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Abstract

Abstract

Temperature is one major physical quantity to otter&ze the subsurface because the
temperature distribution and heat propagation depmmn the properties of the subsurface.
Therefore, heat can be used as a tracer. Furtheyiinar attention on subsurface temperature
is rising, because of the increasing popularity ggothermal energy. This additional
application area of subsurface temperature an@¢dh#ined new insights further strengthen
the applicability of heat as a subsurface trachis Thesis further promotes heat as a tracer by
evaluating a thermal tracer test and comparing db&ined results to previous studies.
Additionally, a new thermal field test for the hgdtic characterization of the subsurface is
developed. This new development transfers the icisgeothermal field test, the thermal
response test (TRT), to a powerful hydrogeolodiedd test, by introducing a new evaluation

approach.

The first part of this thesis encloses three sepatudies regarding the TRT. The TRT is a
field investigation technique to determine heansport parameters of the subsurface. This is
crucial for the planning of shallow geothermal gyesystems, and particularly relevant for a
proper configuration of borehole heat exchangeddHB The TRT estimates the thermal
conductivity of the subsurface and the boreholéstasce of the BHE. Over a period of
several days, the heat carrier fluid is artifigidieated at the inlet of the BHE and the thermal
response, the temperature evolution at the ouslegcorded. By calibrating the Kelvin line-
source equation, the searched parameters are ethtdihe first study analyses the tampering
effects of simplifications assumed for the standBRT evaluation by interpreting numerical
generated datasets. The analyzed tampering effebish are not considered by the Kelvin
line-source theory but by the applied numerical etlpdre the shank spacing of the BHE, the
initial non-uniform temperature distribution of theubsurface and variations of thermal
dispersivity in the subsurface. This study revealsor tempering effects for the various
shank spacings of the BHE and moderate tamperifertsffor the initial non-uniform
temperature distribution, which slightly exceedistattion of 10%. However, a significant
tampering effect of the varying thermal dispersagtwith constant Darcy velocities of 0.1 m
day' is observed, which cause an overestimation betv&88n and 190% of the actual
thermal conductivity.
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The second study picks up this significant tampgernfluence of groundwater flow on the
standard TRT evaluation and develops a new evaluagpproach to overcome this limitation.
To fulfill this objective, a suitable analytical laton, the moving line source equation, is
chosen as the basis of the new evaluation approBchovercome potential distorting
influences of the missing representation of the Bj¢Bmetry, the moving line source basis is
supplemented by a numerically generated corredgom. Using this correction term, it is
possible to determine the integral Darcy velocity & TRT evaluation. This approach is

successfully tested on three literature-based T&Rasets.

The third study offers the objective to establisb TRT as a geothermal field test in the
application area of hydrogeological field test, ls@as the pumping test. This study benefits
from the fact that the thermal properties of anif@guare not as variable as the hydraulic ones,
especially the hydraulic conductivity. Thereforeist possible to determine a hydraulic
conductivity range with the new TRT evaluation aygwh, based on the assumption of
realistic ranges for the thermal conductivity, thelumetric heat capacity, the thermal
dispersivity and the thermal borehole resistandee $uggested hydraulic characterization
method is successfully tested on a large scalehgeotl laboratory experiment and a
commercially performed TRT. Additionally, this sessfully evaluation represents a

validation of the new TRT evaluation developedhe second study.

The fourth study examines a thermal tracer testTfTDuring this TTT 16 m3 of 22°C hot
water are injected into a porous aquifer and thet ppeopagation is monitored by a down
gradient well transect of five separate observatveils. The explored Lauswiesen test site is
located near Tubingen, Germany. Based on the kmigelérom previous studies, a numerical
model is generated to obtain artificial results,ickhaccord to an ideal heat transport
behavior. From the measured and simulated therreakthrough curves the peak arrival time
and the peak temperature are determined and coermieRly compared. Based on this
comparison, the primarily responsible heat tranispovcesses are identified. These are the
layered structure of the aquifer, vertical and ramial orientated preferential flow paths, and
an induced transient hydraulic head change duhegrjection of the tracer. The results of
the TTT are confirmed by comprehensively compatimgm to the results of direct push

injection logging measurements.
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Die Temperatur ist eine der bedeutendsten physitain Grofien um den Untergrund zu
charakterisieren, da die Temperaturverteilung werdvdarmetransport von den Eigenschaften
des Untergrundes abhéngen. Daher kann Warme atsrTemgesetzt werden. Des Weiteren
steigt die Aufmerksamkeit flur die Temperatur destddgrundes durch die steigende
Popularitat der geothermischen Energie. Dieses tZid#® Anwendungsfeld fir

Untergrundtemperaturen und der damit verbundeneeritkisgewinn, verstarkt die

Anwendbarkeit von Warme als Tracer. Diese Arbeiitrden Einsatz von Warme als Tracer
voran, indem ein thermischer Tracertest ausgewernet und die erzielten Resultate mit
friheren Studien verglichen werden. Zusatzlich vand neuer thermischer Feldversuch fur
die hydraulische Charakterisierung des Untergruneiesvickelt. Diese Neuentwicklung

Uberfuhrt den klassischen geothermischen Feldvierslen Thermal Response Test (TRT), in
einen aussagekréftigen hydrogeologischen Feldversiech die Einflhrung einer neuen

Auswertemethode.

Der erste Teil dieser Arbeit beinhaltet drei sefmr&tudien die sich mit dem TRT

beschaftigen. Der TRT ist ein Feldversuch, um digrMétransportparameter des
Untergrundes zu bestimmen. Dies ist bedeutendiéiPidnung von geothermischen Anlagen
und besonders wichtig fur die richtige Konfiguratider Erdwarmesonden (EWS). Der TRT
bestimmt die thermische Leitfahigkeit des Untergies und den Bohrlochwiderstand der
EWS. Uber mehrere Tage wird das Warmetragerfluinsitich am Einlass der EWS erwarmt
und die thermische Antwort, die Temperaturentwingluam Auslass, aufgezeichnet. Mit
Hilfe der Kalibrierung der Kelvinschen Linienquelleverden die gesuchten Parameter
bestimmt. Die erste Studie untersucht die verf@aden Einflisse einiger Vereinfachungen,
die bei der Standard-TRT-Auswertung angenommen everdurch die Interpretation von

numerisch generierten Datensatzen. Die analysierggfélschenden Einflussfaktoren, die
nicht in der Kelvinschen Linienquelle bertcksichtigerden, aber von dem verwendeten
numerischen Model, sind der Rohrabstand der EWS hitiale uneinheitliche

Temperaturverteilung im Untergrund und Veréanderander thermischen Dispersivitat des
Untergrundes. Diese Studie bestimmt geringe Undgkeiten fir die verschiedenen

Rohrabstande der EWS wund moderate Ungenauigkeitén die uneinheitliche

Temperaturverteilung, die eine Abweichung von 1@%ht Uberschreitet. Jedoch wurde eine
signifikante Ungenauigkeit fir die unterschiedlichhermischen Dispersivitdten bei einer
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konstanten Darcygeschwindigkeit von 0,1 m Tagstimmt, die zu einer Uberschatzung der
tatsachlichen thermischen Leitfahigkeit von 20%186% fuhrt.

Die zweite Studie greift diesen deutlich Einflusssdsrundwasserflusses auf die Standard-
TRT-Auswertung auf und es wird ein neuartiger Audesnsatz entwickelt, um diese
Problematik zu lI6sen. Um diese Zielsetzung zu lerfiilwird mit derMoving line source
Gleichung eine geeignete analytische Losung fir memen Auswerteansatz gewéhlt. Die
Moving line sourcd.dsung wird durch einen numerisch bestimmten Kdtndéerm erweitert,
um mogliche verfalschende Einflisse durch die fadide Berilicksichtigung der EWS-
Geometrie zu vermeiden. Mittels dieses Korrektomterist es mdoglich eine integrale
Darcygeschwindgkeit durch die TRT-Auswertung zutibemen. Dieser neue Ansatz wurde

erfolgreich an drei literaturbasierten TRT-Datensatgetestet.

Ziel der dritten Studie ist es den TRT als einemtigermischen Feldversuch in dem
Anwendungsbereich der hydrogeologischen Feldveesuctvie zum Beispiel der

Pumpversuch, zu etablieren. Diese Studie profitrert der Tatsache, dass die thermischen
Aquiferseigenschaften weniger variabel sind als tidraulischen, insbesondere die
hydraulische Leitfahigkeit. Daher ist es mdgliche dBpannbreite der hydraulischen
Leitfahigkeit mit dem neuen TRT-Auswerteverfahrenkeestimmen, unter der Annahme von
realistischen Intervallen fir thermische Leitfalegk volumetrische Warmekapazitat,

thermische Dispersivitdit und thermischen Bohrloctesstand. Die vorgeschlagene
hydraulische Charakterisierungsmethode wurde edally an Hand eines grol3malfistablichen
geothermischen Laborversuchs und eines kommerzaelgefihrten TRTs getestet.

Gleichzeitig stellt diese Untersuchung die Validiey der neuen TRT-Auswertemethode dar,

die in der zweiten Studie entwickelt wurde.

Die vierte Studie untersucht einen thermischen éntast (TTT). Wahrend dieses TTTs
werden 16 m3 an 22°C warmen Wasser in einen pordsgrifer eingeleitet und die
Warmeausbreitung mittels eines stromabwartsorigatie Profils aus funf separaten
Beobachtungsbrunnen tberwacht. Das untersuchteitfesgelande Lauswiesen befindet sich
in der Nahe von Tubingen, Deutschland. Basierend den Erkenntnissen von
vorangegangenen Studien, wird ein numerisches Medskllt, um kinstliche Ergebnisse zu
erzeugen, die ein ideales Warmetransportverhaéipriissentieren. Von den gemessenen und

simulierten thermischen Durchbruchskurven wird diekunftszeit des Maximums und
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dessen Temperatur bestimmt und fir einen detadherVergleich verwendet. Die
hauptséachlich verantwortlichen Warmetransportprezegerden auf Grund dieses Vergleichs
identifiziert. Diese sind die geschichtete Struktes Aquifers, vertikal und horizontal
orientierte bevorzugte FlieRBpfade und eine erzeugtstationare Anderungen des
hydraulischen Potentials waren der Eingabe destsabDie Ergebnisse der TTT-Auswertung
werden durch den ausfuhrlichen Vergleich mit eidegect-Push-Injection-Logging Messung
bestéatigt.
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Introduction

1 Introduction

1.1 Background

Energy demand and climate change present some ohdfor challenges of the next century.

On the one hand, the long term trend of the endeggand will increase and a safe energy
supply is indispensable to ensure economic gro@ththe other hand, the effects of climate
change have to be mitigated. To fulfill these dradies, it is necessary to use the existing
primary energy more efficiently and to find new mJeresources which avoid or reduce

greenhouse gas emissions.

Geothermal energy exhibits a great potential toestiie aforementioned challengBsomley

et al. [2010] listed the following advantages of usingothermal energy: It is available

virtually worldwide; it provides base load powerdaheat, respectively cold; it requires
technologies that are available in both developgedvall as developing countries and it
possesses a small land-use footprint. Dependintdy@rype of use and system employed to
harvest the geothermal energy, a better undersigndf the interaction between the
individual components of the geothermal systemtaecheat transport in the underground is

mandatory.

The definition of geothermal energy includes alids of energy stored as heat below the
surface of the earth. Hence, there are differepesyof reservoirs within the earth, which
might be used to attain geothermal energy. Thesarveirs have different characteristics, for
instance reservoir temperature or depth, which neée considered to ensure an efficient use
of the reservoir. According tBanks[2008], the geothermal reservoirs can be classéie a
low, intermediate and high enthalpy systems. Inesliste and high enthalpy systems have
high production temperatures (> 80°C). These systam usually planned to provide electric
and thermal energy if the temperatures are suffigi@ganks 2008]. The high temperatures in
combination with the reservoir depth (usually 1000 below the surface) require the
consideration of specific technical aspects forahergy exploration and various geoscientific
parameters to describe the reservoir itsetbper and Buche012]. These technical aspects
and geoscientific parameters are different fronsé¢hof low enthalpy systems, which are only
applied to generate thermal energy at low tempegdéwels from shallow depth. In generally,

these low enthalpy systems exhibit extraction teaipees of approximately 25°C and the
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depth varies from 1 up to 150 18tpber and BucheR012]. The studies enclosed within the
present thesis focus on low enthalpy systems.

For certain applications, such as space heatiegetlow extraction temperatures require the
application of an additional energy device, commamlheat pump. The heat pump helps
increase the temperature of the geothermal soortket temperature level required for the
heating systemTholen and Walker-Hertkorr2008]. To elevate the temperature level, the
heat pump itself consumes auxiliary energy in tivenfof electricity [e.gBayer et al. 2012].
The amount of auxiliary energy consumption risethwan increasing temperature difference
between the geothermal source and the heatingnsyske lower the temperature of a
building, cooling applications, such as heat pulygiesns can be applied reverse to transfer
heat from the building into the subsurface. Theirstand undisturbed temperature regime of
the shallow subsurface is typically very stable aades only in the upper part due to diurnal
temperature fluctuationsTaylor and Stefan2009]. This zone represents the geothermal
reservoir used by a ground source heat pump sy&&SHIP). The thermal reservoir interacts
in all directions with the surrounding environmeat, the bottom a geothermal heat flux
occurs, at the top there is a thermal interactiath the atmosphere and at the sides of the
thermal reservoir there might be a heat flux dweativective and conductive heat transport.
The direction of these heat fluxes across the vegelboundaries depends on the temperature
difference between the reservoir and the surroundmvironments. Heat inside the thermal
reservoir propagates by advection and thermal csgpe (see chapter 1.2 for more details on
heat transport). To ensure a sustainable andefticisage of this geothermal source, both the
heat budget and the heat transport properties toalve considered. Based on this knowledge
an adequate utilization technique can be developkd.shallow geothermal energy can be
exploited by two types of systems, the groundwéiest pump (GWHP) and the ground
source heat pump (GSHP). In GWHP systems or secapen systems heat and mass
(groundwater) are exchanged with the subsurfacegeheral, the groundwater is extracted
from a spring, dug well, drilled borehole or floadmine Banks 2008]. Commonly, an open
system consists of an extraction well, which heahesgroundwater and supplies the heat
pump with this water, and a second well, the impectvell, which passes the thermally used
groundwater back into the aquifd{denigsdorff 2011]. In contrast to this, closed systems
only exchange heat with the subsurface. The mainesentatives of closed systems are

vertical borehole heat exchanger (BHE), horizowtaked loops and energy pileBanks
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2008]. The basic functionality of a closed loopteys can be explained by using the example
of a BHE, which is the most commonly used repredem of this categoryHayer et al.
2012]. A BHE is a drilled borehole equipped withipe system, for instance a single u-pipe,
a double u-pipe or a coaxial pipe. The remainingplss of the borehole, which is not
occupied by the pipe system, is normally backfilgth a grouting material to guarantee the
thermal connection between the pipes and the sislcgurThe second task of the grouting
material is to protect the subsurface from negatiwesequences, such as hydraulic short
circuits between two aquifers, caused by the bdecHoside the pipes a heat carrier fluid
circulates, which exchanges thermal energy withsineounding subsurface and transports

the obtained thermal energy to the heat pump atuHace.

Such shallow geothermal systems are among the stagi®wing renewable energy
technologies in the worldRybach 2010]. Furthermore, most parts of this techno]dig the
heat pump, are already well established and todgyeat number of installations already
exist. This is corroborated by the 2.8 million GSkiBtalled in the year 2010 worldwide
[Lund et al, 2011].Bayer et al[2012], who analyzed the current state of shali@ethermal
installations in Europe, stated that there are omermillion units installed in Europe and that
this number will further increasdBlum et al.[2010] quantified the amount of shallow
geothermal installations in Germany to approx. @Q00,units. All these three studies predict a
recurrent growth of the number of GSHP systems. arheunt of thermal energy supplied by
the GSHP is small compared to the total amountnefrgy used for space heating. In the
residential sectoBayer et al[2012] specified a percentage of less than 1% S Bs on the
total heating energy amount. But this emphasizas ttiere is still a great growth potential

and that this technology is far from reaching awel of market saturation.

1.2 Heat transport in the shallow subsurface

Heat propagation in the saturated porous mediamgralled by three basic processee [
Marsily, 1986]. These are (1) heat transport throughahd phase, (2) heat transport by fluid
movement and (3) heat exchange between the fluidtfaa solid phase. Both processes (1)
and (2) result in a separate transport equationhé&at in the fluid and solid phase. The
interaction between these two transport equatisrcontrolled by the heat exchange process
(3). Due to the fast heat exchange rates betweefiuid and the solid in a porous media, it is
a common assumption to suppose an instantaneousathequilibrium in the porous media.

For instancede Marsily[1986] presented a study, which demonstrated ttiteatemperature
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difference between the solid and the fluid phase imedia composed of grains < Imm will be
equilibrated in less than one minute. Because efvillid assumption of an instantaneous
thermal equilibrium, there is usually no significaemperature difference between the solid
and the fluid temperature of the porous media. dernbe heat transport in the porous
subsurface can be simplified to be governed onlyégt transport through the solid and the
fluid phase with a uniform temperature distributiarboth phases. Based on the principles of
heat conservation, the heat transport governingtemuin the porous media can be expressed
as [de Marsily 1986]

‘Z—I = div(D [grad(T)) - div(v,T) -

WhereT specifies the temperature of the porous media@kjenotes the thermal dispersion
coefficient (m &) andw, represents the thermally retarded velocity hEhe heat transport
by fluid movement is termed advection. In the pnéskesis the term convection is only used
if the fluid movement is caused by temperature eedudensity differences. It should be noted
that in porous media, the groundwater velocity megl for advective/convective heat
transport, is typically described by Darcy’s lawarfhermore, it is necessary to consider that
the advective heat transport velocity is retardethgared to the actual groundwater flow

velocity. These effects of thermal retardation barcalculated by

(1-2)

Wherec,m andc, are the volumetric heat capacity of the porousienadd the groundwater
(I m® K™). This thermally retarded velocity assumes atfaus medium, which is completely
streamed by groundwater, and disregards the aetlatity distribution caused by the
heterogeneous structure of the pore channel netyawkMarsily 1986]. The effect of the
existing variability of the groundwater velocityehl, which is mainly caused by the granular
structure of the porous media, is considered inttie@mal dispersion coefficierd. This
coefficient includes the isotropic and groundwatienwv independent thermal diffusivity,
which forms the quotient of the thermal conducyivand the volumetric heat capacity of the
porous media. Further, this dispersion coefficipossesses a groundwater flow depending
part. This part linearly links they, with a longitudinale;, and two transversal dispersivities,
or. Therefore, the thermal dispersion is a tensoompassing a coefficient parallel to the

groundwater flow direction and two coefficientsrsaersal to the groundwater flow direction
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[de Marsily 1986] In this thesis it is assumed that both transvigrsaientated thermal
dispersion coefficients are equal. The resultimgpitudinal and transversal thermal dispersion
coefficients D, andDy) are

(1-3)

A
D =—+a\,
C

pm
D = /]—’“+atvth (1-4)

pm
Where A, represents the thermal conductivity of the pormedia (W mt K?). The heat
transport governing equation (Eqg. 1-1) can be sbhumalytically or numerically. It should be
noted, that thermal dispersion might be smallemtisalute dispersion due to the heat
exchange between the solid and fluid phadeliha-Giraldo et al, 2011a]. In general, the
analytical solution bases on a set of simplificasiobut provides an exact solution of the
entire space Nlohrlok, 2008]. These simplifications and assumptions ra@lated to the
parameters of the domain, the geometry of the sysited the initial and boundary conditions
of the problem. Based on these assumptions, seit@dlytical solutions for various heat
transport situations can be derived. For instaseeeral suitable solutions exist to simulate a
BHE.

Various analytical solutions exist for differentglifications of the BHE geometry. The most
important ones are the solutions with a representatf the BHE as a line-shaped [e.g.
Molina-Giraldo et al, 2011b] or cylinder-shaped [e.§ass and Lehr2011] heat source
and/or a heat source of infinite [e[@ao et al, 2004] or finite [e.gZeng et al.2002] length.
Furthermore, the applied analytical solutions od&si constant initial and boundary
conditions. This simplification can be overcome dyLaplace transformationMohrlok,
2008]. More frequently, utilizing the fact that egg is an extensive variable, the principles of
spatial and temporal superposition are appliednmlste BHE arrays or BHEs with variable
heat loads [e.dDiao et al, 2004]. All these analytical solutions also asstina the hydraulic
and thermal parameters are independent of time tamperature and that each of the
parameters are homogenously distributed. The acall\golutions also differ in the transport
processes, which are assumed. There are solutibich venly consider conductive heat
transport [e.gZeng et al. 2002] and other which consider conductive andeative heat
transport [e.gCarslaw and Jaeger959;Molina-Giraldo et al, 2011b].
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Contrary to the analytical approaches, numerickit®ms are able to represent more complex
systems. Hence, they are suitable to solve trahgpoblems with a complex geometry,
highly variable boundary conditions, heterogenedistributions of the initial conditions
and/or the parameter distributionMdhrlok, 2008]. In contrast to analytical solutions,
numerical approaches calculate values only at afsdiscrete numerical nodes. In general,
three different numerical methods can be usednilsite heat transport in porous media: the
finite difference method, the finite volume methand the finite element method. Based on
these three different methods, there are severalpoter codes available to simulate
subsurface heat transfer due to shallow geothesystems.Hecht-Méndez et al[2010]
assembled a list of 18 different suitable numercales of varying complexity. The computer
code complexity mainly depends on the ability tesider hydraulic and thermal processes
alone or chemical processes in addition and on theatwo, or respectively, three processes
are coupled. More straightforward computer codeghsas AST/TWOW and VS2DH,
possess a one way coupling between the hydraulichreammal processes while more advance
numerical codes exhibit a full coupling between itmeolved processes (e.g. FEFLOW and
FRACTtrue).

1.3 Thermal field test methods

Temperature is one major intensive quantity ofghlesurface. Therefore, it is obvious to use
temperature measurements to examine the subsydackrson 2005; Saar, 2011]. This
thesis presents evaluations of two different théfrall tests, the thermal response test (TRT)
and the active thermal tracer test (TTT). Comparatd the classification of shallow
geothermal systems, these field tests can alsasbeglished by the different thermodynamic
interaction of the heat source and the subsurfaireilarly to closed loop systems, the TRT
applies a BHE as a heat source, which is a thermadic closed system. In correspondence
to an open geothermal system, the source of amea€li T is a groundwater well, which is

used to exchange heat and water with the aquifer.

1.3.1 Thermal response test

The TRT is the most standard field investigatioohteque for close shallow geothermal
systems using a BHE. The basic principle of the TR thermally stress the subsurface by
injecting or extracting heat in or from the subaud through a BHE. The thermal response is
then evaluated to derive the major heat transpoaracteristics of the examined system.

These characteristics are typically the effectikermal conductivityle and the thermal
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borehole resistanc®,. In general, a TRT device consists of a circulatpump, which
controls the flow rate of the heat carrier fluidimperature sensors connected to a data logger
to record the development of the heat carrier fi@chperature, and a heating or cooling

device.

One of the major research topics related to thedsi@ TRT is the accuracy of the obtained
valuesier andR,. The standard TRT evaluation encompasses a paagstimation applying
the Kelvin line source equation [e.gsehlin 1998]. This approach exhibits several
assumptions and not all effects which influence TRI experiment are considered by this
analytical solution. This nonobservance might haveampering influence on the resulting
parametersSignorelli et al.[2007] analyzed by interpreting results of a nuoamodel, the
tampering influences of borehole length, subsurfaegrogeneity, groundwater movement
and variable data quality on the resultiggvalues. The stud§Numerical sensitivity study of
thermal response tests[Wagner et al. 2012b] presented in chapter 2, adopts the
methodology of Signorelli’'s study to determine thampering effects of different
assumptions. Further, these analyses are exterydeddnsitivity analysis of the result. As the
standard TRT evaluation includes a simultaneousrohi@hation ofie; and R, the present
study performs a sensitivity analysis of both rasgl parameters and not only a@fs.
Motivated by the study oSignorelli et al.[2007], which demonstrated that there is a
tampering effect of a non-uniform initial groundmgerature distribution (e.g. geothermal
gradient) based on one artificial dataset, a syatiensurvey of this effect is performed. One
of the most intensively studied tampering effecdslitional heat transport by advection [e.qg.
Signorelli et al, 2007;Raymond et al.2011b] but the effects of thermal dispersion, which
are directly related to heat transport in environtaevith flowing groundwater (chapter 1.2),
so far have not been analyzed. FurtiRaymond et al[2011b] already formulated the
necessity to account for thermal dispersion in TiR&rpretations. This need is taken up and a
systematical evaluation of different thermal disjpan coefficients caused by varying thermal

dispersivities is evaluated.

As mentioned above, the influence of groundwateventent on the result of a standard TRT
evaluation is analyzed in several studies, whiah lamsed on numerical simulations [e.g.
Signorelli et al, 2007] or field experiments [e.gVitte 2001]. For instance, the study
presented in chapter ™Magner et al.2012b] determines an overestimation potential f@of

0.5 to0 3.9 W rit K* andR, of 0.012 to 0.022 m K Wbased on numerically generated TRT
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datasets. Furthermor€arslaw and Jaegefl959] presented an adequate analytical solution
more than 50 years ago which determines the hegagation around an heat source, which
is shaped like an infinite line, in an environmearftuenced by advection and conduction. In
spite of the obvious demand and an existing amalytsolution, there is no existing
groundwater sensitive TRT evaluation relying onhsan analytical equation. This analytical
solution is the moving line source model. To overeothis needChiasson and O’Connell
[2011] and the study in chapter 3Vagner et al. 2013] simultaneously present a TRT
evaluation approach based on the moving line soequation. In contrast to the study of
Chiasson and O’Conne]R011], the surveyAnalytical approach to groundwater influenced
thermal response tests of grouted borehole hediamgers” [Wagner et al.2013] presented

in chapter 3, analyzed the accuracy of the ap@isalytical solution to determine the actual
thermal conductivity and Darcy velocity of the sulface. This inspection relies on an
intensive comparison between the input parametensimerical generated TRT datasets and
the resulting parameters of a moving line sourcgetbgparameter estimation. Based on this
systematic comparison, a correction term is dewsldp overcome the potentially distorting

effects of not considering the geometry of the BHE.

