has increased the pressure on architects, ebd and 34 m. The depth from the surface to the groundwa-
gineers and building operators to reduce the use of air conditer table (average hydrological boundary conditions) ranges
tioning in favor of more passive cooling solutions. However, from 6 to 30 m (mean 19 m; Fig. 1). The gravel deposits are
the proposed solutions are limited to new-build projects. underlain by an aquitard consisting of mud to clay rich sedi-
Currently, in most urban areas, regulations for water re-ments, Oligocene in age.
source management and geothermal energy use are sparse-igure 2 shows the land use within the study area. In to-
and limited to the rule “first come, first served”. Also in ur- tal, 38 % of the area is sealed by infrastructure and 23 % by
ban areas, groundwater-based heating and (especially) codbuildings, 6 % is covered by water and 33 % by open space.
ing schemes are being planned, sometimes with minimallhe southeast and the northern part of the area are densely
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Fig. 1. Left panel: study area including model boundary conditions for flow and heat transport. OW1-5: data from conventional observation
wells. [-1V : locations of multilevel temperature measuremeAtsWaste incineration facilityB: Biozentrum; andC; Northern industrial

area. Also shown is the regional groundwater flow regime with the main flow directions. Note the steep hydraulic gradient in the center of
the modeling domain resulting from the progression of the bedrock as well as the backwater effects along the tunnel road and sheet pile wall.
Upper right panel: location of the study area in Switzerland and in the agglomeration of Basel. Lower right panel: depth from the surface to
an average groundwater table ranging between 6 and 30 m.

urbanized. Parts of the investigated area were formerly conheat flow to greater depth than observed in other studies
taminated by industrial activities (Epting et al., 2008a). A (cf. Ferguson and Woodbury, 2004, 2006). Although many
total of 13 industrial wells are operated, the average amounhewer buildings have insulated basements, this is a relatively
of groundwater extracted from the aquifer is about 301, s new practice and a significant amount of heat loss will have
and approximately 3.5 L% is injected back to the aquifer already occurred within the investigated area. Furthermore,
(Fig. 1). Cooling using groundwater has gained popularity inthe subsurface levels of large buildings located within the
recent years (e.g. Clarkson et al., 2009). Among the reasonigivestigated area are used as workplaces (e.g. laboratories)
for this are the excellent energy efficiency and the increas-and are heated above standard values for current subsurface
ing viability of water extraction systems. For groundwater buildings in Switzerland, which are in the order of 20,
cooling systems, cold water is abstracted from one part of In addition to building parts that reach into the aquifer,
the aquifer system (the “cold” well; typically at 6-1€, de-  further constructions lie within the aquifer; this includes a
pending on the aquifer and location) and is used via a heat eX3.2 km long subsurface highway that partly lies within the
changer for cooling the building. The resultant heated wateraquifer perpendicular to the main groundwater flow direction
is then recharged into the aquifer at a different location (theas well as a 550 m long sheet pile wall at the river board
“hot” well). As in the city of Basel a heating network exists, (Figs. 1 and 2).
groundwater currently only is used for cooling purposes. The groundwater regime of the area has already been in-
Basel, like other European cities (Lopez et al., 2010), is avestigated intensively within the scope of various stresses on
fairly old city when compared, e.g. to many cities in northern the GWB during the construction of a tunnel highway in the
America. Therefore, Basel will have experienced downwardnorthwestern area of Basel, Switzerland (Huggenberger et
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Fig. 2. Left panel: land use in the study area OW6: Temperature data used for heat flux calculation of large buildings reaching into the
groundwater. Upper right panel: areas delineated for the consideration of heated buildings in the subsurface (small buildings with basement
areas between 0 and 2008 were considered within model layer 1; larger buildings with basement areas greater than?20@0am
considered in model layers 1 and 2; for buildings reaching into the groundwater the exact depth could be considered). Lower right panel:
heat flux of small and larger buildings derived by an analytical solution and calibrated with the heat transport model.

al., 2004; Epting et al., 2008a,b). The main direction of thewells were supplemented with temperature devices. How-
regional groundwater flow is from south to north and from ever, as these wells are constructed and instrumented non-
west to east (Fig. 1). A steep gradient of the hydraulic headsuniformly (vertical position of the temperature sensor within
in the middle of the model area coincides with a steep slopghe observation well; position of the observation wells’
of the bedrock surface in this area, resulting in flow veloci- screen within the flow field, etc.), the comparability of dif-
ties above 5md! (Fig. 1). By contrast, comparatively low ferent temperature time series is restricted.
hydraulic gradients and groundwater flow velocities below The multilevel observation wells have been constructed
0.5md ! can be observed in the northern industrial area be-and instrumented for temperature measurements only and
hind the sheet pile wall on the river board (see below; Fig. 1).therefore provide more consistent temperature data. How-
ever, to date no long-term data sets are available. The four
multilevel observation wells (Fig. 1) provide continuous tem-
3 Methods perature measurements at discrete points vertically within the
aquifer at 0.5 to 1 m depth intervals. Thermistor thermome-
ters (PT 100, Ott Logosens data logger) were used, which can
read temperature at 0.01 K accuracy. For two of the multi-
evel observation wells (Il and IlI), filter gravels were placed
&t the depth of the screening sections, which consecutively
were separated by bentonite. For the other two multilevel
; . observation wells (I and 1V) the entire annulus space was
Basel-Stadt (AUE BS), and (2) high-resolution data from filled with bentonite. Both construction designs are expected

fom_Jrrhr(’re\ult:?vségt;z?ri\;asttlglrllir\:ve[[lﬁ.e conventional observationto prevent short circuiting and thermal free convection ver-
purp 9 tically. The multilevel observation wells focus on captur-

wells was to measure the groundwater head and to tak?ng several processes: (I) river—groundwater interaction ef-

groundwat_er samples. Due to temperature_se_nsors becom"}@cts on thermal groundwater regimes; (Il) down-gradient
affordable in the last couple of years, the existing observation

