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1. Introduction

Underground thermal energy storage with borehdd¥§) and ground source heat pumps
have become popular technologies in several castworldwide. Larger systems and espe-
cially when it comes to heating and cooling requréhorough planning which is often ac-

companied by simulation of the thermal processésarunderground part of the system. Typ-
ically geology is not uniform and can vary sigrgiitly from site to site even if they are close
together. Consequently thermal properties likertta¢rconductivity and heat capacity are not
constant values which can be taken from tablesibotld be determined at the site in order to
do a reliable design.

In principle drilling cores can be analysed andttiegmal conductivity can be measured from
core samples. Typically this is a rather extengik@edure which requires expensive core
drilling, thorough sampling and many measuremefth® thermal conductivity depending
on the amount of different geological layers idigedi. This will contribute significantly to the
total costs of system planning. But only reliabhel avell designed systems which can be built
cost-effective and operated without hazardous enwental impact even on a long-term per-
spective will be accepted by the authorities ardntiarket.

The Thermal Response Test carried out at a regola@hole heat exchanger has proven to be
an economic alternative to the evaluation of sampkivering exactly the values which are
required in most of the design tools for borehglstams available and used in the market.
When first experiences were published the advastémgether with practical demonstration
showed convincible results. Close cooperation arawkow transfer within the framework of
the IEA ECES Annex 8, Annex 12 and Annex 13 accongehby several national and inter-
national publications forced the market introductad this procedure.

Since the IEA ECES Terrastock Conference in 20@0iticreasing interest is documented
also in an increasing number of publications onriffa Response Tests. This technique has
spread meanwhile to more than 25 countries. Dubddig interest of consultancies the re-
search activities in several countries the IEA EQ¥fBex 21 “Thermal Response Test” was
proposed in June 2006 at the Ecostock ConferendéSiA. Annex 21 started with a first
workshop in autumn 2007 and lasted until 2010.

This report summarizes the results gained fromarebeand shared experiences from practi-
cal tests in the different participating countridss intended to provide basic knowledge to
newcomers in this field but also to improve thewhow in of advanced testers.
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2. The Thermal Response Test

Thermal Response Test (TRT) is a measurement mévhdetermine heat transfer properties
of a borehole heat exchanger and surrounding groudder to predict the thermal perfor-
mance of a ground-source energy system. The twa mmp®rtant parameters are the effec-
tive thermal conductivity of the ground and thermedistance within the borehole. The TRT
equipment is usually mounted on a trailer for daasysportation to test sites. This method has
been very important in the rapid spreading of BTdyStems. It has been a door opener for
introducing the technology in “new” countries.

The first paper suggesting the mobile TRT method prasented by Mogensen at the “Stock”
Conference in Stockholm in 1983. It took until thed 90ies until TRT was developed, inde-
pendently in US and Sweden, and the very first liBODRT equipment was operated in 1996
in Sweden. The technology has since spread to @®wuountries in Europe, Asia, North

America and South America and will soon be intraaum Africa. Since the TerraStock Con-
ference in Stuttgart 2000, TRT has had a specssice at the Stock Conferences.

There are basically two ways to operate the TRTpagent; to inject or extract heat from/into
the tested borehole. This is done by circulatiftuia through the borehole that is warmer
(injection) or colder (extraction) than the surrding ground. There are also TRT equipments
in which both modes are available. The size an@esizd such equipments varies from suit-
case to caravan.

The first step of the test is to determine the stulbed ground temperature. This is usually
made by temperature logging in the borehole, oewgluating the fluid temperature of the
circulating fluid before the heating/cooling is sutied on.

The measured thermal response is the temperatifieeedce between the circulated fluid’'s
inlet and outlet temperatures. Superimposed teryperdluctuations usually depend on the
varying ambient air temperature or correspondingtélations in the power supply to the cir-
culation pump. Air temperature and the power condion are therefore often measured to
separate such disturbances in the evaluation.

Used evaluation methods are: the Line Source Medeth is commonly used in Europe and
Numerical Simulation Models which are more ofteedign North America.
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B. Objectives
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1. Objectives

The overall objectives of Annex 21 are to compiRTTexperiences worldwide in order to
identify problems, carry out further developmensséminate gained knowledge, and pro-
mote the technology. Based on this overview, a $Rile—of-the—art, new developments and
further work are studied.

The Specific Objectives of Annex 21 are:
Overview

* Worldwide use of TRT (country, type, number)

* Purpose of test (design values, research & devedapnguality control / fail-
ure analysis).

» Applications (BHE, energy piles, heat pipe BHE®, e

* TRT method (heating and / or cooling)

* Experimental setup (monitoring accuracy, etc.)

* Test procedure

» Evaluation models

New Developments and Further work

e Method to determine undisturbed ground temperature

e Swiss method for detailed logging of borehole terapge — swimming data
acquisition ‘Fisch’, etc.

* Groundwater influence

e TRT while drilling

» Software for automatic evaluations

e Comparison of equipment and evaluation

* Initiate a common quality standard of TRT worldwide

* Invitation to “new” countries — workshop and cows® how to use TRT
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2. Subtasks

The activities are organized in sub-tasks whichcagred by a responsible lead country.
Sub-task 1. TRT state-of-the-art Study

* Conduct a state-of-the-art survey covering worldide including TRT types,
purpose, applications, experimental setup, testgquhare and evaluation mod-
els

Sub-task 2. New Developments

* Method to determine undisturbed ground temperature

» Continuous temperature logging in several depthievisting

* Groundwater influence

e TRT while drilling

« TRT for special geometries like energy piles andzomtal ground collectors
* The Swiss Fish method etc.

* Pulse test

Sub-task 3. Evaluation methods and developments

» Comparison of equipment

» Comparison of test procedure

» Comparison of evaluation methods

» Software for automatic evaluations

* comparative evaluation of reference test data

* include heat capacity cp in the evaluation

* evaluation during testing e.g. to determine dumatio

* work out system design models which are espedmabed on TRT results

Sub-task 4. Standard TRT Procedures

« Initiate a worldwide TRT standard — best practice
e TRT for commissioning and past

Sub-task 5. Dissemination Activities

* Invitation to “new” countries — workshop and cows® how to use TRT
* Common website of compiled TRT information

* best practise document

* reports
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3. Reaults

The results of this annex will be:

* A TRT state-of-the-art survey. This survey will peletermine the need and di-
rection of further R&D. The “State of the Art Refowill be published as an
IEA technical document.

» Periodic documents and interim progress reports

» Afinal report describing the work carried out untteés Annex.

» Best Practice TRT Manual

* Information database on a website.
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4. Responsibilitiesfor Subtasks

SUB-TASKS LEAD COUNTRY
1. TRT state-of-the-art Sweden
2. New Developments Japan / The Netherlands

3. Evaluation methods and developme Germany
4. Standard TRT Procedures Canada

5. Dissemination Activities Finland
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C. SUBTASK 1
State of the Art
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1. ABSTRACT

Proper design of ground heat exchangers in groaancte heat pump systems requires a good
estimate of the thermal conductivity of the growadhvoid over-sizing or under-sizing of the
ground heat exchanger. A good estimate of the thleconductivity is also needed when de-
signing a BTES (Borehole Thermal Energy Storagsjesy. The ground thermal properties
may be measured at a specific location (in sitingue/hat is usually referred to as a thermal
response test (TRT). In such tests, a heat injecicextraction (often at constant rate) is im-
posed on a test borehole. The resulting temperatsponse is used to determine the ground
thermal conductivity, and to test the performantéareholes. Since the initial mobile test
rigs were built in 1995 in Sweden and the U.S.As technology has spread to an increasing
number of countries.

Within the framework of the International Energy ekgy (IEA), and the Implementing
Agreement on Energy Storage through Energy Conserv@ECES), the overall objectives of
the international co-operation project Annex 21 éfithal Response Test” were to

» compile TRT experiences worldwide in order to idgmroblems;
» carry out further development;

» disseminate gained knowledge,;

* promote the technology.

Current report is the result of the work within thenex 21 Subtask 1 and gives a summary
of known thermal response testing activities inwweld and the state-of-the-art of the tech-
nology until December 2011.
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2. BACKGROUND

Underground Thermal Energy Storage (UTES) is albédi and sustainable technology for
cooling and heating of buildings and industrial ggsses and is now widely spread in the
world. In the past 30 years, various applicatioh&JOES have been constructed. The IEA
Implementing Agreement, Energy Conservation throdgkrgy Storage (ECES), has during
that time been a platform within much of the exigeron UTES has developed.

The acronym UTES refers to underground thermalggnstorage in general, and is often di-

vided into subgroups according to the type of gferenedium that is used. The acronym

BTES (Borehole Thermal Energy Storage) refers acagie systems using boreholes or ducts
and pipes in the ground.

The thermal conductivity of the ground and thermesistance of the ground heat exchanger
(GHEX) are the two most important design paramdter8 TES systems. These two parame-
ters may be determined from in situ measuremertshagive reliable design data. Such tests
are usually economically feasible when designindeBBystems comprising more than a few
boreholes. The measurement method has rapidly ageelin the last decade and is how usu-
ally referred to as Thermal Response Test or j&.T

2.1 Thermal Response Test (TRT)

Thermal Response Test (TRT) is a measurement mévhdetermine heat transfer properties
of a borehole heat exchanger and surrounding graurmider to design and to predict the
thermal performance of a ground-source energy syskée two parameters identified are the
effective thermal conductivity of the ground aneérthal resistance within the borehole. The
TRT equipment is commonly built in a few portablexes or mounted on a car trailer for
easy transportation to test sites.

This mobile TRT method has been important in thedrapreading of BTES systems. It has
been a door opener for introducing the technologynew” countries.

The first paper suggesting mobile TRT equipment prasented by Mogensen (1983) at the
International Conference on Subsurface Heat Stoiradéeory and Practice in Stockholm.

This was the second conference in a series theg 41885 became known as the “Stock” con-
ferences. Mogensen suggested a system with a cchidat carrier fluid being circulated

through a GHEX system at constant heat extract®, while the outlet fluid temperature

from the GHEX was continuously recorded. This mdthiself was used to evaluate GHEX

systems, before the first mobile TRT existed. (Mg, 1985; Eskilson, 1987; Nordell,

1994; Hellstrom, 1994).

It took until the mid 90ies until TRT was developddhe first mobile measurement devices
for thermal response testing were independentlystcocted in Sweden and USA in 1995.
The Swedish response test apparatus (“TED”) wasldped at Lulea University of Technol-
ogy as reported in a MSc Thesis by Ekl6f and GefilBb6). At the same time a similar de-
vice was developed at Oklahoma State Universitys{iéay 1998). Both apparati are based on
Mogensen’s concept but with a heater instead diillec One of the most important publica-
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tions in promoting TRT is Gehlin (2002). This daetiothesis has been downloaded more
than 100,000 times from the LTU website.

The TRT technology has spread rapidly and is noaable in about 40 countries in Europe,
Asia, North America, South America and Africa. EaStock conference since the Ter-
raStock’2000 in Stuttgart has arranged a specidl $&ssion. At Effstock’2009 two sessions
were assigned for TRT (Nordell & Gehlin, 2009). Bese of the world wide use of TRT a
new annex within IEA ECES Implementing Agreemens\started in November 2007 (Reul3
et al. 2009). This annex is further described iatisas 1.3 - 1.4.

2.2 TRT Operation

There are basically two ways to operate the TRipegent (see Figure 1); to inject or extract
heat from/into the tested borehole. This is doneibyulating a fluid, through the borehole,
that is warmer (injection) or colder (extractiohph the surrounding ground. There are also
TRT equipments in which both modes are availabkidds TRT units have been developed
in different countries. The size and shape of sgipments vary from suitcase, to caravan,
to shipping containers.

The first step of the test is to determine the stulbed ground temperature. This is usually
made by temperature logging in the borehole, oewgluating the fluid temperature of the
circulating fluid before the heating/cooling is sutied on.

The thermal response is the measured change wighiti the mean temperature of the fluid’s
inlet and outlet temperatures. Superimposed termyperdluctuations usually depend on the
varying ambient air temperature or correspondiagtélations in the power supply to the elec-
tric heater and the circulation pump. Air temperatand the power consumption are therefore
often measured to separate such disturbances ievtigation. Several equipments compen-
sate these fluctuations by using a control to gl®wonstant power.

Heating . . Dﬂtﬂ_ -
T_| acquisifion
!
- ;
Tl || T2 Electric
power
Thermal response
Ly test unit
12
&0
)1
2 ]
8“1
E
P
B
=]
o}

Figure 1: Thermal response test set-up (Gehlin, 2@0).
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2.3 |EA ECES Annex 21 — Thermal Response Test

The idea of an IEA ECES Annex on Thermal Resporest, Tame up at the Ecostock’2006
conference in the USA. The reason was that TRTdhaiad spread to countries around the
world and the risk was that it was used in sucfedght ways that TRT results would not be
comparable. The basic idea of Annex 21 was to deocdrand disseminate a best practice
manual to safeguard the method from misuse (Rewk,e2009) which possibly could dis-
credit TRT.

2.4 Objectives and Scope
The general objectives of Annex 21 were defined as:
* Compilation of TRT experiences worldwide in ordetidentify problems,
* Further developments,
» Dissemination of gained knowledge and
* Promotion of the technology
The following five subtasks were defined to carty the work within Annex 21.
* TRT State-of-the-Art Study (current report)
 New Developments
e Evaluation methods and developments
e Standard TRT procedures
» Dissemination activities

Current report is the final documentation of Subthghat is a summary of the TRT state-of-
the-art survey of its worldwide use. The objectofethis report is to summarize various as-
pects of how TRT is used internationally:

* Which countries are using TRT?

* Purpose of TRT data, e.g.: design, R&D, qualitytcalnor failure analysis.

* Applications for TRT, e.g.: GHEX, energy piles,hmrizontal ground collectors.
» Description of different TRT setups.

e Test procedure e.g. like heat injection or extoacti

» Evaluation models — analytical or numerical models

* The basic theoretical background for TRT will belirded.

» References — a list of available scientific literat

* Experiences from ‘non-mobile’ measurements shoalthbluded

In order to collect TRT data from around the waaldill-in form was developed (see appen-
dix). This questionnaire was sent out to potenigdrs and is also available in several lan-
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guages at the Annex 21 website. This report giveasnamary of known thermal response test-
ing activities in the world and the state-of thedadrthe technology until April 2011.
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3. THEORETICAL BACKGROUND OF TRT EVALUATION

TRT means that the thermal response of heat injecti heat extraction into/from a borehole
Is measured and analyzed. The analysis gives theremt (effective) thermal conductivity of
the ground and the thermal resistance of the bégefibte methods to evaluate response test
data are based on the principle of fitting measaradicalculated fluid temperatures.

The difference between the different evaluationhods is the way in which the fluid temper-
ature is calculated. The most detailed method atoulate the fluid temperature by 3D nu-
merical modelling though also 2D modelling is uskedother methods the heat flow and the
temperature field around the borehole are caladilbjeassuming the borehole to be a cylin-
der (heat) source or a line (heat) source.

The most common method is the line source modelkalswn as the Kelvin Line Theorem.
The theoretical background is based on a few assomnsp

* heat transfer in the ground is a result of conductinly,

» the ground is assumed to be initially at a unifoemperature,
» the ground has uniform thermal properties,

» the long borehole is drilled vertically into theognd,

» though the ground temperature varies with deptmisn temperature is used for the
full depth of the borehole.

Analysis of transient 1D heat conduction (Ingersoltl Plass, 1948) gives the fluid tempera-
ture as a function of time as:

Q 1 4a)
i

T, () =—————In(t) +

i (D) ) t)+q
2

This equation is only valid if the time is not tebort i.e. that the time criterio‘ﬁ>5ka /a is

fulfilled

T

(1)

Fluid temperature (°C)

Tg Initial ground temperature (°C)

Q Total heat injection into the borehole (W)
L Borehole depth

Borehole radius (m)

R, Borehole thermal resistance (m,K/W)
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A Thermal conductivity of the ground (W/m,K)

c Volumetric heat capacity of the ground (J/m3K)
@ Thermal diffusivity =4/ (m2/s)

y Euler's constant = 0.5722...

—

Time (s)

By replacing the constants in equation (1) by k amthe equation becomes
T, (t) =KkIn(t) +m )

which means that Tf versus In (t) becomes linedn Wie slope k and the abscissa m. By plot-
ting the fluid temperature against logarithmic tiknend m are obtained as:

k = L = A= L
L C477[A L 47k (3)
from whichX is calculated and

m—Q 1 In{4—a]—y +Ry [+T, =R,

_f 41t rb2

(4)

from which Rb is obtained after fitting.

Mean Fluid Temperature

25 T,(1)=k In(t) | m i
S0 o |
@ r 1
2 5 \
< 191 s ! y =2.26x +6.36
g g |
£ 16 - E 2 ‘
- ol |
=] -] |
S 13 - E] 1
[T L |

10 l

18 T T
0 8 16 24 32 40 48 56 64 72 10 11 In(t) 12 13

Time (h)

Figure 2: Left/ Measured mean fluid temperature ofthe borehole. Right/ Measured mean fluid tempera-
ture in a logarithmic scale and the fitting linearfunction y, which corresponds to the temperature faction
Tf(t), see Eq. (2).
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Figure 2 gives an example of the mean fluid termpeed(Tinj + Text)/2] variation with time
during the TRT test. The graphs show measured textyse with linear and logarithmic time
scales. The thermal conductivity is determinedhgydlope, k, of the linear curve as shown in
Eq. 3. The borehole thermal resistance Rb is defbyeinserting the m value given of Fig. 2
in Eq.4.
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4. OPERATIONAL EXPERIENCE

4.1 Running the Test

4.1.1 Sarting and Ending the Measurement

Thermal Response Tests are conducted on one or tesirboreholes, representative of the
rest of the boreholes needed for the full BTESesystin case of large BTES systems more
than one TRT may be conducted at several test looléke site. The test borehole should be
drilled to the design depth and fitted with the satype of piping, heat carrier and borehole
filling as will be used for the rest of the BTESssgm. The response test facility is placed as
close as possible to the test borehole and is coethéo the borehole pipes. The test loop (i.e.
the collector pipes and the response test devicilleéd with brine and purged. All exposed
parts between the borehole and the response tpatadps must be thermally insulated to
minimize ambient influence, see Figure 3.

In this case however, when the air temperature itudpl is relative constant the effect on the
evaluation becomes small provided that mean valtissmperature and power are used in the
evaluation.
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Figure 3: The graph shows how the injected heatingower varies with the ambient air temperature varia
tion. The difference in injection power results fran heat losses i.e. the injection power deceasestwihe
air temperature.

The temperature development of the circulatingebigirecorded at a set time interval, nor-
mally in the range 1-10 minutes depending on the flate and the depth of the borehole. The
temperature of the borehole changes much fastbedieginning of the test and after the first
day the measurement could be made with greatewvaise(hours).This might be of extra im-

portance for manual measurements. If modern loggrersised very short measurement inter-
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vals (seconds) are recommended throughout theTtiesttest proceeds until steady-state con-
ditions are obtained, i.e. the thermal conductidibnverges towards a constant value, see
Figure 4.

28
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Figure 4: The graph exemplifies how the evaluatedhermal conductivity converges, in this case at 2.3
W/m,K, with increasing hours of measurement data u=d in the evaluation.

When a sufficient number of measured hours haveegolaghe heat/cold injection is switched
off. Normally this is the end of the measuremerd #re test device is disconnected, but in
case the temperature decline will also be meastited;irculation pump is left on for another

number of hours until the borehole temperatureaisklio the approximate initial conditions.

After the response test, the test borehole is dexdun the full BTES system.

4.1.2 Determining Undisturbed Ground Temperature

To evaluate the effective ground thermal conduistiffiom measured TRT data the undis-
turbed ground temperature, often determined bef@etart of the test, is required.

The geothermal gradient is a factor that cannonéglected, and causes the undisturbed
ground temperature to increase with depth. Thisligrda is a result of the geothermal heat
flow and the thermal conductivity of the ground.eTéontinental geothermal heat flow varies
normally between 40 and 80 mW/m2 though it in voicactive areas, e.g. in Iceland, is con-
siderably greater. The geothermal heat flow is galyegreater ~0.1 mW/m2 in the oceans.
The resulting temperature gradient varies globdliy, is normally in the range 0.5 — 3.0 K
per 100 meter. Global data of geothermal heat flavescollected and made available by the
International Heat Flow Commission (IHFC, 2011)
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Eskilson (1987) showed that it is not necessagotwsider the temperature variation along the
borehole for BTES applications. The mean tempeseatilmng the borehole may be used as a
homogeneous undisturbed ground temperature ardwndrehole. However, in BTES sys-
tems used for cooling the undisturbed ground teatpes is more important.

The undisturbed ground temperature may be detedrimalifferent ways. The most com-
monly used method is to lower a temperature setdsan the fluid-filled U-tube before the
circulation has started and the fluid temperatsreniequilibrium with the ground. A meas-
urement should be carried out every few metersgalba U-pipe and recorded. To avoid any
disturbance and mixing of the fluid in the pipe gpksmall sensors have to be used. The
temperatures are used to calculate an arithmetanrberehole temperature. There are more
detailed techniques e.g. with optical fibers thaasure temperatures almost continuously
along the borehole at the same time.

Another method is to circulate the fluid througke thorehole heat exchanger before the heater
is switched on for the test. The undisturbed grotemdperature can be derived by analyzing
the fluid temperature from the start of circulatimn the time that corresponds to the travel
time of the fluid from pipe inlet to the pipe outl&he temperature amplitude, which pictures
the ground temperature at different depths of threhwle, will disappear because of mixing
after some time. One problem with this method & the circulation pump injects heat into
the system, which thus induces an increased fantperature.

Gehlin and Nordell (2003) compared the result fribmee methods of estimating the undis-
turbed ground temperature for thermal responsa.téstmanual temperature log was first
conducted on a well documented 60 m (197 ft) bdeehohard rock, fitted with a single U-
pipe collector. After the manual log, the pipe wasnected to the TRT rig and the collector
fluid was circulated without heat injection for neothan 70 minutes while inlet and outlet
temperatures were recorded every 10 seconds. Tdisturbed ground temperature calculated
from the manual log and the temperature recordifidbe first few minutes of circulation in
the pipes were compared and showed an agreemdnih WitLoC. These estimates were also
compared to temperature readings of the fluid &@r30 and 60 minutes and showed clearly
that the heat gain to the fluid from the circulatmump gives an over estimation of the undis-
turbed temperature by 0.4 °C already after 30 nemuThe value at 20 minutes circulation
agreed well with the manual log. The influence leé heat gain from the circulation pump
depends on the power rate of the pump relatecetbdhnehole depth, see Figure 5..
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Figure 5: The graph shows temperature measurementwith different methods in the same borehole at
Dinslaken, Germany (2010-02-09). It is seen that ¢htemperature outside the pipe (NIMO-T) gives a hilg-
er temperature value than measurements inside theies.