Recently, Anderson[2005] and Saar [2011] presented the high potential of heat as a
groundwater tracer. Additionally, there are alreadyeral studies on thermal field tests,
which successfully evaluate thermal signals to grerfa hydraulic characterization of the
subsurface. For instance, there are active themaagr tests [e.dMa et al, 2012;Wagner et

al., 2014b] or the heat perturbation flow meter [©ghsner et aJ.2005;Gao et al, 2006].
Due to the fact that the theoretical study preskmtechapter 3 [also sa¥agner et al.2013]
provides an evaluation framework to determine gdouater velocities based on TRTs, it is
very reasonable to use a TRT for hydraulic charaetons. The study‘Hydraulic
characterization of aquifers by thermal responsstimng: validation by large scale tank and
field experimentswhich is presented in chapter 4, picks this upiaspects the applicability

of a TRT as a hydraulic characterization methode Buthe fact that the thermal properties of
a porous aquifer vary in small ranges comparechéohydraulic properties, especially the
hydraulic conductivity, the correction term baseRTTevaluation in chapter 3 is used to
obtain an integral hydraulic conductivity valuetbé subsurface. To validate this approach,
the study presented in chapteMdggner et al.2014a] conducts a large scale tank experiment

to be able to generate a groundwater influenced TRTa well-known environment.
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Furthermore, a field scale and commercially perfainTRT is used to test the approach
under realistic conditions. The obtained TRT ddtésen this tank experiment and the field
based TRT dataset are evaluated and the resulyidcallic properties are compared to

previous hydraulic characterization to validate pheposed approach.

1.3.2 Thermal tracer test

As aforesaid, there are several applications, whadhheat as a tracer [eAnderson 2005].
One of these applications is the short term adtreegmal tracer test (TTT). In general, this
TTT is applied for the characterization of an aqujke.g.Ma et al, 2012]. In spite of the fact
that heat propagation in the subsurface can betifjedrand the direct analogy between heat
and solute tracer test, the TTT, is still not andead method for aquifer testing. To establish
the short term active TTT as a standard methodolame essential requirement is an
improved insight into the relevant heat transpdrerqmpmena influencing the TTT-result.
Furthermore, it is important to share the implicat from as many TTTs as possible to
accelerate the establishment of the TTT as a stdntigdrogeological investigation
technique. Therefore the studyhermal tracer testing in a sedimentary aquifereld
experiment (Lauswiesen, Germany) and Numerical laion” presented in chapter 5
presents a TTT experiment which determines relelaat transport processes and is upfront
with the observed experimental difficulties. To ieele these objectives, the study compares
the results of the TTT to another hydrogeologi¢eldf investigation (direct push injection
logging measurements) and a corresponding numemcalel. The TTT incorporates one
injection well, which is used to inject 16 m3 of°2warm water within 8 h into the aquifer
and five downgradient observation wells to recdrel transport of the thermal plume. Based
on the recommendations Bellin and Rubif2004], the main focus of the interpretation is se
on the peak arrival time of the thermal tracer. Thenparison of measured and simulated
TTT results are used primarily to improve the usthrding of the thermal interaction
between aquifer and aquitard, the distinction alrhylic heterogeneities and density effects
and influences of the layered aquifer structuréhenheat propagation. The results of the TTT

are in agreement with the findingsladssoff et al[2010].

1.3.3 Test evaluation
Both thermal field tests share the same principéat is injected into the subsurface and the

measured thermal response is interpreted to get insights of the subsurface thermal
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properties. Therefore the interpretation procesh®imeasured datasets can be carried out by

the same methodology. This methodology is basat@principles of optimization.

In the present investigation, the general aim ef dptimization procedures focuses on the
determination of a set of model properties, sucthasmal or hydraulic conductivity, which
result in the best agreement between the TRT or @dperiment and a corresponding model.
Therefore the optimization is used to perform aapaater estimation or an inverse modeling,
respectively. To be able to estimate the optimabipater set, a model is needed, which
represents the real system, for instance a fiskdated considers the searched set of properties,
for example thermal conductivity and/or hydraulanductivity. Based on this model and the
measured results of the field experiment, an oljedunction can be formulated which
guantifies the difference between bdtlbague and Greefl991] presented a comprehensive
review of suitable formulations of such an objeetifunction. All studies included in this
thesis apply the root mean squared error (RMSE}dale the difference between the

measured and simulated values to express the mgjdéahction.

Additionally, a suitable search algorithm is neededind the optimal parameter set. The
most simple discrete search algorithm, respectiteshnique is the “brute force” grid search
method Venkataraman2009]. This method first constructs a parametet of the searched
parameters with a predefined resolution of eactampater. The value of the objective
function is obtained for each grid point and alated values are compared. Consequently, the
grid point with the optimal value of the objectifeanction, which might be the highest, lowest
or nearest to a certain target value, featureselaeched or optimal parameter set. In general,
this approach requires numerous evaluations ofothective function to find an adequate
solution, which might cause a long duration of dipéimization procedure. But this approach
always examines the entire parameter grid and ftveraghis solution represents a global
optimum with respect to the parameter grid. In sit to the global optimum, which
represents the best solution of the entire paranggtd, there is the local optimum. This
exhibits the best solution of a certain parametit gector, but not of the entire array. More
efficient search algorithms, which in general reguiess objective function evaluations,
implicate a risk to find only a local optimum. Tkecond search algorithm applied in this
thesis is the Nelder-Mead simplex algorithide[der and Mead 1965], which is more
efficient, but entails the risk of finding only adal optimum. This algorithm is able to

optimize any function withn searched parameters. The algorithm evaluates lifextive
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function at the n + 1 vertices of a simplex. Foamaple, if the searched parameter set consists
of the hydraulic and thermal conductivity, the alfon determines the value of the objective
function for three different parameter combinatioRse three parameter pairs are the vertices
of the first simplex. The search algorithm skipg thertices with the worst value of the
objective function. To construct the missing vexticof a new simplex, a parameter
combination is determined by applying a reflectiempansion, contraction and shrinkage
step. The Nelder-Mead simplex algorithm is a qudbust search algorithm, but it is not
completely shielded to converge in a local minimaantracting some parameters as constant

too early in the optimization procedure.

Both of these search algorithms are applied to fired best parameter combinations in the
enclosed studies. The studies presented in cha@ad 5 uses the “brute force” grid search
method approach. The study enclosed in chaptepléeapghe Nelder-Mead simplex algorithm

to find the optimal solution and the study of clept employs a combination of both search

algorithms.
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1.4 Thesis outline

This work is a cumulative dissertation and the faunclosed studies of this work are
integrated in the chapters 2 — 5. The major ohjeati the first study (chapter 2) is to reveal a
deeper insight into the influences of the shankcisg initial non-uniform temperature
distributions (e.g. geothermal gradient), and trerdispersion on a Kelvin line source based
TRT evaluation. The main objective of the secondlgt(chapter 3) is the development of a
new groundwater sensitive TRT evaluation approadhich can be used to additionally
determine the integral Darcy velocity of an aquifEine primary objective of the third study
(chapter 4) is to demonstrate that data from TR&sueements can be applied for a hydraulic
characterization of the subsurface. The generactibe of the fourth study (chapter 5) is to
determine how much information of the hydraulic pedies can be derived from the

interpretation of a TTT experiment.
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2 Numerical Sensitivity Study of Thermal Response Tés

Reproduced from: Wagner, V., Bayer, P., Kubert,Blum, P. (2012a), Numerical sensitivity
study of thermal response tests, Renewable EnddyQ), 245-253, doi: 10.1016/j.renene.
2011.11.001. The final publication is availablesatencedirect.com.

Abstract: Thermal conductivity and thermal borehole resistaare basic parameters for the
technical and sustainable design of closed groondcs heat pump (GSHP) systems. One of
the most common methods to determine these paresnstthe thermal response test (TRT).
The response data measured are typically evalistdide Kelvin line source equation which
does not consider all relevant processes of haasfer in the subsurface. The approach only
considers conductive heat transfer from the boeeheht exchanger (BHE) and all transport
effects are combined in the parameters of effed¢tieemal conductivity and thermal borehole
resistance. In order to examine primary effectsnore detail, a sensitivity study based on
numerically generated TRT data sets is performetsidering the effects of (1) the in-situ
position of the U-shaped pipes of borehole heahamxgers (shank spacing), (2) a non-
uniform initial thermal distribution (such as a ¢sermal gradient), and (3) thermal
dispersivity. It will be demonstrated that the dhapacing and the non-uniform initial
thermal distribution have minor effects (less tif86) on the effective thermal conductivity
and the determined borehole resistance. Constanohdwater velocity with varying thermal
dispersivity values, however, has a significantuefice on the thermal borehole resistance.
These effects are even more pronounced for intigbreffective thermal conductivity which
is overestimated by a factor of 1.2 to 2.9 compdeethe real thermal conductivity of the
saturated porous media.

13
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2.1 Introduction

The utilization of shallow geothermal energy is dmg increasingly popular, which is
mainly due to the rising costs of fossil fuels dtedpotential to avoid additional or even
reduce C@emissionsBlum et al, 2010;Saner et al.2010]. The most popular way to exploit
shallow geothermal energy resources is the useooing source heat pump (GSHP) systems.
They extract energy from the ground to depths afual®l00 m by horizontal or vertical
borehole heat exchangers (BHES). In the lattegad barrier fluid is circulated in closed pipes
that transfer heat or cold to the heat pumps. Tpespare installed in boreholes and are often
backfilled with a bentonite-cement suspension &dety and stability reasons. To ensure the
efficiency of such systems, appropriate dimensigrwhthe GSHP system is essential. Only if
the extracted amount of energy is equal or clos¢héoamount of energy which can be
replenished naturally, will the GSHP system wotficegntly and sustainably over its lifetime.
The extractable amount of energy mainly dependsthen thermal properties and the
hydrogeological conditions of the ground as welbaghe properties of the grouting material.

Thermal properties commonly are estimated in sytwalthermal response test (TRT) which
was developed bWorgensen[Morgensen 1983]. During the TRT, a constant amount of
energy is injected intodehlin 1998] or extractedWitte et al, 2002] from the ground by
using a BHE and the temperature development ofitbalating heat carrier fluid is recorded.
Standard interpretation of TRTs follows the lineuse theory \itte et al, 2002]. The
parameters obtained are the effective thermal atindly, 1., which integrates all thermal
effects of the subsurface along the entire BHEtlerand the thermal borehole resistariig,
which describes the heat transfer inside the erBiE. To characterize the expected
performance of a BHE, all relevant heat transfecgsses in the subsurface are parameterized
by two integrative terms,s andR,. However, it is often impossible to identify treasons of
specific parameter values, since the interferenicéh® dominant heat transfer processes
cannot be resolved. In order to clarify the roledidferent effects ore andR,, several field
[Witte, 2001;Roth et al. 2004;Sanner et a).2005;Esen and Inalli2009;Kubert et al, 2009;
Gustafsson and Westerluri2D10;Raymond et al.2011b] and modeling studie&¢hlin and
Hellstrom 2003;Wagner and ClauseR005;Signorelli et al, 2007;Marcotte and Pasquier
2008; Zanchini and Terlizzes@008; Acuiia and Palm2009;Raymond et al.2011b] were
performed. From field studies, it is known thatgrdwater flow results in an increase/gf
[Witte, 2001; Kubert et al, 2009]. Esen and InalliiEsen and Inalli 2009] suggested that

14
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increasing the depth of the analyzed BHEs yielddearease oR,. Variable daily air
temperature causes fluctuations in the recordegdesture time curve of the circulating heat
carrier fluid, which introduce uncertainty in TRTterpretation Roth et al. 2004]. An
enhanced thermal conductivity of the grouting matamprovesR, [Sanner et aj.2005].
Increasing heat injection rates of groundwateedillboreholes results in a decreaseRgf
[Gustafsson and Westerlund010]. Raymond et al[2011b] demonstrated that geological
heterogeneity (e.g. layering) can result in an estmation oflet. The results of TRT
simulations confirm these observations like theagiming effect orter of groundwater flow
[Signorelli et al, 2007] and reveal the influence of additional paeters, especially of the
type of aquifer Gehlin and Hellstrom2003], heat capacity of the subsurfagéapner and
Clauser 2005], horizontal configuration of the BHE pipp&cufia and Palm2009], and
changes in the heat carrier fluid density durinigRa [Zanchini and Terlizzes@008].

The effects of different methods to calculate treamheat carrier fluid temperatuMdrcotte
and Pasquier 2008] and the impact of vertical temperature ateohs Raymond et al.
2011b] are analyzed based on numerical modelsekample, high values of groundwater
flow velocity yield elevated.s values. Another crucial factor is the shank spdefned by
Lamarche et al.Jamarche et a).2010] as the distance between the centers dltte pipes.
A small shank spacing or a lower thermal condutgtiof the grouting material results in high
Ry, values. The exact in-situ position of the indiatl-shaped pipes results in a major

uncertainty which can hardly be quantified, evea [fipe spacer is used during installation.

The shank spacing will also be one of three factorthe focus of the present study. A
number of studies are dedicated to factors det@énguithe value ofR,. Some studies
examined the thermal borehole resistance of aesibigbipe BHE Acufia and Palm2009;
Shargawy et a).2009a;Lamarche et aJ.2010] and others focused on double U-pipe BHE
[Zeng et al. 2003; De Carli et al, 2010]. However, these studies did not consider th
evaluation ofR, using TRTs. Here, the effects of various pipe fimss on theR, values
obtained from TRT interpretation will be analyzeadacompared to actual (“tru€By-num
values determined by numerical simulation. In addijtthe influence of the shank spacing on
the resultingless Will be evaluated. For this, valid pairs of esttewR, and/. values will be

studied as a function of the shank spacing.
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Signorelli et al.[2007] demonstrated for one numerically simulal&T that the non-uniform
initial ground temperature distribution due to tieural vertical geothermal gradient, which
is not considered by the line source theory, resuta detectable difference between the
obtainedles and the true thermal conductivity of the porous imed /.. Raymond et al.
[2011b] confirm these findings by analyzing a TRAnducted in a waste rock. This waste
rock contains iron-sulfide minerals which react teomally with water and oxygen and
cause an abnormally high geothermal gradient (G.3r™). The TRT is evaluated with a
numerical model and based on the standard lineceaapproach. The thermal conductivity
value of the numerical analysis is approximatel§olldwer than the value of the line source
based evaluation. The work reported here was baseitieir findings and will focus on a
systematic analysis of the influence of various-naiform initial temperature distributions

on the TRT result. Additionally, the correlationtlweenR, andaes wWill be studied.

Several studiesVWitte 2001;Gehlin and Hellstrém2003;Signorelli et al, 2007] evaluated
the influence of convective heat transfer, i.e.ugwater flow, on TRT interpretation (in
particular onles). However, these studies did not consider thectffef thermal dispersion.
Although Raymond et al[2011b] mentioned the need to also account fomtlaédispersion

in TRT interpretation, no sensitivity study wasfpemed. In contrast to thidfolina-Giraldo

et al. [2011a] found that dispersion-dominated aquifesult in smaller temperature changes
close to the BHE and shorter thermal plumes. Thesgmt study will therefore also
concentrate on the effects of thermal dispersiontten TRT and a detailed analysis of
convection-influenced TRTs will be performed.

The main objective of this study is to obtain deepsight into the influence of the three

factors of shank spacing, non-uniform initial temgtere distribution (e.g. geothermal

gradient), and thermal dispersion on the interpigteof TRTs. Furthermore, the difference

between estimated and true parameter values charaing the BHE and subsurface under
various conditions will be determined. For thisgmse, a high-resolution finite element BHE

model with coupled heat and mass transport williéeeloped to generate artificial TRT data
sets with well-known initial and boundary conditsoThe generated data will be analyzed by
two common line source based evaluation approatihesy regression and the two-variable
parameter fitting method.
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2.1.1 Nomenclature

The nomenclature used in chapter 2 is compilecainld 1

Table 1 Nomenclature of chapter 2.

temperature (°C)

heat transfer rate per unit length (Wm

thermal borehole resistance (m KV

radius (m)

time (s)

exponential integral

integration variable

slope of the linear regression(°C)

number of time steps evaluated

length of the borehole heat exchanger (m)
volumetric heat capacity of the porous media (MJKit)
volumetric heat capacity of the heat carrier fl(heD m°K™)
volume flow rate of the heat carrier fluid (mYs

Greek symbols

A

thermal conductivity (W m K™
thermal diffusivity(nf s%)

K

y Euler’'s constant

Subscripts

f fluid

bw borehole wall

sub subsurface

eff effective property value

num numerically determined

lin determined by linear regression
par determined by parameter estimation
m property of the porous media

0 initial or undisturbed value

mea measured value

in inflow

out outflow

2.2 Methodology

2.2.1 Line Source Theory

Kelvin’'s line source theoryQarslaw and Jaegerl959] is often used to evaluate a TRT
[Gehlin, 1998; Witte et al, 2002; Signorelli et al, 2007]. The BHE is approximated as an

infinite line source in a homogeneous, isotropiod anfinite medium, which injects or

extracts a constant amount of energy. (The temporal and spatial temperature changes
around the line source are derived Wyjtte 2001;Gehlin, 2002]:
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whereq (W m?) is the heat injection rate per unit length ofcadhole i (W m* K™Y) the
effective thermal conductivity of the subsurfaced a (m2 s') the thermal diffusivity of the
subsurface. The mean fluid temperature= (Tin + Tou) / 2 [Signorelli et al, 2007]) of the
circulating heat carrier fluid can be accessedngjuding a thermal borehole resistance term,
Ry, in Eq. (2-1) Bignorelli et al, 2007]:

T —Tow =R, (2-2)

The thermal borehole resistance depends mainlfhergeometry (shank spacing, pipe and
well diameter, number of pipes, and depth of theeEBHs well as on the physical parameters
of the BHE, such as thermal properties of the BHafemal, flow rate of heat carrier fluid in
the BHE, and fluid propertie®phud and Matthey2001]. This yield:

| r?
T, (1) =T,@t)+aR, = 47; E'{:_/:ﬂ +T, +Rq
eff

= 47;eﬁ In(t) + Q{Rb + 47;eﬁ (ln(i—;j - yﬂ +To

The logarithmic approximation of Eq. (2-3) is adar function of the logarithm of time. One

(2-3)

possibility to graphically evaluate the TRT is bgelar regression of the measured fluid
temperature in logarithmic time. The slops) (of the straight line is used to quantify; as

follows:

J =4 a In()=In()

4im AT, (L) - T, (t,) (2-4)

In the same manneR, is determined by the y-axis intercept. The otressility consists in

a more rigorous two-variable parameter fitting noethjRoth et al. 2004]. This approach
minimizes the misfit (e.g. root mean squared efRWISE) between model and observation
by a combined adjustment Bf and/les [Marcotte and Pasquie2008]:
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05
RMSE= Fi(Tmea—Tf )Z} (2-5)
i=1

Due to measurement impreciseness and data noigerfext fit can be obtained and instead
of one optimal parameter combination, it is dededb also evaluate valid parameter pairs of
R, andies. Validity has to be decided on for each specifisecand is determined by setting a
threshold of tolerable RMSE. Here, the valid par@mpairs are searched for by exhaustive
grid search. Reasonable intervalsRgfand ¢st are discretized on a sufficient level of detail
and interpolated response surfaces of fit are nbtathrough complete testing of all possible
parameter pairs. In the current study the accep&iobr of the parameter fitting method is set
to an RMSE of 0.14°C based on the typical uncestaoi the temperature difference of

0.14°C determined by Witte et aMjtte et al, 2002], which is supposed to represent the

measurement error of a TRT.

2.2.2 Numerical Simulation

In contrast to the application of the line sourcgiaion, numerical models allow for the
simulation of coupled subsurface physical and hyliraprocesses during a TRT. The
numerical model can be used to simulate the retgmantesses during a TRT under realistic
conditions. Although using real field data would lB¥en more desirable, synthetic
simulations are attractive, since all processesthen specifications are completely known.
By comparison to standard line source theory-basttpretation, the significance of the

individual effects to the standard parametBssand/es, can be quantified accurately.

In previous studies, 1D finite difference BHE madgbhonder and Be¢Kl999], 2D finite
volume BHE modelsYavuzturk et al.1999], 2D finite element BHE modelggnchini and
Terlizzese 2008], 3D finite difference BHE model$Vagner and Clauser2005], and 3D
finite element BHE models Signorelli et al, 2007] were used. Due to the three-
dimensionality of heat transport caused by a BHEhan subsurface, a 3D simulation is the
most favourable optionSignorelli et al, 2007]. The complex geometry of a BHE can be
represented by finite element mesh&sgn et al. 2009]. Therefore, finite element-based
simulations are frequently used to simulate BNEicotte and Pasquie2008;Lamarche et
al., 2010; Diersch et al. 2011a; b]. A common and versatile commercialtéintlement
software platform for computationally efficient sitations of 3D heat transport is FEFLOW
[Diersch 2006].
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Since the release of the FEFLOW version 5.4, a Bididel has been implemented directly in
the software, in which the BHE is simulated as abbedded vertical 1D finite element in the
finite element matrix Piersch 2006]. However, this implementation does not mtewvthe
exact spatial temperature distribution inside th#EBThis prevents a detailed analysisRpf
based on numerical results. Within the frameworkhef present study, an alternative single
BHE model based on the study Bignorelli et al.[2007] was developed in FEFLOW and
verified for conduction- as well as convection-doated aquifer systemdagner 2010].
The BHE is assumed to be installed in a confinewlgaaquifer. The flow field around a
single BHE is hardly influenced by the BHE and #ifere simulated in steady state, whereas
the heat transport is simulated transiently. Thig#ee8D model has a size of 100000 mx
165 m (lengthx width x depth; Fig. 1), which is large enough to minimixaindary effects
for the period of a TRT (e.g. 40 h to 90 h). Thmelnsions of the fully discretized BHE are
listed in Table 1.

Table 2 Detailed dimensions of the simulated borehole bgahanger.

Value
Radius of the borehole,, (m) 0.075
Inner radius of the pipein, (M) 0.013
Outer radius of the pip€ou, (M) 0.016
Depth of the BHEDgg, (M) 100

The distance between borehole wall and the pipé iwalften unknown. To determine the
uncertainty, several numerical simulations withyuwag pipe positions are analyzed. The
model is discretized by 191,940 prism elements lgguasstributed in 35 horizontal layers.
The finite element resolution is telescopic: It remses towards the BHE and reaches a
maximum at the pipe wall (Fig. 1), where the stsepeEmperature gradients are expected. The
distance between nodes varies between approximatelyn at the model boundary and
approximately 0.001 m at the pipe wall. The thidsef the horizontal layers ranges between
0.03 m and 39 m. The layer offset is smallest atlibttom of the BHE, where the highest

vertical temperature gradients are expected.
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Fig. 1. Left: 3D overview of the model domain and dis@ation. Right: 2D top view of the
model domain and the used boundary conditions (BC).

Thermal and hydraulic properties of the differemtnpartments of the finite element mesh are
given in Table 2. The selected values are basedmorted real values, except for the thermal
conductivity of the pipe material and the part lvé imesh representing the heat carrier fluid.
The heat transfer between the turbulently flowimgthcarrier fluid and the pipe wall can be
approximated by a one-dimensional series connedifidhermal resistances, which gives the
fitted thermal conductivity of the pipe materialu®to turbulent flow within the BHE, lateral
heat transfer to/from the heat carrier fluid iswkst. To represent this in the model, thermal
conductivity of the elements representing the leaater fluid is set very highdiersch et al.
2011a].Clausen[2008] demonstrated that a thermal conductivitp@W m'K™ is sufficient

to represent this turbulent flow. Furthermore, adification of the volumetric heat capacity
for the part of the mesh representing the heaterdiuid is recommended biersch et al.
[2010]. The volumetric heat capacity of this pdrousld therefore be very small (e.g. 1 ¥ m
K.
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Table 3Hydraulic and thermal properties of different mioctempartments.

Thermal conductivity of the | Volumetric heat capacity of the

Propert Hydraulic conductivity, (m s . - ; J
perty Y ¥, (ms) porous mediay, (W m'K™?) porous mediagp, (MJ niFK™)
Subsurface 15103 a) Hahnlein et al. 2010] 21 a) [Palmer et al. 1992] 2.8a) [Palmer et al. 1992]
GrOUting material 8108 a) Herrmann 2008] 08 a) [Herrmann 2008] 2:33) [Niekamp et a).1984;Gauthier et al. 1997]
Plpe material 31019 c) Pannike et al.2006] 0'3911) [Signorelli et al, 2007] 16 a) [Signorelli et al, 2007]
Heat Carrier ﬂUld (mesh) 11019 c) Pannike et al.2006] 20.0[)) [Clausen 2008] l XlOGc) [Diersch et al. 2010]
Heat carrier fluid (dlscrete feature 0 63) [Signorelli et al, 2007] 4 ?) [Signorelli et al, 2007]
element) ) )

a) Reported realistic values; b) estimated base@@rnvalues; c) estimated to be able to run thdehand avoid
hydraulic interactions between the discrete featlmments and the part of the FE mesh represetiiag
grouting material and the subsurface.

To simulate flow of the heat carrier fluid, elem®of lower dimension, i.e. discrete feature
elements Diersch 2005], are often connected with the 3D finitened@t mesh\Vitte, 2001;
Gehlin and Hellstrém 2003; Diersch 2006]. The shank spacing of the simulated BHE is
equal to the distance between the connected disferature elements representing the center
of each pipe (Fig. 1). Convective heat transpadubh the heat carrier fluid is simulated only
within the discrete feature elements. Heat trartspbthe connected mesh representing the
inner parts of the pipe is approximated by conaunctnly Diersch 2006]. The flow of the
heat carrier fluid is defined by a fourth-type bdary condition (BC) Diersch 2006]. In
FEFLOW the fourth-type BC describes a singular psource, which describes the injection
or withdrawal rate of water/mass/energy into/fronsilagle node or into/from a number of
nodes. To simulate the energy transfer to the latilg BHE fluid, a fourth-type BC is used.
Constant values are assigned to both fourth-type tBé&efore the BHE fluid is circulating
with a constant flow rate and a constant energgciign rate to BHE fluid. This arrangement
is very similar to a TRT device used in the figitere, the flow rate of the heat carrier fluid
and the energy transfer to the heat carrier flogdheeld constant by the TRT device. Thus, the
heat transfer rate, of the simulated BHE can be calculated basederdifference between
inlet temperatureT;,, and outlet temperaturd,,, the volume flow rate of the heat carrier
fluid, Q, and the volumetric heat capacity of the heat@afiuid, c,.

q — Cprf (Tln _Tout)

C (2-6)

Based on Eq. (2-6) we calculated for each test tas@average heat transfer ragge of the

examined evaluation period of the BHE.
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Groundwater flow, if applicable, is simulated bgecond-type BC (Neumann) that assigns a
constant flux to model boundary nod&s€grsch 2006]. The temperature of the groundwater,
which enters the model domain, is controlled byrst-type BC (Dirichlet), which assigns a

certain temperature value to a selected nBuergch 2006].