3.1 Monitoring

For the interpretation of groundwater temperature, two type
of data sets were available: (1) temperature data that are me
sured additionally to groundwater head within 27 conven-
tional observation wells run by the Agency for Environment
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influence of thermal groundwater use on the thermal groundTable 1. Material properties selected for the saturated and unsatu-
water regime; and (Ill) down-gradient thermal effects of rated domain of the heat transport models.

building parts reaching into the aquifer, including seasonal
heating phases. Additionally, a fourth (IV) device for multi-  Parameter

level temperature monitoring was installed for calibrating the 5 (-) 0.12
southern model boundary. Longitudinal dispersivityr L (m) 20

The head and temperature of the river Rhine is measured Transversal dispersivity7'(m) 2
at three locations by the Federal Office for the Environment, transfer rate from the surface through the river (97450 4

Switzerland (FOEN) and the AUE BS (Fig. 1). The mean an- bed and unsaturated zone to the groundwater table
nual river water temperature for the period 1995 to 2009 was (Infout)7; @m-2d~1K~1)
12.7°C; the maximum and minimum river water tempera-  \Volumetric heat capacity of the grave) Jm—3K=1)  2.87x 10°

tures for this period were 26.2 and 3@, respectively. Thermal conductivity of the gravek 3m1s-1k-1) 270
Volumetric heat capacity of wateg, (Jm—3K—1) 4.20x 1P

3.2 Model setup and calibration Thermal conductivity of wateky (Jm s 1K—1) 6.00x 1071
Unsaturated flow porosity 0.38

The movement of thermal plumes through the subsurface gegigual saturatios () 0.12

is controlled by groundwater velocity and thermal proper-  \ayimum saturatioms (=) 1.00

ties of the aquifer. Physical processes affecting heat transport gy,.06 narameter (1/m) 3.99

within an aquifer include advection, dispersion and diffusion.
The diffusion of heat depends on the thermal conductivity
and volumetric heat capacity of the aquifer. In a composite
medium, such as an aquifer, the properties of both the fluid
and the solid phase of the porous media have to be considzonsiderations of fluvial depositional processes. Based on
ered. In general, for the exchange and heat transfer betweethese data sets, values for the hydraulic conductivity range
the aquifer system with the upper boundary (e.g. from the atfrom 1x 10~ to 5x 10 3ms! (Epting et al., 2008a,b).
mosphere or through the unsaturated zone) or surface watefhe ratio of horizontal to vertical hydraulic conductivity as
(e.qg. rivers, lakes), a transfer coefficient is required. well as the ratio of longitudinal to transversal dispersivity is
For the present study the flow and heat transport modelsssumed to be 10. An effective porosity of 0.12 and a longi-

were set up in FEFLOW (Diersch, 2002) and have been tudinal dispersivity of 20 m were derived from regional field
calibrated for the time series of the year 2010 (27 observatiorstudies, including results from dye tracer tests.
wells with head and temperature data). Furthermore, the tem- Flow in the unsaturated zone is calculated by the Richards
perature measurements of the multilevel observation wellgquation (Richards, 1931), and the empirical Mualem van-
were used to further calibrate the model. The area cover§&enuchten model (Vangenuchten, 1980) is used to describe
2720 mx 2860 m (about 8kd Figs. 1 and 2). The aquifer the shape of the retention curve and the saturation-dependent
base includes the information of more than 400 drill coreshydraulic conductivity. For the parameterization, informa-
and was modeled using GoC%Geological Objects Com-  tion on residual and maximum saturations as well as shape
puter Aided Design). parameters are needed. Parameter estimation was performed
The model mesh consists of 81756 elements andising the network prediction system Rosetta Lite (Schaap et
44308 nodes. A total of 18 layers and 19 slices were in-al., 2001) (Table 1). The complete model area is considered
tegrated to adequately include the measurement levels dlomogenously regarding these parameters and a thickness-
the multilevel temperature sensors. The lowermost layer acweighted average was calculated from borehole information
counts for heat storage processes in the underlying consoPf the multilevel observation wells.
idated bedrock and was uniformly set to 20 m thickness. A Values for thermal conductivity and heat capacity for the
thickness of 0.5m for the overlying layers was distributed porous media and groundwater were derived from the liter-
uniformly from the basement; the uppermost layer reachegture (Table 1). Markle et al. (2006) characterized the two-
up to the surface and includes the unsaturated zone. Theimensional thermal conductivity distribution in a sand and
topography was derived from a DEM with 25m resolution gravel aquifer and provide values for thermal conductivities
and high-precision echo sounding of the riverbed. The refor glacial soils. Otto (2010) compiled thermal conductivities
sulting volume of the 3-D groundwater model amounts to Of shallow unconsolidated rock for northern Germany. Fluid
1.45x 10° m3 (without bedrock layer). viscosity dependencies were incorporated choosing the stan-
The distribution of horizontal hydraulic conductivity dard settings in FEFLOW® using an empirical relationship,
zones is based on data sets from pumping tests and drikis can be found in the literature (Lever and Jackson, 1985;
core descriptions which were available from the geologi- Hassanizadeh, 1988).
cal database developed by the Applied and Environmental In order to adequately discretize the time-varying thermal
Geology of the University of Basel (GeoData), as well asand hydraulic boundary condition of the river Rhine, daily

Shape parameter(—) 3.50
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Fig. 3. Top panel: conceptual setup for local 2-D (I and II; for locations see Fig. 1) and 3-D (llI; for location see Fig. 1) models, including
model boundary conditions for flow and heat transport and a schematically representation of a multilevel temperature measurement device
within the flow field; the imbedded table summarizes the cumulated yearly heat fluxes across selected model boundaries for three of the
multilevel observation wells. Bottom panel: modeled temperature tautochrones for three of the multilevel observation wells; grey numbers
represent tautochrones of selected days in the year 2010.