4.1.3 Duration of Measurement

The measurement time necessary for obtaining serfticlata for a reliable analysis has been
discussed much since the beginning of responsenteasurements. Austin, et al. (2000)
found a test length of 50 hours to be satisfactorytypical borehole installations. Gehlin

(1998) recommends test lengths of about 60 houmsthSand Perry (1999a) claim that 12-20
hours of measurement is sufficient, as it usuallyeg a conservative answer, i.e. a low esti-
mate of thermal conductivity. Witte, et al. (20@rformed tests over 250 hours. Austin, et
al. (2000) and Witte, et al. (2002) have compae=tdst of different duration. In some coun-
tries, especially in North America, test costs r@lated to test length. One contractor (Wells
1999) who performs in situ tests in Ohio, USA, restied the cost to the customer for a 12
hour test at $4500; and $6800 for a 48 hour telstuf $2000 represents the cost of drilling
the borehole, installing the U-tube, and groutimg Iborehole. Labour costs for this contractor
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are about $42/hour. Furthermore, according to treractor, since many of the in situ tests
are done as part of utility-funded feasibility seg]j the additional cost for a 50-hour test is
hard to justify.

4.2 Operational Problems and Considerations

Operational experiences of the test units have shsmwne sources of error that can affect the
results. These include heat leakage to or fromathefluctuations in electrical power, and
inaccurate measurements of the undisturbed greampgdrature.

421 HeatLossesor Gains

Uncontrolled heat losses or gains to or from thearenment due to insufficient thermal insu-
lation cause problems (Austin 1998; Reul3, M. eR@02, Witte, et al., 2002) in the analysis
of the experimental data. Even though the heasteario or from the environment may be
relatively small compared to the heat transfer tdr@m the earth, it can have a significant
adverse influence when the results are analysdu twé line source method. This problem
may be overcome by adequate insulation of the expatal apparatus and piping. In systems
where the injected/extracted heat is determinednbgsuring the inlet and outlet fluid tem-
peratures and flow rate, moving the temperature@snnto the piping in the ground (Witte,
et al. 2002) may also help. It is helpful to measambient air temperatures during the test so
that the effects of changing ambient air tempeeatoay be investigated. It may be possible to
correct for these effects with some analysis proceslif a good estimate of the heat loss or
gain can be made.

4.2.2 Power Sability

A common problem is fluctuations in the electripmwer supply (Austin 1998). This can
cause problems with line source analysis, whichalljglassumes a constant heat injection
rate. One solution is to control the temperatuféedince directly, while maintaining a con-
stant flow rate or to control the temperature défece while measuring the flow rate, so as to
maintain a constant heat injection or extractiote.rd’his approach has been utilized by
Groenholland (Witte 2002) and ZAE Bayern (Zervaatas et al. 2006a, 2006b). Another
solution is to use electricity stabilization (Ret8, 2004) to obtain a constant supply voltage.
A third solution is to use an analysis procedusd ttan account for fluctuating power, which
requires that electricity measurement is part eftdst procedure. Figure 6 gives an example
of how supplied electricity (voltage) varies diultgalepending on the societies varying con-
sumption of electricity during the day.
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Figure 6: Measurement of supplied electricity and mbient air temperature during a TRT test in Kiruna,
Sweden. The test started 3 p.m. on 2004-09-24.

4.2.3 Ground Temperature

All analysis procedures depend on the ground b#iegmally undisturbed. The ground is
necessarily disturbed by the drilling process, Whitay result in the ground surrounding the
borehole being warmer (due to energy input or exotic heating with cementitious grouts)
or wetter (due to circulation of drilling fluid) aryer (due to circulation of air) than it would
otherwise be. The time required for the grouncetann to an approximately undisturbed state
has not received enough systematic studying. Kagn&000) recommends that a thermal
response test be delayed at least 24 hours aftingjrand at least 72 hours if cementitious
grouts are used. Earlier work by Lilja (1981), Bt (1947), Lachenbruch and Brewer
(1959) might also be helpful in determining tempera disturbances caused by drilling.

4.2.4 Influence of Variationsin Thermal Conductivity with Depth

For the analysis of a thermal response test itorsnally assumed that the ground thermal
conductivity along the borehole is homogeneous. él@x, there is normally a different top-
soil layer with a considerably lower thermal contiltity than the deeper rock or sediments.
According to Eskilson (1987), a numerical simulatiof a deep borehole in granite=@.5
W/m,K) with a 5 m thick top-soil layei€l.5 W/m,K) shows that the thermal performance
changes less than 2% for a 100 m (328 ft) deephbteeHis conclusion is therefore that the
effect of a top-soil layer of less than 10 m (33ctn be neglected. If the soil layer is thick, an
arithmetic mean thermal conductivity may be used.
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425 Groundwater Flow

The influence of groundwater flow on the performainé borehole heat exchangers has been
a topic of discussion. Field observations have esiggl that there is a groundwater aspect on
the borehole performance (Gehlin 1998, Helgeserlg®bome theoretical studies have been
published on the subject. Eskilson (1987), Claessdtellstrom (2000) and Chiasson et al
(2000) presented models for the influence of reglignoundwater flow based on the assump-
tion that the natural groundwater movements arsorgbly homogeneously spread over the
ground volume. This applies well on a homogeneads @orous ground material. Eskilson
and Claesson & Hellstrom use the line source thémrynodelling the groundwater effect on
a single vertical borehole. They conclude that uridermal conditions” in crystalline rock,
the influence of regional groundwater flow is ngdlle. This is further discussed in Subtask
2 and Subtask 3 of Annex 21.

Chiasson et al. use a two-dimensional finite eldmgmoundwater flow and mass/heat
transport model and come to the conclusion thiatanly in geologic materials with high hy-

draulic conductivities (sand, gravels) and in roekth secondary porosities (fractures and
solution channels in e.g. karst limestone), thaugdwater flow is expected to have a signifi-
cant effect on the borehole performance. Simulatiohthe effect of groundwater flow on

thermal response tests give artificially high coctelity values.

The influence of single or multiple fractures amnalcture zones on the TRT evaluation could
have great influence on the results (Gehlin, 2@@2Z)RT measurements.

Gustafsson (2010) studied the effect of thermatlyeth convection between pipes and the
borehole wall, in groundwater filled boreholes. 3@estudies were made with both injection
and extraction (until freezing) in the same grouathw filled borehole. Since freezing of the
water in the borehole means that no convectiondcoatur Gustafsson was able to distin-
guish between heat transfers with and without cotiwe

4.2.6 General Operational Experience

In addition to the problems described, which mayeha more or less subtle influence on the
results, practitioners also face problems that ltave a catastrophic effect on the results.
These include more or less unpredictable distudseach as:

Blocked U-tubes: Practitioners have arrived atsh $ge and then found that the flow in the
U-tube was blocked by pea gravel (apparently cabgexpilling some of the backfill material
into a U-tube) or pecans (apparently caused byiarsf).

Power failure: Power failures will almost alwaygjuee that the test be redone due to the
interruption of the heat injection pulse. Powetuia@s have occurred due to generators run-
ning out of fuel, electrical power plugs vibratingt of the generator, the power cord being
disconnected by construction workers or cows.

Fluid leakage: Since the equipment is mobile, wiitte it is likely to develop small leaks. In
the right combination, this can result in air eimgrthe fluid loop and, with enough air in the
system, the system will begin to undergo rapidgiemts as large air bubbles form.
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5. WORLDWIDE USE OF TRT

In order to collect TRT data from around the walélll-in form was developed (see Appen-
dix and Table 1). This questionnaire was sent oyidtential users and is also available in
several languages at the Annex 21 website (Anngx 21

TRT tests have currently been performed in at ldastfollowing thirty-two countries, see
Table 2. The shadowed countries have filled in suoimitted the TRT Data Sheet. In some
cases the TRT equipment was set-up at the teseedesi they were not using some kind of
mobile measurement equipment. Reported TRT datawiable at the Annex 21 website
and will hopefully be updated in the future.

Table 1; Requested TRT Data (see Appendix)

Contact Information Address:

Country: Phone:

Contact Person (s): Email:
Organization/Company: URL:

General TRT data Technical TRT Information

Type: Heat injection and/or heat extraction Type of TRT (Suitcase, container, trailer,

etc.)
No TRTs: XX Heating/cooling
Aim: Research/development/commercial Power rangp\gse/variable)
Powered by: Electricity, gas, olil, etc. ControEogtion (remote or not)

On/in: Trailer, pallet, container, portab

. Flow rate (constant/stepwise/variable)
stationary, etc.

Size, weight: L+W+H, kg Monitored data and accuracy
Pump: type, capacity (range) Calibration

Heater: type and capacity (range) Experience

HP/Cooler: type and capacity (range) No of perfeartests
Temperature measurements: In which countries

TRT for design, R&D, quality con
trol/failure analysis

- Measurement, type, accuracy

Flow rate measurements: Horizontal/vertical/op@set!

- Measurement and type of sensor Testing fluid ¢wat water/antifreeze)
Voltage stabilization: Yes/No Duration of test
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Electricity measurement: Yes/No, accuracy

Undisgdrground temp (methods)

Logger: type

Evaluation models

GPS: Yes/No

Line source

Remote Control: Yes/No

Cylinder source

Remote Data Collection: Yes/No

Numerical modeling

Principle outline

Name of model:

Figure 7 shows when the first TRT measurements wertormed in various countries. It

started in the mid 90ies in USA and Sweden andasprapidly to other countries. As seen
from the much longer list of countries in TablesByeral countries have failed to report when
their first TRT was performed.

Table 2: Countries in which TRT is used (shadowedported TRT data)

Argentina (n.a.) Estonia (n.a.) Japan Spain

Austria Finland Libya Sweden
Belgium France (n.a.) Norway Switzerland
Bulgaria Germany Pakistan (n.a.) Syria

Canada Greece Serbia (n.a.) The Netherlands
Chile Ireland (n.a.) Slovakia (n.a.) Turkey

China Israel (n.a.) South Africa (n.a.) United Kilogn
Cyprus Italy South Korea USA
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Figure 7: The reported year of the first TRT measuement in some countries.
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Thermal response test equipments around the world

UBeG Dr. E. Mands & Dipl.-Geol. M. Sauer
GbR, Germany

o : g"&‘nﬁ.., -
Eneren S.r.l., Italy

- GEOTERMICA SAVAL SRL, Italy

Geo-Net s.r.l., ltaly
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Thermal response test equipments around the world

_ Control Unit
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Kyushu University, Japan

KIGAM, Korea
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KRRAC, Korea
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Thermal response test equipments around the world

Cidemco Tecnalia, Spain

e

WHW.eNeTgesis.es

: Energesis Ingenieria, Valencia, Spain

eeneq Swede AB
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Thermal response test equipments around the world
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Edwarme-Messtechnik GmbH, Bremen, Germany

GT Kapelmeier GmbH '
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Thermal response test equipments around the world
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Neoenergy, Sweden
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Thermal response test equipments around the world

Institut fur Geothermie und Umwelt der ;Hochschljle
Bochum / Geothermiezentrum Bochum (GZB), Germany

Blue Energy Intelligent Services, Cadiz, Spain

Sialtec Geotermia, Les Preseé Girona, Spain
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5.1 Reported TRT Data

5.1.1 Number of TRT Organisations

Presently, 46 organisations in 22 countries arerted to have TRT equipments at the Annex
21 website (Figure 8). TRT have also been madd laast ten more countries. In some of
these like the USA and UK, which have not submitiey TRT data, there are a great number
of TRT equipments. Also in Canada there are sevERAl equipments. Knowledge about

further TRT countries, though have not reportedr thetivities, is based on reports, articles,
and conference papers.

Germany; 13

Spain; 5

Figure 8: Number of reported TRT organisations invarious countries.

Only twelve of these organisations have more tham ©RT device and this group owns
about half of all (74) reported TRT equipments.urgy9 shows that most of the equipments
are used for Research and Development while 23&used for commercial measurements
only.
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R&D+Com.

48%

Figure 9: Most of the reported TRT equipments araused for R&D measurements though some are
used for commercial measurements only.

5.1.2 Typesof TRT Equipments

The first mobile TRT equipments were built on ®adl that could be transported after a car.
Since then many different types have been designedconstructed. Today the most com-
mon type is a TRT built in a portable box, somesmeo boxes where the control and logger
system is placed in a separate box.

Other types of TRT used are stationary devicegsgarch institutions, track driven TRT ve-
hicles (caterpillar), and TRTs built in containarsd on pallets that are usually transported by
trucks to the site (see Figure 10).

Caravan
Caterpillar
Trailer + portable

Pallet

Stationary
Container

Trailer

Portable boxes ‘ ‘ |

0 5 10 15 20 25

No of TRT Type
Figure 10: Reported types of TRT. It is seen thatost of the TRTs are built in portable boxes or on
car trailers.
IEA ECES ANNEX 21 — Subtask 1 Seite 29

Thermal Response Test State of the Art



IEA ECES
THERMAL
RESPONSE
TEST
ANNEX 21

\r

5.1.3 Heat Injection or Extraction

Almost 90% of all TRT equipments are for heat itigagt only. Test rigs which allow both
heating and cooling exist in China, Spain, Nethmeita Italy and Japan.

In areas where BTES are mainly used for heat exdrat is reasonable to do the TRT testing
in the same way. One reason is that the thermamsigiffect is more likely to occur during
heat injection, which will over estimate the thelm@nductivity of the ground.

By doing both heat injection and extraction as pathe same tests the effect of such conduc-
tive water movements can be reduced. It is evesilplesto totally stop convection in the
borehole by extracting heat until the boreholeZeseto ice.

All reported TRT equipments produces heating cgpoliy electricity driven processes. In one
case a generator reportedly used to produce tlotrieiy. This is of course possible in all
other cases as well.

5.1.4 Typical Ground Temperature

The typical ground temperature from where the T&Ig have been performed is also report-
ed at the Annex 21 website. This temperature shroigly in which climate the TRT tests
are done but it also gives an indication that TRiigments are transported over long dis-
tances, see Figure 11. This graph mainly showshichwtype of climate they are operating.
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Figure 11: Reported ground temperatures where TRTHave been performed by the diifferetnt TRT
organisations.

5.1.5 Type of Applications

Figure 12 shows the reported types of applicatibas are tested by TRT around the world.
So, all of TRT providers perform BHE testing whiteore than 50% also performs TRT test-
ing on energy piles. TRT testing on heat pipes tlman performed by about 20% while hori-
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zontal systems are only tested by a few. The neasan might be that the evaluation meth-
ods for horizontal pipes are not commonly available

Horizontal/Slinky ||

Heat Pipes

Energy Piles

Borehole Heat
Exchanger

0 25 50 75 100
%
Figure 12: Reported TRT tests are performed on dferent applications.

5.1.6 Typeof Fillings

The TRT providers have reportedly performed thesting in groundwater filled boreholes
(43%), grouted boreholes including bentonite argx38%) and in sand filled holes (20%).

5.1.7 Type of Pipes

Almost all providers perform there TRT tests ongnU-pipes (1-U) and double U-pipes. A
few have been testing 6-U and heat piles while 49%he TRT providers have made tests
also on coaxial pipe systems, see Figure 13.

HP [

Coax

0 25 50 75 100
Figure 13: TRT tests are performed on different cbiector types.
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5.1.8 Borehole Depth

Most of the tested boreholes are drilled to a depth00 - 200 m. However, Figure 14 shows
also that some unusual TRT testing has been pesthr®ome very shallow boreholes (5-10
m) have reportedly been tested. The most extreme t€Bt concerns the testing of a 700 m
deep borehole, performed by GTC Kappelmeyer GmKaitsuhe, Germany.

700
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300 H
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Borehole Depth (m)

100

0

Figure 14: TRT tests are reportedly performed to ery different depths; red blue and green graphs
represent maximum, minimum and mean borehole depths

5.1.9 Heat Injection/Extraction Power

The reported injection/extraction powers used Vesyn a few kW up to 28 kW, see Figure
15. Normally this heat power can be varied in stepgs a 12 kW heater would be built up by
4 x 3 kW heaters. This power, 12 kW, which is als® most common injection power used
indicates that these rigs are used for boreholesleeper than about 300 m i.e. a heat injec-
tion of 40 W/m of borehole.
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Figure 15: Maximal injection / extraction power ofreported TRT equipments.
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5.1.10 Weight of TRT Equipment

The reported weight of the TRT equipments variemf20 kg to 2000 kg, see Figure 16. This
is true with some modification since in many cases divided into several pieces. Usually

the logger and the control systems or PC is segghfabm what is called TRT equipment.

Normally, the tools need to connect the pipingeayshave a weight that exceeds 20 kg.

However, the heaviest systems means that the TRUild in a container or on a trailer that
usually include workspace, tools, electricity gexter, heat carrier fluid, pipes etc.

i HWMWHHH"”””””””"””””"""”"""

0 500 1000 1500 2000
Weight of each reported TRT equipment (kg)
Figure 16: Weight of reported TRT equipments.

5.1.11 Miscellaneous Functions
Electricity Supply

The importance of measuring and/or stabilizing e¢lextrical supply power has been proven
to be important. In most countries the quality lecticity varies which means that the supply
voltage varies at least £5%. This variation ocagsandom spikes but there is also a system-

atic diurnal voltage variation. This change in agk affects the supply power and thus the
pump and heat capacities.

Figure 17 shows that 88% of reported TRT rigs nwndectricity supply and that 43% are
equipped with supply power stabilization.
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Figure 17: Miscellaneous functions on reported TRequipments.

Remote Data Collection and Control

Remote data collection is very attractive (67%) aades a lot of time for the TRT operator.
This makes it handy to get an indication that tRa Test is going well at a distance from the
test site. Remote operation of the TRT test is Usedt least possible) in the operation of
44% of all TRT rigs, see Figure 12.

GPS i.e. a system that allows the operator to $e=ermhe TRT rig is located is used in 23%
of all rigs. This is a nice but not necessary aptinless the TRT rig is stolen and it is possi-
ble to retrieve it this way,

Data Recording and Monitoring

Not all of the reported rigs have specified whatdkof logger systems they are using but re-
ported monitoring and control systems are most contyncommercial systems or PC based
software. In at least one the measurements weea talanually.

5.1.12 Analysis Methods

The most common analysis method of TRT data it .ithe Source (LS) model, which is used
by 93% while 10% are using the Cylinder Source moske Figure 18. Slightly more than
half are using Numerical models. Many of those gi4i§ are using nothing else while almost
all of those using numerical models are also ukiBgOne quarter of the numerical models
analyse the TRT data automatically.
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Figure 18: Reported analyses methods used in reged TRT data.
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6. CONCLUSIONS

The main challenge with this TRT state-of-the-éutdg was to obtain data from various TRT
providers in various countries. Presently, the wtigdbased on TRT data from 46 organisa-
tions in 16 countries. Reported TRT data and filfarms for submission of data are available
at the Annex 21 website.

» Since the introduction of mobile thermal resporeststin Sweden and USA in 1995,
the method has developed and spread rapidly toraeother countries around the
world. We know for sure that it has been used irc@2ntries and estimate that TRT
tests have been made in further 10 countries.

» All TRT providers have reported that they perfoasting of BHES and more than half
have also performed TRT tests of energy piles.

e Most TRT equipments are built in portable boxe®worcar trailers. There are exam-
ples also of TRT equipments built on pallets opphig containers.

* Most TRT equipments (90%) rely on imposing a hegddtion into the ground, which
is intended to be held constant by providing a tarigpower supply to an electric re-
sistance heater element. TRT rigs which allow Bahting and cooling exist in Chi-
na, Spain, Netherlands, Italy and Japan. Thereomassuch TRT also in Sweden but
this rig was rebuilt for heating only after it wasld to Norway. However, considera-
bly more than 90% of all TRT tests have been paréal by heat injection.

* Of the reported TRT equipments 77% are used for Riiile the rest are for com-
mercial tests only.

* Reported TRT tests have been made on water filkedholes (41%), grouted bore-
holes (37%), and sand filled holes.

e The TRT providers perform tests on various BHESs;(28P%6) and 2U (85%) and Co-
axial pipes (37%).

* Most of the tested boreholes are normally drillecatdepth of 100-200 m. However,
some very shallow boreholes (5-10 m) and one vegpdorehole (700 m) have also
been tested.

* The average heat injection power of reported TRJE is 12 kW. This is normally
supplied by 4 x 3 kW heaters i.e. the power cambeased in steps.

* The electricity supply to the TRT rig is in 43% guped with supply power stabiliza-
tion.

* Remote data collection is commonly used (70%) aaves time for the TRT operator.
Remote TRT testing is an option in 44% of all TRJsr

e All TRT rigs have some electronic monitoring andicol systems.

* A variety of data analysis models have been deeelopost providers use more than
one evaluation model.
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0 Line Source model (93%).
0 Cylinder Source model (10%)
o Numerical model (55%)

The current study includes most of the countri€s@t of 40-45) where TRT is used today.
However, it is estimated that less than 30% ofekisting TRT rigs are included. The main
reason is that it was difficult to reach out to THRT suppliers or that they cannot see any val-
ue of submitting their data to this study (and Almmex21 website).

Thermal response testing will continue to spreasuaad the world and it is of great im-
portance that Annex 21 succeeds in promoting atR$tpractice manual world wide.

The fill in form will be continuously available dhe IEA ECES Annex 21 website. You are
all welcome to add your dakdtp://www.thermalresponsetest.oagid you are all welcome to
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1. Useof fibreoptics

1.1 Developers

In this section we list, per development, the défe people and organisations involved in the
development.

Name Organisation Email

Hikari Fujii | Kyushu University | fujii@mine.kyushu-
u.ac.jp

1.2 Summary and examples

The knowledge of the thermal properties of différkyers in heterogeneous subsurface is
important for an optimum design of ground-coupledthpump systems. Hence, detailed tem-
perature information must be measured during thleresponse tests. One possibility to get
these data is the application of fibre optic cablgure 2.1 shows installing fibre optics in
the borehole ground heat exchanger. A fibre opicser is installed in the U-tube or coaxial
pipe. The sensor can be place either inside oidsutbe U-tube or coaxial pipe The optic
sensor is connected to the optical fiber tempeeaaser radar (Figure 2.2). The thermal me-
dium (water or antifreeze liquid) is circulated enadonstant flow and heat rates. The proce-
dure is the same as at a common TRT. During aed #i¢ circulation, characteristic, vertical
temperature distributions are obtained such as showigure 2.3 and Figure 2.4.

The vertical distribution of soil effective thermabnductivity around the BHEX can be esti-

mated on the basis of temperature measurementsheitiiber optical sensor. The multi layer

model shown in Figure 2.5 and interpretation metisaapplied in the estimation. In the inter-

pretation, an objective function F for the simuétans matching of outlet temperatures of the
heat medium and temperature profiles in the GHEdedimed as shown in Equation 2.1.

nstep ntest [miaysr
F=ua Z {Tui{r(uhs} - Tuur(mijr + 'Ei _'xj' Z ( Z {Tru(uhs} - T."u[mi}j‘)

. (2.1)
nstep: number of computation time steps
nlayer:  number of layers
ntest: number of comparisons of measured andlesdcliTro [K]
Tout: Outlet temperature of heating medium [K]
Tro: Temperature at outer face of U-tube [K]
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Weighting factora was determined between 0.1 and 0.5 by trial anor.efhe "ntest” in

Equation 2.1 indicates the number of time stepghath the difference between the measured
and calculated Tro are compared. Parameter "ntestually set between one and three. The
objective function F is minimized using the polyoponlinear regression method of Nelder
and Mead (1965) treating the thermal conductivibégach sub-layer as matching parame-
ters. Consequently, the vertical distribution ofl ®dfective thermal conductivity is ascer-
tained, as shown in Figure 2.6.