The numerical model is applied to simulate a BHEicl injects energy of a known rate into
the subsurface. The resulting synthetic time sexidbe temperature development of the heat
carrier fluid represent the measured (artificiaitad set of a TRT. In separate subsequent
analyses, the influence of the geometry of the BidBwell as of naturally occurring non-
uniform initial temperature distributions, e.g. tvesl geothermal gradients and thermal
dispersivities, on standard TRT-based interpratatéwe investigated. For this purpose,
evaluation intervals of 50 h and a starting poihé® h are selected, which is considered a
period sufficient to obtain reliable resuliSignorelli et al, 2007]. Furthermore, to improve
the comparability of the parameters obtained, eqtaating points and the same duration of

the evaluation interval are set for all experiments

2.3 Results and Discussion
By way of example, Fig. 2 illustrates two numeiligaenerated TRT data sets. Additionally,

the linear regression based on Eq. (2-3) is shown.

30 " . : :
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Fig. 2 Comparison of two numerically generated tempeeatime series of the mean fluid
temperaturel; at variable shank spacings. Additionally, the lestithe linear regression is
presented.
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2.3.1 Pipe Position

To exclusively analyze the effects of different haspacings, no groundwater flow is
considered and the initial temperature of the entmodel is assumed to be uniform. These
conditions comply with those commonly assumed fipligation of the line source equation.
Different shank spacings are simulated by variaftshe numerical model grid that is
adjusted to the cross section geometry of the BHie. setup of the models is illustrated in
Fig. 3 showing different sections through the BHEth decreasing distance of the
symmetrically arranged tubes from Case A to D. Sineulated shank spacings are 0.115 m,
0.092 m, 0.071 m, and 0.051 m in Cases A to D ecisely.

CaseA CaseB CaseC  CaseD| RMSE

&
— Jofum Cpnun  Cenwn o CChaun Result of linear
¥ |82 8238 & & S regression:
€257 T 0T i 8::2@ 1
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Fig. 3. Results of the two-variable parameter fitting noetland the linear regression method
for four different BHE shank spacings comparedhe thermal conductivity of the porous
media 4mn) and theR,.n mVvalue. The evaluated time interval lasts from 40 B0 h and only
parameter pairs with an RMSE value smaller thad°@lare presented.

The results of the analysis are also presentedign 3 For both parameter estimation
techniques, the linear regression and the paraniigieg method, the effective thermal
conductivities ferf) identified sufficiently approximate the given thwl conductivity of the
porous mediaf). According to the way the parameter values arevel@, they are further
distinguished byiesin andierr-par Table 3 shows that the best fitted valuese.gfire identical
for both methods. Fig. 3 also reveals that seveaaimeter pairs Gfes.par aNd Ry-par €Xist
within the valid RMSE range (<0.14°C). Valid paase positively correlated, indicating an

ill-posed parameter estimation problem. If the atakele error interval of estimated parameter
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values is set to +10%Egster 2002], the detected pairs are mostly within tHesds. With

the given RMSE threshold, however, valid solutispsead beyond the 10% interval. Since
the RMSE threshold is an arbitrary tolerance I¢kiat accounts for measurement uncertainty
and noise, setting a stricter threshold may be lprnaéitic in practice, although this would

improve identifiability ofA andR, in the ideal case.

The effective thermal conductivities obtained daseewith decreasing shank spacing and
only in Case B ides Similar to the “true”in, specified in the numerical model. Nevertheless,
the differences between thgrin andim values obtained are small and lie within an irdérv
of -2% and +1%. This demonstrates that the deriiggds an apparent and integral value
integrating the properties of the grouting mateaiadl the aquifer. In general, the smaller the
shank spacing is and the larger the distance tartii@ent ground, the greater is the influence
of the grouting material and, hence, the smalléhésderived effective thermal conductivity.
The overestimation by 1% determined for Case Auis tthe deviation of the simulated system
from the ideal shape assumed by the line sourcéiignparticular case, interpretation by a

cylinder source equation appears to be more saitabl

In contrast to its minor influence on the interpt&n of thermal conductivity, the effect of
changing shank spacing on the best fitted valu®,a$ significant (Fig. 3). This agrees with
the observations b#cuna et al[2009], who studied the thermal borehole resistarfcsingle
U-pipe BHEs by a steady-state approach. We detednthe same promoting effect of
increasing shank spacing By obtained by TRTs for a double U-pipe system. Agtig,best
results of the linear regressiof,(in) and the parameter fitting metho®,(a) are in
agreement. Borehole resistance valu@si, and Ry.,a, are comparable to those derived
directly by Eq. (2-2) from the numerical mod&, (). For using this equation, the actual
difference between borehole wall temperatufe,)( and carrier fluid temperaturely) is
determined by the simulated temperatufigss extracted at the discrete feature element and
Tow IS determined at eight equally scattered pointshenborehole wall. To account for 3D
effects, the weighted medt..,mVvalue of four different layers (depth of 0 m, 1558,m, and
95 m) is calculated. ThBy.numVvalue is considered to be most suitable for reprasg the

actual heat transfer inside the BHE (Fig. 3).

The estimated values &%.in andRy.par agree withRy.num Within an interval of +10%, except

for Case A. The reason of the higher discrepandkigscase is the direct contact between the

25



Chapter 2

pipes and the ambient ground, which substantiaifjutbs the temperature distribution at the
borehole wall. Thus, the assumption of a unifofpg is not fulfiled and the standarg,
calculation method is no longer suitable. Due te timrealistic shape of Case A, the
evaluation procedure is not adopted for this tesec However, Case A is included in this
study as it offers insight into the theoreticallynimum possible value dR,. Although the
fitting error is small for the Cases C-D, the valuef Ry.jin and Rypar Systematically
overestimateéR,.nym This is interpreted as an indication of 3D effeekplicitly simulated by
the numerical model, but not covered by the linere® equation. Case B represents
intermediate conditions, where these artifacts app® be negligible and the actual
parameterd,, and R,.n.um can be estimated perfectly. Therefore, the renasiod this study
will focus on the shank spacing simulated by Case B

Table 4 Results of linear regression and parameter fitiimgcomparison to originally
simulated valuesif, andRy.num for four different shank spacings. The evaluatexr® interval
is between 40 h and 90 h.

Pipe position Case A Case B Case C Case D
Shank spacing (m) 0.115 0.092 0.071 0.051
Heat transfer rate per unit length, calculated by(2-6),q (W m?) 59 61 58 52
Thermal borehole resistance of the numerical sitimnlaR; o,y (M K W?) 0.057 0.089 0.124 0.173
Thermal borehole resistance determined by linegessionR,.in, (M K W?) 0.068 0.094 0.128 0.178
Thermal borehole resistance determined by pararestienation Ryper m K W) 0.068 0.094 0.128 0.178
Thermal conductivity of porous media, (W m™* K™ 2.10 2.10 2.10 2.10
Effective thermal conductivity determined by lineagressionlesin (W m* K 2.12 2.10 2.08 2.06
Effective thermal conductivity determined by pargnestimation/es s (W m* K*) 2.12 2.10 2.08 2.06

2.3.2 Non-uniform Initial Temperature Distribution

To analyze the effects of a non-uniform initial ferature distribution of the subsurface on
the TRT result, the model with the fixed pipe cgnofiation of Case B is modified. While
constant thermal and hydraulic material properaes kept as before (see Table 2) and
groundwater flow is neglected, initial temperatumereases with depth according to a specific
geothermal gradient. To simulate realistic geottamgnadients, the initial temperature field is
calculated separately by steady-state simulatiatts different geothermal heat fluxes at the
bottom boundary of the model and a constant tenyoerat the surface of the model (Table
4).

According toPollack et al[1993], a geothermal heat flux range between @rt60.11 W i

is considered to be realistic. Based on the giwdreme values, temperature gradients of
23.7°C km" and 52.2°C kil are determined for the numerical model, which mow the
unnaturally high gradient of 300°C Kmanalyzed in the special case Baymond et al.
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[2011Db]. The initial ambient temperature valueshi@ model are calculated based on the two
temperature gradients selected and assuming a tixegderature value of 10°C at a depth of

50 m. In this way, the simulations of the two geothal gradients remain comparable.

T
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23l Egradient 23.7°C/km Tlo_/(’ﬁ"‘_ —
’ gradient 52.2°C/km i
R.,.
22 L num

N
—

-
©

-
(o]

0.14°C __ 10°*°C

Effective thermal conductivity [W m'K™"]
N
o

-
~

0.065 0075 0.085 0095  0.105
Thermal borehole resistance [mK W]

Fig. 4. Results of the two-variable parameter fitting noetland the linear regression method
for three different initial temperature distributecompared to the thermal conductivity of the
porous media and thB,,,m values. The latter are given in Table 4. The etald time
interval lasts from 40 h to 90 h and only parametErs with an RMSE value smaller than
0.14°C are presented here.

Both line source evaluation approaches yield coaigarresults (relative difference less than
1%). However, the best fitteds values are smaller than the input values of thearigal
simulation selected (Fig. 4). For high geothermablgents (52.2°C ki), the acceptable error
exceeds £10% (Fig. 4Eugster 2002]. Fig. 4 illustrates again that a wide rawdevalid
parameter pairs ofef.par and Ry par €XiSts and acceptable parameter values are dedela
positively. This validity range is shifted alongetkirection of correlation by increasing the
value of the geothermal gradient. This outcome detnates that a depth-dependent initial
temperature field prevents reliable line sourceedafRT evaluation. The geothermal gradient
influences the horizontal temperature gradient tdwathe BHE. The amplified depth-
dependent heat propagation which cannot be comrsider the line source theory leads to an

apparently higher thermal conductivity than thd ceee

As shown above, the borehole resistaRgaeflects the heat transport inside the BHE and,
thus, depends on geometry and physical propertietheo BHE itself. Hence, it can be
expected thaR, is quasi-independent of the subsurface propeatiesthat the TRT parameter
values obtained are constant and comparable te tawaputed for the negligible geothermal
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gradient (0.089 m K W, Table 3). This is true for the value Bf..um which is determined
directly from the numerical model (Table 4). In t@st to this,Ry.in and Ry.par Values
obtained from the TRT seem to be influenced sigaiftly by the geothermal gradient (Table
4).

For the geothermal gradients evaluated, the reguRi.in and Ry.par Values vary in the range
between 0.077 m K Wand 0.094 m K W. The line source based TRT evaluation with a
constant initial temperature yields the slighthemstimated value &%, = 0.094 m K W* (see

Fig. 3). At an enhanced geothermal gradient, thienated value oR, decreases. The relative
error of the line source evaluation for the higltgermal gradients selected even exceeds the
acceptable error range of -10% (Fig. Bufster 2002]. This relationship between estimated
borehole resistance and geothermal gradient appparerartificial and does not represent the
real heat transfer inside the BHE. This positiveredation illustrated in Fig. 4 might be
caused by the temperature variations inside andidmutthe BHE along the total length,

leading to depth-dependdr§ values.

Table 5 Results of the parameter fitting method, linearession, and the FEFLOW input
values £n and Ry.num) for three different initial temperature distrimris which can be
described by a constant geothermal gradient. Atlufations are based on a BHE with the
geometry of Case B. The evaluated time intervhkeisveen 40 h and 90 h.

Heat flux (W nm): 0.00 0.05 0.11
Resulting geothermal gradient (°C &)n 0.0 23.7 52.2
Heat transfer rate per unit length, calculated by(2-6),q (W m?) 61 58 55
Thermal borehole resistance of the numerical sifiaraRy . (M K W1 0.089 0.089 0.089
Thermal borehole resistance determined by linegessionR,.i, (M K W?) 0.094 0.084 0.077
Thermal borehole resistance determined by pararestiEnation Ry par (M K W) 0.094 0.083 0.077
Thermal conductivity of porous medig, (W m* K?) 2.10 2.10 2.10
Effective thermal conductivity determined by lineagressionlesin (W m* K) 2.10 1.97 1.86
Effective thermal conductivity determined by parsenestimationjespe (W m* K*) 2.10 1.96 1.86

2.3.3 Thermal Dispersion

A third aspect analyzed is the effect of longitadiand transverse thermal dispersion on TRT
interpretation. Again, artificial TRT data sets aenerated using the numerical model that
simulates a BHE with the pipe configuration of C8seA uniform horizontal Darcy velocity
of 0.1 m day is assumed for the aquifer. This threshold is meoended by Signorelli et al.
[Signorelli et al, 2007] to be the upper limit for TRT evaluatiorssed on the line source
theory. The thermal dispersivities are varied andoastant relationship; = 0.1 x ¢ is
assumed Molina-Giraldo et al, 2011a]. Molina-Giraldo et al. [2011a] demonstrate the

variability of the reportedy anda; values which are mainly influenced by the relagiup
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applied for the description of thermal dispersidence, a wide range of values between 0
and 2 m is analyzed here in order to representiljesgalues for a field scale of 10 m

[Molina-Giraldo et al, 2011a]. The results are depicted in Fig. 5.
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Fig. 5. Result of the two-variable parameter fitting methamd the linear regression method
for five different thermal dispersivities (constdbarcy velocity of 0.1 m daf) compared to
the thermal conductivity of the aquifer and g, values. The latter are given in Table 5.
The evaluated time interval lasts from 40 h to 98nld only parameter pairs with an RMSE
value smaller than 0.14°C are presented. Supetserypnbers specify the thermal
dispersivities belonging to a correspondiig.umvalue.

Both parameter estimation techniques yield sinidar, andZes.par Values with a difference of
less than 1% (Table 5). Both evaluation approaciiestherefore considered to be equally
suitable for the TRT-baseds determination in these cases. Again, the paranesténation
with an RMSE tolerance of 0.14°C yields a corr@afgoup Ofiefr.pan Ro-par Pairs. Thedes
values obtained are significantly higher than thgiwal value ofi,, in the numerical model.
They are higher thai, by a factor between 20%, (= 0) and 190%¢q( = 2), which clearly
exceeds the acceptable 10% error assumed for a [EHR@ster 2002]. The effect of
increasing thermal dispersivity on the valig value range is explained by the relationship
betweeny anda; and the effective thermal dispersion coefficietichi is one key parameter
of the heat transport equation in porous medd@njenico and Schwartz1998]. Heat
transport, including dispersion, results in an ése ofle (Table 5). Thus, TRT evaluation
of convection-dominated conditions should not oobynsider the effect of convection, but
also the impact of dispersion.
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As in all previous results, tH&,.in andRy-par Values obtained are identical. A slightly negative
correlation between thermal dispersivity and deteech borehole resistance is found. The
calculatedRy.numvalues decrease by up to 3% compared to the candesidminated value of
0.089 m K W* (Table 3). The decrease by 3% might be causeddpesive effects into the
BHE, which decrease the thermal resistance betwe=morehole wall and the heat carrier
fluid. This is also reflected by the line sourcesdx best estimates &,. However, these
values are significantly higher than those in tredel. They also span a broad validity range
depending on the given dispersivity. By neglectimg effects of thermal dispersion, the best
line source based fit yields an overestimation 4¥%lcompared tdR,.num This discrepancy
increases with the degree of dispersion up to 282 f= 2 m. Under these conditions, the
standard line source equation obviously is notiapple. Consequently, estimated parameter

values are not reliable.

Table 6 Results of the two-variable parameter fitting noeththe linear regression method,
and the FEFLOW input valueg{ and R,.nun) for six different thermal dispersivity values.
The evaluated time interval is 40 h - 90 h.

Longitudinal dispersivityg, (m) 2 1 0.5 0.3 0

Heat transfer rate per unit length, calculated by(2-6),q (W m?) 61 61 61 61 61
Thermal borehole resistance of the numerical sitianlaR; o,y (M K W?) 0.086 0.087 0.087 0.088 0.089
Thermal borehole resistance determined by linegessionR,. i (M K W?) 0.098 0.103 0.103 0.106 0.111
Thermal borehole resistance determined by pararastienation Rypar (M K W) 0.098 0.103 0.103 0.106 0.111
Thermal conductivity of porous media, (W m™* K™ 2.10 2.10 2.10 2.10 2.10
Effective thermal conductivity determined by lineagressionlesin (W m* K) 5.99 4.44 3.48 3.11 2.56

Effective thermal conductivity determined by paréenestimationjesper (W m* K%  6.00 4.45 3.49 3.13 2.58

2.4 Conclusions

A finite element model of a double U-pipe BHE waveloped to generate artificial TRT data

sets. Based on these data sets, the influencdeates#® natural subsurface conditions, such as
depth-dependent temperature variation and thermpésion, was investigated. Furthermore,

the effect of the shank spacing within the BHE oRTTinterpretation was assessed by

simultaneoudes andR, estimation. From the results of this study, thiéofeing conclusions

can be drawn:

 The TRT parametersR{n, Ro-par aNd Aettiin, Aefi-par) Obtained for different shank
geometries represent the real parameters of treugabe {,) and the BHE Ry-nun)
with sufficient accuracy. The shank spacing analyzeied between 0.051 and 0.115
m, the resultant error of the estimatkg values was less than 2%. However, the
borehole resistance is strongly dependent on tlkslspacing. With increasing
shank spacing, the borehole resistance decreasles edluence of the grout material
is reduced. At the same time, the error of linere@based, estimation increases.
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The BHE more and more disagrees with the ideatdimgped heat source. In practice,
a TRT evaluation based on the cylinder source emuathich was analyzed lfyass
and Lehr[2011], might improve the result for large shapkang, such as in Case A.

* A typical geothermal gradient (0°C per 100 m to°8.2er 100 m) results in an
underestimation oflef and R, by the standard line source based approach. The
estimation error may exceed 10% for a gradient.BfG per 100 m. This has to be
accounted for when TRTs are conducted in areas avitblatively high geothermal
gradient. Furthermore, the effects observed may &s induced by artificial
temperature variations in the subsurface, for m#a by surrounding geothermal
systems, local heat sources, such as sewage systentiser underground facilities,
especially in urban areas.

* Apart from convection, also thermal dispersion vi@asd to influence the TRT and
its interpretation. Numerically generated TRTs ueficed by a constant Darcy
velocity (0.1 m day) and various dispersivities;(between 0 and 2 m) result in a
deviation from the "true” values of the model fré® W m'K™ to 3.9 W ntK ™ for
Jeir @and from 0.012 m K W to 0.022 m K W for Ry, respectively. Hence, further
studies of convection-dominated TRTs should alsesicer the effects of thermal
dispersion. In practice, we recommend to considé¢ramly groundwater flow, but
also the effects of thermal dispersion for conwtinfluenced TRTs in highly
heterogeneous aquifers.

This numerical study clearly showed the limits lué standard TRT evaluation when the test
performed is influenced by extreme shank spaciig)) geothermal gradients or significant
dispersivity values. To overcome this restrictionproved concepts are needed to consider
and quantify the analyzed effects, especially tlamirspersivity. TRT interpretation also has
to account for feasible parameter ranges instedoesf fits within a small function fitting
tolerance only. The results of the numerical stelse showed that typical case-specific valid
ranges of positively correlated borehole resistaarue effective thermal conductivity values

exist.
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3 Analytical approach to groundwater-influenced thermal response tests

of grouted borehole heat exchangers

Reproduced from: Wagner, V., Blum, P., Kibert,Bayer, P. (2013), Analytical approach to
groundwater-influenced thermal response tests obuigd borehole heat exchangers,
Geothermics, 46(0), 22-31, doi: 10.1016/j.geothesn012.10.005. The final publication is

available at sciencedirect.com.

Abstract: For ground-source heat pump (GSHP) systems, drentl response test (TRT) is
commonly used to determine the heat transport peteas of the subsurface. The main
limitation of this approach is the assumption ofgpaonductive heat transport, which might
result in significant deviations. Based on the mgviline source theory, a parameter
estimation approach is introduced, which is serssitio conduction and advection. This
approach is calibrated and successfully testechagtiree different test cases. The presented
analytical approach therefore expands the fieldapplication of the TRT to advection-

influenced conditions beyond a Darcy velocity df f day'.
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3.1 Introduction

The heat stored in the shallow subsurface is oivong interest to geothermal energy use. In
the upper hundreds of meters of the earth’s ctinsttemperature usually does not reach much
more than 20°C [e.gTaniguchi and Uemura2005;Zhu et al, 2011]. Thus, the energy is
only useful for space heating and air conditiorsggtems and is ideally extracted from wells
or boreholes (in general to a depth of around 15Qem., Hecht-Méndez et al.2010])
combined with heat pumps. Alternatively, the groundy be used as storage medium for
waste heat or for cooling purposeSahner et a). 2003]. The most common variants of
geothermal systems are ground-source heat pumgdH§Swhere vertical boreholes act as
borehole heat exchangers (BHE&ybach and Eugster2010]. A heat carrier fluid is
circulated in closed tubes installed in the borebolin the heating mode, the injection
temperature is slightly lower than the temperatirithe ground. Circulation in the subsurface
warms up the fluid and by operating the heat puttng,collected energy is extracted above,
thus cooling the ambient ground. Temperature anesdevelop, and the radial temperature

gradient forces the heat flow towards the BHE.

Since the geological, geophysical, and hydrogeo@gconditions that control the heat
transfer processes and extraction efficiency viaeld investigation campaigns are suggested
for larger-scale systems to ensure appropriatenplgnof shallow geothermal installation.
The thermal response test (TRT), which is conductd8HES before heat mining begins is an
established techniqud&prgensen 1983;Gehlin 2002;Sanner et aJ.2005;Signorelli et al,
2007;Beier et al, 2011;Raymond et al.2011a;Raymond et al.2011c]. By monitoring the
effect of short-term heating (or cooling), the that properties of the ground and the heat

transfer efficiency between ground and BHE arerprted.

In standard experiments, a heated or cooled fhidjected and the temperature development,
i.e. the response of the ground, is monitored@BiHE outlet. The slower the temperatures of
the heat carrier fluid increase, the more heabss in the ground and, thus, the higher is the
interpreted in-situ effective thermal conductivityhe temperature time series are commonly
evaluated based on the Kelvin line source theoay éissumes an infinite, homogeneous and
isotropic medium with a constant heat sourCarglaw and Jaegerl959]. This evaluation

provides the effective thermal conductivitdq) as well as the thermal borehole resistance
(Ry), which is a measure of the heat transfer perfao@an the borehole. Both parameters are

used for a case-specific planning and efficientapen of the GSHP-system.
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Standard TRT interpretation exhibits several sloniogs. It assumes a homogenous
subsurface, no axial heat transport, uniform ihittemperature distribution, and it
approximates the BHE shape as an infinite. lBandos et al[2009] presented an analytical
solution to overcome the limitations caused by #éissumption of an infinite line shape.
Another significant shortcoming is that only contie heat transport is considered [e.g.,
Signorelli et al, 2007]. However, shallow geothermal systems aeguently installed in
water- saturated underground. In aquifers, advediwat transfer due to groundwater flow
can be significant [e.g\Witte 2001]. Accordingly, the effective thermal conduity (Jef)
obtained based on the Kelvin line source theorgnisapparent parameter, which increases
with Darcy velocity. Several studies have demonstiathe significant influence of
groundwater flow Witte and Gelder2006] and ambient air temperature variatiddandos et
al.,, 2011] on TRT resultsWitte [2001] established a advection-dominated aquifer b
performing a TRT, while groundwater was being ected from a well 5 m away from the
BHE. A comparison to the results of an undisturb&¥ showed an increase in thg value

by a factor of 1.38. This relationship was alsoestigated byBozdag et al[2008], who
performed four different TRTs in one BHE and catetl the obtainetls andR, values with
the observed different hydraulic gradients. Thetdf measurements clearly indicated the
influence of groundwater table fluctuations, whgdvern groundwater flow velocities, on the
TRT results. The influence of groundwater flow iscaexamined by several theoretical
studies. For instanc&hiasson et al[2000] numerically simulated TRTs to analyze thker

of groundwater flow velocity and different evalwatiperiods with respect to the valueigf
that would be obtained by the line- source approdtiey demonstrated that the resulting
thermal conductivity value is an effective one ao@s not represent the thermal conductivity
of the subsurfaceSignorelli et al. [2007] comprehensively analyzed those effects and
confirmed the findings byVitte et al.[2001] thaties increases continuously with evaluation
time. In essence, the line source-based TRT evaluaif advection-dominated systems
results in ambiguousges values.Signorelli et al.[2007] conclude that BHE dimensioning
based orte in advection-dominated systems is rather problembécause of the increasing

instability of the resulting values.

A number of remedies have been suggested to rgliabaluate TRTs influenced by
groundwater flow. One possibility to detect theluehice of groundwater flow is a stepwise

TRT evaluation based on the Kelvin line source thde.g., Sanner et a). 2005]. Witte
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[2001] interpreted an increasingy value with increasing evaluation time step sizeaas
indicator for groundwater flow. Another possibiliszan enhanced TRWagner and Rohner
2008], where depth-depending temperature seriegsagland/or after the heating period are
evaluated [fujii et al,, 2009]. Wagner and Rohng2008] showed how specific layers with
groundwater flow (enhancedy values) can be estimated. However, these concepidp
no information about the actual Darcy velocity. ®deercome this, parameter estimation
approaches based on numerical simulatiétesyfnond et al.2011b] or alternative analytical
equations Katsura et al. 2006] were suggestedRaymond et al[2011b] numerically
guantified that the TRT examined at a field siteswafluenced by a groundwater flow
velocity smaller than I0m s*. Based on several simulation results with a greatdr flux
between 10 and 1¢® m s' and/,, values between 2.35 and 2.65 W #§™, the measured
temperature values could be reproducBayimond et al.2011b]. In a different context,
Katsura et al.[2006] analyzed the heat response of a thermdlepno a sand-filled cylinder
influenced by different water flow velocities. Byalibration of the moving line source
equation Carslaw and Jaegerl959] to the measured thermal response it wasilgesto

derive the groundwater velocity with a relativeoetiess than 20%Katsura et al. 2006].

Previous studies have demonstrated the ambiguaraatkr of the parameters determined by
line source-based TRT evaluation, especially ifugdwater flow influences the system. The
objective of this study is therefore to develop amalytical approach to groundwater-
influenced TRTs, which provides parameters mordablé for a detailed simulation of
conductive and advective heat transport in the wgtdase. For this purpose, an approach in
line with the one byKatsura et al.[2006] is developed. Furthermore, we introduce a
correction term to consider the effects causedbydwer hydraulic conductivity of a grouted
BHE on the apparent (i.e., estimated) Darcy vejoait the vicinity of the BHE. This
correction term is calibrated by artificially geatrd high-resolution TRT temperature time
series and embedded in a parameter estimation Warke Finally, the applicability of this
concept for the simultaneous determination of gdotihrermal conductivity/,,, and Darcy

velocity, v, is discussed based on a set of scenarios admptadelated studies.
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3.1.1 Nomenclature

The nomenclature used in chapter 3 is compilechinld 7.

Table 7 Nomenclature of chapter 3.