time intervals of temperature and head data were chosen. Awhich is in contrast to the approach used for areas with high
initial distribution of groundwater head and temperature werebuilding density (see below).
interpolated on the basis of measured head and temperature In order to adequately consider the thermal influence of
data in the conventional observation wells. In the following the unsaturated zone for three locations, where multilevel ob-
the model boundaries for flow and thermal transport (sourceservation wells exist, high-resolution local models were set
and sinks) are defined. up. For multilevel observation wells | (near river, cf. Fig. 1)
and Il (model center, cf. Fig. 1) 2-D vertical models were set
up, and for well Il a 3-D model was set up (to account for the
flow and transport processes around a large building reach
ing to the bedrock, cf. Figs. 1 and 2). Multilevel observation
Areal groundwater recharge by percolating meteoric watefyell IV was excluded as it was used to calibrate the south-
(areal inflow on top) is derived from the Basel/Binningen ern model boundary. For the 2-D models a fine discretiza-
meteorological station (Fig. 1, 433 N, 35°33'W, Me-  tjon for the unsaturated and saturated zone was used and
teoSwiss 1940). To account for more (e.g. urbanized) ora hottom layer of 20 m thickness was added to account for
less (e.g. public parks) sealed surfaces, the model area wagrtical transport processes into and out of the impermeable
subdivided into zones (Figs. 1 and 2). For the two zonespedrock (see above). Figure 3 summarizes the chosen flow
monthly running averages of cumulated daily precipitation, and heat transport boundary conditions. The input data up-
which were reduced by a factor of 1/30 or 1/3, respectively,and down-gradient of the modeling domain as well as aquifer
were introduced as groundwater recharge (see Huggenberggpw and thermal parameters of the saturated zone were de-
etal., 2006). rived from the regional heat transport model. The upper
The upper thermal boundary was considered as Cauchyoundary corresponds to the regional heat transport model
boundary condition (3rd kind) at the top of the unsaturated(see above). Hydraulic properties of the unsaturated zone
zone and is based on temperature measurements at 20 6ffere estimated using the network prediction system Rosetta
depth within the soil at the Basel/Binningen meteorological | jte (Schaap et al., 2001) and a homogenously distributed
station (see Table 1 for calibrated transfer rate). NUmerica”y,thickness_weighted average of the lithological properties is
the boundary condition is assigned to areas with lower build-
ing density to represent the interaction with the atmosphere,

3.2.1 Upper boundary conditions and thermal influence
of the unsaturated zone

Hydrol. Earth Syst. Sci., 17, 18514869 2013 www.hydrol-earth-syst-sci.net/17/1851/2013/
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Fig. 4. Left panels: selected time series for the year 2010 illustrating the short-term and annual development of groundwater temperatures
(note the different axis intercepts; see text for further explanation and for locations Fig. 1). Right panels: selected time series for the years
1994 to 2006 illustrating the long-term and seasonal development of groundwater temperatures (note the different axis intercepts; see tex
for further explanation and for locations Fig. 1).

derived from the borehole reports of the multilevel observa-3.2.4 Northwestern model boundary
tion wells (see above).
The northwestern model boundary was defined as (a) no flow
3.2.2 River model boundary along a flow line extending from the southern model bound-
ary to the step in the bedrock located in the middle of the
For the investigated groundwater body, apart from floodmgodel domain (cf. Fig. 1), and (b) transient Cauchy boundary
events, exfiltration of groundwater into the river Rhine is condition (3rd kind) with daily intervals of head extending
the dominating exchange process. During average flow congom the step in the bedrock to the river Rhine (cf. Fig. 1).
ditions the influence of river water temperature on ground'According to the progression of seasonal temperature mea-
water temperatures (within the aquifer near to the river) issyrements near the northwestern model boundary with minor

dominated by heat conduction. Temperature differences beyariations (cf. OW 3, Fig. 4), no thermal exchange across this
tween surface and groundwater can be used to identify inpoundary was assumed.

or exfiltration zones and to quantify exchange rates through
the streambed (Constantz, 1998; Constantz and Stonestrorg,2.5 Southern model boundary
2003). However, in cases where the dominating exchange
process is groundwater exfiltration into surface waters, al-The southern model boundary was defined as transient
terations in vertical temperature distributions within the Dirichlet boundary condition (1st kind) for head and temper-
streambed are reduced or not detectable. ature by including daily interval data from four observation
Therefore, the following procedure was chosen for thewells (Fig. 1). Temperature data from four observation wells
river model boundary: (1) selection of a transient Cauchyallowed for taking into account several thermal influences
boundary condition (3rd kind) considering daily intervals of such as (a) the densely urbanized area up-gradient of the mid-
head and river water temperature data (Fig. 1); (2) calibratiordle part of the southern model boundary (cf. Fig. 1), (b) the
of flow and heat transfer rates (see above, Table 1) for regionkess urbanized area up-gradient of the left side of the south-
beneath the river which correspond to river bed conductancegrn model boundary and within the southwestern part of the
and (3) zonation of regions with different conductance cor-model domain (cf. Fig. 1), and (c) an area with little influ-
responding to the location of the sheet pile wall at the riverence on the native thermal groundwater regime on the right
board as well as to the thickness of the gravel layer in theside of the southern model boundary where the thickness of
river bed, which is thickest in the south (Fig. 1). the groundwater saturated zone is comparably small.

3.2.3 Lower boundary 3.2.6 Injection of water with elevated temperatures

The lower boundary was defined by the basal heat flux ofDetailed data of extraction and injection rates/temperatures
approx. 0.07Wm? at the lowermost model slice. It was was only available for one thermal groundwater user
derived from results obtained during several deep drilling(Burgerspital close to OW 3; Fig. 1). Additionally, two
projects in the region of Basel &ting, 2002). thermal groundwater users with injection of water with an
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assumed average temperature increase of 4 K (compared able 2.Energy extracted for cooling by thermal groundwater users
the extracted groundwater temperature; PUK and waste infor 2010 (see Fig. 1 for locations of thermal users).
cineration facility) were considered. The locations of ex-

traction and injection were incorporated at the appropriate Thermal Wellyield ~ Temperature Energy

depths. groundwater  (Md—1) reduction (K)  extracted
Table 2 summarizes the daily average and maximum en- user (kw)

ergy that the three existing thermal groundwater users ex- (Operation  Average Average Average

tracted in 2010 during the operation period in summer. The _Periodd) (maximum)  (maximum) (maximum)

energy Eg) in kilowatts (kW) extracted by the thermal Burgerspital 391 (1002) 2 (3) measured 38 (126)
groundwater users can be calculated using the following (83-318)

equation: Implenia AG 106 (1305) # 21 (254)
(91-334)

Ee = cw x pw x O x AT, (1) PUK 100 (218) 4 19 (33)

wherecy, is the specific heat of water (kJk§K 1), pw the (1-369)

density of water [kg m3], Q is the flow of water (well yield Sum 597 (2525) - 78 (413)

m3s~1), andAT is the temperature reduction or increase in
the heat pump (K).