Fiber Optical
¥ Sansor i

5m

Tcmpcratu I'c 5¢nsor

Polyathylena
U=-Tube
ID=26mm

Stes! Pive OD=32mm

ID=100mm
OD=114mm

Vinyl Chloride

Pipe
ID=67mm
OD=76mm

160mm 160mm
Well: H-1 Well: H=2
(Co=Axial) (Double
U-Tube)

Figure 2.1: Concept diagram of installing fibreiogk sensor (Left)
and example (Right).

Figure 2.2: Optical fiber temperature laser radar.
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Figure 2.3: Vertical temperature distributions dgrheating.
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Figure 2.4: Change of vertical temperature distrdyuafter heating.
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Figure 2.5 Concept diagram of multi-layer model.
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Figure 2.6: Vertical temperature distribution dieetive thermal conductivity.

1.3 Advantages and benefits

Fibre optic cable can measure vertical temperadis&ibution in the borehole ground heat
exchanger. With these data the vertical distributad soil effective thermal conductivity
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around the BHEX can be calculated. In additionfieeal groundwater flow can be found by
compared to the estimated effective thermal comdticeach other.

1.4 Problems

1) The disadvantages of the fibre optic cable measents are the accuracy of only ~0,2°C.
2) Disturbing of the fluid convection inside thdés.

3) The following points are also raised:

a) Fracture effects

b) May introduce more error

c) Better description of merits needed.

15 References

(This is already written in 2.1)1) Fujii, H., OkubH. and Itoi, R. (2006). Thermal response
tests using optical fibre thermometers.- GeotheRedources Council Transactions, 30, 545-
551.

2) Fujii, H., Okubo, H., Chono, M., Sasada, M., dsikgi, S. & Tateno, M. (2009). Applica-
tion of optical fibore thermometers in thermal resg®e tests for detailed geological descrip-
tions.- Effstock 2009.

3) Nelder & Mead (1965): A simplex method for funct minimization.- Computer Jornal, /,
308-313.

4) (Or) Chun Ho Tse, Ming Tang, Perry Ping ShumL(®0Nelder-Mead simplex method for
modeling of cascaded continuous-wave multiple-StoRaman fiber lasers.- Optical engi-
neering Bd. 49 (9), 091009-1-091009-6.
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2.  Enhanced Geothermal Response Test (EGRT)

2.1 Developers

In this section we list, per development, the défe people and organisations involved in the
development.

Name Organisation Email
Katsunori Na- Hokkaido Uni-| nagano@eng.hokudai.acjp
gano versity
Jurgen GTC- gtc@gtc-info.de
Dornstadter Kappelmayer

GmbH

2.2 Summary and examples

An “Enhanced Geothermal Response Test” (ERGT) newa technology to get more infor-
mation about den borehole heat exchanger (BHEX)thadhermal data of the subsurface
including the influence of groundwater flow. Inmeiple there are two different methods and
two different cables to realise an ERGT. Firsisipossible to install a hybrid cable into the
backfill material during the installation of the B or secondly to insert the cable inside the
plastic tube of the BHEX. The advantages of insiglthe cable inside the backfill material
are that it is possible to repeat the ERGT withrenut further installations and furthermore a
temperature measurement during the operation dBHieX is feasible. Another advantage is
that the convection of the fluid inside the BHEXsn4 disturbed by the cable.

For the realisation of the ERGT two kinds of caldes available:

1. A hot wire cable shown in Figure 3.1 is insertedh@a tube of borehole heat exchanger
(BHEX). Pt-100 sensors are equipped on the sudatmt wire cable and connected
to a data logger. Temperature variations are meddawy using Pt-100 sensors during
heating. The heating time is 50~100 hours. The &atpre measuring is continued
for several days after the heating. An exampleenfggerature variation during and af-
ter heating is demonstrated in Figure 3.2.

The effective thermal conductivity of soil surroumgithe borehole heat exchanger is estimat-
ed basis on the following equation:

In the case of:

t<t T[r,tjéﬁ(—ﬂﬁ??z—in%) (3.1)
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t>t T{r,t}g%(mf—j—m‘“[”]]=im f_ (3.2)

2 &l (t—er)

T Temperature [K]

q specific heat extraction/injection [W/m]
A heat conductivity [W/mK]
a thermal diffusivity [m?/s]

-

radial distance from center of the drilling [m]
t time [s]

Figure 3.1: Example of hot wire cable (left) anduewle of installation (right)
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Figure 3.2: Example of temperature variation in BHiIring and after heating.

2. At the other hand the combination of a hot wireleakith a fibre optic sensor (hy-
dride cable) allows the heating and the measurepfahe temperature response over
the whole bore hole (Figure 3.3). Hence, it is pgmeso calculate leff and Rb as a
function of the different geological formations. @&her benefit of the ERGT is to
quantify the influence of the groundwater flow.the first step of the experiment, the
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hot wire cable is applied to an AC voltage of ab®2®V witch causes a heating load
of about 30 W/m in dependency of the material,|émgths and the area of the wires.
In order to get the undisturbed soil temperatuee thmperature measurement starts
before the heating period and finishes 2-3 dayer dffis period (Figure 3.4). The de-
velopments of temperature during an ERGT are shoviaigure 3.5. Furthermore, the
calculated leff and Rb in dependency to the depth are showmr&ig.5.

|

Fibre optic sen-
- sor

. HDPE tube
(BHEX)

waah

Figure 3.4: ERGT with measure device and data logge
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Figure 3.5: Results of an ERGT (Temperatureff, Rb).

The heating load gL is given by:
gL=RI?/L (3.3)
where R is the resistanc@]| | the current [A] and L the length of the wires.

The calculation of the effective thermal condudyivand the borehole thermal resistance from
the results of an ERGT is according to the caleutabf a normal TRT by using the line
source approximation respectively the cylinder sewapproximation (Subtask 3).

A further benefit of the ERGT is the possibilitydalculate the Darcy velocity viim/s] of the
groundwater flow, which has a significant influerme the effective heat conductivity. The
calculation bases upon the application of Pécletbrar analysis. The Péclet number Pe[-] is
defined as the ratio of the convective and congadieat transport.

P = Qeonp. Acond.+cony~Acond. — tpepvy (34)

Deond. Azond. Acond.
Acond +cone =heond
e COMNd .+ O COTLA. 35

Ve . ( )
gconv. convective heat flow [W/m?2]
gcond.  conductive heat flow [W/m?]
Aconv  convective heat conductivity [W/mK]
A cond. conductive heat conductivity [W/mK]
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I characteristic length [m]
p density of the fluid [kg/m3]
cp specific heat capacity [J/kg/K]

An imported condition of this method is the knowgdedf the geological situation.

2.3 Advantages and benefits

1) Light weight and easy handle.

2) Fast set up and low cost.

3) It's possible to repeat the ERGT under the seomelitions.

4) Distribution of effective thermal conductivitypie be estimated.
5) Calculation of the borehole resistance (cable).

6) Darcy velocity.

7) Temperature measurements during the operatitredHEX.

2.4 Problems

1) Free convection of the filled water (if the cald installed in the tubes).
2) Accuracy of the fibre optic sensor.

3) Strong groundwater flow.

4) The estimated Rb is from the cable and not filoenrBHEX

5) Accurate knowledge about the geological situafsquifer and so on).
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3. TRT whiledrilling

3.1 Developers

In this section we list, per development, the défe people and organizations involved in the
development.

Name Organisation| Email

Bo Nordell LTU bon@ltu.se

GOran Tuomas Atlas Copco

Anna-Maria Gustafsson| LTU amg@ltu.se

Johan Claesson CTH/LTH

Halime Paksoy Sﬁiii/uerros\i/t?/ hopaksoy@mail.cu.edu.tr

3.2 Summary and examples

Figure4.1 demonstrates concept diagram of Theresganse test while drilling (TRTWD).
TRTWD uses the same basic principle as standard mBasurement. A constant heat power
is injected into the borehole and the thermal raspf circulating fluid is measured. Instead
of heating the circulating fluid, energy is in tfeem of heat dissipation from drilling work,
i.e. from pressurised fluid, mechanical torque amechanical force-feed. Part of this heat
leaves with the drilling fluid, but the rest isnisderred into the bedrock. The energy flow de-
pends on the circulating drilling fluid, drilling@cess and bedrock properties.

Figure 4.2 shows the model when the drill has reddhe depth z = zd. The drilling fluid
flows inside the drill string, gf [m3/s], changesedtion at the bottom and flows upwards
outside the drill string in direct contact with thedrock. As the fluid passes the hammer tool
in the bottom a constant heat power Qd [W] raibesfluid temperature. Heat is transferred
between inner and outer channel, Q’, and betwe&ar channel and bedrock wall.
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Flow rate q2
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T
Heaat Drill Pipe
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i
¥
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Fluid driven DTH drilling (Tuomas et.al 2003)
Figure 4.1: Concept diagram of TRTWD.

G o
I 1 :
Q'
=0
z, Qy
7

Figure 4.2: Calculation model of TRTWD.

3.3 Advantages and benefits

1) Continuous thermal conductivity along the botehostead of a mean value.

2) The thermal conductivity can be measured on ngakoreholes.

3.4 Problems

Measurements at high accuracy are required. It peaglifficult to measure in the borehole
without damaging the sensor.
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4. Step pulse

4.1 Developers

In this section we list, per development, the défe people and organisations involved in the
development.

Name Organisation Email

Henk Witte | Groenholland BV henk.witte@groenholland|nl

4.2 Summary and examples

In the step pulse test, sequential pulses of @iffeheat flux (injecting and extracting heat) are
used as shown in Figure 5.1. The test results eamsbd to calibrate the heat transfer of the
model used for the final design (EED, SBM, DST tirens).

25

20 1 %:ﬁu
15

§ 10 K{ \
% 5 —— REFERENCE
g 0 “ —— GROUNDWATER
\
) k
-15
-20
0 20 40 60 80 100
Time (hr)
Figure 5.1: Example of step pulse test.
IEA ECES ANNEX 21 — Subtask 2 Seite 18

Thermal Response Test New Developments



IEA ECES
THERMAL
RESPONSE
TEST
ANNEX 21

\]/

4.3 Advantages and benefits

1) This test minimizes effect of ambient temperatioecause it is possible to either start with
a heating or cooling pulse.

2) More precise effective thermal conductivity datehole thermal resistance are obtained.

4.4 Problems

1) This test requires lager test apparatus beazusmling test.

2) This test needs a model that includes all tipeseesses, includes a detailed borehole heat
exchanger model and allows for a short time step.

45 References

1) Witte, H.J.L. & van Gelder, A.J. (2006): Geotinat Response Tests using controlled mul-
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Stockton College New Jersey (USA)

2) Witte, H.J.L. (2006): Advances in Geothermal fpese Testing. In: Paksoy (ed), Nato
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(TESSEC), Fundamentals Case Studies and Desiga.6Juh7 2005. Izmir-Cesme/Turkey

3) Witte, H.J.L. (2002): Ground thermal conductviesting: Effects of groundwater on the
estimate. Warmetransport in der Kruste - Beitrageatigemeinen und angewandten 3. Kol-
loquium des AK Geothermik der DGG 3-4 October 208&2chen, Germany.

4) Witte, H.J.L., Gelder, A.J, van & Spitler, J.2002): In-situ measurement of ground ther-
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5. Nimo-T (Non-wired Immersible Measuring Object for Temperature)

5.1 Developers

In this section we list, per development, the défe people and organisations involved in the
development.

Name Organisation Email

Roland Wanger Geowatt info@geowatt.ch
Thomas Kohl KIT thomas.kohl@kit.edu
Ernst Rohner Geowatt info@geowatt.ch

5.2 Summary and examples

The miniature data logger "Nimo-T" shown in Fig@é4 is a temperature measurement de-
vice for vertical profiles. The Nimo-T is insertgdthe heat exchanger pipe and sinks down
slowly under its adjustable weight, which is clégghe density of water(Figure 6.2). During
the sinking process the wireless NIMO-T recordsguee and temperature at preselected time
intervals. By this method, temperature profilegsha heat exchanger pipes can be measured
prior to a TRT with heat injection or extractiom,afterwards.

The thermal conductivity calculation is based odisturbed conduction. Therefore, disturb-
ing effects like the influence of ground temperatahanges (due to paleoclimatic variations),
groundwater flow effects must be eliminated frora theasured values beforehand. From the
measured temperature profile the local geothermedignt is then calculated for each layer
(1st derivative¥Ti: temperature gradient of depth section i)
aT, _h-h

Zi=4 (6.1)
where Tu is the temperature measured at the teqe(® and T1 at the bottom (z = z1) of in-
terval i.

Finally, with the local terrestrial heat flow valugoc (obtainable from regional heat flow
maps; e.g. Medici & Rybach 1995), the thermal catigity of each individual depth section
can be calculated:

/]i = qloc
LT, (6.2)
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Figure 6.3 are an example of distribution of waemperature in the BHEX and distribution
of effective thermal conductivity.

Temperatur ['C]
4 8 B 10 12 14 16 18 20
I LI

- {om

Figure 6.2: Example of temperature logging in BH&ESfng "Nimo-T".
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Figure 6.3: Distribution of temperature and effeetihermal conductivity

5.3 Advantages and benefits

1) Ground temperature distribution can be measured.
2) Distribution of effective thermal conductivityaie be estimated.

3) Pressure in the BHEX can also be measured. mhlges it possible to confirm leaks of
thermal medium in the BHEX and to determinate tt®ugate length of the BHEX.

54 Problems

It is difficult to measure temperature distributidaring heating.

55 References

1) Rohner, E. Rybach, L., Mégel, T. & Forrer, 0q8): New measurement techniques for
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6. Energy Pile

6.1 Developers

In this section we list, per development, the défe people and organisations involved in the
development.

Name Organisation Email
Takao The University of Kita- t-katsura@env.kitakyu-
Katsura kyushu u.ac.jp

6.2 Summary and examples

In the energy pile system, the foundation pilebwifding are used as ground heat exchang-
ers. Three types of foundation piles are classifisxhdly. The first is the cast-in-place con-
crete pile, the second is the pre-casting con@iéewith a hole in the center and the last one
is the steel foundation pile. When the cast-in-plaoncrete pile is used as the ground heat
exchanger, the U-tubes are bound on the reinfdireede as shown Figure 7.1. The U-tubes
are inserted in the hollow of pile as shown in Fegd.2 or Figure 7.3 in the case where the
pre-casting concrete pile or steel foundation pallesused as the ground heat exchanger. The
advantage of the energy pile systems is the lonwstallation cost compared to the BHEX
system, because there is no additional drilling ceguired.

The diameter of foundation piles are 400~2000 mmldme buildings. This is about 3~16
times bigger than the diameter of boreholes of BH&Kich are about 120 mm. Hence, for
the calculation of the effective thermal condudyivby applying the line source approxima-
tion method, a test time of 500~1500 h is requicesatisfy Equation 7.1.

iz >20
r (7.1)
a Thermal diffusivity of the ground  [m2/s]
TRT test time [s]
r Borehole or pile radius [m]

As an example of TRT at a steel foundation pilehv@rge diameter, Figure 7.4 shows the
TRT equipment and a schematic overview of a TRTegrgent at a steel pile with a diameter
of 600 mm. The TRT was carried out for about 3,600°he developments of the different
temperatures Tpin, Tpout, Tpm and flow rate Gf ngirthe TRT experiment are shown in
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Figure 7.5. In the TRT, flow rate and number ofubdés were changed several times. Table
7.1 shows the conditions of flow rate and numbdd-afibes according to elapsed time.

Furthermore, the development of the apparent éffethermal conductivity of the ground is
calculated by Equation 7.2.

Alt) = q%,k(t) 72

A Apparent effective thermal conductivity of the gnal [W/m/K]
ap Heat injection rate to the ground [W/m]

t Elapsed time [s]

with,

T (t) ~Tom(t/m)

In(m) (7.3)
k Gradient of temperature variation
Tpm Mean temperature between inlet and outlet &atpre of the ground heat ex-
changer (=(Tpin+Tpout)/2) [K]
Tpin Inlet temperature of the ground heat exchafiger

Tpout  Outlet temperature of the ground heat exchafij
m Arbitrary constant value (=5)
Here, the Equation 7.3 can be derived by the faligvequations.

Tom(t) = kIn(t)+1 (7.4)

Tom(t/ m)=kin(t/ m)+ (7.5)
The calculated effective thermal conductivities sh@ewn in Figure 7.6. It is 3.0 W/m/K at
test duration of 60 h. This value is about two sngher than the result which was obtained
by a standard TRT which was carried out at a dopigle ground heat exchanger at the same
area and with the same depth. On the other haedeftlctive thermal conductivity after a
runtime of 2,000 h is less than 2.0 W/m/K and clasthe 1.72 W/m/K which was measured
at the double pipe ground heat exchanger (Theldgt@d¢scribed below). This result suggests
that the estimated effective thermal conductivitiglmh be higher than the value obtained by
using the TRT result with the double pipe groundttexchanger. Another evaluation method
for the short-term TRT is necessary.

A standard TRT was also carried out at a double gipund heat exchanger at the same area
and with the same depth. Figure 7.7 shows the appea of the TRT at a double pipe with a
diameter of 60 mm. As the result, the variatiorteshperatures Tpin, Tpm and flow rate Gf
during the TRT experiment are shown in Figure Th8addition, the variation of mean tem-
perature Tpm (=Tpin + Tpout) is shown in Figure. ABing the temperature variation, the
estimated effective thermal conductivity at theaase1.72 W/m/K.
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Energy pile

return of the i inflow of the

(a)U-tubes inside reinforced frame (b) U-tubes idetseinforced frame
Figure7.1: Energy piles using cast-in-place corcpges.

Figure7.2: Energy pile using pre-casting  Figure7.3: Energy pile using steel pile.
concrete pile.
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TRT Apparatus
Steel pile L-tube TRT Apparatus

U-tube
(16A X 5) 7m

\:o: 5 m

o Thermo couple """7\.____

Steel pile with diameter of 600 mm

Figure7.4: TRT using steel pile with diameter 0060Om.
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Figure7.5: Variation of Tpin, Tpout, Tpm and Gf..
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Table 7.1: Conditions of flow rate and number ofudes according to elapsed time.

U-tube G; [L/min] Start date Elapsed time
from start
L2-1 26 2008/5/7 0
L2-2 25Ax5U-tubes 16 2008/5/28 622
L2-3 8 2008/6/4 793
L2-4 26 2008/6/11 1055
L2-5 16 2008/6/18 1228
— 25Ax4U-tubes
L2-6 8 2008/6/25 1414
L2-7 6 2008/7/2 1553
L2-8 26 2008/7/9 1754
L2-9 16 2008/7/16 1915
—— 25Ax3U-tubes
L2-10 8 2008/7/23 2107
L2-11 6 2008/7/30 2255
L2-12 26 2008/8/6 2447
——————— 25Ax2U-tubes
L2-13 16 2008/8/13 2635
5
4
— 3
E I\-K»-Nv\
E 1 R e W g S VS SU )
= |
1
|
0 6|0 1 1 1
0 500 1000 1500 2000 2500 3000 3500

t[h]

Figure7.6: Variation of apparent effective thermahductivity.

Double pipe TRT Apparatus

e g A

Figure7.7: TRT using double pipe ground heat exghaof 60 mm.
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Figure7.8: Variation of Tpin, Tpout and Gf..
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Figure7.9: Variation of Tpm.

6.3 Advantagesand benefits

1) The drilling cost for a conventional TRT canrieduced by using the short-term TRT.

2) With the thermal parameter from these TRT isdesign of a geothermal energy pile sys-
tem assured.

6.4 Problems

1) The evaluation method for the short-term TRTenergy piles is not established until now.
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2) There is the possibility that the estimatedaffe thermal conductivity is higher (Depends
on the evaluation method).

6.5 References

1) Japanese text of the ground source heat pungnsys
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7. TRT for special geometries

7.1 Developers

In this section we list, per development, the défe people and organisations involved in the
development.

Name Organisation Email

Jim Bererton Stantec Consulting Ltd.mannasol@shaw.qga

7.2 Summary and examples

Traditional TRT methods apply primarily to vertigabriented borehole heat exchangers.
Differences in geometries create a number of problelrhe different geometries are vertical
ground heat exchanger with short length (includergy piles) and horizontal ground heat
exchanger.

Uniform temperature profile assumptions may onlyapelied for depths > 60m. Shallower
designs do not have a uniform temperature prafilthe initial condition. Edge effect can be
considered by applying the finite line source tlyedt is possible to apply the infinite line

source theory to the ground heat exchanger witht $vagth by calculating error between the
finite line source theory and the infinite line sceitheory.

Figure 8.1 shows the finite line source model vaitbondition that temperature on the ground
surface is kept at initial ground temperature T@@stant. As shown in Figure 8.1, a finite line

source, whose length is Lp and heating rate is gj,3s placed from z = 0. The calculation

result is demonstrated in Figure 8.2. Edge effedager when the length of the ground heat
exchanger is short.

Horizontal geometries do not have the same sulfaoedary conditions. For vertical geome-
tries the surface energy balance has a negligffdetebut this must be accounted for in shal-
low designs. This includes solar radiation, snowecpwind, evaporation, rain fall, etc. In the

recent research, numerical model of horizontal gdolieat exchanger shown in Figure 8.3 is
developed and the ground property is analyzed.mbédel is validated by comparing to the

TRT result using horizontal ground heat exchaniyeaddition, there is a possibility that the

TRT using the hot wire cable (Chapter 3) can bdiegippo design the horizontal ground heat
exchanger.
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Figure 8.1: Finite line heat source model with grsgurface temperature T (z = 0) = TsO.

Depth [m]

0
10
20
30
40
50
60
70
80
90

100

Temperature [°C]
5 10 15

Length|of i\

line heat : 10m ,’ \

30m

100m )/

Figure 8.2: Vertical temperature distributions liamgth of line heat source at steady state.
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Cutlet of the heat exchangers
Inlet of the heat exchangers  pgsition A

Legend  [X]

| 3.640e01
W 3.6%edt
B ¢.0mect

—_—
2,47e+04 [w/d]

Temperature distribution Temperature distribution
(5 days after (5 days after
the simulation started) the simulation started)

(-1.5m from the land surface)(-1.0m from the land surface)

Figure 8.3: Example of numerical model of horizdgt@und heat exchanger

7.3 Advantages and benefits

New knowledge is obtained because there are fee @samples of TRT with different ge-
ometries.

7.4 Problems

Boundary condition of ground surface also diffetsew there is a building on the surface.

7.5 References

1) Nagasaka, S.,. Ochifuji, K., Nagano, K., Yokogan®., Nakamura, M. & Hamada, Y.
(1995): An Estimate of the Surface Temperature ¥edical Ground Pipe by Line Source
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Theory,” The Society of Heating, Air-Conditioninqié Sanitary Engineers of Japan 59
(1995) 143-151 (In Japanese).

2) Katsura, T., Nagano, K. & Takeda, S. (2008)ethod of Calculation of the Ground Tem-

perature for Multiple Ground Heat Exchangers, AggliThermal Engineering, Volume 28,
pp.1995-2004.

3) Nishi, K. & Fuijii, H. (2009): Numerical modeling of horizontal ground heat exdss,
Presentation in 6th Meeting of ANNEX21, Bologna.
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8. Groundwater influence

8.1 Developers

In this section we list, per development, the défe people and organisations involved in the
development.