Co
D
de
Ei

k
Pe
q

r
Ipin
I'pour

<cs - )

Vih
X,y

correction factor (-)

volumetric heat capacity (MJ K™
thermal dispersion coefficient (ra?)
shank spacing (m)

exponential integral

hydraulic conductivity (m$

Péclet number (-)

heat transfer rate per unit length (Wm
radius (m)

inner pipe radius (m)

outer pipe radius (m)

thermal borehole resistance (m Ky
temperature (°C)

time (s)

time criterion (s)

integration variable

Darcy velocity (m day)

heat transport velocity (m day
Cartesian coordinates (m)

Greek symbols

a
A
K

Y

dispersivity (m)

thermal conductivity (W mK™)
thermal diffusivity (nf s%)
Euler constant (-)

Subscripts and superscripts

f
bw
sub

+~—-osg3ga@

heat carrier fluid

borehole wall

property of the subsurface
property of the grouting material
obtained effective property value (without correnji
property of the porous medium
property of the groundwater
initial or undisturbed value
longitudinal

transversal

value corrected b

3.2 TRT Models

3.2.1 Conductive Line Source

The most widely used procedure to evaluate a TRiR$ed on the Kelvin line source theory.

This approach approximates the BHE as an infimite $ource in a homogeneous, isotropic

and infinite medium, which injects or extracts astant amount of energyg)(by conductive

heat transport only. The temporal and spatial teaipee changes around the line source can
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be calculated as follows [e.€arslaw and Jaegerl959; Gehlin, 2002; Signorelli et al,
2007]:

— q T € — q r2 - q It
| r,t I, = du= E|l—|= In| — _
sub( ) 0 1 1eﬁ F[ u 1 1eﬁ ||: 1 |:| 1 ﬂeﬁ { [ r.2 ] y] (3 1)

Akt

The maximum error of the logarithmic approximatminthe exponential integral is less than
10%, if the time criterion & t. > 5 rp” «* is fulfilled [Hellstrom 1991]. This error range
assumes that substantial disturbances on the extdethperatures are absent and the test is
properly executed. To be able to calculate the nfiegh temperature, the thermal resistance
Ry, between the borehole wall and the circulating loeatier fluid has to be considered. This

leads to the following extension of Eq. (3-1):

Tf _wa = ql:R (3'2)

r2
T, ()=T,0+aqR, = 47; E le_:t} +T, +R,q
eff

o} 1 4ut
= In(t) + + In| — |-y ||+T
4meﬁ ( ) q|:Rb 4meﬁ ( (rb%vj yJ} 0

To determine the effective thermal propertidsy @nd Ry), two similar approaches are

(3-3)

possible. The recorded TRT data are either fittgdabtwo-variable parameter estimation
technique Roth et al. 2004] or by a linear regression based on therilibgaic approximation
of Eq. (3-3) [Gehlin 2002;Signorelli et al, 2007]. A TRT evaluation based on the Kelvin line
source theory does not consider the effects of rglewvater flow and simplifies all possible
heat transfer processes of the subsurface as pooelguctive transport with an effective
thermal conductivity{esr. Therefore, it is not possible to determine tHevwant heat transport

parameters for advection-dominated conditions uBiqpg(3-3).

3.2.2 Moving Line Source

To determine adequate parameters for the simultenéeat transport by advection and
conduction, another analytical equation is necgssaarslaw and Jaegef1959] derived a
suitable analytical equation, which simulates astam line source of infinite length in a

homogeneous and infinite medium and in its extendedion additionally accounts for
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advection and hydrodynamic dispersidtefzger et al.2004;Molina-Giraldo et al, 2011a].

The temperature difference caused by the line sagrcalculated by:

2
Vint

4Dy 2 2 2
Tsub(X7 y,t) _To = g ex VinX J. exp — X— +y— L -u % (3'4)
41, /DD, [ 2D D D /16Du | u

0

Equivalent to the approach [Button et al[2002], the fluid temperature of a BHE can be
accessed by adding a thermal borehole resistane ). (3-4) is extended as follows if the

Cartesian coordinates fulfill the conditigh+ y* = ry,>:

_ q VinX
T, (X,y,t) = ex
f( Y ) 4'n‘:pm\/DIDt {2D|j|

Vit (3-5)

4D, 2 2 2
[ exp- XaX | U |7 1 Rg
D, D, )16Du u

0

Egs. (3-4) and (3-5) account for an effective heamsport velocity \{;,) and an effective

thermal dispersion coefficienD( andD;). These parameters are determined as follows:

— CPW
Vin = Vet —— (3-6)
pm
D = = ta 1Vih (3-7)
pm
A m-e
Dt =+ a Vi, (3-8)

pm

In contrast tOles, AmefriN fact is an obtained value, but only represénésproperties of the

porous medium and contains no advective portion.

Eq. (3-5) additionally accounts for advective hemnsport, but it still carries some
simplifying assumptions. Similar to Eq. (3-2) faasdard TRT interpretation, the effects of
thermal disturbance, such as from vertical heaw fedong the natural vertical geothermal
gradient, are neglected. HowevaNagner et al.[2012b] demonstrated that this only

introduces a minor error in standard TRT intergreta Disturbances from buoyancy effect
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are also ignoreddecht-Méndez et a[2010] demonstrated this as a valid assumptioritfer
simulation of common GSHP systems. Furtherm@ehlin et al.[2003] reported that the
thermosiphon effect, which is caused by a vertigalindwater flow inside the borehole, can
be neglected for properly grouted BHE. It is impoit to emphasize that our TRT
interpretation only provides subsurface properéiesraged over the total length of the BHE.
Both Eq. (3-3) and Eq. (3-5) yield integral paraenetets to characterize the subsurface, and
are not suited for resolving heterogeneous praggei the ground. Eq. (3-5) also assumes
advective heat transport in a porous media, an@plpécation to fractured rocks is restricted.

For the latter, the evaluation Behlin and Hellstronj2003] is therefore recommended.

We suggest a parameter estimation approach thitratas Eq. (3-5) to temperature time
series of a TRT, which uses the Nelder-Mead algarias explained for example bggarias

et al. [1998]. This minimizes the root mean squared effRWISE) between observed (in this
study: the numerically generated dataset) and lesémlidata (Eq. (3-5)) by varying a defined
set of functional parameters. The RMSE determihesatcuracy of the fitting, and thus can
be utilized to compare different calibration resulin general, when calibrating models to
measurements in natural systems, the complex acdyplecesses involved often make it
impossible that one unique set of valid model patamvalues can be determined. For a
given tolerance on the RMSE of the calibrated mdadslthus suggested to estimate possible
parameter ranges and, if they exist, to also extraelations among different parameters
[Maier et al, 2009]. This insight is in particular valuable fthposed problems like the TRT
evaluation based on Eq. (3-5), where solutionti¢anverse problem are non-unique. For the
estimation ofl,, ef andver this is considered by setting a threshold on tNESE equivalent to
the expected measurement error of 0.1°C, whiidite et al[2002] mentioned as the accuracy
of a temperature sensor. In reality, the measureerear might be different, because of the
applied type of sensor, the kind of combinationteshperature sensors and/or the temperature
dependency of the sensor itself. To inspect whestoeeptable locally optimal or close-
optimal solutions to the error function exist, nplé randomly initialized Nelder-Mead-based
minimization runs (here: 15) are applied. In thesywwve gather sufficient sets 4f e andves

pairs.

Eq. (3-5) is not suitable for TRT interpretatiorthwa real BHE, since it does not explain the
complex heat transfer inside the BHE. This wasretdvant in the study bi{atsura et al.

[2006], who suggested the moving line source equodb evaluate the temperature difference
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in a sand- filled cylinder caused by a needle-stid@ating device in a laboratory experiment.
In our approach, similar to that i§atsura et al.[2006], the effects of mechanical thermal
dispersion are neglected in Eqg. (3-5) in a firgpstThis is considered an acceptable
simplification that reduces the number of unknovarameters. More details on potential
errors introduced by this simplification are compesively discussed dyolina-Giraldo et

al. [2011a] andNagner et al[2012b].

The second step computes a single representativehdle wall temperature, which is

necessary for application of Eq. (3-5). The repntsese borehole wall temperature here is an
integral value of the entire BHE. In contrast ta@@nduction-dominated system, the heat
propagation in an advection-dominated system is radtally symmetric. Consequently,

temperatures at the borehole wall are not constBmtaccount for the asymmetric heat
distribution around a BHE influenced by groundwdtew, we calculate a mean borehole
wall temperature measured at eight positions. Tlpesitions are predefined on the BHE

cross section and depicted in Fig. 6.

o: Temperature
measurement
X: Line source

—Borehole
wall

Fig. 6. Cross section of a BHE with central evaluationitoas of the line source equation and
the temperature measurement locations at the berelall for calculation of mean
temperature in the case of groundwater flow.
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The amount of energy transported by conduction aaekction can be compared by the
Péclet numbePe [Domenico and Palciauska3973].Barcenilla et al.[2005] suggested the
following formulation to calculate the Péclet numbee, of a BHE:

vr,C

VI wpm
e T (@9

m

3.2.3 Two-dimensional Finite Element Model for TRT Simul&ion

The applicability of the moving line source equati(Eq. 3-5) to evaluate the thermal
response of a BHE is tested by comparing analytakalistic numerical simulation. For
this, a two-dimensional (2D) high-resolution fingeement model in FEFLOW 5.Djersch
2006] is developed. The latter is developed by ammspn to a more comprehensive 3D finite
element model presented Myagner et al[2012b]. It is able to predict the complex heat
transfer between the several parts of the BHE (terater fluid, pipe wall and grout material),
the porous medium, and the moving groundwater.oltrast, Eq. (3-5) considers the entire
system as a line-shaped heat source in a homogermaedium. Errors caused by this
simplification can be evaluated by comparison betwée numerical simulation and the
results of Eqg. (3-5). The numerical model speciites of simulated BHE geometry are listed
in Table 8 and shown in Fig. 7, and the assumeeénmaproperties are provided in Table 9.

Table 8 Geometric settings of simulated borehole heat &xgar (BHE) in the numerical
model (Fig. 7).

Value
Radius of the boreholg,, (m) 0.075
Inner radius of the pipgn, (M) 0.013
Outer radius of the pip€soy, (M) 0.016
Shank spacingj,, (m) 0.093
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Table 9 Hydraulic and thermal properties of different nuiced model compartments.

Thermal conductivity of porous Volumetric heat capacity of

Propert Hydraulic conductivitk, (m s ) 1 - orous mediu y (MJ m3 K
perty y ¥, (m's?) medium i, (W mi* K P gr:pm(
3 a) Hahnlein et al. 2010] a) [Palmer et al. 1992] a) [Palmer et al. 1992]
Subsurface 15x10 21 28
i 8 a) Herrmann 2008] a) [Herrmann 2008] ) [Niekamp et a).1984;Gauthier et al, 1997]
Grout material 6x10 08 2.3
i i 19 c) Pannike et a).2006] b) [Signorelli et al, 2007] a) [Signorelli et al, 2007]

Pipe material 1x10 0.39 16

1 Xlo—lg c) Pannike et a].2006] >20 Ob) [Clausen 2008] 4 23) [Diersch et al. 2010]

Heat carrier fluid (surplus)

3 reported realistic value®;estimated based on real valu@gstimated to be able to run the model and availizhyic interactions between
the discrete feature elements and the part ofitite Element mesh representing the grouting nsdterid the subsurface.

Implementation of the BHE and the surrounding aquii the numerical grid is illustrated in
Fig. 2. The discretization is refined for the paxith the highest expected gradients. This is
the BHE itself and the downgradient eastern parthef subsurface, where the temperature
plume evolves. Groundwater flow is simulated byatgpe boundary condition (BC) at the
western and eastern boundary of the model, whislg@s a constant fluxdiersch 2006].
The temperature of the inflowing groundwater is toolted by a ¥ BC, which assigns a
constant temperature value to certain nodes. Timpdrmture value is equal to the initial
temperature of the entire system. The heat istiejein the surplus of the pipes by Atgpe
BC, which defines cell-specific energy extractiojgction per time. The turbulent heat
propagation inside the pipe is simulated by an eoéd thermal conductivity of the pipe
surplus Diersch et al, 2010].
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100 m

Flow direction .. RS

2nd kind flow BC
1st kind heat BC
2nd kind flow BC

x: Heat
injection

0.15m

Fig. 7. Overview of model domain, spatial discretizati®moundary conditions (BC), and
parameters to characterize the simulated borehed¢ éxchanger (BHE). The shape of the
BHE is defined by shank spacidg borehole radius,,, outer pipe radiug,., and inner pipe

3.3 Initial Evaluation

3.3.1 Thermal Borehole Resistance

In an initial evaluation, the numerical model is mayed to examine the influence of
hydraulic parameters on the calculated borehoisteexe R,, of a completely grouted BHE.
Conditions in ungrouted and groundwater filled BHiight be different, reflected by a more
transient behavior inside the BHE [e.Gustafsson and Gehlin2008; Gustafsson and
Westerlund2010;Gustafsson and WesterlurigD11].The latter is calculated based on Eq. (3-
2) and the simulated temperature values of thehobteewall, Ty, and of the fluid,T;. The
borehole wall temperaturéy, is the arithmetic mean of temperature values wrach
obtained from nodes located at the boundary betweesubsurface and the grout material.
The position of the nodes applied to obtain thieetademperature values are specified in Fig.
6. The mean heat carrier fluid temperature, whickvaluated by the TRT approach, is the

average temperature determined at the center mddash pipe (Fig. 7).
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Using the numerical model, it is possible to deteeir, for every simulation time step (Fig.
8). All thermal settings remain unchanged. The BldEsimulated with variable Darcy
velocities,v, in the aquifer and two different hydraulic contiaties, kq, of the grout material
(Fig. 8). The first case analyzBg with respect to increasing In order to prevent the BHE
from acting as hydraulic resistor, the hydrauliadactivity of the grouting material is set
equal to the hydraulic conductivity of the subscefeky = ksup). Thus, groundwater flow
penetrates the BHE, and conductive and advectigethensports inside the BHE occur. The
additional advective component promotes heat tearisside the BHE and therefore thermal
borehole resistanc®,, decreases with increasing Darcy velocityif significant amounts of
groundwater penetrate the grouted part of a BHEem®@ impacts on the grouting material
might also occur.

The second case considers the more realistic hiycli@nductivityky contrast between grout
and aquifer Ky << ksur). Hermann[2008] measured hydraulic conductivity values ofesal
grout materials, and accordingly a typical valudgpf 6 x 16 m s' is selected here. Under
such conditions, groundwater flows mainly arourel BHE. The heat transfer inside the grout
is considered purely conductive and only in theifegineat is transported by both conduction
and advection. As a consequence, the calculRtedalues are nearly independent of the
Darcy velocity (Fig. 8). The determindg, time series of the second case shows small
variations of theR, values at the early time steps. The promotingceid groundwater flow
on the heat transport in the subsurface decrehsegeriod of time to reach thermal steady-
state conditions of the entire system (subsurfaceBHE). To verify the obtained result;,
values with an identical BHE setup are calculateseld on the steady-state multipole method,
which is implemented in the software Earth EnergggsiQner - EED Hellstrom and Sanner
2000]. For all cases with a negligible advectiveath&ransport inside the BHE, both
approaches result in comparable values (discrepagloyv 0.5%) for the time interval of 20 h

to 70 h. This time interval is also applied for sepuent TRT interpretations.
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Fig. 8. Temporal sequence of thermal borehole resistaatmulated from the numerical
simulation result for different Darcy velocities,and hydraulic conductivity valuels,, of the
grouting material. The obtained results are comparesimulation by EED.

There are several similar methods available tordete R, [e.g. Lamarche et a). 2010;
Bauer et al. 2011], if the specifications of the BHE are knowike hydraulic and thermal
properties of the grout material, U-tube spacirayehole diameterChiasson and O’Connell
[2011] demonstrated a good agreemerRpo¥alues calculated by the multipole method and a
moving line source parameter estimation approabis means that in principle, no TRT is
necessary to estimate this parameter, which isadsamed in the current study. Hence, the
borehole resistance can be excluded from the evatuaf a TRT. Instead, it is predetermined
as a case-specific constant, and the only unknathessfore, are andin,. This facilitates the
parameter estimation procedure, which is alreadfjcdit for standard TRT interpretation.
The inversion problem revealed to be ill-posedhe studies byarcotte et al.[2008] and
Wagner et al.[2012b], which showed multiplé.s and R, pairs yielding valid solutions.
Accordingly, we also assess the determinabilitf Rl parameters in our proposed analytical

approach for groundwater-influenced TRT.

3.3.2 TRT Evaluation With Moving Line Source

Several numerically generated TRT temperature te@ees are generated to analyze the
suitability of the moving line source equation, E§-5), for determination of the Darcy
velocity. Since a BHE is made up of different miallsr with specific property values, this
violates the assumption of a homogeneous mediuggir(3-5). Thus, fitting TRT data might
potentially cause errors for the results. Thermalpprties are less variable than hydraulic

properties, and therefore interpretation of pum@yductive systems with the standard line
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source equation is feasiblgignorelli et al[2007] analyzed numerically generated TRTs and
showed that the error caused by the thermal comnilyctifference between the grouting

material and the subsurface &f = 2.2 W m* K is less than 5%. The difference of the
model in our study is even smallexi(= 1.3 W m* K, Table 9). This property contrast

becomes even smaller when a thermally enhanced graterial is used to backfill the BHE,

which becomes increasingly popular. The effecthid parameter difference is presented in
Fig. 9a. The spatial temperature distribution daled by Eqg. (3-5) only deviates inside the
BHE in comparison with the results of the numeriwaldel. The heat transfer inside the BHE
is approximated by the thermal borehole resistatierefore, the temperature value at the
borehole wall is relevant for TRT evaluation anlg, the temperatures resulting at the
borehole wall of the analytical solution and themawical model are identical. Hence, we

assume that the influence of the thermal condugtoontrast can be neglected.
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Fig. 9. Comparison of the spatial temperature distribuioound a BHE perpendicular to the
flow direction calculated using Eq. (3-5) and thenerical model presented in chapter 3.2.3.
a) Temperature distribution for a pure conductieathiransfer around a BHE; b) Temperature
distribution for a conductive and advective heahsfer around a BHE (Darcy velocity:=

0.5 m day).

The borehole resistanc&,, should not be influenced by groundwater flow e tBHE-
surrounding porous medium, and its value may berdehed separately. Therefore, in the
next analysis our focus is set exclusively on Davelocity, v, and thermal conductivity.
Thermal borehole resistance values are fixed asngiv Table 9. The question is, how well
does the effective Darcy velocityef), determined by Eq. (3-5), approximate the knowalue

of v specified in the numerical model? The results aasel on repeated simulations of
different hydraulic conditions, and parameter eations with Eg. (3-5) and are illustrated in
Fig. 10. According tdVitte et al[2002], all determined effective Darcy velocite® suitable
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with an RMSE smaller than the temperature measureareor of 0.1°C. The average validity
range ofver IS smaller than = 2.5% of the optimal fit, whickrobtes that the moving line
source delivers a satisfactory result. The obsedisedrepancy between choserand best-
fitted Vett IS unsatisfactory. The true value of Darcy velpoit is always underestimated, and
the calculated conformance ratio even decreaseslimearly for higher groundwater
velocities. For a high Darcy velocity of = 2 m day}, for example, the best-fitted Darcy
velocity is about 50% below the input value. Fowlgalues (< 0.2 m day, conduction
dominates the heat transport and consequently ghsitwity of the advective component
decreases. Under these conditions, the validityaarives clearly exceeds * 2.5%, indicating
that a small uncertainty in the thermal condugtividlue causes significant relative errors of
Vetf IN this domain and, thus, a precise determinaticthe ratioves/V is not possible.

This discrepancy between input and best-fitted {parelocity is mainly caused by the
difference between the hydraulic conductivitieghsd grouting material and the aquifer. The
latter ksuy) applied in the current study is 2610" times higher than that of the grouting
material. Thus, the Darcy velocity is noticeablgueed in the close vicinity of the source, i.e.
the BHE, which also explains why the best-fitted rdya velocities are increasingly
underestimated for increasing input velocited his effect is shown for the conduction and
advection-influenced system in Fig. 9b. The deteaditemperature at the borehole wall
calculated using Eq. (3-5) and the numerical mod&r not only inside the BHE like in the
case of conductive heat transfer, but also at tinehwle wall. The deviation inside the BHE is
reflected by the thermal borehole resistafiGe but the discrepancy ofy, values still
remains. The latter hampers the application of Bep), and instead only time-consuming
numerical simulation appears to be suitable. Howea® a systematic error is introduced by
an evident process, a straightforward parametriprageh is favored for practical
applications. Hence, a correction term is includedhe estimation procedure by Eq. (3-5),
which is described in the subsequent chapter.
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Fig. 10. Result of the evaluation of numerically generaléRIT temperature time series
(influenced by different Darcy velocities) based tre moving line source equation.
Maximum tolerance of fitting error is set to an REI8f 0.2°C.

3.4 Correction

3.4.1 Correction Term

A correction termC, is introduced to balance the difference betwegandv:

Veff
C

VERVIE (3-10)

For various hydraulic and thermal conditions, taBorves/v is calculated to obtain a robust
specification of the correction term, which canused to estimate a corrected Darcy velocity
Vet . Numerical simulations with a thermal conductivignge of the porous mediutp from

1.2 to 5.2 W it K* and a Darcy velocity interval from 0.01 to 3.5 m d@yare performed
and analyzed. Furthermore, the ratig'v is calculated for three differe®, values and four

different extraction or injection rates, respedimvé&ig. 11).
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Fig. 11. Relation between the resulting parameters of tR& €valuation based on Eq. (3-5)
(Ametf @and Ver) and the determined ratg/v, which is based on numerical simulations. a)

using three differen®, values and an heat transfer rate of 50 W b) using four different
values and an thermal borehole resistance of 0.8V,
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The determined ratige/v does not vary significantly for the three differ&y values, which

is expected, becausy is only related to the heat transfer inside theeBHhus, it is possible
to excludeR, from a TRT evaluation procedure and deterniRpseparately. The focus of the
TRT evaluation is therefore on the heat transfemfthe borehole wall to the subsurface (or
vice versa). The ratiae/v shows a clear linear correlation between the obthiDarcy
velocity, Ve, and the determined thermal conductivity of theops medium/me The
wavering curve shape of thvey/v ratio arrays 0.9 and 1.0 (Fig. 11) are mainly edusy the
decreasing influence of advective heat transpesulting in a substantial uncertainty of the
determinedves Value. The determined ratieglv is even less influenced by the applied heat

transfer rate. This is expected, because the hesfér rate is simulated by the moving line
source (Eq. (3-5)).

. ol . . Te . 1 T T / 1 1 1 ]
"Standard moving, Moving line source Fitted parameter pairs
line source with correction A, andv,:
. . . . . m,ef e

= Diersch case

45p -
) # Dornstadter case

Ao (W mM7TKY)

0.5
v (mday™)

Fig. 12. Relation between the resulting parameters of tR& €valuation based on Eq. (3-5)
(Ameff andVes) and the determined correction te@nFor the dotted parameter rangei@ks
andves, NO correction is required, and for the white pagter range a correction af; based
on Eqg. (3-10) is suggested. Parameter pdirsr(and Ver) Of the three studied test cases
presented in chapter 3.5 are markedkd3iersch-case; o Dornstadter-case; + Pannike-case.

To transfer the results to an applicable correctesm C, only the averages ofs«/v for the

three analyze®, values and four different extraction or injectiates are determined, which
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are shown Fig. 7. As explained previously, the mheiigation ofves/v starts to become vague
for low groundwater velocities. This inaccuracyoadfects the determined values. Thus,
we defined a field of application (C < 1) in whithe resulting Darcy velocityes of the
moving line source evaluation (Eq. (3-5)) should dmerected byC. Inside this areaves
systematically underestimatas and outside of this area (dotted range in Figl 4@

correction of the obtained value is required.

3.4.2 Correction Procedure
We suggest a three-step procedure to quantify biedhmal R, 1) and hydraulic \)

parameters from the TRT.

(1) DetermineR, by an external approach. In our study, we usedtineerical results
(Fig. 8).

(2) Estimatein eff (= Am) andves by fitting the moving line source (Eq. (3-5)) teet
measured temperature time series.

(3) Obtainvet (= V) by correction of/e (Eq. (3-10)) withC taken from Fig. 12. For low
Vefr, NO correction is necessay € 1).

3.5 Application

To assess the proposed correction procedure flistre&sSHPsS, three reported test cases are
taken from the literature representing the fieldapplication shown in Fig. 12 (Table 10).
Based on the provided conditions, numerical TRTperature time series are simulated and
illustrated inFig. 13 All other settings are listed in Tables 6 and e generated temperature
time series are evaluated by the proposed correepproach and the resulting parameter

values are compared to the assigned input valuassiss the procedure.

Table 10 Thermal conductivitied, and4g, calculated thermal borehole resistanBgsand
Darcy velocitiesv from the three case studies for the applicatiothefproposed correction
procedure.

Diersch case Dornstadter case Pannike case
Thermal conductivity of the groutg, (W m* K™ 2.39 0.5” 0.8”
Thermal borehole resistand®, (m K W) 0.05% 0.14% 0.09%
Thermal conductivity of the porous mediutp, (W m* K™) 259 1.59 2.79
Darcy velocity,v (m day') 0.05? 0.25% 0.86Y
Péclet numbePe (-) 0.05% 0.49 0.8°

a) values from literaturBiersch et al[2010], Dornstéadter et al[2008] orPannike et al[2006], respectively; b) values estimated; c) ealu
calculated based on the reported values and usjn(8B); d) values calculated based on Eq. (3a8)the numerical result.
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Fig. 13. Numerically generated temperature time serieshef three evaluated test cases
(Diersch case, Dornstadter case, Pannike case).

3.5.1 Diersch Case

Diersch et al[2010]simulated a shallow geothermal energy segtem installed in South-
West Germany. The entire energy storage systemstemg 80 BHES, which are placed in a
circular field with a radius of 15 nDjersch et al. 2011b]. Each installed BHE is influenced
by an underlying limestone aquifer with = 2.4 W m* K and a maximum reported Darcy
velocity of v = 0.05 m day. Based on both parameters an artificial tempeeatnre series is
generated by the numerical model and evaluatedtivilpresented approach. This case study
represents these conditions with lowest Darcy vgland is dominated by conductive heat
transport, which is also indicated by the smalll@&mumber Pe= 0.05).
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Fig. 14.Valid parameter pairs df, erandver for an RMSE< 0.1 °C. Dashed lines delineate
the predefined tolerance window of + 10% arounditiiteal values listed in Table 10 for the
different cases. a) Diersch case ; b) Dornstadtse;cc) Pannike case.
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The results of the Diersch case TRT evaluationsm@wn in Fig. 14a. The competitive
character of conductive and advective heat tramsjgorndicated by a minor negative
correlation. Still, the thermal conductivity focgsm a small range between 2.4 and 2.55 W
m* K. This only means a slight potential overestimatibthe given value of, = 2.4 W m

! K. Conduction dominates the heat transfee € 0.04), and the small contribution by
advection therefore may be misinterpreted as aehighpact from conduction. Under such
conditions, however, extracting the role of adwattis a challenging task. Even if feasible
solutions ofimer and Vet Very close to the real values are found, the rasfgeossibleves
results exceeds the predefined validity intervat df0%. This confirms our expectations for
the limited applicability of the presented approdch aquifers with low groundwater
velocities. Obviously, even #, can be estimated very well, more information cardly be
extracted from the TRT interpretation procedure.nfdst, it can be concluded that a very

small Darcy velocity\{ < 0.1 m&) is present.