During operation in summer the three thermal groundwa-
ter users extract approx. 597ai 1. With the consideration
of water density at 10C of approx. 999.7 kg im?, this re-
sults in a nominal geothermal energy extractidig) of ap-
prox. 78 KW in total.

* estimated (see text).

length and the area of the respective polygon shapes (Fig. 2)
as well as the assumed depth below surface, the surface area
in contact with the unsaturated zone could be calculated,
which amounts to approx. 2:310° m? for the smaller and to
approx. 4.1x 10° m? for the larger buildings. The heat trans-

fer from these constructions to the unsaturated zone was cal-
culated by

3.2.7 Thermal input of heated construction parts
reaching into the subsurface (cellars,
underground parking lots, etc.)

To account for the thermal input of heated subsurfaceEB =k x Ax AT, @)

constructions, three building types were distinguished: ;nere is the heat transfer coefficient, the surface area

(1) smaller buﬂdmgs with basement areas ranging betweerﬂq contact with the unsaturated zone and" the temper-

0 to 2000”_%' which are assumed to reach one storey be-yy e gifference between the subsurface constructions and
low ground; (2) larger buildings with basement areas abovee \nsaturated zone. As the degree of building isolation in
2000nt, which are assumed to reach two storeys belowpage| should be comparably high, a heat transfer coefficient
gr.ound (e.g. subterranean parking); an_d (3) large b“"‘?"”g%f 0.3Wn12K~1 was considered. For the subsurface con-
with a basement areas above 4000 mhich reach at vari- i ctions a constant temperature oPC5was assumed and
able extents into the grouqdwater; the areal extent and th?or the unsaturated zone data time series of soil tempera-
exact depth could be considered for the model setup. Th‘fures in 1.9 and 4.7 m depth (average effective depth of the

majority of smaller buildings were built in the first half of 55161 and larger subsurface constructions, respectively, un-
the last century with only one basement level. Most of theye 5 proportional consideration of the side wall and base-

larger buildings and also of those buildings Which reach intoment area) were derived by Baehr and Stephan (2006):

the groundwater or to the bedrock can be found in the north-

ern part of the investigated area. According to the depth fro _2rz t z

the surface to the water table (see above), it can be concludne]{:l(z’ D =Tom+ AT -e % COS<27T (5 - X)) (3)

that the basement of the majority of subsurface constructions, _ 5 /= ’ 4)

lies within the unsaturated zone. In the current model setup,

the effect of dissipated heat from the public sewer systemswith soil temperaturel (z, ) at depthz and times, Ty

and the district heating network (isolated lines) was not ac-mean yearly soil surface temperature (12°C®, AT ampli-

counted for explicitly. Itis assumed that the influence of thesetude of soil surface temperature (A2), to as period length

structures is locally limited and currently the data are not(365d),« is thermal diffusivity (2.69 10~3ms1) and A

readily available (network locations and especially depth). is the wavelength of one oscillation of temperature fluctu-
In order to estimate the heat input of building structuresations. Figure 2 summarizes the resulting cumulative heat

into the unsaturated zone, it was assumed that the basemetnansfer between the subsurface constructions and the un-

level of smaller buildings lies at around 2.5 m below ground saturated zone. With a retarded maximum of above 5 MW,

surface. For the larger buildings it was assumed that theyheat is transferred in winter and spring from the subsurface

have basement levels of 6 m below ground surface. From theonstructions to the unsaturated zone. In late summer heat
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transfer is from the unsaturated zone to the subsurface comnaximum variability of up to 3 K. The variation in measured
structions. The calculations give an idea about orders of magtemperature data is the combined result of (1) heat transport
nitude which have to be expected for the heat transfer befrom the ground surface by conduction as well as by convec-
tween subsurface constructions and the unsaturated zone. tion with water infiltrating through the unsaturated zone and
For the integration of this heat flux within the heat trans- into the saturated porous medium, (2) river—groundwater in-
port model: in a first step two groups of polygons were de-teraction, as well as (3) thermal influence of thermal ground-
lineated (excluding larger open space areas), the first grougvater users and urbanization.
contains most of the smaller buildings within the investiga- Figure 4 shows selected short- and long-term time series
tion area and the second group contains the larger buildingsf groundwater temperature measurements. The data show
mostly located within the northern investigation area (Fig. 2).that numerous observation wells measure a temperature max-
In a next step the heat flux input for model layers 1 (smallerimum in autumn to spring which can be explained by heat-
buildings) and 2 (larger buildings) was calibrated until the re-ing periods (e.g. OW 1). Generally, high groundwater tem-
sults of the analytical calculations almost matched the modperatures are attributed to the diffuse influence of urbaniza-
eled ones (Fig. 2). tion and heated buildings parts in the subsurface and in the
Large buildings (base area4000 nf) with construction  groundwater as well as thermal groundwater use (e.g. OW 2).
parts reaching into the groundwater (Fig. 2) mainly compriseln less urbanized areas, groundwater temperatures are com-
subsurface premises which are used as workplaces (e.g. labparably low and show little variation throughout the year
ratories) and are assumed to be heated to temperatures in tle.g. OW 3). The data analysis of long-term temperature de-
order of 20°C (see above). For the heat flux of these build- velopment show that changes within seasonal cycles can be
ings, Eqg. (2) was used by incorporating the surface area irobserved for several observation wells (e.g. OW 4). Several
contact with the saturated zone, the temperature differencéemperature time series show a positive trend (e.g. OW 3).
between 20°C and the measured groundwater temperatui@ome observation wells show a continuous rising of tem-
in the inflow of the northern industrial area (OW 6; Fig. 2) peratures, which may be attributed to a retarded influence of
as well as a heat transfer coefficient of 0.3 WK1 (see  construction development (e.g. OW 5).
above).