Name Organisation Email

Henk Witte | Groenholland BV henk.witte@groenhollarid.
Takao The University of Kita-| t-katsura@env.kitakyu-
Katsura kyushu u.ac.jp

8.2 Summary and examples

Groundwater flow is categorized as shown in Figufe
A. Darcy flow through the porous media
B. Water flow through the fracture
C. Natural convection in the aquifer
D. Vertical water flow caused by rainfall or thermghpn effect

Groundwater flow prevents the temperature risehmn TRT and the effect becomes lager
when the groundwater velocity increases. With resp@ groundwater type A, the relation

between the groundwater velocity and effect is atae by using the TRT result with a large
underground tank shown in Figure 9.2. During theT Tiie thermal medium is supplied to

the GHEX at constant flow and heating rates. Taldbows the experimental conditions dur-
ing the test. The TRT is performed four times dfedent imitated groundwater velocities.

Figure 9.3 shows the temperature variations orsthtace of the GHEX with respect to the
logarithmic elapsed time. At the elapsed time ofhi8Qhe temperature variation in CASE3
(vgw=193 m/year) is 4 oC smaller than the one IrSEA (vgw=0 m/year).

In addition, groundwater effects of type A and typare investigated by numerical simula-
tion as shown in Figure 9.4. Groundwater effectseduby thermo-syphon effect is also ana-
lyzed by numerical simulation.
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A Darcy flow through the B. Waler flow through the
porous media fracture
C. Natural convection in the D. Vertical water flow caused by rainfall (left)or
aquifer thermo-syphon effect (right)

Figure 9.1: Types of groundwater flow.
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Figure 9.2: Schematic diagram of experiment witdarground tank.
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Table 9.1: Experimental conditions.

dp, [Wim] Ugw [M/year] T, [°C] Tqw [°C]
CASE1 50.50 0 30.83 15.00
CASE2 49.72 29 32.21 16.37
CASE3 54.10 193 30.58 15.77
CASE4 50.20 550 29.12 16.29
30

CASE2,CASE1, CASE3,CASE4 from top to bottom

\

ﬁzo%
|_

15 -
10
1 10 100
t [h]
Figure 9.3: Temperature variations in TRT.
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Darcy flow throngh the Darev low through the porous Water Llow through the fracture No groundwater How
porous madia media in the impenneable layer

Figure 9.4: Numerical model of groundwater flow aradculation result of temperature dis-
tribution surround borehole heat exchanger.

8.3 Advantages and benefits

Considering the groundwater flow for design of GSBW&tem can reduce length of the
ground heat exchanger and the installation cost.

8.4 Problems

1) It is difficult to determine the sort of groundter flow from the TRT result. Also, estimat-
ing the groundwater velocity and thickness of agjudre also difficult (the thickness can be
estimated from the cuttings).

2) Effect of groundwater type C has not been inditget.
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E. SUBTASK 3
Evaluation M ethods and Developments
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Nomenclature

t = time [s]

a = thermal diffusity (a & / ¢5) [m?/s]

M = heat conductance ground/soil [W/(mK)]

Ag = heat conductance grouting/filling [W/(mK)]

Cs = specific heat capacity of the ground (soil) [3/K]

Cy = specific heat capacity of the grouting / borehdling [J/m3/K]
R = effective borehole thermal resistance [mK/W]

Tb = undisturbed (far field) underground temperafiC]

Tave = average fluid temperature on ground surface

q = specific heat extraction/injection [W/m]

Q = total heat extraction/injection [W]

H = thermal active depth of the vertical groundtreeahanger [m]
r = radial distance from center of the drilling][

My = borehole radius [m]

y = Euler constant (0.57722)
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1.

Introduction

One of the reasons why Thermal Response Testingagmtlar is the simple evaluation of the
temperature response. But the process of evaluatsw includes the determination of the
correct evaluation period of the measurement duetehole effects at the beginning of the
test, as well as a minimum measurement duratie@nsore a reliable result. Therefore some
enhanced methods of evaluating the temperaturemsspwill be shown.

Further, numerical models can permit to evaluatesteith a non-constant power pulse. Also
one has to ensure that other heat transfer effieats heat conductance in the ground can be
neglected. Methods will be given how to identifpsle effects.

Last, a comparison of numerical models and evalnatof different testers will be given.

1.1 Objectives

Comparison of evaluation methods

software for automatic evaluations

Comparative evaluation of reference test data
Inclusion of ¢ in the evaluation

Evaluation during testing e.g. to determine duratio
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2. Evaluation methods

2.1 Terminology

Theaverage fluid temperaturghall be the arithmetic average of in- and odliet tempera-
ture at ground surface level (GSL).

Thethermal powemeans the effectively injected power in the bolelm@at exchanger and is
calculated out of the in- and outlet fluid temparas at GSL and the mass flow rate, consid-
ering the temperature dependency of the densityttentieat capacity of the heat carrier fluid.
A constant thermal power rate over a certain pesiwall be calledhermal power pulsand
can be positive, negative or equal zero.

The line source approximation LSghall mean the simplification of the borehole heat
changer to an infinite line source with a speqtfowver rate (W/m) and heat transfer by heat
conduction. The LSA can be described by analytizahumerical solutions. LSA does not
necessarily mean the simplified analytical solutiorchapter 2.2.1, where the heat conduct-
ance can be determined directly out of the slopsemni logarithmic scale.

Speaking of theninimum time criterion MT®@ne has to differentiate between the theoretical
and the physical MTC. The theoretical shall meanvdlidity of the model assumption after a
certain time scale. The physical or experimentalOvllescribes the point in time, when eval-
uation can be started due to negligible borehaentil effects.

2.2 Analytical methods

2.2.1 Line source approximation (LSA)

The Line source approximation reduces the geonwdtrg vertical ground heat exchanger
drilling to an infinite line source. As heat traos only heat conduction is considered.
Therefore Fourier's law is applied:

q=-A0T
Eqgn. 1

For the case of a constant heat injection (or etitna) (], the temperature increase in radial
direction can be described as
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. t ’
T(rt) = ij‘e—rZMa(t—t') dt '
4 | t-t

_q 2
=——E,(r°/4at
477 & ) Eqn. 2

Usually the temperature response of the soil isuatead at the radius of the borehole wagll r
To evaluate the temperature response of the fluttle heat exchanger, the effective borehole
thermal resistanceRs introduced. Rdescribes the temperature difference betweendihe s
temperature at the borehole wall (Egn. 3) and thieraetic average fluid temperature and the
ground surface levelJe With the assumption of a steady state flux inldbeehole follows:

q?b = AT :Tave_T(rb)

Egn. 3
with
Tave = (Tin + Tout)/2
Eqgn. 4
With Eqn. 2, Egn. 3 and Eqn. 4 follows
Egn.5

Taelly) = 7 LB () 7400 + (R, +T,

For larger times, the so-called exponential integaa be approximated by

2 2 \?2
E,(r?/4at) = In(28Y - 1| [ T
r 4| at 4at
Egn. 6

With a maximum error of 1% if:
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—=205
r
Eqn. 7
For even larger times of at / 2m Eqn. 6 can be simplified to
E,(r? /4at) = |n(ﬂ) y
Egn. 8

while the error of this approximation is

m 5 10 | 20| 40| 50 10@
error (%)| 10.5|/5.3 | 2.5/1.5/1.0| 0.5

R~ Please note that the given time scales refer untiie validity of the approximated solu-

tions. They must not be taken to choose the evatlugéitme period. Using the approximated

solutions, the given time scales have to be resgdat order to reach the intended precision
of the solution.

Note:
The exponential integral can also be expressed as:

n+l n

E LX) = In() y+2( )

Egn. 9
which results in following approximation error dietground temperature:
. o (_Aq\ntls.2 n
1 n ! Eqn. 10

Using the approximated solution of Eqn. 8 and idirlg the undisturbed (or far field) tem-
perature § and the effective thermal borehole resistangeoRe obtains the most common
expression of the temperature increase/decredabe average fluid temperature:
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ave(rb!t) i{In(ﬂ) y}-'-q%)-'--r
My Eqn. 11
Using this equation, one can separate the timendigpey:
Toft) =5 Lin(o) + q{ {ln( )- y}&}w
A Egn. 12

For the application of the above described solgtiororder to evaluate the measured temper-
ature response, see chapter 2.2.5.

References:

[1] H.S. Carslaw, J.C. Jaeger, Conduction of Heat iid SOxford University Press, Ox-
ford, 1959

[2] Gehlin, S., 1998. Thermal Response Test, In-Sit@addeements of Thermal Proper-
ties in Hard Rock. Licentiate Thesis, Luled Uniutgref Technology, Department of
Environmental Engineering, Division of Water Resmas Engineering. 1998:37. 41
PP.

[3] Hellstréom, G. 1991. Ground Heat Storage. Thermallysis of Duct Storage Systems:
Part | Theory. University of Lund, Department of ti@matical Physics. Lund, Swe-
den

2.2.2 Cylinder source approximation (CSA)

A further way to describe the temperature respofisesingle vertical ground heat exchanger
is cylinder source approximation. The temperatesponse is solved by using Bessel func-
tions.

It can be written using Hellstrém [3], Carslaw alakger [1]:

2 _ Q2 _ .2
Try=_9 | Toh 28, 2077800, In( )+r|n(—)]
2mry | =1, 4r r’ -
- e‘”ﬁ‘Jl(anrb)Jl(anrl)[Yl(anrl)Jo(anr)—Yo(anr)Jl(anrl)]
n=1 an[Jl(anrl)z _‘]l(anrb)z] Eqn 13

whereq,, the positive roots of the equation
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Jl(anrb) wl(anrl) - Jl(anrl) wl(anrb) = 0
Eqgn. 14
Or as described in Gehlin [4]
a-t
q 2= r?
r(rt) =5 G(zp) -
P= Eqgn. 15
Where G is
1 oo
6Gr) == | FBYB
= Ja Eqn. 16
and
gt (pB) i (F) — Yy (pB) J1(B
f(ﬁj=(egz—1]'uu 2ZI.2 I]l2 1[ ]]
Bl (B) + Y (F)] Eqn. 17
Wherej,. [, .Y; .¥;are Bessel functions of the first and second kind.
References:
[1] H.S. Carslaw, J.C. Jaeger, Conduction of Heat ird SOxford University Press, Ox-
ford, 1959

[2] Ingersoll, L.R. and H.J. Plass. 1948. Theory of Breund Pipe Heat Source for the
Heat Pump. Heating, Piping & Air Conditioning. Jubp. 119-122.

[3] Hellstréom, G. 1991. Ground Heat Storage. Thermallysis of Duct Storage Systems:
Part | Theory. University of Lund, Department of tl@matical Physics. Lund, Swe-
den

[4] Gehlin, S., 1998. Thermal Response Test, In-Sitaddeements of Thermal Proper-
ties in Hard Rock. Licentiate Thesis, Luled Uniugref Technology, Department of
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Environmental Engineering, Division of Water Resmas Engineering. 1998:37. 41
PP.

[5] Deerman, J. D., Kavanaugh, S. P. 1991. “Simulatioviertical U-Tube Ground Cou-
pled Heat Pump Systems Using the Cylindrical Healir& Solution”. ASHRAE
Transactions 97(1): 287-295.

[6] Kavanaugh, S.P. 1985. Simulation and experimergafiwation of vertical ground
coupled heat pump systems. Ph.D. dissertationwatdr, Oklahoma: Oklahoma State
University.

[7] Kavanaugh, S. P., K. Rafferty. 1997. Ground Sowleat Pumps: Design of Geo-
thermal Systems for Commercial and Institutionalldngs. Atlanta: American Soci-
ety of Heating, Refrigerating and Air-ConditioniBggineers.

2.2.3 Finite line-source model for borehole heat exchaage

In the surroundings of the borehole, the infiniteelsource model for sufficiently large times
predicts the following dependence for the groumdperature as a function of time and radial
distance to the line-source:

Q, _., r?
T(r,t) =T, ——=Ei(-
O =T, 4t (4at)
Q Aqt r2 Aat
=~ —=2{In — -y +0O(—)}+T,,  for—>>1,
am N~ O T, 2

Eqgn. 18

The function Ei(u) denotes the exponential integréd Euler's constant, and,Ts the undis-
turbed ground temperature.

The Finite Line-Source model considers heat floanglthe vertical z axis with a constant
temperature gradiengds in the semi-infinite region, and a variable growsuiface tempera-
ture, W(t) .The heat is released at a constant rate dalem@orehole Heat Exchanger (BHE),
and is transferred by thermal conduction. The equadf heat diffusion is invariant under
spatial rotation about the z-axis of the verticllEB The subsurface temperature, T, is gov-
erned by the heat conduction equation

aT(ry,zt)

C = AAT(T,,zt) + QA(7.) (B(2) - 8(z—H)), for t=0 z
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Eqgn. 19

where coordinate vectd7lﬂ is orthogonal toZ axis, Q, is the heat flux density per length of
the BHE of radiusy; and®(z) is the unit step function; that is zero k0 , unit for Z >0.
The initial condition,

T(z,t=0)=T, +0, T,z
( )=To 9 Egn. 20

=04,T

reflects natural heat flow; the constarkweo z g0 denotes the geothermal gradient. The

boundary condition on the surface,

Tz=09=¢0 Eqgn. 21

accounts for the ambient temperature variatioh tumhe on the upper part of the BHE.

The solution of this equation for the ground tenapgane shows dependence with z coordinate.
Then, as only two measures are available from anleresponse test (the inlet and outlet
temperature of the heat-carrier fluid as a functdrtime), the analysis procedure arrives at
the question of what is the right comparison betwi#ese two measures of fluid tempera-
tures and ground modelled temperatures which depanspatial coordinates. Different ap-

proaches are followed in the literature, as conmgathe average fluid temperature with the
ground temperature at the mid-depth of the borehe& exchanger, or comparing it with the
average ground temperature in the neighbourhodtigedfieat exchangers.

The comparison with the average ground temperaeeens to be the most appropriate one.
The approximate expressions for this quantity fier intermediate and long-time intervals for

the heat conduction probIan2 "o are the following ones:

4ot 3 A 3 3 r2 4,

yth— ==t -—F—="5"7— (@
H
Ty =T, +-=1 R
Sl PPN S SR PR (b)
— —-— n_ ——
H "H 12Jnt*
Egn. 22
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5(27 <t<H’
where equation. Eqn. 22a is valid for time values® (@M) (in the range of the

2
t>H
duration of standard test in situ proofs) and eéqudtqn. 22b for time values /na_

An estimation of the ground heat capacity can hermiin both cases (infinite line-source
model and finite line-source model) with an apprater fitting of ground temperature predic-
tions to experimental temperature measurement p@dictions have as parameters to be
determined the undisturbed ground temperature,ngrdbhermal conductance and thermal
diffusivity. In addition, borehole thermal resistans also a parameter to be determined when
relating ground temperature with average fluid terafure.
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Description
B Inter-borehole distance [m]
C Volumetric heat capacity of ground, [Jm-3K-1]
dp(a/M) Depth of thermal penetration [m]
Ei Exponential integral
(t ):ZQLAV(% Z1t) Extended thermal response function
H Depth of the borehole heat exchanger [m]
Kgeo=U; Tgeo Geothermal gradient [°C/m]
m Constant
r Radial coordinate [m]
My Radius of the borehole heat exchanger [m]
R, Borehole thermal resistance [K m/W]
Iy Coordinate vector orthogonal to z axis
Q, Heat flow per length unit [W/m]
t Time [s]
t =r?/a Short time scale for the borehole heat exchanger [s
t. =H?/%a Eskilson steady state time scale [s]
t =H?/a Large time scale for the borehole heat exchander [s
T Temperature of ground [K or °C]
T; Temperature of heat carrier fluid [K or °C]
T, Undisturbed ground temperature [K or °C]
T Inlet temperature of borehole heat exchanger [R©@f
Tout Outlet temperature of borehole heat exchanger [R@Jr
T Amplitude of the ground temperature oscillationsgiK °C]
Vy Contribution to temperature by the heat sourcefRC]
Vo Contribution to temperature by the initial condi$o[K or °C]
v Contribution to temperature induced by the groundase
s [K or °C]
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z Vertical axial coordinate [m]
Greek Letters Description
a= % Ground thermal diffusity [m2/s]
0 Two dimensional delta function [m-2]
Y Euler's constant
A Ground thermal conductance [W/m.K]
t//(t) Ground surface temperature
6(z) Unit step function
17 Frequency of ambient temperature change
Superscripts Description
B Arithmetic mean
l H
< ...>(:H—£ ...dz) Integral mean

Reference:

[1] Tatyana V. Bandos, Alvaro Montero, Esther Fernandean Luis G. Santander, José
Maria Isidro, Jezabel Pérez, Pedro J. Fernand€bd#oba, Javier Urchueguia, Finite
line-source model for borehole heat exchangerscE®f vertical temperature varia-
tions, Geothermics 38 (2009) 263-270.

[2] L. Lamarche, B. Beauchamp, A new contribution te fimite line-source model for
geothermal boreholes, Energy and Buildings 39 (2088-198.

2.2.4 Step pulse temperature response

So far, only the description of a single constagdthpulse of injection or extraction has been
described. The following chapter shall also desctiie analytical solution of the temperature
response, when using several serial heat pulseseTtan be of different quantity, positive,
negative or zero (injection, extraction or recoyeihe total heat pulse function in time can
thereby be described by a Heaviside function:

N
a(t) => " (d, —d,.,) He(t-t,) Eqn. 23
n=1
with ¢, =0
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2241 Estimation of the effective thermal conductancenftbe temperature response in
the recovery period

After the execution of a regular TRT with one camstheat in- or extraction pulse the under-
ground will regenerate. By measuring this recouergperature response, a second result for

the heat conductance can be evaluated by usingZBgmhereg, = —g,.

T-T, 03 (B0t - a,, ¢
47/

r,’ r, 4r) (t-t1)

Eqgn. 24

E

=

O

_. 15 1

9. | o= ¢ 0512 +1a %)

) / 4 r

& 10 -

o}

o 5 / q 4at 4a(t -t q t
S f=——(ln——-In - 4 = In :
< N ¥.7) 7 ¥ 47l t—1t
E b ‘

2 ()] 5 100 150

5

= 7

o0

o -8 g=-2 ¢ 5 + WY,

g_ | 47l F

E 19p =t

Time [hr]

Figure 1: lllustration of the superposition of heat pulse and recovery analytical solution. (O Nagano 2010)
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2.2.4.2 Estimation of the effective thermal conductancenftbe temperature response of
several heat pulses

This method can generally be applied on every kihderial constant heat pulses. Applica-
tions can be the testing of eventual differencelseait conductance for heat in- and extraction
pulses of simply a higher reliability of the resialt different heat pulse values.

Also, this method was already applied to evaluagé with an invalid temperature response of
the first heat pulse due to incorrect test condgi(e.g. non-constant flow rate, ambience cou-
pling, etc.). After a recovery period, a secondthegction pulse has been applied and the
temperature response evaluated. This is only pessilthe heat pulses of all steps are cor-
rectly measured.

References:

[1] Eskilson, P. 1987. Thermal analysis of heat extvacboreholes. Doctoral Thesis,
Lund University, Sweden.

2.2.5 Evaluation of the temperature response

In general, there are two ways of evaluating tineperature response of the TRT experiment.
In this chapter we only refer to TRTs with one dans heat pulse of either extraction or in-
jection. In both cases the task is to fit the atiedy solution of the line source approximation
to the temperature response of the measuremenheAseat capacity of the borehole compo-
nents are not considered in the LSA, the free patars are the heat conductance of the soill
As, the effective thermal borehole resistang@i®d the heat capacity of the swil As shown

in chapter 2.2.6 and chapter 2.9ddcs cannot be determined at the same timec/®s the
smaller influence on the ground temperature resganshall be guessed.

The most common, because also the easiest, methasing the approximated solution in
Eqgn. 12. As can be seen, it allows separatingaharithmic time dependency in the form:

T:(t) = kln(t)+m Eqn. 25

With
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.4 _ 0
4 1k 4 ;THK Eqn. 26

So the soil heat conductankgecan be directly determined out of the slope ofltdgarithm
time dependency in Egn. 25. Plotting the measwgetbéerature response on a semi logarith-
mic scale (temperature vs. logarithmic of time) nmsedoing a simple linear regression on the
measurement curve.

25,5

1 )
o 25
£
2
=
8245 -,/W
[
=% /
g
e
2
2 24 }
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2
<235 /
/ ‘—Reihel — Lin. Regression Fluidtemperatur‘
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Figure2: Linear Regression (blue) of the average fluid temperature (red) on semi logarithmic scale
Knowing the heat conductance, means the slopeeddrthlytical solution of the LSA, one has
to determine the effective thermal borehole resaAs mentioned in chapter 2.2.3, de-

scribes the temperature difference between theeheal prediction of the analytical solution
at the borehole wall, which now can be calculatgidgis, and the mean fluid temperature.

ave(rb’t)_ 9 {ln(4at) y}+(f\’b+Tg

Egn. 27
) =T(r,,t 4at
R =TT 221 0,0, )= 1 Inc*2) -
q q
Egn. 28
Or one can use the axis intercept m out of Eqn. 25:
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m= q{ﬁ{ln(f—;)—y} Rb}”g

Egn. 29

The evaluation of Ris valid for the time period, when the measureddfitemperature re-
sponse follows Eqgn. 25. The definition of Ra

R, = AT =T () =T (1)
Egn. 30

assumes a steady state with constant flow dg/di.nBat capacity of the borehole filling and
its components is neglected.

A second method to evaluate the temperature respstiting one of the analytical solutions
of the LSA, CSA or FLSA to the measured data. Ahwhe method above, the free parame-
ters are the undisturbed ground temperatyrehie ground heat conductankg the specific
ground heat capacitgs and the effective thermal borehole resistange A3 described in
chapter 2.2.6 Randcs cannot be used as free parameters at the sameavtigreevaluating a
single step heat pulse, because they result botdnperature shift. For further information
on parameter estimation, please also see chaftér 2.

For both evaluation techniques (parameter estimaimd slope determination) the choice of
the correct time period for evaluation is essenkabkt, the chosen approximation of the solu-
tion of the heat transport must be valid, respetyithe error compared to the exact LSA
must be small. Further, the heat transport mustreastate, when it behaves like the approx-
imated model (LSA, FLSA, CSA etc.). This point imé, also called "minimum time crite-
ria", cannot be predicted analytically. The deteration of the evaluation period, and thereby
the needed test duration is described in chapder 2.

Advanced methods to this chapter can also be fatirahapter 2.4 “Convergence of the re-
sult” and chapter 2.8.6 “Drift and Conditional Bs#tion”.

2.2.6 Sensitivity analyses of input parameters

All evaluation methods have in common that theydnéifferent input values. There are used
measurement values as well as guessed valuestteefiree parameters to the temperature
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response. The following chapter should discussirtiportance of each of these values and
their influence on the precision of the evaluation.

A detailed discussion of the measurement and etiatuaccuracies and the effect on the final
result can be found at Witte (see Appendix I).