3.5.2 Dornstadter Case

Dornstadter et al.[2008] evaluated an enhanced TRT by a Péclet nurabalysis. The
studied BHE is 57 m deep and is influenced by anfaqwith A, = 1.5 W m* K* and a
maximum reported Darcy velocity @f= 0.25 m day. The aquifer ranges from 7 m to 14 m
below ground level and is mainly built up of grav€he hydraulic and thermal settings are
used to generate an artificial TRT dataset, whiclkevaluated by the presented approach.
From the selected case studies, the Dornstadterrepsesents the intermediate variant, with
considerable but not extreme Darcy velocity. THewatedPe indicates that the Dornstadter
case is more influenced by advective heat trangpart the Diersch case, but less than the
following Pannike case. Nevertheless, in the Daéiitsr case, conductive heat transport is

more pronounced.

Again, the fitting procedure provides a nearly &ineorrelation of the possible solutions for
Ameft @NdVest , Which is presented in Fig. 14b. This reflects sivailar effects of conduction
and advection, although the higher contributiomfradvection yields a steeper trend, i. e., a
more pronounced negative correlation. In contraghé Diersch case, the estimated results
for both parameters comply very well with the realues. Even if — for the given tolerance of
the RMSE — numerous results are valid, the possilllgtion pairs only slightly exceed the +
10% boundary. Thus, we conclude that for conditisingilar to this Dornstadter caseg=

0.4), the presented corrected moving line souroeqature turns out to be very efficient.
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3.5.3 Pannike Case

Pannike et al[2006] analyzed numerically the thermal plume eauby a BHE in several
aquifers with varying hydraulic and thermal propmst which are typical of northern
Germany. We extract the case with the highest Daetycityv = 0.86 m day* and a thermal

conductivity of the porous mediuth, = 2.7 W m* K. The conditions from the Pannike
study are used to generate an artificial TRT datasieenced by the highest Darcy velocity
for testing the presented TRT evaluation appro&ased on the high Darcy velocity, the
resulting Péclet number Be = 0.8, which indicates that heat is transported¢amparable

proportions by conduction and advection.

Similar to the previous cases, the results of tRel Tevaluation show a negative linear
correlation betweei, andverr (Fig. 14c), which is further pronounced by thetiekly high
contribution from advective heat transport. Herglids parameter values are nearly
proportional. A relative change gy is balanced by the same relative changgig For the
given RMSE threshold 0.1°C, the parameters span a broad range, whicbniyp meets but
also exceeds the + 10% error window. For examplethie giverv = 0.86 m day, Ve values
are found to be between 0.6 and 1.1. The true @leconductivityin, = 2.7 W m* K? is
equally over- and underestimated with values betwiggs = 2.0 and 3.5 W th K. In
practice, this means that by the procedure at keashsiderable influence of advection can be
detected and also a plausible range can be detdmim the specific Pannike case, close-to-
reality solutions can be found by taking the (visumean (or statistical median) from Fig.
14c, but in practice this might be biased by meament errors or other sources of noise.
Often, it is possible to further confine reasonalleges of the expected thermal conductivity
based on rock or sediment facies. For examplepdside and Messmgr961] andPopov et

al.

[1999] presented several methods to estimate ramgfesthermal conductivity for
unconsolidated materials, which could be used astaaints to improve the estimation of the

prevailing Darcy velocity.

Finally, we could demonstrate for all studied tezses that the resulting parameters of the
presented evaluation procedure are representatopegies of the subsurface. The Diersch
case, which represents a low-advection case, stt@wso further correction is necessary and

the evaluation is not sensitive for the estimatdrthe Darcy velocity within the assigned
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relative error range. The Dornstadter case, wheghesents a medium-advection case, shows
that the proposed correction approach results temtable estimates fokm et and Ve .
Although theR, value of the simulated BHE exceeds the ukgdange for determination of
the correction ternt, the accuracy of the estimated parameters is gty This is evidence
that the field of application might exceed the ¢desedR, range for the determination Gf
(Fig. 12). The Pannike case, which represents thlelyhadvective case, reveals the non-
uniqueness of the inverse problem, which prevemisnequivocal estimation af;, errandve .
However, the accuracy can be efficiently improviethe representative thermal conductivity
of the porous medium can be constrained. Nevedbhgleur main challenges still remain:
First, the effect of subsurface heterogeneity hmshe analyzed in more detail and in
particular, if the examined BHE is only partiallyogndwater-influenced. Secondly, the
influence of different evaluation times should bettier analyzed. Thirdly, the heat capacity
ratio between the groundwater and the solid mit¢gd mfluence the result of the evaluation.

Finally, the validation of the presented evaluagoocedure in the field is necessary.

3.6 Conclusion

In this study, an innovative analytical approaclhe evaluation of groundwater-influenced

TRTs is introduced and applied using three differease studies from the literature. The

approach includes a correction procedure to méigfa¢ error that is caused by the hydraulic
parameter contrast between the grouting materahtiam subsurface. The derived procedure is

verified by high-resolution numerical simulations.

With the results of the numerical simulations wemdestrate that for a wide range of
groundwater-influenced TRTs, the Darcy velocity mainbe determined simply by the
moving line source theory. Hence, we derived aemion procedure to overcome the
limitations of a line-shaped heat source in a haenegus flow field describing a BHE. The
analyses of three TRT test cases are performedsisa the simultaneous determination of
Ameff @and Verr . Due to the competitive character of conductive advective heat transport
around a BHE, the assessment of all three tess ¢asalts in an array of possible solutions
and not only in a single valid parameter pair. Heeve all solution sets contain possible

“true” parameter combinations am,q,effandveﬁ* always exhibit a negative correlation.

For conduction-dominated casd®e(< 0.1), the result obtained by the moving linerseu
theory cannot be further improved by the correctagproach. The evaluation procedure
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results in a wide range of valigi values, which exceeds the given error tolerantial of

+ 10%. In contrast, the resulting thermal conduttivalue 1, s matches rather precisely the
value assigned in the numerical simulation. Forrtoelerate test case, withP& number in
the range of 0.1 to 0.8, an excellent distinctietween advective and conductive contribution
could be achieved. Almost all possible parameténs fan e and Vet ) are within the + 10%
error interval. The results of the test case wlih highest Darcy velocityw (= 0.9 m day)
show that even for a small error tolerance (RMSEX, a broad range of parameter pairs of
Jett and Ve provide suitable results. However, based on theifitant negative correlation
between Amerr @and Veir, the latter however can be more precisely deterdyinif the
representative thermal conductivity of the porousdimm is estimated. Thus, for hidte
numbers (Pe 0.8), the TRT could also be used as a hydraudicnethod.
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4 Hydraulic characterization of aquifers by thermal response testing:
validation by large scale tank and field experimers

Reproduced from: Wagner, V., Bayer, P., BischKahert, M., Blum, P., (201x): Hydraulic
characterization of aquifers by thermal responsstimg: validation by large scale tank and

field experiments. Water Resources Research, \isioas)

Abstract: Thermal response tests (TRT) are a common fielthogein shallow geothermics
to estimate thermal properties of the ground. DOytine test, a constantly heated fluid is
circulated in closed tubes within a vertical bolehbeat exchanger (BHE). The observed
temperature development of the fluid is charadierfsr the thermal properties of the ground
and the BHE. We show that, when the BHE is ingfalle an aquifer with significant
horizontal groundwater flow, this test can alsaubed for hydrogeological characterization of
the penetrated subsurface. An evaluation methoddbas the moving line source equation
and considering the natural occurring variability the thermal transport parameters is
presented. It is validated by application to a weelhtrolled, large-scale tank experiment with
9 m length, 6 m width and 4.5 m depth, and by datpretation from a field scale test. The
tank experiment imitates an advection influenced TiRa well-known layered aquifer. The
field experiment was recorded with a 100 m deep BhiBtalled in a gravel aquifer in
southwest Germany. The evaluations of both expetisneesult in similar hydraulic
conductivity ranges as determined by standard hyidranvestigation methods such as
pumping tests and sieve analyses. Thus, advectftuenced TRTs could also potentially be

used to determine integral hydraulic conductivityhe subsurface.
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4.1 Introduction

The use of temperature signals in hydrogeologiedd investigation has been suggested for
decades [e.g.Stallman 1963; Bravo et al, 2002], and has recently gained significant
attention, especially in the context of surfacedguabwvater interactiondardenas 2010;Lautz
2010]. Anderson[2005] andSaar[2011] emphasized the often unexplored potenfialsing
natural temperature variations as a cheap, expeessid complementary means to support
hydraulic characterization of groundwater flow ciioths, water balancing, and modeling on
local and basin scale. So far, less interest has be application of artificial thermal signals,
which are actively induced in field measurement gaigns. Reasons for this are that standard
applications and interpretation procedures do ngiste that established alternative
hydrogeological investigation methods coexist, &nat generation of substantial and far

reaching thermal signals is challenging, time camgg, and potentially costly.

In most studies with artificial heat perturbatiamderstanding coupled hydraulic-thermal
processes is of particular interest. Evolution ledrinal anomalies from injection of hot or
cold water is mainly studied in the context of dwwinal energy use of shallow aquifePafr

et al, 1983;Palmer et al. 1992]. Thermal monitoring downgradient or in theinity of an
artificial heat source has been gaining attentamattive thermal tracer testinigurtig et al
[1994] initiated the use of distributed thermal sms (DTS) at the Grimsel test site in
Switzerland. Hot and cold water was injected in dngstalline hard rock to successfully
identify fractures by thermal fluid loggindva et al [2012] demonstrated that additional
information can be exploited from combining Bromidacer with hot water at the Hanford
site, Washington. Both tracers could be used ferdalibration of a groundwater and heat
transport model, but density effects and intra bole flow were identified as critical factors
for the interpretation of vertical temperature aians Klepikova et al.2011].

In contrast to this “open test design”, where mass heat is exchanged with the subsurface,
there are experiments that employ temperature Isignam hydraulically closed devices
without water exchange between device and soilaifer. Byrne et al[1967] were among
the first to used conductive heating devices toattarize soil water flux. In their application,
a solid cylinder shelters the heater and the teatper sensors, but it significantly distorts the
flow field. More recently developed devices measilrermal perturbations from a central
wire, and these can be classified by the speciéoser arrangement. There are one-
dimensional (1D) [e.g©Ochsner et a).2005;Gao et al, 2006], two-dimensional (2D) [e.qg.,
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Greswell et al. 2009] and three-dimensional (3D) configuratioesy], Angermann et al.
2012]. In these studies, analytical solutions warployed to determine water flux, except of
Hopmans et al[2002], who applied the numerical HYDRUS-2D modet the analysis.
Ochsner et al[2005] emphasized that a systematical misfit betweecorded and modeled
data exists, which can be overcome by introducingoaection term that mitigates the
advection componenGao et al.[2006] explained this misfit by wall flow effectaused by
the sensor.

“Closed” thermal perturbation, common in hydroggylcand soil science, is confined to
miniature field investigation techniques such aathgerturbation flow meter or heat pulse
sensor [Greswell et al., 2009; Angermann et all220A related method for investigating
ground thermal parameters, the thermal responsq &), is established in larger scale
geothermal applications. Typically, vertical borkgsoof about 50-200 m are drilled, equipped
with one or two U-tubes, and a heat carrier flsdcirculated to facilitate energy transfer
between subsurface and an aboveground heat pumgsistance heater. The borehole-tubes
installation is also termed borehole heat excharfBetE). During the TRT, the temporal
development of the artificially heated fluid oveperiod of one or more days is analyzed. The
recorded temperatures are used to calibrate acallyti numerical models to obtain the BHE-
specific borehole resistance, and the thermal atthdiy of the ambient ground [e.g5ehlin
2002]. Commonly, advective heat transport in peetr aquifers is ignored. If aquifers are
present then it is accounted for by introducing edfective thermal conductivity that is
typically larger than the actual one describingdrartion only [e.gWitte, 2001].

The influence of groundwater flow on TRTs has bes@mmined in experimental and
theoretical studies. To quantify the influence expentally, two different strategies were
presented. The first one compares a groundwatkereimded TRT to one conducted in
comparable geology [e.gChiasson and O'ConnelR011]. Alternatively, a forced gradient
(e.g., by groundwater extraction) TRT is contrastatth results from undisturbed conditions
[Witte, 2001]. The influence of groundwater flow on thRTT result is also analyzed by
numerically generated datasets [eSignorelli et al, 2007;Raymond et al2011b;Wagner et
al., 2012b;Shargawy et al.2013]. Fitting the analytical line source modelg[, Mogensen
1983; Signorelli et al, 2007], or the cylinder source mod&dhlin, 2002] is most common
for TRT evaluation. Apart from these analytical rats] there are numerical 1D [e.Gehlin,
2002], 2D Witte et al, 2002] and 3D models [e.dgsignorelli et al, 2007;Raymond et al.
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2011b] applied for more detailed TRT analysis. Hegre many of these standard analytical
models (i.e. line and cylinder source models) neighelvective heat transport in the ground.
To overcome this limitationChiasson and O’Connel]2011] andWagner et al.[2013]
suggested a conduction and advection sensitive Inzadibration approach for the TRT
analysis. InWagner et al[2013], we revealed that there is a systematicaafitmbetween
actual and estimated Darcy velocities. Comparablin¢ approach b@chsner et al[2005]
andGao et al[2006] for heat injection devices, a correctiomtes introduced.

The main objective of the current study is to deiae the integral hydraulic conductivity of
an aquifer by thermal response testing. The studid$ up on the theoretical analysis
presented inWagner et al [2013]. We introduce the TRT evaluation as a meétho
characterize — exclusively — the groundwater flosgime, and validate the evaluation
procedure in laboratory and field applications.sTtlhanges the motivation of standard TRT
application, which is mainly focused on thermalgmaeters, such as thermal conductivity and
thermal borehole resistance, describing heat carmfurom heated BHE. We recognize, in
line with the results by the study dfa et al [2012] on “open” thermal tracer testing, that
thermal conduction and dispersion are much lessitsen than hydraulic parameters (i.e.
hydraulic conductivity) for advection-influencedssgms. In the following, moderate value
ranges of thermal parameters to describe heatpwans aquifers are discussed. First, the
technical principles of TRT are briefly explainé&kcond, the moving line source based TRT
interpretation to determine the vertically integchDarcy velocity of an aquifer is introduced.
By applying Darcy’s law, an integral aquifer hydraiwconductivity value is estimated. Then
comprehensive large-scale tank and field experismarne described, one at a laboratory in
Stuttgart and one at a field site in the town ohvanau, Germany. These are used for
validation. Finally, we discuss the applicabilitytbe developed method, and conclude upon

its robustness and potentials for improvements.
4.2 Methodology

4.2.1 Technological and theoretical background

Closed geothermal systems are frequent applicatfonslow-enthalpy thermal energy
provision. In Europe alone, there are currentlynfere than one million reported installations
[Bayer et al. 2012]. The technological principle is straightfard: in the tubes of one or
multiple adjacent boreholes a heat carrier fluidiisulated to establish a temperature gradient
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between borehole and ground. This stimulates cdivdubeat transport from or towards the
borehole heat exchanger (BHE). In the closed tulhesheat carrier fluid transports heat or
cold to an aboveground receptor, such as a heap phat supplies the heating demand of
buildings. For cooling, only a circulating pumpareversible heat pump is used. The TRT is
an established field experiment to support desfgriosed geothermal systentsghlin 2002;
Signorelli et al, 2007;Shargawy et al.2009b]. It is employed, usually in the planning o
pilot phase, to gain insights into the heat transpbaracteristics of the ground and of the
transition between ground and heat carrier fluite Detter the geothermal system can extract
heat (or cold) from the ground, the smaller theunexgl length of the borehole and the lower
the installation cost8Jlum et al, 2011].

During the TRT, the heat carrier fluid is warmedatphe inlet of the borehole tube(s) and
circulated for one or more days. By recording #ragerature at the outlet, the heat loss to the
ground is monitored. Assuming only conductive hieas and integrating over the entire
borehole length, the Kelvin line source theoryyisi¢ally applied [e.g.Carslaw and Jaeger
1959]. The analytical line source equation deseribenductive heat transport from the
borehole to the ground that is simulated as amitefy small linear structure. In practice, a
logarithmic approximation of the Kelvin line sourteory is often used for the calibration by
straight line fitting on semi-log scale to the teergiure time series recorded during the TRT.

This procedure is comparable to pumping test imggation in hydrogeology.

The TRT is conducted to typically estimate the ealof two thermal parameters such as the
mean effective thermal conductivity of the groumad ahe thermal borehole resistance.
According to Fourier’s law, the thermal conductuifoverns the conductive heat flux from or
towards the borehole for a given temperature graidi@ many applications, the tubes are
embedded in bentonite grouiVhgner et al. 2013]. Detailed simulation of the transport
processes between borehole wall and carrier fluithe tubes requires advanced numerical
models, which simulate the discrete parts of a BHiStead of this, in the analytical line
source based simulation, the thermal boreholeteesisR, is introduced serving as the bulk

parameter to quantify the thermal effects insideBHE (Fig. 15).

65



Chapter 4

<y
8
s —»
1 Rl
3]
—>
—»>
<« @ —>
> x -

v

—J» Advection (v,c_, c_)

pw’ “pm

—» Hydrodynamic dispersion (A .c_ a V)

m’ “pm’ It

Fig. 15. Borehole heat exchanger (BHE) during a thermabaese test (TRT) with heat
transfer processes and parameters accounted fahebynoving line source (Eq. (4-6))
(thermal borehole resistan&g; Darcy velocityv; thermal conductivity of the porous media
Am; volumetric heat capacity of the porous medjs; volumetric heat capacity of the
groundwatec,,; longitudinal and transversal dispersiwiyando).

If BHEs operate in aquifers, advection commonly rioyes heat transfer and system
efficiency. Since hydrogeological insight is oftecking, this process is not further examined
and opportunities are lost for more economic (ghprboreholes [e.gBlum et al, 2011].
Thus, recently, attention has grown towards the oblgroundwater flow, and the additional
advective heat transport component that balancasndd anomalies evolving around such
BHEs. There are analytical [e.gChiasson and O'ConnelR011; Molina-Giraldo et al,
2011b] and numerical [e.gSignorelli et al, 2007;Hecht-Méndez et al2010;Raymond et
al., 2011b] studies, which analyze the effects of #ameous heat advection and
hydrodynamic heat dispersion (Fig. 15). To be abldistinguish advective and conductive
components in a groundwater influenced TRRhjasson and O’Conne[R011] andWagner

et al [2013] suggest using the infinite moving line s model. The infinite moving line
source equation approximates the BHE as an inflm&eshape heat source (or sink) with a
constant heat flux. The time-dependent temperatamation in the ground caused by the heat

source is given byGarslaw and Jaegern959]
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In this study,T represents the temperature [°Chndy are the Cartesian coordinates [m] with

the BHE at the origir, is the time [s]g is the heat injection per unit length [Wllncpm is the
volumetric heat capacity of the porous media [J Ki'] and u is the integration variable.
Temperatur@y describes the undisturbed conditions at the Irstete.

Eqg. (4-1) describes conductive and advective hegiggation in homogeneous porous media.

The effective heat transport velocity is defined as

C
Vin = VC_ (4'2)

wherev is the Darcy velocity [m'§ and Cow the volumetric heat capacity of the groundwater
[J m® K. Subscriptth denotes that the transport velocity) is thermally retarded. The

effective thermal dispersion coefficie@m s?] are in longitudinal direction

A
D =—"+a\, (4-3a)

pm

and in transversal direction

A
Dt = C_m + a Vi, (4'3b)

pm

The thermal conductivity of the porous mediadgW m™* K] ; & anda; [m] represent the
longitudinal and transversal dispersivities. ForTTiRterpretation, the temperature change of
the ambient ground is calculated based on Eq. .(441¢ temperature difference inside the
BHE is accounted for by the thermal borehole rasistR, [m K W], which is calculated as

T - T,

= - 4-4
R, q (4-4)
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Temperaturely,, refers to the borehole wall arid to the heat carrier fluidR, relates the

borehole wall temperature to the heat carrier fterdperature$utton et aj.2002]

Tf (Xa y’ t) = q ex Vthx
4, /DD, 2D

i (4-5)
4D, 2 2 2
X* oy Vi, du
exp-| —+—|—-u|—+T, +
j L{ (D, Dtj16D,u }u 0 * R

If the physical properties of the ground can beraximated as temperature independent,

superposition can be applied to Eq. (4-5). Tempsuwgkrposition is used to consider multiple
loads during the TRT, and consequentally, to featéi a stepwise TRT evaluation. Spatial
superposition is employed to account for locallyiafale effects of groundwater flow. During
heating, advective heat transport causes an asymrhetehole wall temperature with lower
values at the upstream. This is resolved by maeltiblere, six) superimposed line sources
equally positioned at the borehole wall(x;, y;), which share the total heat injection rate of

the TRT. Temporally and spatially superimposed(Bep) reads

( q|—1) V., X ]
T (t exp —.
0= 21:;471: /D, D, {ZQ |
Vi (tn—ti)

4D, 2
[ exp- AR u| YT, + R0
D D 16D,u u

0

(4-6)

wherem denotes the number of time steps artde number of heat sources. At time dtep
total heat injection rate @ is applied to the BHE, witly = 0 andgp = 0

By formulating the moving line source equation imensionless form, one is able to obtain a
set of universal thermal response curves. The diimrless coordinates are obtained by
referring to the BHE lengthi; in x-direction:x’ = x H* and in y-directiony’ = y H. The
dimensionless heat injection rate per unit lergjtis formulated in the same manngt= q
e In line with the work of Molina-Giraldo et al. §21b], a dimensionless temperature rise
O is defined based on the temperature chaXige® = AT ¢m D 4w Gef . Furthermore, the

Fourier numbeiFo = D, t H?, the Peclet numbe?Pe = y, H D;’* and the effective thermal
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dispersion ratigp = D, D" are defined. Based on these dimensionless pansn&ig. (4-6)

can be expressed in dimensionless form:

n

C N Ped
@(q,X,y,,B,PeFO):Z (qi_qi—l)\/zex %i|

i=1 j=1
PEFo

f o=+ g |

In contrast to the approach I8hiasson and O’Conne[R011], Wagner et al[2013] also

considers the hydraulic effects of the groutingeriat inside the borehole on the estimated
parametersWagner et al[2013] built up a two-dimensional (2D) finite elent model of a
BHE in FEFLOW 5.4 Diersch 2009b]. By using a fully discretized BHE, thisnnerical
model considers the complex heat propagation insideBHE between the heat carrier fluid,
pipe wall and the grout material, as well as advecand conductive heat transport in the
surrounding ground. By comparing this high-resolnthumerical model and Eq. (4-6), it was
demonstrated that there is a systematic misfit éetwthe Darcy velocities derived from
realistic numerical and approximate moving linerseumodels. The anticipated discrepancy
of the numerical and analytical thermal responseesiis caused by remarkable hydraulic
conductivity contrast between the grouting mateafithe BHE and the ambient aquifer,
which reaches typically more than three orders afjnitude, and which is not resolved by
Eq. (4-6). In comparison, thermal properties of freuting material and the aquifer are
commonly in a comparable rang&agner et al[2013] demonstrated that Darcy velocity,

in an aquifer is underestimated by Eq. (4-6) dudisoegard of the low-permeable grout and
therefore, the calibrated value reflects an effecibarcy velocity. This is comparable to the
findings byOchsner et al[2005] for calibration of heat pulse models. Tdeived effective
Darcy velocity,verr, however, may be adjusted by a numerically dertadection factoC to

a corrected effective Darcy velociy , which is comparable to the aquifer Darcy velacity

V=V, = Ver (4-8)
= Veff T -
C

Appropriate values ofC depend on effective thermal conductivity and dffec Darcy
velocity, Ameff @ndVes, @s shown in Fig. 18Vagner et al[2013] analyzed possible effects of

R, values ranging from 0.06 kW™ to 0.12 mK W™ and heat extraction/injection ratesg,
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varying from -50 W it to 75 W m' on the discrepancy betweers and v. It was

demonstrated that the obtain€d/alues are robust and insensitive to these paeamet

3.0

1.5

0.2
v . (m day™)

Fig. 16. Values for the correction fact@ depending on effective thermal conductivity,es
and effective Darcy velocityer. The grey area depicts the value range for thenpies
chosen in the present study.

4.2.2 Parameter estimation procedure

A two-step parameter estimation procedure is agpte determine Darcy velocity of
horizontal groundwater flow. If the hydraulic gradt is known, the hydraulic conductivity
can be derived (Fig. 17). Hydraulic parameters saglhe hydraulic conductivity, vary
over orders of magnitude, and therefore naturaliotty Darcy velocities are highly variable.
In contrast, reasonable value ranges for thernagsport parameters in aquifers are much
more constrained. Hence, here, we solely focus henidentification of effective Darcy
velocity, Ve, andK. The Nelder-Mead algorithmNglder and Mead1965;Lagarias et al,
1998; Bayer and Finkel 2007] is used to determingg, by fitting Eq. (4-6) to measured
temperature time series. This is achieved by minimgithe root mean squared error (RMSE).
Further thermal transport parameters are set fikegthg the fitting step. In order to examine
the variability ofve depending on the thermal transport parametengsitiheve fitting step

is repeated for alternative combinations. Givergesnofim, c;m a1 andR, are discretized and
all combinations of these discretized parameteaneshre tested. This is exhaustive but, with
an analytical model, the computational effort isda@te. Not all combinations enable
satisfactory curve fitting, and a threshold for BREISE is suggested to exclude non-plausible

results. As a result, we obtain a complete sebsesibleves, as well as the associated residuals

70



Hydraulic characterization of aquifers by thernmesdponse testing

from the fitting, while assuming limited knowledga thermal transport parameters. The
derivedves values are corrected by Eq. (4-8) to estimatend we arrive at an estimatekof
with the hydraulic gradient of the aquifer. Thisobstep parameter estimation procedure is a
straightforward method, which may be replaced by alternative. We favor the presented
steps to capture all possible valuesvgf Alternatively, this may also be studied with a

Bayesian or evolutionary algorithm.

Definition of constraints
Com Ay @ Ry

pm’ “'m’ TP

v

Update Eq.(6)
Com Ay @ Ry

pm’ “'m’ TP

v

Determination of v
by Eq. (6)

Full enumeration

Nelder-Mead

Correction of v . by Eq. (7)
to determine v *

v

Determination of K
by Darcy's law

Fig. 17. Optimization schedule applied to combine a localddr-Mead optimization Ofe,
and full enumeration grid search o, Am, a1 andR,. Determinedses values are corrected by
Eq. (4-8) and if the hydraulic gradient is knowni can be transferred to an integral
hydraulic conductivity ).