4.2 Monitoring results — high-resolution multilevel
3.3 Evaluation of exploitation and urbanization temperature monitoring

scenarios

) . Figure 5 shows the temperature time series of the high-
The calibrated regional heat transport model was used 0feqo|ytion multilevel observation wells as contour lines. For
two sets of exploitation and urbanization scenarios. The first, o contour plots time series of a nearby conventional obser-
set of scenarios encompasses additional groundwater use QLo well were included (Fig. 1).
cooling purposes and future urbanization. The scenarios fo- Aq 5 result of anthropogenic influences in all four wells,
cus on the simulation of: (A) new thermal groundwater use,nsigerably high groundwater temperatures can be observed
up-gradient of an existing thermal groundwater user and th?/vhich, in densely urbanized areas (e.g. well Ill), can al-
evaluation of the interference of the existing and new ther-, et reach 17C. Temperature distributions are very het-
mal groundwater use; and (B) urbanization and new building-gqgeneous and preferential thermal propagation is intensi-

parts that reach into the subsurface according to available ingaq within more conductive coarse fluvial deposits. Maxi-

formation on development plans. The second set of scenariog, ;m temperatures generally are measured between Decem-

deals with the compensation of past thermal influences on thg o 54 April. Different timing and time spans of seasonal

thermal groundwater regime in the investigation area. Therég|eyated temperatures indicate direct influence of heating

fore, targeted new groundwater use for heating to reduc@eriods and retardation processes. In observation wells |
groundwater temperatures down-gradient are introduced i, ,4 Il, maximum temperatures at the bottom of the aquifer

two different zones of the aquifer (zone B and C, Fig. 1). 5 5 3'and 1.2m above the bedrock, respectively, are mea-

In order to evaluate the long-term thermal impact, the 2010g,re4 in July. The timing of minimum temperatures is more
dajca set apd scenario modifications were included cyclic forcomplex. In several wells minimum temperatures are mea-
atime period of 10yr. sured between the heating periods (e.g. well IV). Some ob-
servation wells show atmospheric influences in the unsatu-

4 Results rated zone (e.g. well 11). The thermal memory effect is re-
vealed by the retardation of thermal plumes as the seasonal

4.1 Monitoring results — short- and long-term variation ~ shift of elevated temperatures resulting from heating peri-
of groundwater temperatures ods (all four wells) or as a response of groundwater temper-

atures after flood events (only well I). Generally, the mea-

Analyses of groundwater temperature data demonstrate sured temperatures in all four multilevel observations wells

variable annual range of groundwater temperatures and are about 2C cooler than those measured in conventional
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Fig. 6. Left panels: calibration results for the local 2-D and 3-D heat transport models at the locations of multilevel groundwater observation
wells I-111 (for locations see Fig. 1). Right panels: calibration results for the regional 3-D heat transport model.

observation wells nearby (Fig. 1). This temperature deviationprocesses in general and also in vertical direction regarding
might be explained by thermal convection processes withirnthe interaction of the atmosphere, the unsaturated and the sat-
the air filled measuring tubes of the conventional observatiorurated zone.
wells. In some observation wells the transfer from the unsat- Figure 6 also shows the calibration results for the regional
urated to the saturated zone can be detected. 3-D heat transport model. The observed and calculated tem-
A thermal stratification was only observable in the south- peratures as well as head data are in good to very good agree-
ern observation well IV, where less natural and anthro-ment. The heat input of building structures located within the
pogenic disturbance occurs. As for the remaining multilevelunsaturated zone of the heat transport model was calibrated
observation wells, no vertical thermal stratification within the according to the results of an analytical solution (see above).
groundwater saturated zone can be observed. Classical tatrigure 2 shows the resulting cumulative heat transfer be-
tochrones which describe the seasonal penetration of tempetween the subsurface constructions and the unsaturated zone.
ature fluctuation by subsurface temperature profiles (Fig. 3With a retarded maximum of above 5 MW, heat is transferred
Taylor and Stefan, 2009; Yamano et al., 2009) are not apin winter and spring from the subsurface constructions to the
plicable for groundwater saturated zones within heteroge-unsaturated zone. In late summer heat transfer is from the
neous gravel aquifers where high groundwater flow veloci-unsaturated zone to the subsurface constructions.
ties can be observed and which are covered by a thick unsat- Groundwater exfiltrating into the river Rhine amounts
urated zone. Here, advective heat transport dominates thete annually 1.9< 10° m®. River water infiltrating from the
mal groundwater regimes and preferential thermal propagariver Rhine into the groundwater amounts to annually
tion is very heterogeneous and intensified in more conductivel.7 x 10° m3. Hence, apart from flood events, exfiltration of
coarse fluvial deposits. groundwater into the river Rhine is the dominating exchange
process.

4.3 Resuits of heat transport modeling 4.3.1 Thermal influence of the unsaturated zone

With the local 2-D and 3-D heat transport models, a veryIn order to evaluate the importance of the upper and the re-
good agreement of calculated and observed hydraulic (congional thermal boundary condition for the local models, the
ventional observation wells) and temperature data withincumulated heat flux budgets for the year 2010 across these

the saturated and unsaturated zone (multilevel observatiomodel boundaries was calculated and standardized to a unit
wells) could be established (Fig. 6). Therefore, it can be as{ength of 1 m (Fig. 3).
sumed that the models can reproduce the local heat transport
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Fig. 7. Calculated temperature distribution for 31 December 2010 in model layer 11. Delineation of areas with temperature increases of
< 3K as well as> 5K compared to a “potential natural” state (for explanation refer to the text). Water budgets were calculated through the
green zone.