This chapter shall outline the influence and theanance of measured and guessed values,
and should show the connection between result salue

2.26.1 Measured values

Undisturbed ground temperature

Is measured prior to the test by purging the heeth@nger fluid or by data loggers lowered in
the pipes. The vertical profile of the undisturlgedund temperature, and thereby its average,
is dependent from the season of the year. As timeengal and analytical solutions of the
temperature response is added to the undisturtmethdrtemperature, the influence of an er-
ror in the temperature response results in a teatyrer shift. Thereby, it has the same kind
influence as the borehole thermal resistangedi®cussed below (see chapter 2.2.6.3). This
means, a too high undisturbed ground temperatuleesult in a smaller R and vice versa.

Power input and effective borehole lengths

The effective power input must be calculated far it and output of the fluid in the vertical
heat exchanger at the ground surface level to dediermal coupling to the ambience, fol-
lowing the equation

Q :%&p [qun _Tout)
Egn. 31

The power input dQ/dt results, together with thertially active borehole lengths H, in the
specific injection/extraction power dg/dt. As cam seen in Egn. 12, die evaluationAgfis
directly proportional to dg/dt.

Ao g
Egn. 32

Thereby, the error of dg/dt is dependent of theipren of the mass flow measurement dm/dt
and the relative precision of the fluid temperatoreasurement. As shown in Appendix |,
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density and specific heat capacity of the heaierafiuid must be considered as a function of
the fluid temperature.

Bandos and Montero showed a method to take ambardlings into account [2] (see also
chapter 2.8.5)

For the input of a correct value of H, one musedaine thermally active lengths of the heat
exchanger. This is not identical with the depthie borehole or the lengths of the heat ex-
changer pipes. Also an eventually built in weighthee bottom of the heat exchanger should
be considered. For open boreholes one has alsontider the ground water level and the
position of the injection pipes.

Borehole radius,

Ry and  should be considered as a pair. Asifkdefined as the temperature difference be-
tween average fluid temperature and the calcultdetperature at the borehole wall, the
borehole radius,will influence R,, according to the solution of the LSA (bzw. Degtian of

the heat transport in the ground)

Average fluid temperature

Using the arithmetic average of the fluid inlet andlet temperature at the ground surface
level is a rather rough estimate of the complexettgyment of the fluid temperature along the
borehole length. Considering the influence on Xhealue, this estimate is valid if the tem-
perature change in time is behaving like the adtualepth average of the fluid temperature
insides the pipes. Marcotte and Pasquier [1] suggegethod how to give a better estimate of
the average fluid temperature.

References:

[1] D. Marcotte, P. Pasquier, On the estimation ofrttaémesistance in borehole thermal
conductance test, Renewable Energy 33 (2008) 2403-2

[2] Tatyana V. Bandos, Alvaro Montero, Pedro Fernandez Cérdoba, Javier Ur-
chueguia, Improving parameter estimates obtaired thermal response tests: effect
of ambient temperature variations, Geothermics200.1) 136-143.

[3] Henk J.L. Witte - "Error Analysis of Thermal ResgenTests (Extended Version)",
INNOSTOCK 2012 conference, Groenholland Geo-Enegrgigsns, Valschermkade
26, 1059CD Amsterdam, Netherlands, Phone: 31-20@3G, e-mail:
henk.witte@groenholland.nl
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2.2.6.2 Guess values

Some values used for the evaluation can hardly éasared and must thereby be guessed.
The specific heat capacitys ©f the surrounding underground usually is deteeaihy taking

a look the drilling log and using table values. Maduecs is used, together withgl'to deter-
mine the effective thermal borehole resistangeTRat means, that for a later use of the R
value, e.g. in a simulation, all three valugsTg, and R should be used as a bundle, as a dif-
ferent guess value of would also influence thegRalue.

Another guess value, that occurs usually when ewialo with numerical models is the specif-
ic heat capacity£ This value too, influences the, Ralue as well as the ground heat conduct-
ancehg.

For this reason all guess values shall be mentitmedocumentation of the test and its eval-
uation.

To get a better understanding of the intensityhefinfluence of the guess values, a sensitivity
analyses is being showed in chapter 2.2.6.3 bedlewyell as ir-ehler! Verweisquelle konn-
te nicht gefunden werden..

2.2.6.3 Free parameters (results)

For a better understanding of the influence ofrdsalting parameters on the temperature re-
sponse is shown. The following figures show thengeaof the temperature curve by varying
the free parametey,, ¢; and R by +-10%.

One can see, that the variation\gfin Figure 3 leads to a change in the slope otdbarith-

mic temperature response (also Figure 4), wheteashange of Rleads to a parallel shift of
the curve (see Figure 5) for bigger times. This @sa&lear why these two parameters can be
determined out of the temperature response ofglesimeat pulse. Further it shows that the
evaluation of R is directly coupled with the correct measuremdrthe undisturbed ground
temperature ¢

Figure 7 shows the temperature response undettivariaf cs. Here too, a parallel shift tem-
perature curve can be seen, but on a smaller soalpared to the variation o, RThis makes
clear, that R andcs cannot be determined out of the temperature respoh a single heat
pulse. The fact that the influence @fig usually much smaller than the influence gf(&e-
pending on the power input) is the reason whg used as a guess value.
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Variation of ground heat conductivity by +-10%
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Figure 3: Change of temperature response under variation of Ag
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Figure 4: Change of temperature response under variation of A; on semi logarithmic time scale.
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Variation of effective borehole resistance by +-10%
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Figure5: Change of temper ature response under variation of the borehole thermal resistance Ry,

Variation of ground heat capacity by +-10%
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Figure 6: Change of temperature response under variation of the soil heat capacity c,.

Another way of showing theRe4-dependency is plotting the heat capacifyas function of
Ry or vice versa (Figure 7). The minimum and maximan® the guessed boundaries, where
cy and R are susbected.
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Figure 7: Influence of the correlation between heat capacity c; and the boreholeresistance Ry,

2.2.7 Mathematical references
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2.3 Numerical methods

The usage of numerical models for the evaluatidriBRY's can have many advantages. Gen-
erally they handle any kind of power input, whidloas evaluating TRTs with a more com-
plicated test design. A more detailed modellinghef borehole and its components allows the
evaluation of effects on smaller time scales aneels the time minimum criterion. Numeri-
cal models exist, which consider heat transfemn or three dimensions, which increases the
precision compared to the infinite LSA and allows tvaluation of temperature profiles. Al-
so the heat transfer consider in the ground isrestricted to heat conductance, but include
for example ground water flow.

This chapter gives an outline how to specify theeptial of numerical models by introducing
"key features" in order to choose the right modeld special application. A listing of numer-
ical models including their key features will be fdownload on the IEA ECES Annex21
website (vww.ther malr esponsetest.or g).

2~ For model authors there will also be the questainm for download. Authors of numeri-
cal models appropriate for TRT evaluation are kyndsked to provide information to the
users of the website.

The key features are as follows:

FV, FE, FD: finite volume/elements/difference

1D, 2D, 3D: Dimensions

Ground layers: Yes/No

CS, FLSA, ILSA: Cylinder source, finite sourcefimite source

Rec, PL, HEX: Handling of underground recoveryypoloss, (heat extraction)
STS: short time step; with specification of glewed minimum
GWF: handling of ground water flow

Availability: free/buy/none

Description of key features

a) FV, FE, FD: Gives information which kind of numeaienethod was chosen
to describe the heat transfer

b) 1D, 2D, 3D: A two dimensional description of th@pesses in the borehole
allow the evaluation of temperature responses wsgimall time
scales, and decrease thereby the minimum timesiorniteT his
can shorten the test duration and give more pratisi test de-
sign with non-constant power input. Three dimensionodels

IEA ECES ANNEX 21 — Subtask 3 Seite 25

Thermal Response Test Evaluation Methods and Dpredats



IEA ECES
THERMAL
RESPONSE
TEST
ANNEX 21

\]/

can also consider the finite length of the borelh&at exchanger
or couplings to the ambiance.

c) Ground layers: The model considers also the presehseveral ground layers
with different thermal properties. This is of sdénterest if an
in-depth evaluation is wanted.

d) CS, FLSA, ILSA: For a shallow borehole depth, tkage of the infinite LSA
might be impropriate or will lead to smaller precriss.

e) Rec, PL, HEX: The handling of non-constant powds@sishould be self-
evident for numerical models. Nevertheless, becatipeo-
gramming issues negative or zero power pulses rbiglat prob-
lem.

f) STS: Is resulting out of a), b) and d). As a roggide one can say
that a model with higher precision, especially read inside the
borehole, allow the correct evaluation of changea smaller
time scale.

g) GWEF: Very important feature if natural ground wdtew is too high
to handle as an effective conductive value. Coreslavith c).

2.3.1 Model reference and key features
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[4] Claesson, J., Eskilson, P. & Hellstrom, G. (1990]. Design Model for Heat Extrac-
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2.4 Convergence of theresult

As described above, the valid time scale of anuatain technique is dependent of the model
in use (analytical or numerical). To find the righhe period for evaluating the test (mini-
mum time and test duration), one has to proof #iglity of the model by reaching a conver-
gence of the result in time.

The convergence of the result of a TRT (e.g. heatlactance) can be proofed by step wise
evaluation of the test data. If the measuremerd afollowing the predicted model of heat

transfer in the underground, the result will takeoastant value after a certain time. If the
result does so, one can assume, that the heatetramshe underground follows the predict

evaluation model and the evaluation time is langeugh to provide the statistical precision.

This shall be explained on the common evaluatioa single constant power pulse with the
infinite LSA, but can also be applied to numerieahluations.

Step-wise evaluation

As we assume here an evaluation with the approeithablution of the line source method,
the evaluation is done by calculating the linegression (slope) of the average fluid temper-
ature on the semi-logarithmic plot, which resuitghe soil heat conductance. Moving either
the starting or the ending point in time of thignession will show a change of the result as
function of these points, viz. as function of tinkégure 8 below shows all three kinds of con-
vergence curves, which are described in the follgwiaragraphs.

28
29
26

24 2.7

22
2.5
20

18 23

16 2.1

14
1.9

Average fluid temperature in °C

12

result of heat conductance in W/m.K

10 1.7
0 10 20 30 40 50 60 70 80 90 100
test duration in hours

—T fluid ave -==-T fluid ave fit
Forward regression lambda = Backwards regression lambda
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Figure 8: Behaviour of the result of the heat conductance with time by applying the forward and back-
ward regression method as well asthe moving window method.

Backward regression
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We assume the ending point in time of the TRT measant as the end point of the evalua-

tion, viz. the logarithmic regression (Eqn. 5). Tihiial start point of the evaluatioty,,,. IS
set to t = 0. This evaluation starting point is neméarged step-wise. Each of these steps will

result in a new regression and thereby to a resufunction of this start poidt(t..... ) (see
blue line in Figure 9).

28
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0 10 20 30 40 50 60 70 80 90 100
test duration in hours

——T fluid ave ====T fluid ave fit -Backwards regression lambda

Figure 9: Behaviour of the result of the heat conductance with time by applying the backward regression
method.

Forward regression

The start point in time for the evaluation shall bew described above (see chapter 2.2.1), at
the theoretical minimum time criterion of the approated solution (for detailed numerical
models this starting point can be set to zero). filseregression has to be made between this

start pointt_..,, and the last point of the measurement. Analogotise backward regression,
the end point of the regression is now decreagsiilting in a time dependent lambda value

}"(tendj'

Choosingt...,: too small (smaller than the minimum time critejiovill cause that conver-
gence of the result will not be reached. If the imum time criterion is not yet known (e.g.
from the backward regression), the forward regogskias to be applied continuously, moving

torare TOrward.
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Figure 10: Behaviour of the result of the heat conductance with time by applying the forward regression
method.

Convergence of the result

If the time period of evaluation is chosen corngethd the assumption of the applied solution

is valid, the forward regressictit,.... ), as well as the backward regressiom.,4) will lead
to a convergence of the result in time.

That means that the regression will reach its fieault value and will not change with time.

Moving window Method

An additional method of finding the evaluation peris the so called moving window meth-
od. The evaluation of the measurement data isicesirto a time frame (window) whose
starting point in time is moved over the measureénpeniod. The result of the lambda value
of the time frame shall here be referenced on tidue 8me of the evaluation frame. Figure 11
shows the convergence curve of the moving windouwe @ an insufficient amount of data in
the 20 hour window of evaluation, the convergengee is fluctuating.

The Moving Window Method can identify local distarizes in time that cannot be seen di-
rectly in the measurement curve of the average tieimperature (see Figure 12). Comparing
the Moving Window convergence curve to the Forwaind Backwards Regression Method
can give addition hints to find the physical minimuime criterion and thereby the valid

evaluation period.
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The Moving Window Method alone is not capable @& timding evaluation period.
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Figure 11: Sinusoidal behaviour of the moving window with decreasing character. The regression of the
yellow window resultsin the marked point.
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Figure 12: Determination of disturbance using the moving window method.

Interpretation
Both curves, forward and backward regression, shelbw the following characteristic (be-

ginning fromt,... respectivelyt.,s ). For small evaluation periods, the curves anettiat-
ing, due to a low statistical density (not enougtasurement data). Afterwards the regression
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curve should reach a constant value within a ddfirmmge and for a defined duration (see
convergence criteria subtask 4).

If convergence cannot be reached, one can asshatehe amount of measurement data is
too small to guarantee a statistical reliable valuethe measurement data is not behaving
according to the applied evaluation model. If #vsluation is made during the running test,
an extension of the test duration can guarantest#tistical precision needed.

A monotone increase of the result can indicateptiesence of ground water. This means, that
the result obtained by applying the linear regasss dependent to the period of time which
it is applied to, and by this unique. If the inflee of the ground water is too strong, and so is
the increase of the result in time, the appliedwataon method of the infinite LSA is invalid.

References:

[1] Tatyana V. Bandos, Alvaro Montero, Pedro Fernandez Cérdoba, Javier Ur-
chueguia, Improving parameter estimates obtaired thermal response tests: effect
of ambient temperature variations, Geothermics200.1) 136-143.

2.5 Power calculation

When calculating the effective thermal power ingelcor extracted in/from the borehole out of
the temperatures measured at ground level, it ligaibry to consider the temperature de-
pendency of the heat carrier fluid.

. m
Q = p(T ) |]:v (Tave) |:(Tin _Tout) Eqn- 33

Where cv is the volumetric specific heat capacity.
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Figure 13: Temperature dependency of the specific heat capacity and density using water as heat carrier
fluid.

2.6 Far field temperature

Many measurements of the undisturbed ground ternperdase on purging of fluid resting

in the ground heat exchanger, assuming that the iBun equilibrium with the underground

and has thereby the same temperature. The evalyaitod of the purging can either be the
full or half of the piping volume or several timi@sit reaches a constant value.

Purging only the first half of the volume with aghitemporal resolution is preferred because
you do not have to take into account the electpeater input of the pump or ambient cou-

pling.

Evaluating this first fluid circulation allows torav rough conclusions on the temperature
profile of the undisturbed ground temperature. @agto consider that even for short purging
periods, heat transfer between the purged fluid ted surrounding underground occurs.

There is currently ongoing research to correctnieasured temperature profile by a numeri-
cal model, but there are no publications knownaso f

Another aspect that has to be considered is thesddjuid velocity. Small velocities enable a
high temporal data density, but on the other dete] to small Reynolds numbers and thereby
to large fluid velocity gradients in the piping, 8@t errors in the temperature measurement
may occur.

2.7 Effectivethermal boreholeresistance

The effective thermal borehole resistance is charatic for the quality of the grout-
ing/filling, and thereby for the quality of the tieal coupling of the fluid to the underground.
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As mentioned in chapter 2.2.5 the effective borehetistance is defined as a virtual thermal
resistance between average fluid temperature at &@8Lthe theoretical calculated tempera-
ture at the borehole wall. Nevertheless, one catotinterpret the effective value by describ-
ing the heat transfer effects in the borehole ditaly or numerically. Due to the various
free parameters as location of the piping and teg bonductivity of the filling, a clear de-
termination of the influences on the borehole tasise is not possible in most cases.

References:

[1] D. Marcotte, P. Pasquier, “On the estimation ofried resistance in borehole thermal
conductivity test”, Renewable Energy 33 (2008) 24115

[2] M.H. Shargawy et al. “Effective pipe-to-boreholeetmal resistance for vertical
ground heat exchangers”- Geothermics 38 (2009) 271 —

[3] Hellstrém, G. 1991. Ground Heat Storage. Thermallysis of Duct Storage Systems:
Part | Theory. University of Lund, Department of ti@matical Physics. Lund, Swe-
den

2.8 Advanced topicsof TRT evaluation

2.8.1 Effects of possible ground water influence:

Recognition, influence on result, invalidity of L®&thod

The presence of any kind of ground water flow ie tiegion thermally influenced by the
thermal response test is not considered in theuatiah of a TRT regarding only heat con-
ductance. It can change as well the direction af lransfer in the ground as well as transport
induced or extracted heat away from the borehold, does not contribute to the temperature
raise at the borehole.

Very small influences of ground water flow can leglected and are often referred to as a
effective heat conductance. If the influence gets big, the model assumption of a line

source with only heat conductance is no more vdidhis case the result of the evaluation

will not converge in time. For the convergenceerié please see chapter 2.4.

In the following different kinds of ground waterdatheir influence on the temperature re-
sponse are described.
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2.8.1.1 Differentiation between types of ground water flow

Normal” Lateral, porous media or fractured

Convection, small scale or large scale

Seepage / rainfall into borehole

Thermo/pressure siphon (vertical movement)

Rainfall and runoff (hillside)

Drilling or nearby pumping

Effect on TRT:
e Transient conductance: higher or lower with time
« Erratic conductance
 Infinite conductance
« Lower borehole resistance (compared to theoretical)

R~ Attention: The following effects can lead to th@n® influence of the temperature re-
sponse, but are not related to ground water flow.

« Power drift

« Measure power, should be noticeable in data

« Ambient T/radiation effect on not well protecteshsers

« Measure ambient temperature, temperature in bagehol
» Sensor drift

e Calibrate

- Badly backfilled borehole: setting

2.8.1.2 Lateral, porous media (Darcy)
* Along complete interval
* In (one or more) depth intervals

* Enhanced heat transfer = larger conductance; aglyf@mperature profile
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Figure 14: Schematic picture of ground water flow (gwf) type, influence on temperature profile in depth,
and influence on temperatureresponsein time

2.8.1.3 Lateral, fractured media (probabilistic) Probabifitthat fracture hits (or not)
borehole

Behaviour comparable to e.g. high hydraulic conaluce layers

Figure 15: Schematic picture of ground water flow (gwf) type, influence on temperature profile in depth,
and influence on temperatureresponsein time
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28.1.4 Convection, porous media

Small scale
* Mainly effect on borehole resistance, annular cotehce
» Filled or open boreholes (open = porosity 100%)
* Large scale

e Increased mixing & losses, incre

Figure 16: Schematic picture of ground water flow (gwf) type, influence on temperature profile in depth,
and influence on temperatureresponsein time

2.8.1.5 Vertical movement in borehole
* Infiltration of rainwater
* Thermo or pressure siphon (not properly sealednuotes)
* Enhanced heat transfer = larger conductance; aglyf@mperature profile

e Temperature rain
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Rainfall stops

Figure 17: Schematic picture of ground water flow (gwf) type, influence on temperature profile in depth,
and influence on temperatureresponsein time

2.8.1.6 Pumping or drilling nearby
» Lowering or hightening of local water table + flow
» Temperature effect of water/air

* Erratic behaviour

Figure 18: Schematic picture of ground water flow (gwf) type, influence on temperature profile in depth,
and influence on temperatureresponsein time

2.8.1.7 Evaluation - TRT data with regard to GW flow
e Check if ground water flow (may) occur
« Establish if estimates converge to stable estimate
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« If increase with time in heat-injection: possibl&VGlow

« Use additional sensors to evaluate quality of data

« Ambient temperature sensor, temperature sensonhdlergower drift

« Convection may show as low,Rransient R

« Use multi pulse test to obtain more informatioratireg and cooling combined
« Temperature profiles before & after tests: deptbnaaies

« Temperature profiles during test: depth anomalies

« Inverse modelling with model using heat conducBomass transport

« Use additional measurements (if nearby observatassible) to measure geometry of
T-field
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mische Response Tests—Tests de Résponse Géotherr8igiss Federal Institute of
Technology, Lausanne, Switzerland, October 200188499.
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transport around a borehole heat exchanger. ItesSfed). The Tenth International
Conference on Thermal Energy Storage, Ecostock P00€éeedings. May 31 - June 2,
2006, Stockton College New Jersey (USA).

[8] Witte, H.J.L., 2002. Ground thermal conductivitgtiag: Effects of groundwater on
the estimate. Warmetransport in der Kruste - BgérZur allgemeinen und angewand-
ten 3. Kolloquium des AK Geothermik der DGG 3-4 @hetr 2002, Aachen, Germa-
ny.

[9] Witte, H.J.L., Gelder, A.J, van & Spitler, J.D. 200n-situ measurement of ground
thermal conductivity: The dutch perspepctive. ASHRFransactions, Volume 108,
No. 1.

2.8.2 Step pulse solution including recovery and heatagkion

The evaluation of TRTs with multiple power inpueptpulses is desired for various reasons.
The evaluation of power injection, extraction aedavery pulses can give hints to possible
heat transfer effects other than conduction, eaurgd water flow.

Also the application of several different heat pslén serious is promising to enable the eval-
uation of the ground heat capacity. This approadiill R&A. See also chapter 2.9.

Also this test design can be applied if, for angsan, the evaluation of a single heat pulse
TRT is not valid. For example due to non-constaassnflow in the ground heat exchanger.
The application of the step pulse method allowsrdpetition of the TRT with only small
waiting period. The evaluation afterwards includlee original, invalid test, the recovery
phase and the repeated TRT. Figure 19 shows anpéxahsuch a test design. The evalua-
tion can be performed with the analytical soluttwmumerical modelling (see chapter 2.2.4).
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Figure 19: Repetition of an invalid test after a waiting period with recovery.

Reference:

[1] Cenk Yavuzturk - “Modeling of vertical ground lodgeat Exchangers for ground
source Heat pump systems”, PhD thesis, Technicalesity of Berlin, Germany
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[2] H.J.L. Witte, A.J. van Gelder; Groenholland BV “Geermal response tests using
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ground water effects on heat transport around elmbde heat exchanger “

2.8.3 Overestimation of average fluid temperature andlyiical correction

Using the arithmetic average of the fluid inlet amadlet temperature at the ground surface
level is a rather rough estimate of the complexettgyment of the fluid temperature along the
borehole length. Considering the influence on Xhealue, this estimate is valid if the tem-
perature change in time is behaving like the adtualepth average of the fluid temperature
insides the pipes. Marcotte and Pasquier [1] suggethod how to give a better estimate of
the average fluid temperature.

Also mentioned in chapter 2.2.6.1 "Average fluithperature”.

Reference:

[1] D. Marcotte, P. Pasquier - “On the estimation @frthal resistance in borehole ther-
mal conductivity test”, Renewable Energy 33 (20B8)7-2415.

2.8.4 Corrections on fluctuating power

It is also possible to filter out power fluctuat®oproduced by undesired influence of ambient
temperature, although not as an analytic corre¢tdhe temperature. This filtering technique

is based in using ambient temperature data to atints effect on fluid temperature and,

then, filter out the effect [1].

Reference:

[1] Tatyana V. Bandos, Alvaro Montero, Pedro Fernandez Cérdoba, Javier Ur-
chueguia, Improving parameter estimates obtairead thermal response tests: effect
of ambient temperature variations, Geothermics200.1) 136-143.
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[2] Beier, R. A., 2008, Equivalent Time for Interruptéests on Borehole Heat Exchang-
ers, International Journal of Heating, Ventilatidgr-Conditioning and Refrigerating
Research, Vol. 14, No. 3, pp. 489-505.