The more the value range of thermal parametersbeaconstrained, the more precisely the
Darcy velocity can be determined. The thermal pribgee of aquifers are less variable than
hydraulic properties [e.cRarr et al, 1983; Anderson 2005], and by means of established
empirical or statistical relationships they carelsémated at the field site [e.§\Voodside and
Messmer1961;Menberg et al.2013b]. Support for this can be found when conmmgacase
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studies on unconsolidated aquifers. For exanmybekle et al.[2006] analyzed the evolution
of a thermal plume in a glacial-outwash aquifertiod Tricks Creek wetland complex in
southwest Ontario, Canada. Their main objective wasassess the impact of thermal
disturbances on the subsurface and therefore,afletbtharacterization of the hydraulic and
thermal properties was performed. The volumetrat lvapacity of the aquifer wag, = 2.79

+ 0.01 MJ n® K* and the thermal conductivity was= 2.42 + 0.28 W ni K™. In contrast to
this small range of the thermal properties, theraytic conductivity measured at this site
varies by three orders of magnitude (£1®* m s' <K < 1.7x 10° m s%). At the prominent
Borden test siteMacfarlane et al [2002] andSudicky[1986], among others, described the
moderate heterogeneity of the studied aquifer €110° m s' < K <3.1x 10* m s%). In the
field experiments byalmer et al [1992], the volumetric heat capacity was spediiscom =
2.84 MJ n®* K and the variability of, = 2.1 + 0.3 W rit K™* was comparably small. A third
exemplary study site is located 32 km north of NmbiAlabama.Parr et al [1983]
characterized the confined aquifer to assess tenpal for thermal energy storage, and they
obtainedcym = 2.78 MJ 1i* K* andin = 2.3 £ 0.19 W rit K. A transmissivity of 1130 -
1140 m day was determined by a standard pumping test. Withaarifer thickness of about

31 m and mean hydraulic conductivity aroutig 4.2x 10° m s™.

The volumetric heat capacity of porous media ismomly calculated by the arithmetic mean
of the components [e.@arr et al, 1983;Palmer et al. 1992;Markle et al, 2006]. For an
idealized aquifer with one solid phase (i.e., maguartz) and one fluid phase (i.e., water) the
volumetric heat capacity can be estimated by Rau et al. 2012]:

c‘:pm = ncpf + (l_ n)Cps (4'9)

wherec,s andcs are the volumetric heat capacities of the fluid #me solid phase (Note: if
the fluid phase is watey is equal tocy,). The porosity of unconsolidated materials is
variable and for instance, iRetter [2001], the porosity of sand and gravel mixtureges
typically from 20% to 35%, and may reach 50% inlwelted material. This yields a span of
Com as illustrated in Fig. 18, which also capturesséhwalues reported above in the three case
studies. Additionally, the values from the studiadk experiment (Table 11), which will

subsequently serve as validation case for thisysaré shown.
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Appropriate estimation of thermal conductivity odtwrated porous medid,, is more
challenging, because the value does not only depenfitaction of components or phases.
There are several other factors, which are alsvagilt, such as bulk density, shape, size and
arrangement of the graindtfrkle et al, 2006]. Accordingly, several methods to narrow
down values of., coexist. Maximum values are given by the arithmetean of component-
specific quantities, and the harmonic mean dentitesminima Woodside and Messmer
1961]. The geometric mean describes a random lalision, which was successfully applied
in a study byMenberg et al [2013] validating the results of a TRT. A moreesific,
empirical approach is the one proposeddey Vries[1963]. It is particularly suited for
unconsolidated soil, because it also considershiape of the particles by the form facgpr
For spherical particleg, =g, = gz = 1/3,

_nAg + A-nAF
B n+@-n)F

-1
13 A
F,==Y) |1+ == -1]g, 4-11
1 3i:1|: (Af ]g|:| ( )

where the thermal conductivity of the fluid phase;j and of the solid phage The factor;

(4-10)

m

defines the average temperature gradient in the dliad solid phase.

73



Chapter 4

36 | X This study (estimated)
O Borden site (estimated)
34 [| O Mobile site (estimated)
{ Tricks Creek site (estimated)
c 32 ra)
=
- 3.0
=3
> o}
_..5 28 | \\0010 o
[ L
Q.
S )
=26t €a®
g L Con
T
24 goolo Gpm
/
0.2 0.3 0.4 0.5
Porosity (-)
b) X This study (measured)
O Borden site (estimated)
N 35 [ Mobile site (measured)
3 Tricks Creek site (measured
& N 7o Q T ite ( ured)
1S
= 3.0
=
=
S25
T
c
o
°
£20
@
ey
l_

0.2 0.3 0.4 0.5
Porosity (-)

Fig. 18. a) Volumetric heat capacity values compared tanesés based on Eq. (4-9) for
water/quartz system, withcyr = 4.2 MJ n? K and ¢,s = 2.1 MJ nt K. b) Thermal
conductivity values compared to the range deriweé&dp. (4-10). The thermal conductivity of
the porous medium is calculated for a quartz safidse with 6 W m K™, and water as fluid
phase with 0.6 W thK™.

Fig. 18b) depicts obtained thermal conductivitywealranges for unconsolidated gravel/sand
mixtures, assuming a two-phase system of spheayicatz grains and water. Again, this range
captures the measured and reported (mean) vaBeesed on the findings from the exemplary
measurements and the empirical relationships, sadfig,, vary within a small range, which
is 2.2 W m' K* + 0.55 W nm" K. This range represents a variability of + 25% arbthe
mean thermal conductivity value. This variabilisyaven less for the heat capacty,with a
mean of 2.79 MJ M K™, and values that spread from 2.51 M3 Ki* to 3.07 MJ it K™,
which is = 10 % of the mean value. These limitsa@s® adopted to constrain the parameter
values in this study.
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Differential advection leads to mechanical dispmrsiwhich is quantified by thermal
longitudinal and transversal dispersivity in Eq3a)(and (3b). It is commonly assumed that
transversal dispersivity is one order of magnitadller than longitudinal dispersivity [e.g.,
Bear and Cheng2010;Molina-Giraldo et al, 2011a]. This relationship is also applied for
this study. In order to account for the scale-depeny of dispersion, appropriate dispersivity
values are related to the field scaMolina-Giraldo et al [2011a] compiled longitudinal
thermal dispersivity and corresponding field scaleprevious studiesGelhar et al [1992]
suggested taking the distance covered by transjpoiig the experiment as a field scale. A
rough estimate would be effective heat transpoidoiy times experimental duration. Until
now, it is still not clear how thermal dispersivitpmpares to solute dispersivitgdu et al.
2012].Vandenbohede et.gP009] andBear[1988] suspect that thermal is smaller than solute
dispersivity, because heat propagates through ¢kid phase and the pore channels. In
contrastde Marsily[1986] found no differences in a combined solutd thermal tracer test.
For our application, we suppose limited knowleddeappropriate dispersivity values and
therefore, estimate the longitudinal dispersivigiue based on the empirical relationship
provided byNeuman1990]:

a, = 0017L%° = 0017V, trrr)™ (4-12)

where the travel distandes is assumed to be equal to the product of the wfedeat
transport velocityyy,, and the duration of the TR&xr The travel distance can also represent
the distance between the source and the observption. For application purposes, we
consider a range for the travel distance, withidbeshole radius as the lower bound and the

travel distance as upper bound.

While heat transport in the ambient ground is dbedrin detail, heat transport inside the
borehole is approximated by one parameter, thenthleborehole resistancB,. It relates the
temperature difference between the heat carriéat #iad the borehole wall with the applied
heat input rate per unit length. There are sevapairoaches to estimaf, based on the
geometry and the material properties of the BHE.[&harqawy et al.2009a;Lamarche et
al., 2010]. Bennet et al[1987] introduced the common multipole method.this study,
realisticR, values are estimated using the multipole methgal@mented in the simulation
software Earth Energy Designer (EEB)d)Istrom and Sanne2000]. Ranges are generated

based on the known material properties of the Bplge(and backfilling material, heat carrier
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fluid), the operation mode (volume flow rate of theat carrier fluid and heat injection rate)

and the geometry of the BHE (borehole radius, duategr pipe radius, number of pipes). The

shank spacing, that is, the distance between therseof the pipes in the borehole, is another
unknown. Analogous to the work Bcuiia and Palnj2009], the full range of feasible shank

spacing variants is covered, from one extreme, aladr pipes have direct contact in the

centre of the borehole, to the other, where alegipre symmetrically distributed at the

borehole wall, to obtain the range of feasiRlevalues.

4.2.3 Experimental setup

Two experiments were conducted to examine thelsliijaof the TRT for estimating Darcy
velocity and deducing integral hydraulic condudtivilhe first one is a well-controlled large-
scale tank experiment. Here, all crucial hydraahd thermal transport parameters are known
or can be precisely determined. This experimentesefor validation of the moving line
source based interpretation of monitored thermsppaase on the laboratory scale. However,
laboratory experiments only approximate real i sibnditions. There are often limitations
due to boundary or scaling effects, which mightuefce the results. Thus, the second
experiment is a TRT performed at field scale, witbderate knowledge of the thermal and
hydraulic parameters of the subsurface. We adapttthvalidate our suggested approach at

the field scale.

4.2.3.1 Tank experiment

A TRT tank experiment with a layered artificial #fgu was conducted at the research facility
for subsurface remediation (VEGAS) at the Univgrsit Stuttgart (Fig. 19). Four grouted
boreholes equipped with double U-tubes, which a@ldEs are installed in a water-saturated
sand container of 9 m length, 6 m width and 4.5aptll. The BHES, with a radius of 0.1 m,
penetrate the upper 4.3 m and, when ignoring th&sing 20 cm on the bottom, can be
approximated as fully penetrating. Due to the dmahsg of this experiment, the length-
width ratio of the used BHE (length / width = 4.3/f.2 m = 21.5) is rather small. A second
critical aspect of the laboratory experiment is tf@nity of the container bottom to the BHE,
which might cause unsolicited boundary effectsnirtbese BHES, one is selected to conduct
the TRT. It is located approximately 6 m away frtme inflow boundary and approximately
at the centerline of the container. The other BHEs not used but implemented for other
experiments\[Vagner et al.2012a]. To ensure an optimal thermal connectietiveéen BHE

and the subsurface, a thermally enhanced groutitgnal is selected (GWE ThermoS8al
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Comparable to a standard TRT, tap water is takemeas carrier fluid in the tubes. For this
setting, the steady-state multipole method delifRgnminges between 0.04 and 0.10 m KW
considering a shank spacing range from 0 m to Oni68

Through controlled in and outflow devices, a consteydraulic gradient can be established in
the tank. For the TRT experiment, it is adjuste@.@03. The artificial aquifer is composed of
pure unconsolidated quartz of different well-sorggdin sizes. The five different layers, one
of fine sand, two of middle sand and one of coass®l, are sub-horizontal with an inclination
of 3°. The structure is illustrated in Fig. 19, atetailed properties of the layers are listed in
Table 11. The measured porosity of the fine saperles 0.40, the middle sand layers exhibit
a porosity of 0.36 and the coarse sand layer psssea porosity of 0.36. Hydraulic
conductivity, K, ranges for the three different sand classes aterrdined by sieve curve
analyses (Fig. 20) based on the empirical methgqdddzen[1893] andBeyer[1964]. For
each layer, three different samples are analyzedowling to the validity ranges of these
methods, the method byazen[1893] was solely applied for the coarse sand laged the
method byBeyer[1964] was used for the middle sand layers. Ferfthe sand layer both
methods are valid and therefore the widest regulparameter range considering both

methods is selected.
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] Fine sand
[ Middle sand
I Coarse sand

Borehole heat exchanger

Fig. 19. a) Picture of the tank experiment; b) Schematid’'®ieye view of the layered
structure and geometries including the thicknee$ése layers.

Thermal conductivity of each layer is determined lalgoratory measurements using the
“TKO4 thermal conductivity meter”, which is based the line source methodlackwell
1954] with a measurement error of £ 5%. Due toftu that each layer is built up of pure
quartz sand, the volumetric heat capadafy can be reliably calculated by a weighted
arithmetic average of volumetric fraction of waserd solid [e.gParr et al, 1983;Palmer et
al., 1992;Markle et al, 2006] (Table 11).
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Table 11 Properties of the different sedimentary layerthantank experiment.

Middle sand layer Coarse sand layer Fine sand layer

Min Max Min Max Min Max
10 % grains passet], (mm) 0.19 0.25 0.70 1.00 0.12 0.13
60 % grains passeati, (mm) 1.31 1.87 2.35 2.15 0.29 0.31
Uniformity indexU () 6.9 7.5 3.1 2.4 2.4 2.4
Hydraulic conductivityK (m s?) 2.9x10*" 50x10*?  57x10°%d 1.2x10%9  1.2x10*P  2.0x10%?
Volumetric heat capacitgym (MJ m® K™) 2.73 2.73 2.84 2.84 2.93 2.93
Thermal conductivityl, (W m* K™ 2.02 2.24 2.14 2.36 1.87 2.07

3 determined by method yaze[1893];” determined by method Beyer[1964].
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Fig. 20. Grain size distribution from repeated sieve aresyef the three different sandy
materials of the tank experiment.

A TRT was employed for a period of 8 days. Durirte ttest, sensors recorded the
temperature of the heat carrier fluid at one-mimetlution. To minimize the atmospheric

influences, the sensors were positioned directiyhatin- and outflow of the BHE. The TRT

was divided in two separate phases. During thalrtieating phase of three days a constant
heat load of 130 W thwas applied. Then, the behavior during a five-daypvery phase with
no heat load was monitored. The recorded temperakevelopment during the entire TRT is
presented in Fig. 21.
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Fig. 21. Measured temperature development of the heaecdluid temperature at the inflow
and outflow of the BHE during the TRT experimentra tank experiment. Additionally, the
air temperature in 0.1 m above the surface is shown

Evaluation based on Eq. (4-6) assumes a homogeamuiter. To be able to examine the
applicability of the presented approach, integratameters of the artificial aquifer are
quantified. Water flow and heat propagation is lyeparallel to the sub-horizontal layering,
and therefore, an equivalent homogenous media eaalbulated by the arithmetic means of
the layer properties (Table 12). Based on the minmmand maximum observed values,
property ranges of the equivalent homogenous medé calculated. For the thermal
conductivity, + 0.55 W it K™ ranges are listed in Table 12, which are typicalrfatural
porous aquifers. Although the measurement errothef determined thermal conductivity
values is evidently below this range (+ 0.11 W Ki'), we applied the wider parameter range
(+ 0.55 W m* K™ to inspect the robustness of the parameter eitimprocedure. Ranges of
the thermal dispersivity values are estimated by Eq. (4-12). The minimum travstatice of
this experiment is the borehole radiug,(= 0.1 m), and the maximum travel distance is
limited by the size of the tank, which is 9 m. Wetaon a longitudinal dispersivity ranging
between 0 m and 0.5 m with the resulting transvelispersivity using the commonly applied
1/10 ofa,.
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Table 12Integral value ranges of hydraulic and thermaapwaaters for the artificial aquifer of
the tank experiment.

Value range
Min Max
Hydraulic conductivityK (m s?) 8.6x 10* 1.7x 10°
Volumetric heat capacitgm (3 m® K™) 25x 10° 3.06x 1¢F
Thermal conductivityl, (W m? K™ 1.64 2.74
Longitudinal dispersivityg (m) 0 0.5
Thermal borehole resistand®, (m K W?) 0.04 0.10

4.2.3.2 Field experiment

In addition to the tank experiment, we examine ade@ld site in the upper Rhine valley at
the town of Schwanau in southwest Germany. Onécegétiorehole of 0.14 m diameter, with
double U-tube pipes, was installed to a depth 6frhQ(Fig. 22). The length-width ratio of the
field scale BHE (length / width = 100 m / 0.2 m 603 is clearly higher than the one of the
tank experiment. It is grouted with thermally enteoh grouting material (ZEO Therm 2.0
from the company Hans G. Hauri KG). Borehole resisé ranges are determined by the
multipole based method, analog to the proceduréhiotank experiment, considering a shank
spacing range from 0 m to 0.108 m. The deriRgdanges vary between 0.04 and 0.09 m K
W™, The BHE fully penetrates an aquifer with a thieks of 68 m and partially intersects an
underlying low permeability formation, which is neadp of sandstone and claystone units
(Fig. 22). The aquifer is composed of flood plaindalow terrace gravel. The low
permeability formation consists of one 15 m thitkystone layer embedded in two sandstone
layers with a total thickness of 17 m. AccordingJtmker and Esslef1980], the hydraulic
conductivity, K, of the aquifer, which is allocated to the so@alupper and middle gravel
layers of the Rhine valley, varies between 2.80° and 1.2x 10° m s*. These values were
obtained by several sieve curve analyses and hiyclaumping tests. No specific hydraulic
data is available for the low permeability formatiaVith a typical value range of £6 10°

m s* for sandstones and <10n s’ for clays Pomenico and Schwart2998], a parameter

range of 10 - < 10° m st is considered here for the hard rocks below thsfenq
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Fig. 22. Schematic cross-section of the studied field d@rpamt in Schwanau (Germany)
showing the layered geological units. The individdapths of the layer boundaries are
determined based on borehole cuttings. The deptiater table is only 2 m and is therefore,
not explicitly shown.

At the field site, thermal parameters are not dmadly investigated by additional laboratory
experiments. Thus, empirical ranges of the voluimekeat capacity and the thermal
conductivity, based on reported data, have to fieethere (Table 13). The volumetric heat
capacity of a natural porous aquifer is typicalyat 2.79 MJ it K, with a variability of +
0.28 MJ n® K. A thermal conductivity range from 1.64 WK™ to 2.74 W it K, with a
mean value of 2.20 W K™ is assumed for the aquifer material. Volumetriatheapacities
of the low permeability formation is estimated lthsa the study b¢lauser[2011], and the
thermal conductivities of the sandstone and thgsttme are extracted frodomenico and
Schwart41998].
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Table 13Properties of the different geological layerstfoe field site.

Aquifer Low permeability formation
Porous media Sandstone Claystone
Min Max Min Max Min Max
Hydraulic conductivityk (m s?) 2.3x 10° 12x 10° <1x10° 1x10° <1x10° 1x10°
Volumetric heat capacitgpm (MJ m® K™) 2.51 3.07 2.05 2.05 2.30 2.30
Thermal conductivityl, (W m? K 1.64 2.74 3.77 3.77 1.05 1.05

The TRT started on the $&f January 2010 and lasted for 4 days. A mobilécgewas used,
which applied power-controlled continuous-flow hexatto reach a constant heat injection rate
of 49.3 W m'* during the experiment. The heat carrier fluid was water. Flow rates, inlet
and outlet temperatures of the fluid in each U-dipep were continuously monitored. The
testing time can be separated in an initial burphiase, where only fluid circulates without
any heat injection (0.1 day) and a second consteating phase. The recorded temperature
curves of the fluid at the inlet and outlet of tBEIE are shown in Fig. 23. The irregular
temperature fluctuations at the inlet fluid tempera are caused by slight instabilities of the
chosen fluid flow rate and/or irregularities in gh@wer net supply. In contrast to observations
at the tank experiment, atmospheric diurnal tentpezafluctuations have no noticeable
influence. This is attributed to different measuestndevices, as well as to the larger BHE

depth and size of the field-scale TRT.
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Fig. 23. Measured inflow and outflow temperatures of thatherrier fluid during TRT at
Schwanau field site.

We follow the same procedure as for the tank erpant, and average the hydraulic and

thermal values assuming an equivalent homogenodsumeBased on the thicknesses of the
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porous aquifer, sandstone and the clay layer, tighted arithmetic mean of the hydraulic
and thermal parameters is calculated. The deriaadeas serve as input for Eq. (4-6), except
of the hydraulic conductivity, which is utilizedrf@alidation (Table 14). Ranges of thermal
dispersivity are determined based on Eq. (4-12p Borehole radius of the BHE represents
the minimum travel distance for this experimentjalifisr,, = 0.065 m. The maximum travel
distance I(s = 5.9 m) is calculated based on the expectedtaféebeat transport velocityf

= 1.7x 10° m s%) and the duration of the TRT £ 4 days). Longitudinal dispersivity values
are determined by Eq. (4-12) and the obtained ramagies between 0 m and 0.24 m. The

transversal dispersivity is set to one tenth ofitmgitudinal dispersivity.

Table 14Integral values of thermal and hydraulic paransetérthe field site.

Value range
Min Max
Hydraulic conductivityK (m s?) 1.6 x 10° 8.3 x.10
Volumetric heat capacitgpm (J m* K™) 2.40 x 16 2.79x 16
Thermal conductivityl, (W m? K™ 1.90 2.66
Longitudinal dispersivityg (m) 0 0.24
Thermal borehole resistand®, (m K W?) 0.04 0.09

4.3 Results and discussion

4.3.1 Interpretation of the tank experiment

The undulating inlet and outlet heat carrier fltedhperatures of the tank experiment (Fig. 21)
are averaged for TRT interpretation (Fig. 24). Bperposition of phases with specific heat
loadsq;, Eq. (4-6) facilitates simulations of the two tiperiods of heatinggf, = 130 W ', t

= 0-3 days) and recoveryg(= 0,t = 3-8 days). The parameter estimation step folltves
scheme as illustrated in Fig. 17, and this meaas @kclusivelyve is iteratively optimized.
The evaluation interval considered for the parameséimation is set to 0.8 to 7.0 days. All
other thermal transport parameters com, &y and the thermal borehole resistanig, are
considered uncertain within the given ranges listedable 12. Note that the uncertainty is
significant, for instance, within £ 40% f&;,. These ranges are discretized in 10 steps for each
parameter, and for each of the possible paramemmutations (total number of (0¥
10,000),veft Is calibrated. This procedure offers detailedghss into feasible parameter value
pairs. Feasibility is defined by a fitting erroréshold, which is set here after preliminary
visible inspection of fitted curves with RMSE = @8 This tolerance takes into account that

often no unique solution exists or is searcheddnd it respects potential measurement errors
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and noise. In the tank experiment substantial nigisgparently introduced by the influence
of the diurnal atmospheric temperature variabigd the low BHE length-width ratio might
also cause some imprecisions. Measurement errtiveb T100 sensors is only £ 0.1°C.

Best fit result is an apparent global optimum, RMSE.37°C, withiy, = 2.61 W ni* K™, com
=2.56x 1¢° J m* K™, ¢ = 0.06 m and with a thermal borehole resistaRgse; 0.040 m K W

! However, Fig. 24a reveals a large number of aB800 (29% of all trials) of feasible sub-
optimal solutions. The simulated temperature tresn the grey shadow surrounding the
measured temperatures. As illustrated in Fig. 2Hae, threshold of 0.8°C is chosen to

encompass the entire undulating curve from the oreasent.

Based on the solution-specific thermal conductiaityl the determineds, the corresponding
correction factors (Fig. 16) are selected to dethe (average) Darcy velocity, Since the
hydraulic gradient of the experiment is known=(0.003), based on Darcy’s law, an integral
hydraulic conductivityK, of the artificial aquifer can be obtained. Théuea of all possible
solutions with their respective fitting errors afewn in Fig. 25. The global optimum kf=
0.9x 10° m st is close to the mean of the range determined ftensieve analysis with =
1.3 x 10° m s! (Table 12). The point cloud of solutions spansidewange of resulting
hydraulic conductivity values, but this shows amm best fitting in the range of the sieve
curve results and this is the most striking feattileus, the TRT based estimation coincides
well with the hydraulic characterization based bis thydrogeological standard technique,
despite the high uncertainty of the thermal paramsetThis indicates that the developed

evaluation approach is very robust.
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Fig. 24.Fitting results of the tank experiment. a): Conmgaar of mean measured fluid
temperature and results of the parameter estimapproach based on Eq. (4-6). b):
Comparison of the measured temperature change setdod calculated universal temperature
response curves based on Eq. (4-7). For straighefor comparison between measured and
simulated data, the nondimensionalization is exetby multiplyingt H with D, to result in
the Fourier number and by multiplyidd™ with c,m Dy 4 © Oef* to determine the

dimensionless temperature rise.

For a dimensionless analysis of the results, Eg7)(4s applied. Five pairs of the
dimensionless variabld®e andp are chosen, consistent with the parameter rangfesniined

for the tank experiment (Table 1Be numbers range from 6 to 30, afidalues range from
1.07 to 2.34, which cover the value domain surrinmthe best fittedPe ands combinations.
Based on these pairs, a set of five universal takmesponse curves are determined and
compared to the measured temperature changes diRMeexperiment. This comparison is
presented in Fig. 24b for a fixd®h = 0.04 m K W*, which represents th&, value used to
obtain the best fit result of the dimensional folation of the moving line source.
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Fig. 25. Hydraulic conductivity values obtained from thetedenined corrected effective
Darcy velocity, and the corresponding RMSE valudhef performed parameter estimation
approach.

The most suitable pairPé =14; p = 1.20) is also in accordance to the best fit. The
dimensionless analysis also reveals the correldigiween the four parameters,,(Com o
and v respectivelyK), suitable to model the observed thermal respafsthe subsurface.
Furthermore, if thermal dispersion is neglectedssumed to be isotropic, i&becomes 1,
and the heat transport in the subsurface depergonrPe For this simplification, a unique
Pe number can be determined and used to derive pess§ibalues based on the predefined

thermal parameter ranges, instead of applying di4patameter estimation procedure.

4.3.2 Interpretation of the field experiment

The temperature time series measured during the@ TIRT are employed to validate the
introduced parameter estimation approach at the $eale (Fig. 23). First, equivalent to the
procedure for the tank experiment, the mean ot e& outlet heat carrier fluid temperature
is computed and plotted in Fig. 26. Then, burntiage ¢, = 0 W ni' , t = 0 — 0.1 days) and
heating periodd, = 49.3 W n , t = 0.1 — 3.9 days) are superimposed based on E). {the
evaluation interval is set from 0.8 to 3.7 daygiititiation temperature recording. Agauy

is iteratively optimized, while the 10 discretizatisteps within the ranges listed in Table 14
are applied for all other relevant parametefs ¢m o andRy). The fitting error threshold is
not changed from the tank experiment and kept&0.

In comparison to the tank experiment, the influeateliurnal temperature variations is not

significant for this experiment; therefore, betigreement between mean measured and
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simulated temperatures is achieved. In fact, alap&ter variations result in a misfit below
the RMSE threshold. This indicates that within thege of noise and measurement error, a
large number of acceptable solutions exist. The besult is obtained for a parameter
combination ofim = 2.66 W nt K™, ¢om = 2.53x 10° J m® K™, o = 0.24 m, and thermal
borehole resistanc®®, = 0.068 m K W}, with an RMSE value of 0.021°C.