The inflow accounting for the regional thermal advective In the southern part of the model area, the following thermal
transport is one order of magnitude higher compared to thénfluences can be observed: (a) elevated groundwater tem-
inflow across the upper boundary condition representing theperatures originating from the densely urbanized area in the
atmospheric influence. Additionally, it should be consideredsouth (cf. Fig. 1); (b) reduced groundwater temperatures in
that high input and output values are arising from strong gra-the southwestern less urbanized areas (cf. Fig. 1); and (c) re-
dients within the unsaturated zone due to seasonal tempeduced groundwater temperatures in the southeastern model
ature fluctuation at the soil surface. These fluctuations dearea where the thickness of the groundwater saturated zone
crease rapidly with increasing depth below surface (Fig. 3).is small. Comparable low temperatures originate from the
The calculated temperature tautochrones at the location of alvestern model boundary for less urbanized areas. The ef-
three multilevel observation wells show that seasonal temfect of the heated buildings within the groundwater body can
perature variations are virtually dampened before reachinde observed. In the entire northern industrial area (zone C,
the saturated aquifer. Consequently, the heat transfer througtf. Fig. 1), elevated temperatures are observable which can
the unsaturated zone into the saturated zone is significantlipe attributed to the low flow velocities in this area.
lower compared to the calculated heat flux budget at the soil Figure 8 shows the cumulative heat fluxes calculated for
surface. Therefore, it can be concluded for the investigatedhe “natural” and “anthropogenic” model boundaries for
groundwater body that, in consideration of the comparably2010. The highest energy exchange with %.80° MW oc-
large depth from the surface to the groundwater table (meawurs at the top model layer. However, the thermal influence
19m; Fig. 1), the influence of the heat flux through the un-is balanced throughout the year and comparably low within
saturated zone is low compared to the regional thermal adthe saturated zone (see above). Thermal advective trans-

vective transport. port is controlled by the southern and the river boundaries,

which are balanced throughout the year. The influence of the

4.3.2 Thermal groundwater regimes “present state basal heat flux is negligible. However, the consideration of
2010" a 20 m thick layer below the alluvial gravel deposits facili-

tates to account for heat storage processes in the underlying
Figure 7 shows the groundwater thermal regime for 31 De-consolidated layer. As a result, seasonal and anthropogenic
cember 2010 in model layer 11. The influence of the ur-temperature fluctuations are damped and the difference be-
banized area resulting in elevated temperatures is distinctween calculated and observed temperature time curves are
Down-gradient of three thermal groundwater users, the effecteduced compared to preceding model runs. The heat fluxes
of injected water with elevated temperatures can be observed.
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Fig. 8. Cumulative heat fluxes for 2010. Left panel: heat fluxes of natural boundaries (the influence of the basal heat flux is negligible). Right
panel: heat fluxes of anthropogenic boundaries.

calculated for the anthropogenic model boundaries are nowhich is slightly higher compared to the calculated value in

balanced and are discussed below. Table 2.
' o Up-gradient of the injection of the thermal groundwater
4.3.3 Thermal influence of heated buildings user Implenia AG, the measured average groundwater tem-

) ) peratures at the location of the extraction amount to 1@.9
Figure 8 shows the cumulative heat fluxes calculated for a5 assumed that an average increase of the thermally used
the anthropogenic model boundaries for 2010, including,yater is in the order of 4 K, which results in approx.°Tofor
the different building types. The calculated heat flux y,q jnjected water (Table 2). The average calculated injected
from small and large buildings within the unsatu- st for the operation period 2010 (cf. Table 2) amounts to

rated zone as well as heated buildings reaching intogy\wy which is slightly higher compared to the calculated
the saturated zone amount to 4«30?, 1.3x10° and .1 e in Table 2.

4.4x 107 MW; respectively. Normalized heat flux pefrre-

sults in approx. 1.& 10-1Wm~=2 for the small buildings 4.4 Results of scenario calculations

(2.3x 10° m?), to approx. 3.0< 10- 1MW m=2 (4.1x 10° m?)

for the large buildings located within the unsaturated zoneThe derivation of a “potential natural state” under undis-
and to approx. 16 W m? (2.8 x 10* m?) for those buildings  turbed (pre-exploitation) conditions and the evaluation of
reaching into the saturated zone. Therefore, relative heat losthe “influence of climate change” are covered in Epting and
of building structures within the saturated zone is consid-Huggenberger (2013). The results of this work illustrate how
erably higher compared to heat loss of building structuresthe thermal groundwater regime developed before major ur-
within the unsaturated zone. This finding is in agreementbanization of the region and without thermal groundwater
with Dahlem and Heinrich (1999) and Dahlem (2000) who use: “The calibrated “present state” model (2010) served
evaluated the influence of heat loss of building structuresas a baseline for scenario calculations. To obtain a “po-
within the saturated zone. They found that heat loss due tdential natural state” all anthropogenic boundary conditions
advective groundwater flow can be in the order of 10 timeswere removed from the “present state” model (2010), leaving

higher compared to solely conductive heat loss. only the natural boundaries (atmosphere, including ground-
_ water recharge and surface temperatures; the River Rhine,
4.3.4 Thermal influence of groundwater use including river head and surface water temperatures; as well

. , as the basal heat flux). The “potential natural state” rep-
Figure 8 shows the cumulative heat flux of a total 77 MW, yagents the thermal groundwater regime under undisturbed
which can be assigned to groundwater use in the investigarre_exploitation) conditions and is comparable to the situ-
tion area for 2010. The total flux into the groundwater body 4o in undisturbed regions outside of the city”. The com-
amounts to 67 MW and can be assigned to the injection ofy5ison of the modeling results from 2010 (“present state”)
water with elevated temperatures. The total flux out of theyith the “potential natural state” of the groundwater thermal
groundwater body amounts to 10 MW. regime allowed us to illustrate how the different regions of

The thermal influence of groundwater use for cooling pur- 4 investigated GWB are already effected by temperature
poses in the investigation area is exemplary illustrated for;

_ increases.

two thermal groundwater users, theligerspital” (located

near OW 3, Flg 1) and the “Implenia AG” (Iocated up- 4.4.1 New thermal groundwater use
gradient of multilevel observation well I, Fig. 1).