[3] Beier, R. A. and Smith, M. D., 2005, InterruptedSitu Tests on Vertical Boreholes,
ASHRAE Transactions Vol. 111, Part 1, pp. 702-713.

[4] Beier, R. A. and Smith, M. D., 2003, Minimum Dumatiof In-Situ Tests on Vertical
Boreholes, ASHRAE Transactions Vol. 109, Part 2,435-486.

[5] Beier, R. A. and Smith, M. D., 2003, Removing Vhlea Heat Rate Effects from
Borehole Tests, ASHRAE Transactions Vol. 109, Rapp. 463-474.

2.8.5 Heat loss correction

This chapter is related closely to chapter 2.8 lictiating power input”. If the power losses
to the ambiance can be measured, the problem redodbe evaluation of the non-constant
power input.

For tests with bad insulation of the piping or witih temperature sensors in the fluid pipes at
GSL, one can also try to estimate the power logstdse ambient, also this is not advised.

Since the thermal response test is performed amgéesvell the theoretical model used in the
data evaluation does not consider interactions dmwwells, assumes constant injec-
tion/extraction power and does not take into actdli@ coupling of the measuring system
with the environment. The main sources contributmthe coupling are:

a) Natural fluctuations in the electricity grid efting the power supplied to the heaters and

b) Although thermally isolated, the heat exchangeveen different sections of the hydraulic

circuit with the environment. These interactionsrca be avoided completely as evidenced
by the experimental data but a simple energy balamedel can help understand the phenom-
enon.

PROPOSED MODEL

For simplicity let’s consider the measuring systasncomposed of three main subsystems:
hydraulics (TRT), connection pipes to BHE and ti¢EHtself as depicted in figure 1.
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Energy model

Qe+Q pump-q-qg =0Q net

TED

TTrailer

q=UAT

+

Q_e |

E.o

I
Hydraulics

P, | L
Q_pump o_out

Tamb

=1 AT

=]

U= WWEC
U= WWEC
Q_pump = WY

Figure 1.- System components used in the energglmod

r =24

Q_net

Borehole

Using a simplified energy model leads to the follagvenergy balance equation:

Qne=Qe+Quum—9g-0g* Eqn. 34
Where:
Q et - rate of energy input to the BHE (Watts).
Q e: rate of energy input to the heat carrying flsidpplied by the electric heaters
(Watts).
Q pump :  €nergy contribution from pump and friction irethydraulic circuit (Watts).
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q: rate of system heat loss to the surroundings intiéetrailer/housing cabinet
(Watts).
q*: rate of system heat loss to the exterior ambiergt{¥).

Assuming the hydraulics is at a temperature equéle average temperature of the heat car-
rying fluid determined at its inlet and outlet p@ithus the rate of heat loss inside the trail-
er/housing cabinet can be express as:

q=U Tra—-Ta=UAT Eqn. 35
Tt av : Average fluid temperature at the outlet pointshef trailer/housing cabinet (°C).
Tin : Ambient temperature inside trailer (°C).
U: System overall heat transfer coefficient (W/°K)

Similarly, g* can be expressed by:

q* - U* (T*f_a\ - Tamt) Eqgn. 36
T*f av : Mean fluid temperature of the connecting hoses. (°C)
Tamb: Exterior ambient temperature (°C).
U : System overall heat transfer coefficient (W/°K)

Therefore, the useful or thermal power deliverethborehole is given by:

Qﬁne' =Qe+ Qﬁpum; -U (Tffa\ — Tin) — U* (T*ffa\ — Tamt) = Qun Eqn. 37

Using the equation solution to the Line Source Maghplied in data evaluation:

Qn { 41 } Qn
T (AR)= N2y |+ 80y Eqn. 38
(AR) 471N H (rZC) ™4 R an
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Replacing eq.[4] into eq.[5] leads to:

1 41
Tf Z[Q_e +Q_pump_U(Tf_av _Tin) _U * (T* f_av _Tamb)]{é‘-.ﬂ./‘.H [ln(rzc) _yjl +I|:\_>|b} +Tsur

Eqgn. 39

In this expressio® nwmp U and U* are variables used to fit eq.[6] to the experirakdata
thus allowing the estimation of the thermal powentdbution of the pump and the overall
heat loss coefficients of the rest of the system.

CONCLUSIONS OF EXPERIMENTAL STUDY

e Long-term fluctuations exhibited by the experimémarve are mainly governed by
corresponding long term fluctuations of ambientpgenature and, to a lesser extent, by
fluctuations of electric power supply.

» Short-term fluctuations exhibited by the experinaérturve are governed by corre-
sponding short-term fluctuations on electric posgpply.

« The combined effect of fluctuations of both varesbthape the curve bringing a closer
resemblance to the features presented by expeah@nie.

Reference:

[1] Tatyana V. Bandos, Alvaro Montero, Pedro Fernandez Cérdoba, Javier Ur-
chueguia, Improving parameter estimates obtaired thermal response tests: effect
of ambient temperature variations, Geothermics200.1) 136-143.

[2] Busso A., et al.,, “Two applications for Thermal Besse Test data evaluation —
Trnsys Type300 and TRT Analysis Tool”, Effstock 20®roceedings

[3] Busso A., “HEAT LOSS CORRECTION IN THERMAL RESPONSESTS”, IEA
ECES Annex21, 2009. Published on www.thermalrepgesserg

2.8.6 Dirift and Conditional Estimation

The proposed drift's method doesn’t change the génhegic of calculation of ground ther-
mal conductance, but the way of estimating b.

Given the residual mode'lT(t): m(t)+Y(t), the expectation of temperature increments, called
drift, is
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D(t,at)=ET[(t+at)-T(t)]=m(+Aat)-m@)=b (n{t+at)-In(t)) Eqgn.40

Temperature drift(h)

4.5

35 /

¢ Experimental
drift

s /
/ —Linear
2 .
/ (Experimental
1.5 drift)

1 /v
0.5

Drift D(AT)

0 0.5 1 1.5 2 2.5

time log-lag At

Fig. a- Linear regression on the experimental dsfftemperature in the space of time-log increments

The drift method splits in two phases the estinmabparameterb anda:
» the estimation of the slofeby regression on the experimental drifig( a)

nj

b° =Y ¢’ (ar,) Eqn. 41

i=1

« the estimation of the intercept conditioned by the preceding estimate, by regrass
on the experimental temperature

nj
a® =3 T (t,)+vs Eqn. 42
i=1

Once calculatedy it is then possible to calculate.Rsround volumetric heat capacity @an
vary within a variability range, so as boreholerthal resistance, )R has a variability range.
Realistically these two variables are independeintt probability distribution is therefore the
product of corresponding mono-variate distributions

f(cgin)z fC(Cg)fR(Rb) Eqn. 43
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Optimality of one parameter implies other’'s optiityalit is therefore sufficient to consider

one variable that varies along the conditioning lin In(c, ) + w, R, + w; = 0.

Conditioning relation reduces of one dimension bata law variability domain and identi-

fies an included sub-domain of existence 4 Cg,min, Ro,max Ro,min ) Of @ couple of possible
values for parameters based on TRT measures.
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2.50E+06
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Volumetricheat capacity
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Figure 20: Curve validity area: through the intersection between the curve and the domain we obtain a
smaller validity area
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Figure 21: Zoom on the validity area of R,-cqcurve and R, equation
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The sub-domain identifies a conditional probabititgtribution. Optimal value results:

¢, = Elc|c,ROL]= jc f(c,R|c,ROL)dc Eqn. 44

CLmin

and by substituting it in the equation we can fRybptimal value.

2.9 Includecgin theevaluation

This chapter is related to chapter 2.2.4 “Stepetdmperature response” and chapter 2.2.6.3.

The effect of the specific heat capacity of theugid and the effective borehole resistange R

on a single heat pulse are hard to separate fram @ter. The both can be described as a
parallel shift of the temperature response. Theeeifois tried to separate the effects by more
complex test designs, e.g. step pulse tests, recpeeiods or variable flow rates.

The subject is still handled as R&D.

Reference:

[1] Roland Wagner and Christoph Clauser - Applied Ggsics, RWTH Aachen Univer-
sity, Aachen, Germany; "Evaluating thermal respdreses using parameter estimation
for thermal conductance and thermal capacity” 52D0Geophys. Eng. 2 349

2.10 Depth resolved evaluation

The depth resolved, or layer dependent, evaluaifaime ground heat conduction by using

TRTs is strongly connected to the measurementropégature profiles. These can be meas-
ured during the heat pulse or while recovery pledgbe ground. The knowledge of the tem-

perature profile of the undisturbed ground is esakn

As a benefit, this technique allows higher precigiothe design of GCHP systems or simply,
the identification of layer with ground water floa; simply a more detailed knowledge of the

geology.

The crucial point, when using a standard TRT witidf heating is the effect of internal heat
transfer in the borehole, also known as short titeeat transfer. This effect influences the
amount of heat which is effectively injected pendiin each layer / depth.

Therefore, one can basically differ between twohods:
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Hot (ohmic) wire

The heating of the underground is realized by thiming an ohmic resistance heating wire in
the borehole together with the ground heat exchardee heating wire is independent of the
effect of the thermal shirt circuit, This meansiniroduces a constant heating rate along the
borehole, which enable the evaluation with the il infinite LSA. Vertical heat transfer

in borehole direction is neglected due to small sneament times. Because the heat carrier
fluid is not used for heating or cooling, the pipie of the effective thermal borehole re-
sistance is not applicable here, and cannot beuatesl. The measurement of temperature
profile can be realized by measuring in the heaharger pipes or in the borehole filling,
while and after the heating phase. Measurementesgre optical fibre or sensor lowering in
the heat exchanger. An advantage of this methdkeiigh resolution of the in-depth heat
conductance.

Fluid heating with numerical modelling

The second method is based on the standard TR @lsid heating/cooling. Again meas-
urement of the temperature profile can be realigekd optical fibre or sensor lowering in the
heat exchanger or in the borehole filling.

Because with this method, the thermal short cirbeitveen up- and downstream of the heat
carrier fluid has to be taken into account onetbasse a numerical model, which considers as
well the thermal short circuit as well severaligrd layers. The TRT is evaluated by compar-
ing the TRT measurement date at GSL as well thpeeature response of the temperature
profiles while, or after the heat pulse. By doiraggmeter estimation on the numerical model,
using borehole resistancg,Rhort circuit resistance,Rand the heat conductance values of all
layers as free parameters, the model is fittetiéarieasurement data.

Figure 22 shows the result of such an evaluatiomparing the measured temperature profile
with the numerical model prediction. This type @hkiation results in an in-depth profile of
the heat conductance.
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Figure 22: Two examples of an evaluation of in-depth profiles using the fluid heating method. Left: A

numerical model fitted to optical fibre measurement while the heat pulse [3]. Right: A numerical model
fitted to lowering sensor measur ement while therecovery period [7].

Reference:

[1] Fujii, H., Okubo, H., Nishi, K., Itoi, R. Ohyama,. kind Shibata, K.,An improved
thermal response test for U-tube ground heat exggrdmased on optical fiber ther-
mometers,Geothermics,Vol.38,No.4,pp.399-406,2009.12

[2] Fuijii, H., Okubo, H., Chono, M., Sasada, M., Talgs8. and Tateno M.

, Application of Optical Fiber Thermometers in Timal Response Tests for Detailed
Geological Descriptions ,Proceedings of EFFSTOCKZRaper No. 21,2009.06.

[3] Fujii, H., Okubo, H., and Itoi, R.,Thermal resporssts using optical fiber thermome-
ters,Geothermal Resources Council Transactions39,0545-551,2006.09.

[4] Signorelli S 2004 Geoscientific investigations foe tise of shallow low-enthalpy sys-
tems PhD Thesis Swiss Federal Institute of Techgyldurich

[5] Sarah Signorelli, Simone Bassetti, Daniel Pahu@nids Kohl - “Numerical evalua-
tion of thermal response tests” Geothermics 36 {20@1-166

[6] M. Proell — “Tiefenaufgeloste Bestimmung der Ware&higkeit bei Thermal Re-
sponse Tests”, Bavarian Center for Applied Energgdarch (ZAE Bayern), Division
1: Technology for Energy Systems and Renewabledeings “Der Geo-
thermiekongress 2010” Karlsruhe, 17.-19. Novemi@di02 (german)
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[7] M. Proell — “Method for layer dependent evaluatadrihe ground heat conductivity”,
Geophysical Research Abstracts, Vol. 13, EGU2013492011, EGU General As-
sembly 2011

[8] M. Proell — ,Vergleich verschiedener Methoden zesmmung thermischer Unter-
grundeigenschaften”,Bavarian Center for Appliedriggdresearch (ZAE Bayern),
Division 1: Technology for Energy Systems and Readde Energies, 2010 (german)

[9] Geowatt AG, “Messung Warmeleitfahigkeitsprofil £mtifikation Grundwasserstro-
mung

(Enhanced Thermal Response Test, eTRT)” , EuropéssPatent EP1959213
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3. Available evaluation software for automatic evaluations

This collection of available software for TRT evation is the state of knowledge of the
members of the Annex21 participants. There is aorclof completeness. For further soft-
ware suggestions, please contact the webmastemvaftivermalresponsetest.org.

Numerical modes using parameter estimation:

« GPMI[1][2][3]

* Type300 (TRNSYS) — Busso/Cabral [6]
* TRT Analysis Tool — Busso/Cabral [6]

* MULTISIM [8]

Analytical evaluation software:

e Ground loop design GLD [7]
 TRT Analysis Tool — Busso/Cabral [6]
* GeolLogik [4]

Reference:

[1] J. A. Shonder J. V. Beck - 2A New Method to Deterenthe Thermal Properties of
Soil Formations from In Situ Field Tests”

[2] Shonder, J. A., and J. V. Beck. 1999. “Determirtffgctive Soil Formation Thermal
Properties from Field Data Using a Parameter EsiimaTechnique.” ASHRAE
Transactions 105, Pt. 1: 458-66.

[3] Beck, J. V., and J. A. Shonder. 1998. “A ParamE&timation Technique for Deter-
mining Soil Thermal Properties in the Design of HExchangers for Geothermal
Heat Pumps.” In Proceedings of the ASME Heat TemBivision, 3:221-40.

[4] T. Rohrich, GeoLogik Software GmbHittp://www.geologik.com

[5] SANNER, B., MANDS, E., SAUER, M. & GRUNDMANN, E.2008): Thermal Re-
sponse Test, a routine method to determine thegneaind properties for GSHP de-
sign. - Proc. IES Heat Pump Conference 2008, pap85, 12 p., Zirich

[6] Busso A., et al., “Two applications for Thermal Besse Test data evaluation —
Trnsys Type300 and TRT Analysis Tool”, Effstock 20@roceedings

[7] Thermal Dynamics Inc. — “Ground loop desidritp://www.groundloopdesign.com

[8] Poppei, Schwarz, Mattsson, Laloui, Wagner, Rohn#nnrovative Improvements of
Thermal Response Test", Intermediate Report Auz036

IEA ECES ANNEX 21 — Subtask 3 Seite 55

Thermal Response Test Evaluation Methods and Dpredats



IEA ECES
THERMAL
RESPONSE
TEST
ANNEX 21

\r

4. Comparative evaluation of reference test data

This chapter is about the comparison of test evialnand is divided into two parts. The first
part shows the comparison of evaluation resulta gnod quality reference data set. The data
set consists of real experimental data and infaonat

4.1 Different resultson reference data set

City Wels
Country Austria
Tester ZAE Bayern
"standard test" - single heat injection step pulse
Sl units
Information on the borehole
Effective depth heat exchanger [m] 150
borehole profile available [yes/no] yes (german)
underground properties claystone
guess value heat capacity ground (J/m”3/K) 2.20E+06
guess value heat conductance ground (W/m/K) 25
heat exchanger type (double-U, single-U, coaxial) 2-U
borehole diameter [m] 0.133
tube diameter / wall thickness [mm] 32/2.9
Information on the test
average mass flow rate [m”"3/h] 1.286
average temperature difference inlet/outlet [K] 4.83
turbulente flow [yes/no] yes
average thermal power 7191
controlled values power, fluid rate
measurement time step 60s constant
Infor mation on the undisturbed ground temperature
Tg [°C] 11.73
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Figure 23: Diagram of the Wels TRT measurement for compar ative evaluations.
Table 1: Evaluationson the Welg/Linz (AUT) data set.
lambda W/m.K | Ry m.K/W |from h | till h
Tester 1 LSA 2.27 0.111 25 | 87.50
Tester 1 NUM* 2.24 0.107 0 87.50
Tester 2LSA FIT* 2.26 0.105 0.52| 87.60
Tester 3LSA 2.18 0.106 6.14| 72.00

* NUM: numerical evaluation; LSA: analytical solah with parameter estimation
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City | Ravensburg
Country | Germany
Tester | ZAE
"standard test" - single heat injection step pulse
Sl units

Information on the borehole
Effective depth heat exchanger [m] 193.5
borehole profile available [yes/no] no
underground properties sand- and claystone
guess value heat capacity ground (J/m”3/K) 2.20E+06
guess value heat heat conductance ground (W/m/K) 2.3
heat exchanger type (double-U, single-U, coaxial) 2-U
borehole diameter [m] 0.2
tube diameter / wall thickness [mm] 40/3.7
Infor mation on the test
average mass flow rate [m"3/h] 0.816
average temperature difference inlet/outlet [K] 5.1
turbulente flow [yes/no] yes
average thermal power 9629

controlled values
measurement time step

Infor mation on the undisturbed ground temperature

power, fluid rate

60-120s not constan

t

Tg [°C] 14.7
Ravensburg data set
30 14000
12000
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time

—average fluid temperature —ambient temperature
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Figure 24: Diagram of the Ravensburg TRT measurement for compar ative evaluations.

Table 2: Evaluations on Ravensburg (GER) data set.

lambda W/m.K | R, m.K/W
Tester 1 2.30 0.080
Tester 3 2.28 0.081

One can see that the evaluations performed byréifteanembers of the expert group are very
consistent within the precision of the results.haligh the evaluation periods were chosen
different for the Wels data set the evaluation leathe same result.

4.2 Times of convergence of different evaluation techniqueson ref. data set

Applying convergence evaluation on a mono pulsestzom power pulse test should show if
and when the different techniques/models comedaéme result. Also the method with fast
result convergence shall be identified.
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Figure 25: The results of the Backwards Regression Evaluation Method (see chapter 2.4) for different
evaluation methods/models.
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The compared evaluation models are:

* The exact solution of the line source approxima(see chapter 2.2.1)L.SA analyti-
cal exact

e The simplified solution of the line source approation (see chapter 2.2.L5A ana-
lytical approx.

 The TRNDSTP model [2] [3]

* The TYPE300 model by Busso et al. [1]

* The EWS single heat exchanger model by Huber Estexginik [4]

* The Trnsys Version of SBM by Hellstrom [5] [6] witlhe enhancements for fluid
(VOL H20) and borehole capacity (VOL fit) describieygl Witte et al. [7]

Regarding the result of the backwards regressidfigare 25 on can see a accordance of the
result of the heat conductance within range ob®Zm.K around an average value of
2.3 W/m.K . All numerical models show a stable cengence of the result of about 60 hours,
except Type300. The convergence of the analyticaluations show only good convergence
over approx.. 20 hours, with a monotone decreas¢hefresult for times smaller than
45 hours.

Further, there seems to be a small perturbatiadhearfluid temperature response at hour 50,
that can be notice by naked eye. The convergenee ol Type300 show a strong reaction to
this perturbation. Also the analytical solutionowhsmall influence, as well as the Huber
EWS model and the SBM VOLfit model.

Reference:

[1] Busso A., et al.,, “Two applications for Thermal Besse Test data evaluation —
Trnsys Type300 and TRT Analysis Tool”, Effstock 20@roceedings

[2] Pahud, D. & Hellstrom, G. (1996): The New Duct GrdiHeat Model for TRNSYS. -
Proc. Eurotherm Seminar 49, Eindhoven, 127-136

[3] PAHUD D., FROMENTIN A. & HADORN J.-C. 1996b. THauct Ground Heat
Storage Model (DST) for TRNSYS Used for the Simolatof Heat Exchanger Piles.
User Manual, December 1996 Version. Internal RepgxSEN - DGC- EPFL, Swit-
zerland.

[4] Wetter M., Huber A. (1997). Vertical borehole heathanger EWS Model. TRNSYS
Type 451.

[5] P. Eskilson, Superposition Borehole Model, ManaalGomputer Code, Department
of Mathematical Physics, University of Lund, Scheed1986

[6] S. Holst, Type 146 TRNSBM - Modified Version forpseate ground layers,
TRANSSOLAR, 1997

[7] Witte H.J.L., van Gelder A.J. (2006), Geothermapanse test using controlled mul-
tipower level heating and cooling pulses (MPL-HC&)antifying ground water ef-

1 VOL H20: The capacity of the water in the heatteger is taken into consideration in additionhi® $BM
model. VOL fit: The heat capacity of the borehabiping, fluid) is fitted as a free variable in thbarameter
estimation.
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fects on heat transport around a borehole heataggehn, Ecostock 2006, 10th int.
conf. on thermal energy storage, The Richard Stockbllege of New Jersey, USA.
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Underground Thermal Energy Storage (UTES) is albédi and sustainable technology for
cooling and heating of buildings and industrialgasses and is now wide spread across the
world. In the past 30 years, various UTES applwceti have been constructed. During this
time, the International Energy Agency (IEA) Implaemiag Agreement, Energy Conservation
through Energy Storage (ECES), has been a platforaievelop much of the expertise in
UTES.

The acronym UTES refers to underground thermal ggnetorage in general, and is often

divided into subgroups according to the type ofa&je medium that is used. The acronym
BTES (Borehole Thermal Energy Storage) refers acagie systems using boreholes or ducts
and pipes in the ground.

1. Background

The thermal conductivity of the ground and thermesistance of the borehole heat exchanger
(BHE) are the two most important design paramefers BTES systems. These two
parameters may be determined from in situ measurswhich then provide reliable design
data. They will allow optimization of borehole spar and depth as well as the total
borehole-length related to the application.

Such tests are usually economically feasible whesigtiing BTES systems comprising more
than a few boreholes. The economics are justifieddht sizing the borefield which typically
has a significant upfront capital cost. Improvedumacy in the thermal response test is
necessary for the optimal design of the borefidlde measurement method has rapidly
developed in the last decade and is now usualgrned to as Thermal Response Test or just
TRT but may also be called a Formation Thermal Qatidity Test. The objective of the
TRT is to evaluate the heat transfer charactesistiche borehole ground formation.

Already the completed IEA ECES Annex 8, Annex 12 @&mnex 13 were to some extent
concerned with Thermal Response Testing. Especralynnex 13 the first formal guidelines
for TRT were prepared. Parts of this sub-task ¢yjoedlow these recommendations.