To obtain the integral hydraulic conductivity oktheld site, in a first step, the corresponding
values of the correction factor are determined.hWitis factor, the fittedes values are
transferred to the actual integral Darcy velocitfEq. (4-8)). Applying Darcy’s law and
taking the known hydraulic gradient of 0.001, theegral values oK are determined for all
fitting trials. In Fig. 27, the derived values are plotted versus the fitting errors. beet
result, with a misfit of 0.021 °C, yieldé = 3.1x 10°m s®. This value is within th&« range
determined by sieve analysis and pumping testthfsrsite, which reaches from 1x610° to
8.3x 10° m s* (Table 14). Furthermore, by comparing all obtaineslilts, a distinct optimal
interval can be determined, which is also withia tange oK values determined from the
study of Junker and Esslef1980]. This optimal interval, where RMSE < 0.05%@aches
from 2.5x 10° to 5.5x 10°m s*. This demonstrates for the field scale, that tR§ Hata can
also be applied to determine hydraulic conductiviyues comparable to the ones obtained
from standard hydraulic investigation methods sasiydraulic pumping tests or sieve curve
analysis. A premise is that the weighted arithmetean is applied to consider a layered
structure of the subsurface including penetratadf@gand low permeability formation. It is
noteworthy that the Schwanau experiment was ma@tglucted to support the design of a
larger GSHP system; hence, it clearly demonstrdtat the developed procedure can be

confidently applied to determine hydraulic paramete
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Fig. 26. Fitting results of the field experiment. a): Compan of the measured mean fluid
temperature and the results of the parameter dstimapproach based on Eg. (4-6). b):
Comparison of the measured temperature change seitdod calculated universal temperature
response curves based on Eq. (4-7). For straigtdfolr comparison between measured and
simulated data, the nondimensionalization is exetby multiplyingt H* with D; to result in
the Fourier number and by multiplyidd™ with comD, 4 = Oef* to determine the dimensionless
temperature rise.

Following the same procedure as for the tank erpant, five pairs oPe andf are selected
for dimensionless analysis of the results. Basedhenbest-fit result of the dimensional
analysis and the specified parameter ranges (Tl2h|®e andp pairs are defined to cover the
corresponding dimensionless parameter array. Feofi¢ld site, these cover the intervals 160
< Pe< 400 and 1.53 8 < 3.00. TheR, is set to 0.068 m K W which represents the value
associated with the previously determined besdit value.
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Fig. 27. Hydraulic conductivityK, values obtained from the determined correctedcétfe
Darcy velocity and the corresponding RMSE valueh&f performed parameter estimation
approach. Empirical range is extracted from Taldle 1

As expected, the dimensionless analysis showngnZ@b exhibit the best agreement of the
measured and calculated temperature for the pagarpeir Pe =187; 5 = 1.68 obtained
from the best fit of the dimensional analysis. Thimensionless formulation results in a
reduced number of heat transport relevant parametethe subsurface, twd€¢ and )
instead of four Am, Com a andv respectivelyK). Thus, the heat transport behavior can be
expressed in a more condensed formulation. Neueg$e there are still two relevant
subsurface parameters, which allow for the deteation of one uniqu€®e number compiling
the correlation of the four dimensional heat tramsparametergy, com o1 andv respectively

K. Hence, the dimensionless formulation providesitaisie and condensed description of the
parameter correlation, but the major objectivejetermine the hydraulic conductivity, cannot

be further improved by applying a dimensionlessiialation.

4.4 Summary and conclusions

Hydraulic characterization of the subsurface issgomtask of hydrogeological field methods.
This study proposes an advection sensitive TRTuati@n as a potential method to estimate
Darcy velocity and integral aquifer hydraulic conotivity. For demonstrating the
applicability, the correction term based TRT evatraby Wagner et al[2013] is integrated

in a two-step fitting approach. Two measured TRiderature time series, from a large-scale
tank experiment and one from a standard field TR used to validate the new approach.

Results for both experiments reveal that tempeegatiome series of a TRT can be assuredly
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used to determine hydraulic parameters. This isilié& in spite of (i) the conceptual
shortcomings of the simplified line source moda),the high uncertainty in crucial thermal
parameter values, and (iii) the noise typicallyrpvimting measurement data.

In principle, the used infinite moving line sounswdel is only applicable to homogeneous
conditions, and it does not properly describe tbes fand transport processes close to and
inside the BHE. As demonstrated, even if heteroigggisannot be resolved, an integral value
of depth averaged Darcy velocity can be obtaindus 15 a precious insight, comparable to
the one obtained by pumping tests. In comparisomeler, TRTs are closed applications
without mass exchange, with little minor lateraldahigh axial range. Depth averaging
integrates properties of unsaturated zone, aquafed low permeability formation. An
extension to facilitate also depth-dependent ev@minawould be a DTS system with an
integrated heating wire in the BHE-like enhancedl TR g. Fujii et al., 2009;Acuiig 2013].

By the same heat injection in different layers ompartments, the thermal response would

allow distinguishing high from low velocity zones.

Simulation of heat transport at the BHE is improusd using superimposed line source
equations. The most critical aspect is the lateeskrogeneity due to the discrepancy between
grout and ground conductivity. By introducing asagile correction factor that increases with
estimated effective thermal conductivity and desesawith estimated effective Darcy
velocity, this hurdle is overcome and robust patamestimation is developed. Improvement
potential lies in the applied line source modelpéesally for shorter boreholes, a favorable
choice is the finite moving line source model depeld byMolina-Giraldo et al (2011b).
This variant also considers axial effects, and loarapplied at similar computational effort.
However, for conditions with substantial axial et the correction factor has not been

employed, yet, and may need to be adjusted.

Despite the promising results, constructing a BHiE @erforming a TRT to exclusively
characterize hydrogeology is not often favorable;duse of the large involved investment
costs for constructing a BHE and performance oftR&. Instead, the potential of the new
method is to complement standard interpretatiom®T. This does not only refer to future
TRT applications, but we see a high potential ifnterpreting existing temperature time

series of the numerous existing TRT applicationgldvade, which for example, were
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conducted associated with the strong geothermagéldpment in Europe during the last

decade.
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5 Thermal tracer testing in a heterogeneous sedimemta aquifer: Field

experiment and numerical simulation

Reproduced from: Wagner, V., Li, T., Bayer, P.,de\C., Dietrich, P., Blum, P., (2013):
Thermal tracer testing in a heterogeneous sedinmgraguifer. Hydrogeology Journal, 1-13,
doi: 10.1007/s10040-013-1059-z. The final publmatis available at link.springer.com.

Abstract: An active and short-duration thermal tracer t&3tT() was conducted in a shallow
heterogeneous sedimentary aquifer at the Lauswiesgrsite near Tubingen, Germany. By
injecting 16 m3 of warm water at 22°C, a thermabraaly was created, which propagated
along the local groundwater flow direction. This smeomprehensively monitored in five
observation wells at a few meters distance. Theqgae of this well-controlled experiment
was to find out the practicability of such a TTTdaits suitability to examine hydraulic
characteristics of heterogeneous aquifers. Theltseshowed that the thermal peak arrival
times in the observation wells were consistent vpitvious observations from alternative
field testing, such as Direct-Push Injection LoggiDPIL). Combined analysis of depth-
dependent temperatures, peak arrival times and aasom with a numerical heat transport
model offers valuable insights into the naturalflbeld and spatial distribution of hydraulic
conductivities. We could identify vertical flow fasing and bypassing, which is attributed to
preferential flow paths common in such sedimensaryd and gravel aquifers. These findings
are fundamental for further development of expentakedesigns of active and short duration
TTTs and provide a basis for a more quantitativalysms of advective and conductive
transport processes.
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5.1 Introduction

For decades, heat has been considered as a graendaaer. However, despite the positive
experience from several field tests and a rangéfferent applications, it is still not routinely
used in hydrogeologyAnderson[2005] andSaar [2011] have presented comprehensive
reviews of heat as a tracer. Recently, interestbeas growing, particularly in using natural
temperature variability to characterize surfaceewatjuifer interactionsfoussan et al.
1994; Conant 2004; Schmidt et a).2006;Keery et al. 2007;Constantz 2008;Vogt et al,
2010; Molina-Giraldo et al, 2011a], to reveal climate change effects [@apniguchi et al.
1999;Brouyere et al.2004], for localization of preferential flow patlor fractures [e.d-eaf

et al, 2012; Pehme et al.2013], or to trace back direct anthropogenicuiafices [e.g.
Ferguson and Woodbur2007; Engelhardt et al. 2013; Menberg et al. 2013a]. Further
studies concentrated on temperature-depth profdesstimate vertical heat flux, vertical
groundwater flux and thermal aquifers propertieg.[€aniguchi et al. 2003;Lowry et al,
2007;Kollet et al, 2009].

Natural temperature variability has especially beefocus when pronounced and measurable
over long periods of time, for example, as vertteshperature profiles in a streambed, or as
observed in seasonal or diurnal temperature fltictog of groundwater. Such long-term time
series can serve as important information to meli@bly simulate processes in aquifers on
different scales. For exampl&ravo et al.[2002] applied groundwater temperatures to
constrain parameter estimation in a groundwatev fltodel of a wetland systerRath et al.
[2006] andJardani and Revi[2009] used synthetic test cases to demonstrateighbility of

temperature measurements for numerical groundwateel inversion.

Significant and abrupt change of temperature infarpiis less common in nature. In contrast,
artificially generated cold or hot temperature aabes, which can be caused by geothermal
energy utilization, often exhibit such a pronouneeul abrupt change. In the past, several
injection-storage experiments were performed, andiniy deployed to examine the
performance of aquifer thermal storage systems [B\T&g.Sauty et al. 1982b;Molz et al,
1983; Xue et al. 1990; Palmer et al. 1992; Kocabas 2005; Wu et al, 2008]. Such
experiments are commonly conducted with large veluimjections of hot water (thousands of
m®) and with monitoring of aquifer temperature changwer a relatively long duration

(months to years). Main objectives of such fielstdeare the assessment of hot water storage
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capacity and/or recovery efficiencies in the targgtifer and model validation to simulate
ATES [e.g.Ziagos and Blackwelll986;Xue et al. 1990;Molson et al. 1992].

Sauty et al[1982a; 1982b] conducted a series of aquifer g@wexperiments with single and
doublet-well configurations and injection volume 25 to 1680 rhat the Bonnaud site in
France. The temperature measurements were usediiate two numerical modelBalmer

et al. [1992] performed a heat injection experiment a¢ tBorden site in Canada, to
investigate the feasibility of storing thermal emein shallow unconfined aquifers near the
water table. In a companion studylolson et al.[1992] successfully validated a three-
dimensional (3D) density-dependent numerical flowl &ransport model using the field data.
They demonstrated that processes of heat convedtispersion, diffusion, retardation,
buoyancy and boundary heat loss can be represegtdteir model. They also emphasized
the importance of the vertical surface heat losshaeism when long-term thermal storage is
concerned near the water talf$ook{1999; 2001] suggested predicting temperatureassy
from conservative tracer breakthrough curves (BTli@pugh variable transformation, for
example, by applying thermal retardation factorBisTwas demonstrated for homogeneous
test cases and for heterogeneous conditions wieemah conductivity and dispersion can be

neglected as second-order effects.

When using heat as a tracer, there is anotherdf/p@plication, called ‘thermal tracer test’
(TTT) or active TTT [e.gLeaf et al, 2012]. The utilization of TTT is mainly for aqaif
characterization, in which warm (or cold) watemigcted as a tracer into the aquifer and then
temperature changes are measured in the injecteihand/or in nearby observation wells.
These tests are different from the above-mentiastadies for thermal storage in injection
volume and experimental scale, as well as durgianmally only for a few days in TTT,
Table 15)Keys and Browii1978] presented a field study of TTT in the Higlains of Texas,
USA. They conducted three artificial recharge ekpents with various injection water
volumes and rates. The recharged water was supfleed a lake, where the water
temperature fluctuated between 13-23°C, and pravitteermal pulses recorded in the
groundwater temperature logs. By evaluating thenthé pulses they identified contrasts in
the horizontal groundwater velocity of the studagda.Macfalane et al[2002] reported an
injection/pumping experiment in west-central KandaSA. They injected about 360°rof
heated water (73°C) at one well and then pumped tre other well at about 13 m distance.

A distributed optical-fiber temperature-sensing ideDTS) was used for monitoring the

95



Chapter 5

temperature changes under transient conditions, \emtical temperature profiles were
recorded from the production well. This study esti@ad a groundwater velocity from the
temperature profiles, which was comparable to ttexived from previous pumping tests.
DTS was also applied in recent related workUegf et al.[2012], who examined a porous
fractured sandstone aquifer using open-well thewiation tests in two wells near Madison,
Wisconsin. Their tests only provided informationtbe borehole flow regimes and not on the
spatial heterogeneity of the aquifer. They demanestt that DTS measurements are a suitable
alternative to standard heat pulse methods or spiflow meters.Read et al.[2013]
presented a TTT in a fractured aquifer at the iRke site in Brittany, France (Table 15).
They determined a pronounced retardation of the BT& monitoring well compared to the
one of a solute traceRead et al[2013] explained this observation by the strorgacture-

matrix interaction of the thermal tracer.

Vandenbohede et §R008a; 2008b] reported their experience from sivagle-well push-pull
tests, which they conducted in a deep aquifer e Belgian coastal plain. The tests were
designed to evaluate the performance of a planfdeiSA but the data was further interpreted
to study the differences between solute and heasport inVandenbohede et gl2008a].
The temperature of the injected water for bothstesas about 11.5°C, and slightly colder
compared to the ambient aquifer temperature of°05.8he tests, including injection, rest
and extraction phase were performed in periods P9 days, with rates of a few>mper
hour. A numerical model was adopted to simulate ftakl tests YVandenbohede et al.
2008a]. After comparing the simulated results olutseo(chloride) and heat transport, they
concluded that for a push-pull test, the most sieesparameter in solute transport is solute
longitudinal dispersivity and in heat transportigtthermal diffusivity. Ma et al. [2012]
applied a numerical model of a complex aquifersrisgstem to discuss the role of variable
density and viscosity assumptions on heat transpodeling (Table 15). They observed that
up to a maximum temperature difference of 15°Chie mmodel domain, the assumption of
constant fluid density and viscosity appears toehamly minor effect on the simulated
temperature distributiorMa and Zheng2010]. They also state that this is valid for deat
transport model and for various field conditionsll Atudies on TTT successfully
demonstrated that aquifer structures and/or priggetan be evaluated from monitoring
groundwater temperatures. However, active TTT iis rsdt a standard method for aquifer

testing.
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The current study examines viability and usabilitfythe TTT for characterization of a
shallow heterogeneous aquifer at the Lauswiesdnsiiesclose to Tubingen, Germany. An
active, small-scale and short-term TTT was perfarméh warm water injection in the well-
known unconfined porous aquifer (Table 15), and rbsulting temperature anomaly was
monitored in five downgradient observation well®r Ehe interpretation, well- and depth-
specific temperature time series are evaluated \eithphasis on maximum observed
temperature changes and peak arrival times. A naatdlow and heat transport model is set
up to simulate the experiment and identify efféaisn aquifer heterogeneity. We ask to what
extent spatial hydraulic heterogeneity and densitfects influence the thermal tracer
propagation. This is complemented by comparisothéofindings from an alternative field
investigation, the direct-push injection loggingAIR), at the same sité¢ssoff et a).2010].

5.2 Thermal tracer test set up at Lauswiesen site

5.2.1 Study site

The Lauswiesen test site is located near the €ifyiibingen in southwest Germany (Fig. 28),
where numerous investigations have previously hmsformed to study aquifer properties
[e.g.Rein et al. 2004;Riva et al, 2006;Lessoff et aJ.2010;Handel and Dietrich2012]. The
test site is part of a heterogeneous alluvial agudcated close to the Neckar River. The
injection well is around 60 m away from the rivé@he aquifer consists of loosely packed
Quaternary sandy gravel, overlain by Quaternaty slay and clayey gravel. As observed in
previous studies byou Ghannam[2006] and Schneidewind2008], the aquifer can be
divided into two major zones: The first zone reacdewn to 6 m below land surface (bls)
and consists of sand and gravel, with a small poif fines. Based on these studies, it can be
assumed that the first layer is more homogenearsttie second layer, which ranges from 6-
10 m bls. According to soil sample analyses friéactk-Kihnef1996], the portion of fines
increases in the lower part of the aquifer belom Bls. This lower part of the aquifer appears
to be more heterogeneous with partly lower perneeatdnes and pronounced local
anisotropies. The Lauswiesen aquifer is underlgimiiassic marl and clay stones (Middle
Keuper), which form a natural aquitard. The wasdale at the site is about 4 m below surface,
but can vary several decimeters due to the proyiwitthe Neckar River. The hydraulic
gradient of Lauswiesen is estimated to be arouRd(B%. The hydraulic conductivity of the
aquifer was measured in several field campaignegusai variety of techniques, yielding
average values in the rangetof 2-3 x 10° m s* [Sack-Kiihner1996;Lessoff et a).2010].
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Thermal tracer testing in a heterogeneous sedimeatpifer

Using a multilevel-multi-tracer field experimerRjva et al.[2006] determined an average
effective porosity of 9.8% for the test site. Thtl® average and natural groundwater flow

velocity towards the Neckar River is around 5.5ay dat the site.
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Fig. 28.a) Location of the Lauswiesen test site, clos@iibingen, SW Germany. (b) Plan
view of setup of the thermal tracer test. Well B2(0,y = 0) was used as injection well and
OW1 — OWS5 served as observation wells during tee te

5.2.2 Thermal tracer test

The main groundwater flow axis through the chosgreamental area was determined from
groundwater contour maps based on water level measunts done over a two-month period
in existing monitoring wells, before the instaltati of the observation wells. The
configuration of the wells for the TTT at the Laussen site is outlined in Fig. 28. Thermal
tracer injection was performed in a fully penetrgtiwell, B2 (Table 16). For the tracer
monitoring, five fully penetrating observation welDW1-OWS5 (1” diameter) were installed
along the pre-determined main groundwater flow awit various spacing (Table 16). The
reason of using small diameter observation wellSTTBT was to minimize the effect of free

convection within the well column, so that the mead fluid temperature in the observation
wells could more accurately represent the temperdatuthe surrounding solid/fluid matrix

[Leaf et al, 2012].
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Table 16Information on the wells used for the thermal ¢éraest at the Lauswiesen site.

Well Distance from the injection well B2 (m) Scrdength (m) Inner well diameter (mm) Material
B2 0.0 Fully screened 150 PYC
ow1 1.5 6 25 HDPE
ow2 25 4 25 HDPE
ow3 3.75 4 25 HDPE
ow4 5.0 4 25 HDPE
ows 75 4 25 HDPE

I Polyvinylchloride;? High density polyethylene

For the preparation of the thermal tracer approsetyal6 nt of groundwater were pumped
out from the aquifer and then stored in a basinth&sexperiment was conducted in summer
time, during a warm weather period, the extractatewcould be heated in the sun to about
22°C. Groundwater temperatures in the aquifer wasatinually monitored before the
injection in every installed observation well andcorded showing an average initial
temperaturelp of 11.02 + 0.30°C. Temperature measurements wegreir@d using chains of
PT-100 thermistors (Platinum Thermometer, resotuidd1°C): For each temperature chain
ten PT-100 sensors are attached with a spacing5ofmOto a transmission cable which is
connected to a data reading unit (Fig. 29). Twopemature sensors (OW4; 7.2 m bls and
OWS5; 8.2 m bls) were damaged during the installatmd therefore, both sensors were
omitted for the experiment. During operation, measwents from each sensor are transmitted
to a reading device at the land surface and redond@nually. The induced head changes
from the injection were manually recorded in irregutime steps. The constant injection
resulted in 3 cm of increase in hydraulic headhatibjection well during the whole injection

period.
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Fig. 29. Vertical cross-section along the well ax¥ $howing positions of wells (B2, OW1 —
OWS5), water table, aquifer and aquitard.

During the injection period, the heated water wasoduced as a thermal tracer from two
injection units in B2 at 6 m and 9 m bls, both withnstant rates of 2 1 n h* using two
Grundfos MP1 pumps. Temperature changes were thamtored simultaneously in all
observation wells and in the injection well B2. &te early phase of the experiment,
measurements were taken more frequently (every iBQtes). The injection ended after 8
hours (0.33 days), while the temperature monitorimags continued until the end of
experiment, which was terminated after about 10@$1¢4.2 days) after the start of injection.

5.2.3 Direct-push injection logging

Lessoff et al[2010] applied the direct-push injection loggirigP(L, [Dietrich et al, 2008])
and direct-push slug test (DPSButler et al, 2002]) for characterizing the spatial structure
of hydraulic conductivityK) at the Lauswiesen site test. They could demoesthait the 258
measurements of relative conductivik) using DPIL are compatible with results from other
more conventional methods performed at the siteredorded DPIL—profiles (Fig. 30) are
within a radius of 15 m around the injection wdiltike TTT. One DPIL-profile was directly
obtained at the injection well and two profileglad observation wells OW4 and OWS5, which
were also used for the TTT. The profiles are hgjited in Fig. 30 and will be compared to
the TTT results of this study. All measuré&d values indicate that there is a significant

difference in the hydraulic conductivities of theper and lower part of the aquifer. A more
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detailed inspection of the profiles from B2, OW4dDWS5 reveals that the transition between
the upper and the lower part of the aquifer is atotonstant depth.essoff et al[2010]
deduced from the DPIL-profiles, that the upper mdrthe aquifer as more conductive and
more homogenous than the lower part. Moreoveithadle profiles show local maxima Kf

at certain depths (e.g. OW4 at a depth of 6.4 m@WE5 at a depth of 7.4 m bls).

=DPILatB2 = DPIL at OW5 N
41 . DPILat OW4 — Remaining profiles =
E
8
£ 6]
>
w
>
3
2 8|
&=
g
[0
o
10}

. T TN N S
Y, =In(K)

Fig. 30. Compound profiles of; = In(K;) obtained from DPIL measurements within a radius
of 15 m around the injection well of the TTT. Thede DPIL profiles that are taken from
observation wells also monitored during the TTT lighlighted. The DPIL measurements
are extracted from the studyloéssoff et al[2010].

5.2.4 Numerical model

Based on the existing knowledge of the Lauswiegenisis assumed that the subsurface can
be represented by a layered unconfined aquifer atithunderlying aquitard. A numerical
model was set up using FEFLOWigrsch 2009a] to simulate the TTT with the injection of
warm water in the aquifer and the transport of theated groundwater through the
sedimentary strata. Analogous to the TTT at theshaéesen site, the model contains 5
observation wells (Fig. 31). These are positiomethé centre of the model domain, where the
TTT is simulated. The total size of the numericadal is 130 m x 26 m x 15 m (width x
height x depth). This size is considered large ghow minimize boundary effects at the
injection and observation wells. The total areaiscretized with 30,656 triangle prismatic
elements with an increasing resolution of the nutaémesh towards the well transect. The
distance between the numerical nodes decreasestimmodel boundary to the well transect
by a factor of 40.
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1st kind heat boundary condition (18.1° C)

Water table H

Upper aquer {

Lower aquifer

1st kind flow boundary condition (4.3 m bls)

| Aquitard L

flow gdirection

1st kind heat boundary condition (11.0° C)
1st kind flow boundary condition (3.9 m bls)

G\,Oundwa&er

Fig. 31. Three-dimensional sketch of the model domain, migakemesh, hydraulic and
thermal boundary conditions. Values used as hyrtramd thermal boundary condition are
specified in brackets.

The simulated stratified aquifer is separated iugper and a lower part as suggested by the
results ofLessoff et al[2010]. In the upper part of the aquifer, a fremtev table is simulated

to account for a potential mound of the water tabllee to injection of water. This
groundwater mound may affect the flow field, esplygi close to the injection well.
Unsaturated flow is calculated by applying the Rids equation, and the model allows for

heat exchange between aquifer and unsaturated zone.

Fixed hydraulic heads are assigned at the infloas @rtflow boundary of the model, and no
flow at the remaining boundaries. The fixed heagss®t to ensure a horizontal hydraulic
gradient of 0.003 along the well transect and glttedf the water table of 4.0 m bls at B2 as
measured before the TTT. On the upstream modeldasyna hydraulic head of 3.9 m bls is
assigned and on the opposing site a value of 4l3smThe temperatures of the inflowing
groundwater and at the surface are similarly cdietidoy Dirichlet boundary conditions. The
temperature of the inflowing groundwater and aagllifer model edges is set to 11.0°C. This
value was obtained from groundwater measuremeidsebthe TTT started. At the top of the
model, the temperature is set fixed at 18.1°C, wgmlyg declining to the groundwater
temperature at the lateral unsaturated boundaiibs value was derived from linear
extrapolation of temperature values obtained befloeetracer injection in the section of the

unsaturated zone (from the water table to 2.2 m bls
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The injection well, B2, is represented by a welldule integrated in FEFLOW, which assigns
a given extraction or injection rate to all noddstle well. To realistically reproduce the
conditions of the heated water injection, a comioamaof a temperature and the described
well boundary condition is applied. For the injeatiphase (0 to 8 h) water is injected in the
aquifer at a constant rate along the well screéme.t€mperature of the injected water is stated
by a Dirichlet boundary condition. After the injext phase (> 8 h after start of the injection),
both boundary conditions referring to the injectwell are deactivated.

Hydraulic and thermal parameters for the three mtaders are subsequently calibrated by
fitting simulated to measured temperatures dureg®TT. The possible ranges of hydraulic
conductivities of the three layers are derived framvious studies at this siteessoff et al
[2010] suggest an integral hydraulic conductivity 3 x 10° m s'. Riva et al.[2006]
compiled the results of several sieve analysesdmtermined different cluster groups with
hydraulic conductivity values, between 3 x I m s* and 5.9 x 18 m s*. We selected
these two values as initial assumptions for the layers, with the upper aquifer layer being
more conductive as the integral parameter suggdstdcessoff et al[2010]. A range of
+50% uncertainty is then defined for the calibrmatiBurthermore, we assume that the aquitard
has a significantly lower hydraulic conductivity @f0 x 10° m s*. A constant effective

porosity of 9.8%, as suggestedRiya et al.[2006], is set for the entire aquifer.

No measurements of the thermal conductivity anchiegt capacity exist for the Lauswiesen
test site. However, these parameters only showadl sariability in sedimentary aquifers and
may be well estimated by adopting values from otherk: Parr et al.[1983], Palmer et al
[1992] andMarkle et al [2006] examined thermal properties of porous fagsiisimilar to the
one at the Lauswiesen site. Based on the valuessaygs reported therein, we chase =
2.8+ 0.3x 1P I m*K™* andin, = 2.2 + 0.5 W it K. The thermal properties of the aquitard
are estimated assuming a pure clay stone layedgTal. Volumetric heat capacities are
derived from the study bglauser[2011], and the corresponding thermal conductivaiues
are extracted fronbomenico and Schwar{A998]. The longitudinal thermal dispersivity is

estimated based on the empirical relationshipleyman1990]:
a, = 0017L° (5-1)

where the travel distandg is considered to be the maximum distance betwsesdurce and
the most distant observation well. The transvedigpersivity is set to one tenth of the

104



Thermal tracer testing in a heterogeneous sedimeatpifer

longitudinal one [e.gMolina-Giraldo et al, 2011a]. For this TTT experimentg, is 7.5 m

and thus we derive a first estimateopt= 0.34 m. Due to the substantial uncertainty is th
parameter value, for the calibration feasible ranffem 0 to 0.68 m are defined. Since
mechanical thermal dispersion is not expected tadbevant for the diffusion-dominated

transport in the Aquitard, a small fixed valuexpf 0.01 m is set in the numerical model.