For the thermal groundwater userufgerspital, high- Figure 9 shows the thermal influence down-gradient of a
resolution extraction/injection groundwater rates and tempernew thermal groundwater user and within the inflow area
atures were available. The average calculated injected heatf the groundwater useriBgerspital (Fig. 1). Groundwa-
for the operation period 2010 (cf. Table 2) amounts to 48 kW, ter temperatures down-gradient rise to values of up toCl8
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Fig. 9. Simulation of new thermal groundwater use up-gradient of the groundwater ugggrBpital who uses the extracted groundwater for
cooling purposes (for locations see Fig. 1). Upper panel: thermal influence down-gradient of the new thermal groundwater user (imbedded
subplot: simulated extraction and injection rates as well as temperatures of the injected water). Bottom panel: influence of the new thermal
groundwater use on the thermal groundwater useg&rspital.

in approx. 50 m distance and up to 7 in approx. 140m  groundwater use of 3K. Figure 7 shows where in the in-
distance. Figure 9 also shows the thermal influence on theestigated GWB current groundwater temperatures have in-
thermal use of the Brgerspital, where the temperature of creased less than 3K, compared to a potential natural state.
extracted groundwater might rise above°@5 The positive  In regard to the small size of the remaining areas and a
trend observed in the bottom panel for the time series withouminimum degree of efficiency discussed above, only lim-
new usage can be attributed to the progressive heating inputed potential for future thermal groundwater use for cooling
of building structures within the inflow area (cf. OW 3 and purposes exists. The rest of the investigated GWB already
OW 5in Fig. 4). shows temperature increases that, after the Swiss regulations,
would not permit further use.
4.4.2 Future urbanization
4.5.2 *“Heating”
Figure 1 shows the locations for which new buildings with
structures reaching into the subsurface were evaluated. In oPn the other hand, the already elevated groundwater tem-
der to evaluate an intermediate urbanization scenario, onlyeratures could be used for heat extraction (Gringarten
large building structures reaching into the unsaturated zon@nd Sauty, 1975). The calculated volumetric total heat en-
were considered. Figure 10 shows the resulting groundwate®rgy within the anthropogenic influenced aquifer amounts to
thermal regimes for winter 2010/2011. The influence of fu- 85 MW for the year 2010. In comparison, calculated yearly

ture urbanization results in a further extension of areas withenergy fluxes within the potential natural aquifer amounts
elevated temperatures. to only 44 MW. Hence, within the anthropogenic influenced

aquifer, additional energy fluxes amount to 41 MW. The ad-
4.5 Potential for future thermal groundwater use within ~ ditional energy fluxes derive from anthropogenic sources as

the investigated GWB heated buildings (cf. Fig. 8) would mostly be existent in the
future and could be exploited long-term.
45.1 *“Cooling” The following assumptions were made for the potential

use of the urban GWB for heating: as only elevated ground-
The Swiss Guidelines on Water Protection (GSchV, 2001)water temperatures are observed in the investigated GWB,
permits temperature differences down-gradient of thermalaccording to Swiss Guidelines on Water Protection (GSchV,
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Fig. 10. Calculated temperature distribution for winter 2010/2011 under consideration of future urbanization (for locations see Fig. 1).
Delineation of areas with temperature increasésK compared to a “potential natural” state (for explanation refer to the text).

2001), practically everywhere temperature reductions of upgallery of four thermal reinjection wells would result in an

to 3K down-gradient of thermal groundwater use would beexpanded cooling influence down-gradient.

feasible. Figure 7 illustrates the potential for future thermal Figure 12 also shows the results of a scenario that is based
groundwater use (heating) for the investigated GWB and aron new thermal groundwater use for heating purposes in
area with already observed temperature increases of moreone C (Fig. 1) together with the location of the extraction
than 5 K. Other important factors to be considered are flowand injection well. For the simulation a calculated extraction
budgets, which were calculated through a zone of the desand reinjection flow budget of 460%d~1 and a temperature
ignated area and amount to 808d1l. Assuming a heat of the injected water of 10C were considered. The calcu-
extraction of 5K (difference of current to potential natu- lated temperature distributions illustrate that, because of the
ral temperatures) or 8K (difference of current to potential high density of heated buildings reaching into the aquifer
natural temperatures plus permitted temperature increase @ven under the consideration of a long-term development,
3K) would result in nominal geothermal heating resourcesgroundwater temperatures in zone C are only locally reduced
of 194 KW and 311 KW, respectively. Figure 11 shows the to temperatures between 11 and°C2 Figure 12 shows the
results of scenarios that are based on new thermal groundhermal influence down-gradient of the injection along two
water use for heating purposes in zone B (Fig. 1). A firstdown-gradient mesh nodes on a streamline. Already after less
scenario considers only one well doublet; a second scenarithan 5 yr a new thermal equilibrium can be observed in 130 m
considers a gallery of 4 well doublets within the southern in- (temperature range between 12 and¢@3and 330 m (tem-
flow area. For the simulation a temperature of the injectedperature range between 14 and 14C5%.

water of 10°C was considered. The calculated temperature

distributions illustrate the long-term development of temper-

atures down-gradient of the injection after 10yr. Figure 125 Discussion

shows the thermal influence down-gradient of the injection of

the single well doublet along two down-gradient mesh nodesThe presented data allow for a comparison of short- and long-
on a streamline. In 217 m distance of the injection after ap-term measured temperature data with modeled groundwater
prox. 7yr, a new thermal equilibrium can be observed withtemperatures for the year 2010. Results of the multilevel tem-
temperatures ranging between 12.5 and@3However, in  perature monitoring improved the interpretation of existing
426 m distance no influence can be observed. With only ondemperature measurements within the investigation area. The
well doublet, the cooling influence down-gradient of the ther- datasets also allowed for a calibration of high resolution 3-

mal reinjection well is relatively local. The operation of a D numerical coupled groundwater flow and heat transport
models. As a result, seasonal and anthropogenic influences
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Fig. 11.Calculated temperature distribution after 10 yr for scenarios of new groundwater use for heating (for locations see Fig. 1). Upper left
panel: new groundwater use within the southern inflow area (zone B); upper right panel: gallery of new groundwater use for heating within
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Fig. 12. Development of temperatures down-gradient of new

years

on the temperature regime of the urban GWB in the Basel
area could be distinguished.