IEA ECES ANNEX 21 — Subtask 4 Page 3
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2. Basic Principle

In this measurement method, a defined thermal isagpplied to a borehole heat exchanger
and the measured temperature development overisiraaalyzed. There are basically two

ways to operate the TRT equipment; to inject orasttheat into/from the tested borehole.
This is done by circulating a fluid, through therdétwole, that is warmer (injection) or colder

(extraction) than the surrounding ground, see Eidur There also exists TRT equipment
where both modes are available. Various TRT un@sehbeen developed in different

countries. The size and shape of such equipmegtfi@n suitcase, to caravan, to shipping
containers.

The first step of the test is to determine the stulbed ground temperature. This is usually
made by temperature logging in the borehole, oewgluating the fluid temperature of the
circulating fluid before the heating/cooling is sutied on.

The thermal response is the measured change meha temperature of the fluid’s inlet and
outlet temperatures over time. Uncontrolled temjpeeafluctuations may result from the
varying ambient air temperature or correspondingtélations in the power supply to the
electric heater and/or to the circulation pump.td&mperature and the power consumption are
therefore often measured to detect and separatedsstarbances in the evaluation.

Thermal Response TestUnit

heating/cooling unit
pump

flow measurement
data acquisition

borehole heatexchanger

Figure 1: Thermal response test set-up.

The borehole resistance is defined as the theresétance between the fluid in the pipe and
the boundary between the borehole and the formafldve borehole resistance is also

estimated during the Thermal Response Test proeeduris parameter characterizes the
construction of the BHE from the heat transfer poinview. Consequently the design of the

test borehole should be the same as the final nléstge measured borehole resistance is to
drive the final borefield design.
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3. Site Description

The TRT begins even prior to the drilling and coetigin of the test borehole. Information
should first be gathered and reviewed prior toititéation of the test and should typically be
comprised of the following elements:

» Geographical Coordinates of the test
* Climate

o

0]
0]
o

Annual average air temperature
Annual average ground temperature
Temperature swing

Annual average rainfall

e Desktop study

A desktop study should be performed to review theall geological and
hydrogeological conditions from any relevant soarge order to establish a
first guess of anticipated heat transfer charestiesi.

IEA ECES ANNEX 21 — Subtask 4 Page 5
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4. Test Borehole Design

The thermal response test procedure must be gearetbse as possible to the operational
parameters of the planned system including: boesthatation, borehole depth, borehole
diameter, and the borehole configuration etc. Threlwle itself must be accessible with the
test equipment and the necessary resources liktrielly or water need to be provided
reliably during the test duration.

For planning and performing a reliable Thermal Resg Test to achieve an accurate
evaluation, sufficient information regarding theolygy, the drilling, the borehole heat

exchanger and the grouting is required. It is ingodrto compile a detailed documentation
with design values, construction and completioronmfation on the test borehole and to
transfer it to the tester prior to the measurem@notrect and exact values are crucial for the
quality of the resulting data.

4.1 Drilling Completion

Drilling activities have a significant impact oretiRT. It is important to record a number of
parameters related to the drilling activities imer to prevent contamination of the test as
well as to ensure an accurate evaluation. Typiatd dequired are given in Table 1. Drilling
contractors should be given specific instructiaegarding required data collection before and
during completion of the test borehole. Specifiertion should be focused on the log of the
geological layers with respect to depth, an exangpkhown in Figure 2. Identification and
guantification of the type and magnitude of growater influence is also critical. Ground
water influence may make the acquisition of meafingroperty measurements impossible
or inadvertently skew results leading to substheti@r and an incorrect borefield size.

Table 1: Drilling Completion Record

Drilling company

Beginning of drilling work Date / Time

End of drilling work Date / Time

Data on geology (on site) in particular layer ina@ih
information on possible water entry available?

Comments regarding geology

Exact depth of drilling [m]

Exact borehole diameter [mm]

Volumetric heat capacity of subsoil (estimate) VK]
IEA ECES ANNEX 21 — Subtask 4 Page 6
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503 m NN

2.0 Well graded gravel with sand (GW)
60 Well graded sand with silt (SW-SM)
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Elastic silt with sand (ML)
10.0
12.0 Silty, clayey sand (SC-SM)

Silty clay with sand (CL-ML)

22.0
260 Elastic silt with sand (MH)

Well graded sand with silt and gravel (SW-SM)

33.0
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Poorly graded gravel with silty clay and sand (GP-GC)
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52.0
54.0 Silty clay with sand (CL-ML)

56.0 Poorly graded gravel with silt and sand (GP-GM)
57.0 Sandy silt with gravel (ML)

59.0 Silty clay with gravel (CL-ML)

Poorly graded gravel with silt and sand (GP-GM) Legend
= Clay
=5 Silt

76.0 Sand

50.0 Poorly graded sand with silt and gravel (SP-SM) Gravel

Figure 2: Sample of a drilling log

4.2 Borehole Heat Exchanger Specification

The test borehole should be developed with consider for the final purpose of the test. If
one of the purposes of the TRT is to estimate tbeetble resistance of the planned
installation then the test borehole should conftorthe identical specifications as planned for
the geo-exchange field as a whole. Specificallg, dimmeter, depth, piping specifications,
pipe separators, centering devices, number of psloeeat transfer fluid properties, and grout
thermal conductivity and specific heat capacityllshanform to project specifications. A
sample specification for a borehole heat exchaisggiven in Table 2 below:
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Table 2: Heat Exchanger Specification

Type of heat exchanger 1-U; 2-U; coaxial manufaatur
Installation of bore hole piping Date dd.mm.yyyy
Starting time Time hh:mm
Material of bore hole piping EglgOARC PE-RT, PE-XpE100-RC
pottom of bore hole 1 top of borehold™ 100

External diameter of pipes [mm] 0.32

Wall thickness of pipes [mm] 0.029
Spacers utilized? Yes/No Yes

Vertical distance between spacers [m] 1
Separation distance between pipes [mm] 36
Centering device Yes/No No

Vertical distance between centering [m] 0
Separatiqn distance between pipes dt,lr%m] 0

to centering

Operating conditions (load, temperatures, etctheftest itself should be almost identical to
those of the planned system.

4.3 Grouting Specifications

The composition and conductivity of the grout ekl during the TRT must be specified for
the test borehole and must be identical to thanrpd for the final system design. It is
imperative to both supervise and record the agu@miting application for the test borehole.
The minimum parameters to be recorded regardingtbeting material and installation are
indicated in Table 3 below:

Table 3: Specification of the grouting

Description of giagtmaterial mixture and
composition; product manufacturer and type

Grouting material for borehole

of material
Date of grouting Date
Time
Quantity expected / calculated [m3]
Quantity used [m3]
Thermal conductivity (from product [W/(m.K)]
documentation or estimated from Mixture
receipt)
Document any experiences during and after
Remarks grouting (e.g. losses due to cracks, settlement,

refill, etc.)
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Grout conductivity impacts the borehole resistasigaificantly and is therefore the focus of
significant attention in the design of the borehoMany grouting materials (cement
containing grouts) undergo an exothermic chemieaktion during the installation of the
grout and mixture with water. This heat can siguaifitly impact the undisturbed formation
temperature measurement or the temperature devetdpduring the thermal response test.
For this reason, the TRT may not commence untiicgeft time has elapsed between the
development of the borehole and the commencemeahedfRT data collection (see 6.2.1).

IEA ECES ANNEX 21 — Subtask 4 Page 9
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5. Test Equipment Description

A wide variety of test equipment may be utilizedeteecute the TRT. The equipment should
be designed with sufficient flexibility to considéine intended range of tests for many
different sites. As the test unit must be transgbrio multiple sites, it is advantageous to
design with mobility and ease of setup in mindypi¢al hydraulic layout is shown in Figure
3, an equipment with a heat pump is given in Figure

o IT
i /' out-monit.-container
| é
| i
! flow control |
! i
! flow measurement |
I :
: | Tin-monit. -container
| * é
! Tmonit. -container T
| i l surface
: : Ll
! }::eoaotllir;g/ | Tout—groun(l /\Tin—ground
: : L
! O | o
! circulation pump I grout 77/4 é;
TR ; ;/ |
/‘ 4777/%
. . T /
monitoring ambient ? 4
container % ;j
V|
77
Z
underground
Figure 3: Hydraulic scheme of a typical TRT equipmat
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. T h :
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surface

I
I 1 £l
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S % T o
| 37
I
buffer i grout \7»4%
L ] i /]
/]
/ ?
monitoring LTambient
container /
% s,
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Figure 4: Hydraulic scheme of a TRT equipment withheat pump

5.1 Set Up of Test at Site and Ambient Influences

Because the tests are performed outdoors, theqagiment should be shielded from ambient
influences including temperature, solar radiatenmg precipitation effects.

The sizes for TRT weatherized containers range tvores like large suitcases via trailers up
to large sea-containers.

Contained piping and heating elements should beimsilated and the whole container may
be ventilated to prevent overheating of the elextrequipment which can affect the accuracy
significantly. All exposed piping should have saiéint insulation such that there is no
noticeable influence of ambient conditions on measgwalues. To limit ambient influences,

the length of piping runs should be as short asiples

Furthermore, care should be taken so that the woding ground or nearby activities will not
influence the measurements. Surface water flowmgfdtrating into the borehole, especially
during rain or snow melting may significantly skéve measurement of thermal conductivity
values and should be prevented by borehole covd@hnD of nearby boreholes (see 5.3 and
6.2.1 and 6.3) or excavation work that may causedimced flow of ground water near the
test hole has to be postponed after the test. plsoping of ground water, e.g. for water
supply, even at a longer distance from the test bds to be considered at evaluation of data.

5.2 Thermal Pulse Generation

The centerpiece of the TRT equipment is the geloeraf a heat or cold injection pulse to the
underground which is done either by an electrictihgaelement or by a heat pump.

IEA ECES ANNEX 21 — Subtask 4 Page 11
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Frequently, variations in the thermal energy ingctrate while testing give rise difficulties
during evaluation. However, the degree of the mwbis related to the evaluation method
used. Data analysis using the line source methgpares a very consistent thermal power rate
throughout the entire test duration. With paransednalysis, on the other hand, it is possible
to accommodate variations in thermal pulse poweinduhe measurement period.

In order to maintain constant injection power raith resistive heating designs, the source
power must be kept constant. Mains or grid poweppbes in different regions are
notoriously unstable even in developed nationsraag vary significantly over the course of
a multi-day test. Either regulation of the voltage active control of the supply/return
temperature differential at constant mass-flow r&erequired to provide sufficient
consistency in the heat injection rate. Propemtia¢insulation of all piping is compulsory in
order to ensure the true temperature differeniaesen by the borehole is controlled.

The thermal power should be selected in a rangdhbaxpected temperature changes during
TRT operation are in the same range as in regylaradion of the later system. Underground
thermal conductivity should be estimated priorte test and together with the length of the
borehole heat exchanger these factors may be asslect an appropriate thermal power for
the TRT.

During the test a constant mass-flow rate is sugde® avoid changes of heat transfer
properties in the BHE and to maintain a constamit Ipellse. . In most cases the flow rate
during tests should be kept on a low turbulentmeg{Reynolds number >3000). To adjust
the flow rate to achieve the appropriate turbulereefrequency controlled pump or a
modulating control valve is recommended. A changenfturbulent to laminar flow or vice
versa should be avoided as this will result in gnificant change to the heat transfer
characteristics of the BHE mid test. Simultaneouslysufficient temperature differential
between supply and return is requiréd (~ 5 K is preferable, but a minimuir > 3 K) in
order to achieve an adequate measurement accurdbg. pumping power necessary to
circulate fluid through the BHE must also be acdednfor within the measurement
methodology. Analyses which utilize only the poweeasurement from the resistive heaters
neglect this contribution to the thermal pulse treteby introduce measurement error.

5.3 Hydraulic Connection

A TRT can be carried out some days after compleaiidhe borehole heat exchanger when all
thermal disturbances due to drilling and the chahmeaction heat from cementious grouting
have decayed. The required time span is approxiyné&té days (see 6.2.1).

The test rig should be set up as close as poskibike borehole to minimize the piping
connection lengths and thus the ambient influeneesper thermal insulation of the piping is
strictly recommended.

Typically the borehole heat exchanger pipes atedfilvith fluid during construction. It is
advantageous to utilize water as the heat trafisier because of the minimal environmental
impact and the known thermal parameters but in chdeeezing water with antifreeze of a
well know heat capacity can be used. In any ewbietsame fluid has to be used in the BHE
as in the test rig.

To avoid disturbance during connection of the TIRUipment to the BHE it is recommended
to fill up the whole test rig and all piping and parge it prior to connection in order to
remove all air trapped in the system. Typical emept setups include a purge tank and/or air
vents and a pressure tank. During the test the evbgdtem should be pressurized to avoid
cavitation in the pump and associated flow congslies.

IEA ECES ANNEX 21 — Subtask 4 Page 12
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The overall accuracy of the determination of thdarground thermal conductivity and the
borehole thermal resistance, Bhould be not lower than = 5%. The total error mos
considered which consists of single errors eitl@adom or systematic in nature. Random
errors result from sensors or data acquisition &l &s the evaluation (data fitting).
Systematic error may be introduced from known dewia between the model assumptions
and the real world borehole e.g. non-uniform comigiitg in reality when the model assumes
uniformity. Ambient influences tend to introducessgmatic cyclical variations associated to
typical diurnal weather fluctuations. Poorly cadited instrumentation may also introduce
systematic errors and thereby skew the measurecoasistently in one direction. An error
analysis must compile all the single errors in ortte determine a total error which is
specified in the final report.

5.4 Instrumentation

During a Thermal Response Test several measurenaeatsnade and stored at regular
intervals. The following recommendations shouldviet at least:

e Selection of sensors

The typical temperature range for TRT is 0 — 40 While the typical temperature

difference for determination of the thermal powei5iK. Therefore matched platinum
resistance temperature sensors are recommende@{E0§) which are selected in pairs
such that temperature difference measurements magydn accuracy of £0.01 K.

Flow rate in the BHE-pipe should be kept turbul@eynolds number >3000) while the
temperature difference BT ~ 5 K. Magneto-inductive or ultrasonic flow meteare
recommended due to their higher accuracy and shmugklected with appropriate turn-
down ratios for the piping configuration of the apgtus. Aside from their high
accuracy they are not sensitive to contaminated #nd have a low pressure drop.

* Location of sensors:
- Temperature measurement

Highest accuracy can be achieved if the sensarsislled directly in the fluid

flow ideally combined with mixing devices for trulyrbulent flow. Temperature
sensors in immersion sleeves must be strictly adbidue to the additional
uncertainty which may have serious error contridmgiwhilst also being hard to
estimate.

- Flow rate measurement

Flow meters are specified a certain number of epstrand downstream pipe
diameters to prevent flow distortion or swirl, cadsby bends, T- sections,
valves etc. as they have a significant influencéh@measuring accuracy.

* Measurement accuracy:
- Temperature measurement

To achieve a high overall accuracy for temperatlifierence measurement an
accuracy in the range +0.01 - £0.05 K is requi®election of matched sensors
and calibration against each other is recommended.

- Flow rate measurement

For high accuracy flow rate measurement differamhniques are available.
Common turbine flow meters reach only a measuremecuracy of £2 - £5%.
As magneto-inductive or ultrasonic sensors showughmhigher accuracy of

IEA ECES ANNEX 21 — Subtask 4 Page 13
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+0.1 - +0.5% their usage is strictly recommendedomder to achieve the
requisite overall accuracy. Careful attention sddug made to the design flow
rate to avoid low flow rates as these instrumeo$ laccuracy at lower flow
rates.

» Temperature dependency of density and specificdagacity of the fluid:

For calculation of the mass flow rate from the wodiric flow rate the fluid density and
for thermal power calculation the specific heatamaty is required. Fluid density and
specific heat are required in order to convertubleimetric flow rate into a mass flow
rate and finally to calculate the thermal powercréased accuracy is obtained by
correcting these parameters according to temperafine reference temperature for the
density is at the location of flow measurement, nighe that correction of the specific
heat capacity has to be done with the mean valwi@bly and return temperature of
the borehole.

» Data acquisition system:

The data acquisition system has a typical instraat@mror which results from different
sources. The instrumental error should be smalligimdo allow an error of temperature
measurement — a typical analogue signal — of at #65 K.

Rough operational conditions of field measuremdratge to be considered when the
equipment is selected.

It is recommended to calibrate the total measurénok@ain from sensor to data
acquisition system to correct systematic errorfhefmeasurement chain to the greatest
possible extent.

Additional influences should also be consideredhay may partially be avoided by a
thorough experimental setup and test operation.eSerror sources result from local
conditions and are unavoidable, but must be quedtifA sensitivity analysis of the
evaluation process is therefore recommended. Suctsare:

- Unknown heat transport fluid
Specific heat capacity and density have to be oetexd from separate samples.

- Squeezed or blocked BHE pipes
The required flow rate cannot be achieved andas thot representative for the
planned operation

- Fluid leakage
Power measurement is incorrect due to incorreut fleeasurement

- External thermal losses or gains
Heating power is not constant and power measurerm@npacted

- Power loss during test
Heating power is not constant

- Instable power supply
Heating power is not constant

An example data sheet of typical Thermal Respomse dquipment is given on the following
page.
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Thermal Response Test Equipment Data

Country: Germany

Contact Person: Dipl.-Phys. Manfred Reuf3

Organization/Company: ZAE Bayern

Address:
Walther-MeilRner-Str. 6
85748 Garching
Germany

Phone: +49 (0) 89 3229442-30

Email: reuss@muc.zae-bayern.de
proell@muc.zae-bayern.de

General TRT data

Type: Heat injection INo TRTs: 1

||Size, weight: 3.5x 1.8 x 1.8 m

'Aim: Research, development, commercial

||Pump: type, capacity (range)

Powered by: Electricity,
(400V/220V), 16A 50Hz

threghase currel

Heater: electric <12kW (controlled)

Built on/in: Trailer

||HP/Cooler: none

Principle outline

Temperature measurements:
and more)
measurement

measurement

e Pt1000 100m length — temperature profile

* Nimo-T datalogger — temperature profile

* Pt100 (inside, ground level surface, ambient

Flow rate measurements:
* magnetic flow meter in each circle

Voltage stabilization: No

Electricity measurement: Yes

Remote Data Collection: Yes

GPS: No

'Logger: PC - Linux

||IRemote Control: Yes

TRT Experience

Years of operation: 9 years
[Number of performed measurements: >100 (20-30 tests per year)
[Typical borehole depths: 20m to 300m

|Applications:

BHE, energy piles (only measurement

[Typical collector type:

1U, 2U, coaxial pipe

|Typica| fluid type:

water, water/glycol

[Typical groundwater temperature:

10-13°C

Geographical area:

Germany, Austria, Switzerldtadiy,
Great Britain

|Analysis Method:

numerical / line source / onlewaluation
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6. Thermal Response Test Specifications

6.1 Environmental Protection

To acquire reliable data the experimental setupghef TRT has to be sheltered against
environmental impacts on the measurements. Sutleides are solar radiation, humidity,
heavy rainfall and high or extreme low ambient terafures. A well insulated container for
the monitoring equipment and the fluid conditionungt can reduce this impact significantly.
This container should be positioned as close asilgesto the borehole to minimize the
length of piping runs. Additionally exposed pipé®ugld have sufficient insulation such that
there is no noticeablmfluence of ambient conditions on measured valiié& grouting of
the borehole up to top will provide a sealing twidvingress of runoff from heavy rain
showers.

6.2 Undisturbed Ground Temperature Measurement

The undisturbed ground temperature is measured diatedy prior to the commencement of
the TRT.

After completion of the construction of the borehahd an idle period the fluid in the BHE is
in thermal equilibrium with the underground i.ee ttemperature in the fluid column is equal
to the surrounding underground. Therefore the wmdisd ground temperature can be
determined by measuring the fluid temperature leefojection of any heat pulse. Several
procedures have been developed which give relraiigts.

6.2.1 The following general procedures should be applied for the any undisturbed ground
temper ature measur ement:

* The U-tubes must be filled with water or anti-freesolution.

« The measurement may commence only when the worKimd is in thermal
equilibrium with the surrounding ground formatidrilling friction and curing of the
grout generates heat. Three (3) days minimum bétter7 days must lapse between
the vertical borehole installation and the TRT.

* The probe sensor shall be calibrated prior to ¢is€ and be capable of an accuracy of
+0.05 K.

* Where temperature profiles are to be determineel,gitanularity of measurements
with respect to depth should be recorded at a minirof every 2m.

As the temperature response of a TRT is calculagethe sum of the undisturbed ground
temperature and the temperature increase due tineéhmal pulse injected the inaccuracy of
the undisturbed ground temperature will result ish&t of the temperature response being
evaluated. This will directly influence the borediaksistance Ri.e. a too high undisturbed
ground temperature will result in impune a smdl@rehole resistance,R

6.2.2 Temperature Measurement While Circulating

The undisturbed ground temperature may be meashyedluid circulation prior to
commencement of heat extraction or injection whwen ftuid temperature is in equilibrium
with the underground. For temperature measurerherntegular sensors install at the borehole

! As most of the disturbance is caused by curing of the grout in case of doubt the producer of the grout
should be contacted for information on this time period.
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inlet are used. However, the action of circulatedane introduces heat via the mechanical
energy of pumping itself. Therefore the only tenapere readings included in the evaluation
are those ranging from start of the circulation puta the time period a single volume

element needs to travel from the U-tube inlet aacklio the outlet. During this measurement
turbulent flow (Re > 3000) is required to ensurenptete mixing of the measured fluid.

Typically a measuring interval of 10 s providesfisigdnt data. The mean value over the
whole period for one circulation gives the meanisioabed ground temperature.

Single data points demonstrate significant vametiespecially at the beginning which result
from the depth dependent temperature profile indghmnd (see Figure 5). Temperatures
measured at the borehole outlet can be assigreetbtmtion before circulation with respect to
time and flow velocity. On its way from the stagipoint to the borehole exit a fluid element
passes through areas of different temperature thaththe fluid temperature is distorted by
heat exchange. With an appropriate simulation maddlsufficient temperature readings it is
possible in this manner to also establish a theprddlle of the borehole.

11,5
11 p\\
o calculated circulation period
10,5 A
o
=]
[
[}
g 10
Q
9,5
—P1100 - fluid exit|
—P1100 - fluid exitll
9 | | : :

0 100 200 300 400 500 600 700 800 900 1000
pumping time [s]

Figure 5: Measured fluid temperatures from circulaton

6.2.3 Dropped Temperature Sensor

The undisturbed ground temperature may be meadyredsertion of a temperature sensor
inside the piping prior to its connection to thetteg. This sensor has to be very small with
respect to the pipe diameter to avoid any displargrand mixing of the fluid which may
influence the temperature in an uncontrolled manfreraddition, small sensors have the
advantage of a low heat capacity and rapid respomaecteristics. It is ideal if two sensors
are used in parallel, one in each shank of the gg-pvhich minimizes any disturbance.
Compared to the fluid circulation method, the dmeghgensor technigue introduces no major
disturbances in terms of mixing occur.

IEA ECES ANNEX 21 — Subtask 4 Page 17
Thermal Response Test Procedure



IEA ECES
THERMAL
RESPONSE

TEST S
ANNEX 21\4//

The depth should be held constant for sufficiemtetito allow the temperature reading to
settle prior to taking a reading. However, thelisgtperiod should not be so long as to permit
influence of the temperature measurement by theepofthe temperature sensor itself.