5.2.5 Evaluation methodology

The analysis of the recorded TTT data focuses erddvelopment of the thermal plume and
the governing transport processes in the porougeaqinjection of warm water induces a
dynamically evolving thermal anomaly in the aquiféfe focus on the temperature change
AT, which is determined by the difference betweertiahitemperature and measured
temperature values. Propagation of the warm watseen in the wells by recorded thermal
breakthrough curves (BTC). As diagnostics of theCBWe choose the maximal observed
temperature changgTpeacand the peak arrival tintgea TheATyeakValues are determined by
scanning each measured temperature curve for timlgtemperature maximum. Thus, the
peak arrival timépyeais the corresponding point of time for which teenperature maximum
is detected. According tBellin and Rubin2004], evaluation ofyea has several advantages
to examine tracer BTCs. It is not so much inteddg infrequent sampling, and missing of
early or late parts of the signal or measurememti®w the detection level is not as
problematic as it is for the analysis of momentshef BTC. These interferences, which could

hamper BTC interpretation, are also seen as drfocdhe TTT at the Lauswiesen site.

The influence of different transport processeslmaquantified by dimensionless numbers. To
analyze the ratio between advection and thermalluction, the macroscopic Peclet number
is defined as [e.dMa et al, 2012]

(5-2)

wherec,y, is the volumetric heat capacity of wateg(= 4.2x 1 J mi® K™), vp the Darcy
velocity and | the characteristic length, which is a length dyegy changes in the

temperature (e.g. here total length of the obsienvatell transect with 7.5 m).
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The importance of considering density effects canelaluated by calculating the ratio
between the vertical buoyancy force and the hotaofriction force from regional
groundwater flowOostrom et al[1992] defined a stability numbé&r as

K 2P
G=_ P _Bp (5-3)
Vo o ipy

wherei is the hydraulic gradienpo is the reference density of the thermally undistdr
aquifer andAp is the induced density differenc@ostrom et al [1992] experimentally
determined a critical value &; = 0.3, where the transition from a stable to astaivle plume

set in.

5.3 Results and discussion

During the TTT the vertical temperature profilesreveecorded for four days in the injection
well B2 and in the five downgradient observationsllsy (OW1-5). The measurements are
shown in Fig. 32 as thermoisopleth graphs, whicdualize the time-dependent evolution of
the temperatures in the Lauswiesen aquifer crodsess. In the same manner the results of
the numerical simulation are presented in Fig.I83he following, first the calibration of the
numerical model is presented and then the temperalevelopment at the injection well is
discussed. Next, the effects of hydraulic hetereggrand induced density differences are
examined. Then the heat transport in the down gradibservation wells is discussed in more
detail. Finally the findings of the TTT are comparéo those from previous DPIL

measurements.
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Fig. 32.Measured depth related temperature developmentloeentire experimental period.
The temperature change is calculated based onnthal temperature at the start of the
experiment. Additionally, temperature peak arritiales for every measurement location are
emphasized; a) injection well B2; b)-f) observatioells OW1-5. For interpolation the
MATLAB ®-functioncont our c is used.
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Fig. 33. Simulated depth related temperature developmestitre entire experimental period
using the numerical heat transport model. The teatpee change is calculated based on the
initial temperature at the start of the experiméuatditionally, temperature peak arrival times

for every measurement location are emphasizedij@jtion well B2; b)-f) observation wells
OW1-5. For interpolation the MATLABfunctioncont our c is used.
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5.3.1 Calibration of the numerical model

For the calibration, we considered mean, minimal araximal values of the uncertain flow
and transport parameters of the two aquifer layerd,, c,m anda. Preliminary testing
revealed that simulated results are least sensitivéhe thermal properties and strongly
controlled by the hydraulic conductivity. Conseqtlenthermal properties and dispersivity,
which are not expected to substantially vary indheifer, were assumed to be the same for
both aquifer layers. The hydraulic conductivitiesravindividually calibrated for each layer.
Thus, 3= 81 value combinations were tested, and the hesbetween simulated and
measured groundwater temperatures at injectionadosgrvation wells during the TTT is

chosen for further analysis (Table 17).

For the thermal transport parameters of the aquiéederivedy = 0.68 m;c,m= 2.5 x 16 MJ

m3 K% An = 2.7 W m* K. The obtained hydraulic conductivity of the monductive
upper aquifer layer is 8.9 x £an s* and the value of the lower one is 4.5 ¥*18 s*. The
model with this parameter set results in a root mequared error (RMSE) between all
simulated and measured BTCs of 0.65°C. This mhgfihlights that the numerical model may
capture the main thermal transport processes inathefer, but is not capable of fully
reproducing the observed temperature evolutionchvie comprehensively discussed in the

following chapters.

Table 17 Hydraulic and thermal parameter ranges appliedtfier numerical simulation.
Values inbolt are used to generate the numerical results whekuather analyzed.

Hydraulic conductivitk  Volumetric heat capacity Thermal conductivityl,, Longitudinal dispersivity

(msh Com (MJI M3 K™ (W m* K% a (M)
Lower part  Upper part

Aquifer ( and Min 15x10° 3.0x10 2.5x10 1.7 0.01
gravel) Median  3.0x10 5.9 x 10 2.8x16 2.2 0.34
Max 45x10" 89x10 3.1x106 2.7 0.68

Caquitard (dlay | Min L0100 2318 T T oo1 T
stone) Median 1.0 x 10° 2.3x10 11 0.01
Max 1.0 x 10 2.3x16 1.1 0.01

5.3.2 Temperature evolution at injection well

First the temperature evolution at the injectiodl\B@ is inspected. The temperature changes
measured are illustrated in Fig. 32a. Small verieaiability indicates that a homogenized
line-source with a temperature of 22.4 + 0.520 € 11.4 K) was created below the water
table during the injection experiment{0.33 d). Proper mixing of the injected thernmater

and the groundwater in and around the well waseaeki, and after the warm water injection,
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only a slight vertical variability in the temperegus observed. Even if this variability is only
marginal, it can be seen that long-term coolinmast pronounced at the bottom and highest
temperatures appear in the lower section at ab@uim7bls. This pattern of the temperature
signal could be interpreted as a first indicatidn non-uniform horizontal groundwater
movement with lower advective flow velocity in tk@wver part of the aquifer. Minor long-
term cooling at the bottom may be attributed tghglivertical heat loss due to conduction into
the aquitard beneath.

The numerical simulation for B2 shows a very simdavelopment of the temperature in the
injection well (Fig. 33a). However, a closer loaveals that after the injection, the thermal
anomaly is more persistent. A possible explandtornhis observation is that the assumption
of a thermal equilibrium between solid and fluidaph in the numerical model, is not
instantaneous in the vicinity of the injection wéllence, less heat is stored in the subsurface
than expected based on the simulation, particulddging the fast injection of the warm
water. As a consequence, after the injection peaalsed faster cooling rates are measured than
observed for thermally equilibrated conditions v thumerical simulation (Fig. 33a). After
one day, increased temperatures are still apparehe model, especially at the central and
lower profiles. There is a temperature maximunmhmm injection well at a depth of around 7.2
to 7.7 m bls (Fig. 33a). Apparently, as observedhm field and in the model, the aquitard
(and lower aquifer layer) temporally stores andvhjaeleases thermal energy at the injection

well.

5.3.3 Density effects vs. hydraulic heterogeneity

Due to layering of the aquifer, advective forcesha more permeable layer dictate and focus
thermal breakthrough in the upper part of the aguiThis is confirmed by applying the
values used for the calibrated numerical modebtoutate the layer-specific Peclet numbers,
Pe(Table 17, Eq. 5-2). For the upper part of theifeqiPe = 420 and for the lower paPe =

21. Therefore, heat transport in both parts ofattpaifer is dominated by advection, however,
it is more pronounced in the upper part. In conguar; for the aquitard Pe is only 9 x°.0

indicating conduction dominated conditions in tjeigard.

The next observation well in the regional groundwdlow direction, OW1, positioned just
1.5 m downgradient of the injection well, revediattthe moving warm water only leaves a

trace in the upper layer of the aquifer with a pgakie of ATyeak = 6.6 K (Fig. 32b). In
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comparison with the numerical model (Fig. 33b)n#igant temperature changes are only
detected in the upper most part of the aquiferfirat sight, this observation may be a sign of
density effects, however, for example, followingeyous studies byecht-Méndez et al.
[2010], Ma and Zhendg2010], Ma et al [2012] andLeaf et al [2012], such effects are
expected to be negligible given the small tempeeatange and the short duration of the
performed TTT experiment. Hence, a more plausibéason could be hydraulic
heterogeneities within the upper layer with highestection on top of the profile.

Further insight provides the stability criterid®s, according tdOostrom et al[1992]. Based
on a groundwater density of 999.6 k¢ fior 11°C, and an undisturbed hydraulic gradierit of
= 0.003, a maximum possible density change of @9k would be acceptable to avoid
buoyancy effectsG < G. = 0.3). During the TTT at the Lauswiesen site, rtteximal density
change by temperature increase from 11°C to 17°6pis 0.9 kg n. Consequently, the
resulting value o = 0.3 indicates that density effects could notbmpletely ruled out (Eq.
5-3). However, temporary warm water infiltrationelds transient conditions with a head
build up at the injection well, and thus duringecion the local hydraulic gradient is
increased at the injection well B2X 0.003). As a result, the maximuki can be expected to
be higher than the limit AT = 6 K obtained from a calculated density differeiased by
Eq. 5-3 for undisturbed flow conditions. Furthereadliow field changes are most pronounced
very close to the injection well and even underliwehtrolled experiments, induced small-
scale lateral and vertical flow components mayigeiicant. Since hydraulic heads have not
been continuously monitored during the experimelear quantitative evidence from the field

cannot be provided.

5.3.4 Downgradient propagation of the thermal plume

The focus of the thermal plume in the uppermost gathe well is also observed in the more
downgradient observation wells. Accordingly, thenewical model overestimates the vertical
extension of the plume throughout the experimehesg observations may be influenced by
measurement inaccuracies: The experiment is pggsibhe to technical artifacts, like intra
borehole convection, which is not considered in thanerical simulation either. Slight
vertical warm water flow in the wells could haveeared the plume. Therefore, caution is
given when interpreting the measured temperatereds at the wells. In further analysis, we
favor the peak arrival time as a potentially moobust criterion. The values @fecax are

marked as red crosses in Fig. 32 and Fig. 33 fdn sansor position.
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The lower aquifer has a lower hydraulic conduggiviessuming that differences in
pronouncedtpeak are mainly controlled by different horizontal adtree flow velocities.
Thermal effects are minimal in the lower part of iquifer (6 — 10 m bls). As a consequence
of the small signal to noise ratio, thga in the lower part the aquifer cannot be well
determined. This is in line with the simulated fesurhe model predicts (Figure 6) here that
during the TTT no thermal peak passes OW2-5, becabined,eaxvalues are at the end of

the experiment.

Under ideal conditions, the result of a TTT woullow later tpeax vValues for the more
downgradient wells with a decrease/df,eax Advection would move the peaks in the upper
layer in flow direction from OW1 to OWS5, and difios and mechanical dispersion would
lead to a longitudinal thermal plume spreading faadsversal heat loss. This ideal transport
behavior can be seen in the numerical simulatiog. ). There is a gradual decline of the
numerically obtained peak temperatures with inéngaslistance of observation well from
injection well. For example, the temperature déferes at a depth 4.7 m bls &€ = 8.5 K
(OW1) to 6.6 K (OW2), 4.9 K (OW3), 3.8 K (OW4), a@db K (OWS5).

The measured temperature values follow a simitardras those simulated by the model, but
with some deviations. As expected, temperaturesdiffces are least pronounced at the most
distant observation well OW5 (Fig. 32f). Measurewl ssimulatedtpeax agree well in the
closest OW1. However, there is no gradual decimthe wells closer to the injection well.
Peak temperatures on top of the screened sectiom(4ls) change fromT = 6.6 K (OW1)

to 6.8 K (OW2), 4.0 K (OW3), 4.7 K (OW4), and 3.3(RWS5). Furthermore, peak arrival
times recorded at the upper sensor do not incredlsalistance.
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Fig. 34. Comparison of the peak arrival timege{) measured and simulated for the TTT
experiment. a) B2, OW1 and OW2; b) OW3-5. Dasheeésliindicate uncertain sections,
influenced by measurement inaccuracies or data ifdipeac< 0.3 K).

The evolution of the thermal plume measured dutlmg TTT and values deax provide
crucial hints that substantial spatial heterogeneite present in the aquifer, which is
insufficiently reproduced in the model by two harital and laterally persistent layers. Small-
scale, vertical heterogeneity has already beertifd&has a potential reason that the plume is
detected only in the uppermost well screens. Inujeer part of the aquifer, at OW2 and
OWS3, tpeak trends would compare better by simple shiftinghglthe vertical axis. This shift
could be an indication that the boundary betweenupper and the lower aquifer part is
declined or displaced relative to the assumptionghe model. The inconsistenciestjgax
between model and field of OW4 and OW5 are a sifytateral heterogeneities in the
direction of the well transect, as well as perpeunldir. The thermal plume appears locally
deviated from the suspected centerline, potentiaiyh meandering. Thus, the measured
temperatures may originate from the fringe of thermal plume. This conclusion is
supported by the measurégda values at OW4 and OWS5, which are smaller thanethais
OWS3, meaning that the thermal peak arrives at OW#@W5 before it passes OW3.

5.3.5 Comparison to DPIL
Finally, tpeak values are compared to the DPIL profiles (Fig.a8@ Fig. 34). The overall
patterns are comparable, and both field experimargsobviously consistent with higher

relative hydraulic conductivities and smallgs«values in the upper part of the aquifer. The 6
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m bls boundary between both aquifer parts in thé_EpPofile of B2 is well reproduced by
the model. The DPIL-profiles of OW4 and OWS5 indedhat this boundary could be at a
more shallow depth, which corresponds to the im&tgtion from trends in thgeax values.
Due to the substantial influence of noise on thalswalues shown on logarithmic scale, the
DPIL-based characterization of the lower sectiomsisinsatisfactory as from the TTT. Further
insights in the heat transport characteristicshef $tudied aquifer would mandate an even
denser measurement network and a longer duratioi Taf observation to assure the

monitoring of the passage of the thermal peak.

5.4 Conclusions

The main objective of the TTT at the Lauswiesee siais to improve our understanding from
the experiment and with the obtained experiencentity implications for future TTT
designs. By numerical simulation of the TTT, thevgyming transport processes could be
identified, and high-conductivity regions at the tof the aquifer could also be confirmed.
The heterogeneous hydraulic properties of the stusihallow aquifer, which is generally well
known and has already served as hydrogeologicalceese for decades, have substantial
effects on the heat transport behavior. It is shaokat macrodispersion and flow-focusing
occurred, and that complex flow patterns resulth@rmal breakthrough curves (shown as
thermoisopleth graphs) that are substantially mitstfrom what would be expected under
ideal conditions in a layered aquifer. Accordinglye capability of the presented model to
simulate the measured propagation of the thermahelis limited. For more comprehensive
flow and transport simulations, however, the datdlected during our experiment is
insufficient. A main obstacle is that the induceahsient hydraulic head change at injection
well and in the observation wells were not contumsly monitored during the experiment.
Hence, piezometers have to be added to the expsahdesign, especially, when the injected
water volume per time is significant in comparigonthe anticipated natural groundwater

flow.

Considering that lateral and even vertical flow &nathsport components may be significant in
such highly heterogeneous systems, it is also rewnmded to prefer a more distributed and
space filling arrangement of observation wells.(sayeral observation well transects) to the
linear one chosen in the performed TTT. Such wellsich also reveal the thermal evolution
aside from the expected dominant flow directionpvghvaluable insights in the 3D

characteristics of the transport mechanisms. Furtbee, particularly in the case of long-
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duration experiments, sensors are needed that onopdtential vertical conductive heat

losses, such as into the underlying aquitard aedittsaturated zone above.

Ideally, the TTT is complemented by additional dieéxperiments, such as near surface
geophysics [e.gSlater, 2007] or hydraulic tomography [e.Brauchler et al. 2013], which
are able to identify the main structural build-dghee aquifer. For example, at the Lauswiesen
site, DPIL field tests have been performed befdre TTT. It is demonstrated that the
monitored thermal transport along the local hydcagtadient is consistent with the findings
from the DPIL campaign. In addition, as reported Ndg et al [2012], injection of both
thermal and dye tracers, is an appealing combimatidich should be considered for future
active and short-term TTT. Thus, coupled parametémation for determining both thermal
and solute transport parameters would be possitdeal [et al. 2012], which would better
constrain the inversion problem than by separaterpretation of individual tracer tests.
Although, heat appears to be a favourable tragesttmlying aquifer properties, care has to be
taken to interpret the acquired data. Hence, mugies on active and short-term TTT are

required to establish such tests as a standar@ggdiogical investigation technique.
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6 Summary and conclusions

Anderson2005] designated inverse problems as the mosegdahapplication of temperature
data in hydrogeology. She also suggest that temperaignal analyses should become a
standard tool in hydrogeology. The studies enclasethis thesis rely on this suggestion.
Therefore, the main objective is to further imprakie interpretation of artificially generated
temperature signals and to extract as much infeomats possible about the subsurface from
those signals. All four individual studies of thisesis apply time series of artificially
disturbed subsurface temperature for the charaatesn of hydraulic and thermal parameters.
The first three studies (chapter 2 to 4), which el@sely related, analyze and develop
innovative methodologies to interpret temperatugnas from TRTs. The fourth study

(chapter 5) interprets the temperature signalsTof Bto further characterize the subsurface.

The first study (chapter 2) analyses potential tsloonings of the standard TRT evaluation.
The second study (chapter 3) develops a new TRID&wan to overcome the most important
shortcoming detected in chapter 2. The third st(adhapter 4) is directly connected to the
previous study and validates this new methodolddnys study further lifts the TRT beyond

the classical geothermal application area anddnices it as a hydrogeological investigation

method comparable to a pumping test.

The first study reveals, on the one hand, thatetlaee shortcomings based on the ill-posed
character of the standard TRT evaluation by perfogna rigorous two-variable parameter
estimation. Hence, there is no distirigt andR, pair as a parameter estimation result, but a
range of parameter combinations of equal qualitytli® other hand, this study systematically
analyzes the distorting potential of pipe positionsgon-uniform initial temperature
distributions and thermal dispersion in an advectiofluenced environment on the TRT
evaluation. The analyses exhibit significant tarmaeeffects only for thermal dispersion in
an advection influenced environment. For a consBartcy velocity of 0.1 m day and
considering longitudinal thermal dispersivity vadugetween 0 and 2 m, an overestimation of
the actual thermal conductivity by the TRT resuiinf 0.5 to 3.9 W m K™ is determined.
These findings confirm the assumption Raymond et al[2011b] that thermal dispersion
might influence the TRT and are therefore takerbyphe scientific communityQehkordi
and Schincarigl 2013; Witte, 2013; Casasso and SethP014]. Furthermore, the potential
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overestimation ofl.¢ compared tol, clarifies the need of an advection sensitive TRT

evaluation approach, which also considers the enite of thermal dispersion.

In line with this need, the second study (chaplem8oduces an advection sensitive TRT
evaluation approach by using the moving line sowgeation [e.gMolina-Giraldo et al,
2011a]. Here, it is demonstrated by detailed compas of analytical and numerical results
that the hydraulic conductivity discrepancy of #auifer and the BHE cause a non-uniform
groundwater velocity field in the vicinity of theHEE. This provokes a considerable difference
between both solutions. Therefore, for most ofahalyzed aquifer settings, the application of
the unimproved moving line source based evaluatiould result in underestimated
groundwater flow velocities. For instance, suchuairmproved evaluation in an aquifer £
1.8 m day andin, = 2.2 W m* K) would underestimate the Darcy velocity by a facib
two. To overcome this tampering effect a correctenm is developed which is derived from
the analytical and numerical comparison. This ergwvaluation approach using an improved
version of the moving line source model is sucadlstested on three different literature
based TRT datasets. The newly developed paramst@enation procedure is applied to
determine the thermal conductivity and the grourtdwHow velocity of the three test cases.
Comparable to the standard TRT evaluation (ch&)tahis is also an ill-posed problem and
it is not possible to determine a distinct parametembination. Instead all three test
evaluations result in an array of equally suitapégameter combinations with a definitely
negative correlation. This clear correlation and thct that the variability of the thermal
conductivity is considerably smaller than the uaitity of naturally occurring hydraulic

conductivity values are the starting point of thied study.

The third TRT related study achieves two objectivésst, the validation of the evaluation
approach presented in chapter 3, which is alreadymed by the scientific community
[Shargawy et a].2013;Casasso and Sett2014]. Secondly, it successfully demonstrates tha
an integral Darcy velocity or an integral hydraukonductivity, respectively, can be
determined using the new evaluation approach opeemture time series from a TRT. Both
objectives are fulfilled by evaluating TRT datas&tsm two different locations. Assuming
realistic ranges for the thermal properties of aopse aquifer, i.e. thermal conductivity,
volumetric heat capacity and longitudinal therm&pdrsivity ,and the thermal borehole
resistance of the BHE, the new evaluation appraastlts in correct hydraulic conductivity

ranges of the aquifers sampled by the two TRT expts. The subsurfaces of both test sites
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are also investigated by classical hydrogeologimastigation techniques, like a sieve curve
analysis or a pumping tests. The hydraulic congiigtranges obtained from the TRT and
from the classical methods are nearly the samehertank experiment. The TRT based
hydraulic conductivity range of the field experimi¢®.5x 10° to 5.5x 10°m s?) is not only

within the ranges from classical methods, but &lsther specifies this range (1:610° to

8.3x 10° m s%. The successful validation of the moving line meubased evaluation method
presented in chapter 2 also demonstrates thatRiecn be employed as a hydrogeological
characterization method. The developed and validafgroach (chapter 3 and 4) certainly
improves and extends the current applicabilityhef TRT. Temperature signals recorded from
TRTs can now be used to provide suitable subsunf@cameters for advanced numerical

simulation codes, which implement advection anddoetion heat transport.

The fourth study (chapter 5) interprets temperaturne series of a TTT. During the TTT
experiment, 16 m3 of 22°C hot water is injectea itite subsurface and the heat transport is
observed along one transect containing five obsiervavells. The location of the TTT is the
well characterized Lauswiesen test site. Basedherekisting knowledge of the test site, a
numerical model is set up to distinguish the gowgymeat transport processes by comparing
measured and simulated results. The separatioheoédquifer into a high conductive upper
part and an underlying low conductive part, whishkhown from previous studies [e.g.
Lessoff et a).2010], can be clearly detected from the measaneldsimulated thermoisopleth
graphs from all observation wells along the entual transect. However, a more detailed
interpretation of the measured thermal breakthrooghves and comparisons with the
numerical results illustrate that there is a sigaiit deviation from the ideal heat transport
behavior observed in the numerical simulation. iRstance, peak arrival times measured at
the observation wells OW3 to OW5 of the upper agudecrease with increasing distance
from the well. This effect, which deviates from tideal model assumption, is an indication
for the likely occurrence of flow focusing zonesurther, the comparison of the
thermoisopleth graphs demonstrates that the boymtigath between the upper and the lower
aquifer part is not uniform. Beside from improvitige process understanding of a TTT, the
second objective of this study is to identify ingaliions to further improve the TTT
experimental design. This study provides fundame@ence that the temperature signal is

very sensitive to the actual flow paths in the permedia.
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To be able to measure the effects of the existent paths, a wider distributed temperature
sensor network is mandatory. In addition, compldamgnfield investigation techniques
should be performed in order to avoid significamcertainties caused by the geological

structure.

The investigations described in the present thdsismonstrate the capabilities of using
standard field investigation techniques such assST&¥d TTTs, commonly applied in the area
of geothermics, in a broader manner. In summasmy,stidies enclosed in this thesis help to
achieve a further step to establish the TTT asaadsird tool in hydrogeology. In addition,

studies enclosed in this thesis introduces thetfiree a new evaluation approach for the TRT,
which accesses to a novel correction factor, talide to determine simultaneously advective
and conductive heat transport parameters. Applthiggnovel evaluation procedure, the first
time, TRT temperature time series are used to mhater the hydraulic conductivity of an

aquifer. Therefore the TRT is introduced as a cetehy new temperature related tool in the

toolbox of hydrogeologists.
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7 Perspectives

In this section future research questions are cleahpivhich arise from the results presented
in this thesis. First the major research perspestrelated to the new TRT evaluation are
presented, then the ones related to the TTT evatuahd at last perspectives to thermal field

test in general are introduced.

Future research should focus on the extensioneoh#dw application area for TRT datasets
beyond the classical shallow geothermal backgrodndsting TRT datasets of advection
influenced test sites can be reevaluated in ow@btain an integral hydraulic conductivity
value instead of tampereds; value. It should be further evaluated wether ipassible to
apply this approach to enhanced TRT datasAtaufja 2013] in order to interpret the
temperature signals at various depths during a T¥Ing such a dataset, the determination
of depth depending hydraulic conductivities mightgmssible. This new evaluation approach
should also be applied on TRT datasets from fradtuor karstic rocks to inspect the
applicability for subsurfaces, which are not a pgronedia. Future work should also analyze
the sensitivity of the determined correction tema éhe parameter estimation result itself on

the chosen length of the evaluation interval.

The results of this thesis, which are related te 1T, indicate that the transient head
changes caused by the tracer injection tamper ébaltr of the experiment. Future TTT
experiments should analyze, if it is necessaryject the heat as hot water into the aquifer or
if it is sufficient to install heating devices ditly into the well. This new position of the heat
source would avoid a significant change of the libgaraulic gradients and the influences by
this latter effect. Furthermore, future studiesdtioanalyze the benefit of extending the
temperature sensor network not only in horizontal &lso in vertical direction, especially

additional temperature measurements in the ungatlzane and the underlying aquitard.

The studies enclosed in this thesis focus on tlieawic and thermal characterization of the
subsurface by TRT or TTT. The recent work Bbns et al [2013] presents a unifying
expression for heat and solute dispersion coeffisieApplying this new expression and the
associated transferability of the suggested fortrarlaof the dispersion coefficients, the
obtained results from TRTs or TTTs can be also usegdet further insights in the solute
transport properties of the subsurface. Or vicesajesolute dispersion coefficients can be

applied to further constrain the TRT or TTT evaioiat respectively.
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