Furthermore, no direct influence of seasonal thermal
regimes originating from the ground surface could be
observed within the groundwater saturated zones. More-
over, natural and anthropogenic disturbances seem to dom-
inate thermal groundwater regimes within the heterogeneous
gravel aquifer where high groundwater flow velocities are
observed. Preferential thermal propagation is very hetero-
geneous and intensified in more conductive coarse fluvial
deposits.

5.1 Effects of boundary conditions

Thermal groundwater use, together with the increasing num-
ber of heated buildings that reach into the unsaturated and
saturated zone and the long-term positive trend of air and

groundwater use for heating for zones B and C (for locations sediver temperatures, make subsurface temperatures in the ur-

Figs. 1 and 11).
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ban area of Basel higher than in the surrounding rural areas.
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Apart from major flood events, exfiltration of groundwater exploitation. Thereby, shallow systems could be used for
into the river Rhine is the dominating river—groundwater in- cooling and deeper systems for heating (i.e. seasonal storage
teraction process. Therefore, the influence of advective theref heat in deeper geological low permeable formations up
mal transport of infiltrating river water into the aquifer plays to 400 m below the unconsolidated sediments). These strate-
a minor role compared to the remaining thermal boundarygies could allow compensating past and future thermal influ-
conditions. ence from urban development (Nakayama and Hashimoto,

Heat loss from buildings is having a noticeable influence2011) and climate change. Sustainability and uncertainties
on the distribution of subsurface temperatures in Basel. Thef groundwater-source heating and cooling projects, which
resulting distribution of temperatures is dependent on theare highly dependent on local geological conditions and
following factors: (1) the historical duration of heat load- the configuration of the abstraction and recharge boreholes,
ing, (2) the distance from a given measurement point to acould be assessed by predictive and stochastic modeling ap-
building, and (3) the density of buildings in the given area. proaches (Ferguson and Woodbury, 2005; Gandy et al., 2010;
In spring after the heating period down-gradient of heatedFerguson, 2012).
buildings, an annual groundwater temperature maximum can Such sustainable solutions should also include the provi-
be observed. The numerical simulation of heat loss fromsion of legal frameworks on the isolation of subsurface build-
temperature-controlled buildings could be used to predict theéngs and, in cases of new thermal groundwater use, the appli-
resulting subsurface temperature field down-gradient. cation of balanced heating and cooling facilities. Consider-

Another major thermal input to urban GWBs originates ing future industrial development within the area, the imple-
from thermal groundwater users who use groundwater formentation of balanced heating and cooling facilities could
cooling purposes. Especially in summer down-gradient ofbe more effective in finding local solutions than changing
thermal groundwater users, an annual temperature maximuraquifer use policies for an entire region.
within the groundwater can be observed. The numerical sim-
ulation can be used to predict the resulting subsurface tem-
perature field down-gradient. 6 Conclusions

Whereas the main natural and anthropogenic impacts on
the thermal groundwater regime of the GWB in the BaselThermal groundwater use and the injection of water with
area could be reproduced with the performed modelingelevated or decreased temperatures, heated buildings reach-
approach, in future modeling results could be improved bying into the aquifer and river—groundwater interactions in-
(1) recording groundwater extraction and reinjection quan-evitably leave their fingerprints on urban groundwater bod-
tities and temperatures for thermal groundwater use at leases. The various thermal fingerprints persist within the
on a daily basis; (2) conducting further investigations of theaquifer with characteristic extensions and life spans result-
effects of subsurface construction, including the sewage neting in a memory effect of the aquifer. To study the influence
work, within the unsaturated zone; and (3) investigating heabf the various thermal fingerprints and memory effects, the
transport by defining thermofacies within the heterogeneougpast and future thermal development of urban groundwater
aquifer and evaluating the potential for aquifer thermal en-bodies has to be assessed for different timescales.

ergy storage (Bridger and Allen, 2010). For the sustainable development of urban subsurface re-
sources, adequate management concepts are required. This
5.2 Implications for urban groundwater management includes the setup of tools that enable the investigation of

the relevant processes that dominate groundwater flow and
The now available tools allow for optimizing new locations thermal regimes at different spatiotemporal scales. The ex-
for thermal groundwater use and urbanization (dimensiontensive use of geothermal technologies is still limited, mainly
ing and site evaluation of extraction and injection locations,because of a lack of information on the advantages and un-
spatial optimal integration into existing supply networks certainties of possible long-term environmental effects.
and consideration of subsurface infrastructures), considering This study illustrates a conceptual approach and the de-
long- and medium-term development as well as groundwaterelopment of tools necessary for the thermal management
management programs (operation schedules, temporal optef a shallow aquifer within high permeable unconsolidated
mal organization of extraction and injection of groundwater). gravel deposits in the Basel area. Results allow localizing
The results from the investigated GWB allowed for pro- and quantifying the main heat sources within the investigated
viding guidelines and a suitability map for geothermal sub- groundwater body, including the impact of thermal ground-
surface use to the authorities. The suitability maps pro-water use and buildings constructed into the unsaturated and
vide information on different zones within the urban GWB, saturated zone. The identification of areas with elevated tem-
where recommendations can be formulated as to what externgeratures within the groundwater body is the basis for the
groundwater can be quantitatively or qualitatively used. development and evaluation of future use scenarios and miti-
For the urban area of Basel, the use of groundwatergation strategies in regard to groundwater quality and climate
for heating purposes would offer an alternative of resourcechange issues. Furthermore, the now available tools allow for
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visualizing the effect of “thermal pollution” and contributing Dahlem, K.-H. and Heinrich, H.: Einfluss des Grundwassers auf den
to the debate on the potential use of “wasted energy” in ur- Warmeverlust beheizter Keller, Univeiit<aiserslautern, 1999.

banized areas. Diersch, H. J. G.: FEFLOW Reference Manual, Institute for Wa-
ter Resources Planning and Systems Research Ltd., Berlin, Ger-
many, 2002.
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