6.2.4 Temperature/Depth Sensors

There exist floating data sensors that record hethperature and pressure in order to
correlate temperature measurements with depth. &udvice is inserted in one shank of the
U-pipe and is sinking down to the bottom of thedbmle slowly while measuring pressure
and temperature continuously. . It is again impurthat the heat capacity is negligible and
the sinking velocity is slow to gain enough datadiags. After finishing the measurement the
logged data is exported for evaluation. Such aageis suitable for U-pipe BHES but not for a
coaxial type.

6.2.5 Temperature Measurement with Distributed Temperature Sensing

In principle also fiber-optical systems can alsouBed to measure temperature and pressure.
These physical properties influence the opticapprbes of a glass fibers locally and thus
influence the light transport. This technique iBezhDistributed Temperature Sensing (DTS).
A sufficiently thin fiber optic cable is inserted the fluid of the BHE which is in equilibrium
with the underground. To gain an acceptable acguaaeference temperature sensor must
also be installed too in order to calibrate thefibptic data set.

6.3 Test Execution

After determination of the undisturbed ground terapge the real test may commence. If the
hydraulic circuit is purged and the required floater is set the heater is started an a constant
heat pulse is injected into the underground. The ftate must not be changed during the
entire test and the heating power is to be kepsteon by a control unit.

It is recommended to perform the test with wate@cause the physical properties (density,
heat capacity, temperature dependent) are well knblewever, it should then be considered
that the test results especially the borehole teesie, will need to be transformed to the heat
carrier fluid from that planned for the proposedafi design. Make sure the physical

properties of this fluid are known and noted in dogumentation.

Alternatively, using the same heat carrier fluidiie TRT as in the planned operation of the
system has the advantage accurately measuringdpesed system’s borehole resistance. If
an anti-freeze solution is utilized, the flow mesetected must be able to maintain accurate
measurement.

Injection/extraction heat transfer rates and themresponding flow rates shall be selected to
provide turbulent flow with a Reynolds number >3@0@ differential loop temperatutd ~

5 K (see 5.4). Sensors for measurement of the amiétoutlet temperature of the fluid must be
placed in the U-pipe at the top of the borehole ediately below ground level. Flow rate and
temperatures are measured continuously and recatdedtly. It is permissible for data
reduction reasons to record mean values every fewites as long as the frequency is still
sufficient to identify disturbances.

Frequently it is not considered that heat transpartesses in the underground are relatively
slow and a TRT therefore requires more time thasormparable measurement with other
materials. In principle the test duration is selel@ys and the test period depends on the
evaluation method.
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No drilling activities shall be performed within 10 of the test borehole within 5 days prior
to the test or while data logging is ongoing fa thst.

Upon completion of the test, water in the borehnolest be blown out to sufficient depth (2 —
3 m below surface) to ensure adequate freeze piwiecor replaced with appropriate

antifreeze solution. Then the pipes have to beeddxy fixed caps to avoid any contamination
from outside.

6.4 Evaluation of Measurements

There are different methods to evaluate the tenyeraesponse of a TRT. By far the most
common is the direct evaluation of the thermal cmtidity from the simplified analytical
solution of the line source model (Eg. 1). All athmethods like the evaluation with
numerical models as well as with complicated amnadytsolutions are based on the fitting of
the model to experimental data by variation of diesired model variables the so called free
parameters (numerical, generally nonlinear paranggatification).

T = %}-AI“@ +%[ﬁ (1m (i—:) )+ R 4T, Eq. 1

7} (t) mean fluid temperature [°C]

Q total injected heating power [W]

H length of the borehole heat exchanger [m]

A ground thermal conductivity [W/m.K]

a temperature conductivity (thermal diffusivity) € 1/¢) [m#/s]
c specific volumetric heat capacity [J/m3K]

T borehole radius [m]

y Euler's number (=0.5722...)

R, thermal borehole resistance [m.K/W]

T, undisturbed ground temperature [°C]

The above mentioned direct evaluation procedureuimes; minimum effort and the
approximation errors are negligible if all requitedundary conditions are fulfilled. The time
dependency can be separated (Eq. 2) as follows:

Te(t) = k-In(t) +m Eq. 2
with
Q E
- g.3
A H-4m -k
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Therefore the thermal conductivity of the undergmbican be evaluated directly from the
slope of the straight line which results if the perature response is plotted versus the natural
logarithm of time. The example in Figure 6 showattfor a properly executed test the
temperature response plotted versus In(t) is a&pestraight line.

26
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g 25
,,2 y = 1.6826x + 4.3546
5 R2=0.9998
o 245
£
2
T
= 24
2 —Tave
8
g 235 . . .
g —Lin. regression fluid
< temperature

23

11.2 11.4 11.6 11.8 12 12.2 12.4 12.6 12.8

logarithmic time scale in In(s)

Figure 6: Linear regression of the temperature respnse as a function of In(t)

After determination of the thermal conductivity imoEq. 3 the borehole thermal resistance
and the volumetric heat capacity of the undergroarel left as unknown parameters. It is
important to understand that only one of thesewalaes could be determined as according to
Eq. 4 both parameters have the same effect With @m¢ equation and two unknowns, it is
not possible to determine both variables. The veluim specific heat capacity has a much
smaller influence and is easier to estimate froenkimowledge of the geology. Therefore this

value is fixed as boundary condition and is simghecified in the evaluation report as an
initial assumption.

R, = H( T 1 (l (4a) ) Eq. 4
b_Qm g 47I-Anrb v a4
The borehole thermal resistance is then the pamnetbe identified. If steady heat flux is
assumed in the boreholg Rescribes the ration of the ‘temperature diffeeebetween mean
fluid temperature and the mean temperature at trehble wall’ and ‘specific heat flux
injected’ (see Figure 7).

There are two equivalent ways to determinesRher from Eq. 4or from Eq. 5 which deliver
the same result.

Ry = %(Tf(t) -7, —Fl_A(In (4—a) ~v) Eq. 5

Ty

Using Eq. 5 the mean value of, & calculated over that time period which is u$ed
determination of the thermal conductivity
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Figure 7: Demonstration of the borehole resistance

The indirect evaluation procedure of the tempeeatasponse is the fitting of an appropriate
model (analytical or numerical solution) typicallyy numerical, nonlinear parameter
identification. In this case the free parametees\aried systematically until the deviation of
the temperature responses of the model and of dasuned data reach a minimum. It must
also be considered here also that borehole resestamd thermal capacity cannot be
determined together because there is no uniqué@alu

6.4.1 Duration of the Heating Pulse

The determination of the minimum duration of thativey pulse is based on the requirement
that the result must not change significantly whilereasing the heating and measuring
period. The result should be the thermal condugtidnverging over time against a constant
value.

6.4.2 Convergence of the Result

The convergence of the result — the thermal comdtyct is calculated from the sequential
stepwise evaluation of the temperature responsehdf assumptions in the model and
approximations of the evaluation method agree weh the real conditions the result of the
evaluation will converge with sufficient measuringne towards a constant value.
Conversely, it can be interpreted that in the adggroved convergence of the result the heat
transport in the underground agrees very well Withmodel assumptions.

Sequential Forward-Evaluation

Within the sequential forward-evaluation the staytpoint of the evaluation is assumed to be
known and kept fix. The evaluation is carried otgpsvise from the starting point by
increasing the total time interval of evaluationttweach step. Thus the last point of the
resulting curve ofA over testing time (see Figure 8) is the mean egénover the entire
evaluation period. At the beginning there occumgigant deviations from the final value
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because of the small amount of data. For valid maedsumptions the curve converges
against a constant value.
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Figure 8: Convergence of the\-curve over time for sequential forward-evaluation

If the starting evaluation point is chosen too egshorter than the minimum time criterion)
the curve is typically not converging even if thestrof the model assumptions are correct.
The more detailed the model is the smaller theistppoint can be chosen.

The criterion recommended for convergence of tieentlal conductivity iAAV/A =+ 5% for a
time period of 20 hours at which the minimum tinexipd of the test must not fall below 48
hours.

Sequential Backward-Evaluation

The determination of the backward-convergence cigwearried out analogically to that of

the forward-convergence. For each point of the Wackt-convergence curve the endpoint is
fixed and the starting point is moving stepwisekivaard in time. The advantage is that for
correct model assumptions the temperature respsms# subjected to any further restriction
for a long measurement period. In contrast to taetisg time of the forward-convergence

curve requires the minimum time criterion at thgibeing of the test.
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Figure 9: Convergence of the\-curve over time for sequential backward-evaluation

Similar to the forward-convergence curve the backwaurve starts with significant
fluctuations occur due to the small number of daténts. This effect diminishes with
increasing time period. Following the test backwan time theA-curve converges. When
passing the minimum time criterion the deviationsréase again. Thus with this procedure
the true minimum time criterion can be determined.

6.4.3 Minimum Time Criterion

Basically the selection of the correct evaluati@niqd is crucial for all evaluation methods.
The assumptions regarding the evaluation modeledsas the approximate solution of this
model have to be fulfilled exactly for this evalioat period. The starting point of this period
the so called minimum time criterion cannot be deieed exactly by calculation but results
from test evaluation as shown in chapter 6.4.2.

Initially a theoretical minimum time criterion exss(see Eq. 6) which defines the validity of
sthe line source model on which the approximatatsw (Eq. 1) is based within a desired
accuracy:

a - tstart

>
SR n Eq. 6

Table 4 gives, for the evaluation model of Kelvifitee source, the error in per cent of the
approximate solution (Eqg. 1) relative to the exsadtition.

Table 4: Theoretical minimum time criterion according to Eq. 6 and the related approximation error of
Eqg. 1 with respect to the exact solution of Kelvils line source theory.

n 5 10 20 40 50 100

Error (%) 10.5 5.3 2.5 1.5 1.0 0.5

The thermal response of the borehole heat exchatsgf is dominant over the thermal
response of the underground formation during thglrportion of the TRT. The time after
which this dominance subsides defines a physicairmim time criterion. For analytical
models these are for example:
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* Heat injection of single-U or double-U-pipes happéenthe borehole along more than
one line which does neither agree exactly withlihe source nor withe the cylinder
source theory.

» The thermal grout typically has a different thermahductivity and heat capacity than
the surrounding underground so that the assumptidromogeneity typically is not
fulfilled.

* The model assumption of an effective borehole t@st® requires quasi-steady-state
heat transport in the borehole.

These deviations do not influence the evaluatisaltesignificantly when after a sufficiently
long heating period the temperature has reachedasi-gteady-state. After this period, the
amount of thermal energy for heating up of the bole itself is small compared to the total
injected amount of heat. The power remaining in libeshole itself for a certain time can
roughly be estimated from the increase of the nilegshtemperature and the heat capacity of
the grout. The total injected heat over a timeqzedan be estimate analog from the increase
of the mean fluid temperature and the heat capatitye grout.

To assess the physical minimum time criterion byanseof the test evaluation there are the
two procedures available as described in 6.4.2:

The forward-convergence-curve is determined byailhyt using a starting timeyd: = 0 and
increasing diart Stepwise until the required convergence occumsolfeasibled,: found which
leads to convergence, the test is not valid.

The second method the backward-convergence-evatuaiethod is also described in 6.4.2.

In principle this procedure of convergence is agplicable for evaluation by parameter
identification with numeric models.

Similar to the forward-convergence continuous eatidun during the test run by backward-
convergence permits an online determination ofrédagiired test time. When convergence is
reached the test can be stopped.

6.4.4 TRT and Groundwater

The evaluation of TRT-measurements under heavynghoater influence is actually a subject
of research. Appropriate evaluation models whichsater convective heat transport in the
groundwater may allow a valid evaluation. Neverbsl this has to be verified by the
convergence method.

6.4.5 Re-starting Dynamic Test Phase

Retesting a borehole may become necessary due lfoncteon of the equipment, loss of
power, or other uncontrolled circumstances. If sitg at the same borehole is necessary,
typically a rather long standby period is requitedgain a full thermal regeneration of the
underground. It is recommended to wait until thapléemperature returns to within 0.25 K of
the equilibrium ground temperature. This recowaryemperature is required when utilizing
the line source method for evaluation of the thérocoaductivity as failure to do so would
contaminate any subsequent test result.

It is possible to continue testing immediately aften interruption of constant heat
injection/extraction if alternative evaluation medls are utilized. Such methods like a multi-
pulse-test are beyond the scope of this specibicdiut may be found elsewhere.
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6.5 Designated Use of Test Results

6.5.1 Mathematical Models

When applying the underground thermal propertiaslzorehole parameters acquired from a
TRT it must be considered the mathematical modkelhe BHE are approximations which
are valid only when specific assumptions are trlies therefore strongly recommended that
the TRT results are only utilized when the mathérahtmodel used for the evaluation is the
same as the model utilized for the design calauiati

If different models are used for TRT evaluation agdtem design the TRT results should be
review using the design model and the test datanipkes for difference in the models which
lead to differences and require correction of taemeters are:

* Underground thermal conductivity determined withRiT is an effective value which
may include groundwater influence to a certain mixtéf the design model treats
conduction and groundwater influence (convectigpasately, the use of these TRT
results has to be check thoroughly; groundwatduenice must never be considered
twice in the effective thermal conductivity andtive design model as convection.

* The design model uses a depth dependent variagimah conductivity (and possibly
also a variable heat capacity), while the TRT eatidun gives only an effective mean
value throughout the whole borehole length. Or viesa a enhanced thermal
response test is performed giving depth dependmaingeters while the design model
uses only effective values.

6.5.2 Boundary Conditions and Operational Parameters

Additionally, the planned operation and the TRTwdtddave consistent boundary conditions
and operational parameters.

6.5.3 Undisturbed Ground Temperature

In a TRT the undisturbed ground temperature at gingle time and one location below
surface is determined. It should be considered that vertical temperature profile is
influenced at the surface by ambient conditiongh@ upper 10 — 20 m. Thus the mean
underground temperature is disturbed especiallgtiort BHEs and varies with the season.

However many design models use the annual avefate andisturbed ground temperature
as starting value. Especially for short BHEs thdisturbed ground temperature determined
with the TRT should be checked and if necessamshduld be corrected with respect to
seasonal influences.

6.5.4 Borehole Resistance

The borehole resistance gained from a TRT is netaamstant value but an aggregation of all
heat transport processes in the borehole ovenmitire éorehole length:

* Heat transfer from the circulated fluid to the pvpall.

* Heat conduction in the pipe wall of the BHE

e Multidimensional thermal conduction in the borehgteut

* Possibly contact resistance between BHE pipe, gnodtborehole wall

It also considers the thermal short circuit betwdenupward and the downward shanks of
the U-pipes which have different fluid temperaturéisis short circuit effect depends mainly

on the duration of stay i.e. the ration of boreHelgth and flow rate as well as on the type of
the circulated fluid as far as density and heatciy. These parameters also influence the
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heat transfer between fluid and pipe whereuporiltire condition (turbulent or laminar) is of
major importance.

Generally the operational conditions during the T$tibuld be as close as possible those of
the later installation, although some deviation mai/be avoidable, e.qg.:

* Type of heat transport fluid: Pure water in TRT teveaantifreeze-mixture in the
later operation.

 Temperature regime: Heat injection during TRT, heatraction in the later
operation.

* Flow rate and flow conditions: Different requirenterior TRT and in the later
operation.

 TRT is carried out at a first test borehole, ldtereholes may have for any reason
different parameters (borehole length, diametergr..)

If a relevant parameter in the design calculatmmtiie planned operation deviates from TRT,
the assignability of the borehole resistance gaifrech TRT should be re-verified. If
necessary, this value may need to be adjusted asigpropriate borehole resistance model.

Because the thermal borehole resistance depentiseecgstimated value of the underground
heat capacity and the undisturbed ground temperaiithe values have to be documented
together. Single results should not be used withhespect of the relevant assumptions.
Specifically due to the connection between borelnedéstance and the underground specific
heat capacity, these two parameters should beeabpk a pair when used in subsequent
calculations.

6.6 Documentation of Test Results

All information used for performing the test as wa$ the evaluation and results of the
Thermal Response Test must be well documented riepart to ensure relevant data is
communicated for the subsequent design process.

The report should include the following items ade

» Detailed description of the property
» Theoretical background — mathematical model usedvaluations
» Description of the experimental setup
- Listing of all available information on the drillip geology and BHE
- Brief description of the test equipment (Type andunting of the sensors,
type of control, etc.)
- Description of the location (specific characteasli
e Test procedure
- Description of the heat transfer fluid as well gem@tional parameters while
measuring the undisturbed ground temperature anlk \whrforming the test

itself

- Description of the test procedure and identificatend explanation of any
anomalies

- Presentation of all relevant measuring results prabably discussion of
peculiarities

- Boundary conditions used in the evaluation andreg#d values
- Result of the evaluation with specification of uriaeties of the measurement
and the results
e« Summary and conclusions
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The measured data must be archived and on denarsddrred to the client. This e.g. may be
necessary, for example, if the models for TRT eatadun and system design differ from each
other. The data are required for reviewing the T&ults with the design model.
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G.SUBTASK 5
Dissemination Activities
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1. Background

The objective of the dissemination activity wasstgpport knowledge transfer and market
adoption of TRT both on national and internatideakl. Finland was selected as a task lead-
er of dissemination activities.

This subtask integrated the activities of the othdstasks. Each subtask was responsible for
the production of designated parts of the overdtirmation dissemination activity.

The main tool for dissemination was through theresgonsetest.org website. The main ob-
jective of the website was not only to offer tedahiinformation on TRT as scientific papers
and studies but also to provide general informagioout the benefits of TRT.
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2. The Annex 21 website

The major goal of the dissemination plan was tater@ublicly accessible website and invite
the new countries to participate in Annex 21. Tingt fvebsite drafts were non-public. Partic-
ipants were asked to brainstorm about ways to lootkte on dissemination.

The discussions about the structure of the webgite held on the workshops and were the
general look of website was accepted (picture hg gages made public on October 2010.

The contents of the website made only in Englisti€lpants did not find it necessary to
translate the pages other language at this morfRentest providers there were ability to have
TRT forms in their national languages.

The layout was kept very simple and easy to usausecthere was no web editor program to
use (picture 2). The website was almost starteah faoscratch. The first sketch was done by
Mr llkka Martinkauppi. In the bigger problems waslped by Mr Arto Laiho. Moreover all
our team in this Annex 21 project (5 scientistsigted in producing the website contents and
lay-out.

The home of the website is maintained temporarniytite server of Geological Survey of
Finland (GTK). The website is updated only by resjudll requested changes and ideas con-
cerning the layout and contents of the website wgatbered during workshops, and sent to
webmaster Mr Martinkauppi. Requested updates wexe implemented and taken into prac-
tice. Mr Martinkauppi was the only webmaster of ¢ite.
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16 Countries

Canada
About Annex 21
Finland
Germany
Thermal Response Test
Japan
Norway Official
Workshops Participating
! South-Korea Countries
Spain
Homepage Research
Sweden
The Netherlands
Test Providers
Turkey
Argentina
References
Austria
3 Belgium
Links Observers
\ China
Italy
USA

Picture 1. Structure of the Annex 21 website consistingdpages.

Within the context of dissemination of the resuitghe research activities performed by An-
nex 21 participants, the website was planned tegotean overview of the publications, scien-
tific papers and presentations given by expertsvéver, only some publications were dis-
played on the site. Participants were free to ssmiments, reports and any other publica-
tions to be published on the website. The inforamatior the website was collected via
email. The activity for input from the participantaried a lot. Numerous reminders were
sent.

One of the major results of the Annex 21 was aarmétion database including list of TRT
providers and their references. This goal was fadligieved:

- Annex 21 description and participating countries @resented
- Observing countries are included
- List of held events and workshops is presented
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- List of references is presented

- Links to IEA and ECES websites are included

- Links to conferences, training courses and othetlggmal energy events will be pre-
sented on the website

ANNEX21 TEA ECES

THERMAL W - Welcome to ANNEX 21 homepage -
T Thermal Response Test

IEA ECES for Underground Thermal Energy Storages

Homepage  About Annex 21 Thermal Response Test  Workshops Research TestProviders References Links

A New IEA ECES Annex

“Thermal Response Test” started.

Parﬁcipams Update Your Research
Information

Send Information for
Annex 21 Website to
(@Webmaster.

Test Provi C]Q s Provider List by Country.

Now 16 countries
and 45 providers

The Finrish resporise test rig.

For Test Providers:
Download and Fill TRT
Data Form.

@EWebmaster:

Picture 2. Annex 21 homepage is locatechép://thermalresponsetest.arg/

Thermal response test providers there given thesilpibsy to share information about their
activities and services, including technologicgbafailities. From the website one can down-
load TRT provider's form and return it after fifj on the pages (picture 3). The TRT forms
were delivered all over the world and were returbgdd5 TRT service providers from 16
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countries. The result was achieved and satisfactng providers varied from consulting
companies to universities and to research centers.
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Thermal Response Test Equipment Data

Country:

Contact Person:

OrganisationiCompany:

Address:

Phene:

Emiail:

General TRT

data

Type: Heat injaction andor heat extraction || No TRTs: XX

Size, weight: L+ WA, kg

Aim: Researchidevelopmentcommercial

Pump: bpe, capacity (range)

Powered by: Electricity. gas. oll, etc.

Heater: hype and capacity (range}

Built ondin: Trailer pallet container, portable. stationary, efc.

HP{Cooler: type and capacity (range)

Vi v SR L b e i A

TEI"I'IPEN[LI’E measurements:

Years of operation: XX

Typical borehole depths: XXX
Applications: BHE energy pies, heat pjpe BHE s, etc.

Typical fluid type:
Typical groundwater temperature: XX
Geographical area: Measuremeant ragion

P i
! - ({ P - Measurement, Hipe, accuracy
! | 005 |
- l\\ M Flow rate measurements:
= { Promwiomck  \ [ |Ampmze (|- Measurement and fype of sensor
| ! Pramp ‘:.3,551- Al uaed =
i b ¥ ave
{ i'\ ‘ Voltage stabilization: TesNo
," | quck i
e ‘; o | Hiamer Electricity measurement: Fas/No, accurac)
I| + e I
"I.' | GPS: Fes/No
[ e R S R i
Ik Dirztn from Dreaim from z:
i ad kel Remate Control: TasNo
! = vy
T bessheles Remote Data Collection: Yes/Ne
Principle outline
Logger: npe
TRT Experience

Number of performed measurements: XX Researchidevelopmentcommercial

Typical collector type: UL 2L, 3L coaxial pjpe, heat pipes. etc. type of filing

Analysis Method: Aumencal / Line source / Automatic / Direct / ete.

Picture 3. Empty TRT form for download.

IEA ECES ANNEX 21 — Subtask 5 Seite 8

Thermal Response Test Dissemination Activities



IEA ECES
THERMAL
RESPONSE
TEST
ANNEX 21

IEA ECES ANNEX 21 — Subtask 5 Seite 9

Thermal Response Test Dissemination Activities



IEA ECES
THERMAL
RESPONSE
TEST
ANNEX 21

\]/

3. Thefutureof thewebsite

Thermalresponsetest.org website will be integratéml IEA ECES website as soon as possi-
ble.

Dissemination activity was essential for the susadsAnnex 21. Dissemination is crucial for
sustainability of Annex 21’'s outputs in the longnr®verall dissemination plan of Annex 21
could be updated in light of experience. There rhaynovel ways to show case projects
work, experiences and results of Annex 21 on tl@bsite.
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1. Summary

The Thermal Response Test turned out as a regl st@uccess of international cooperation
within the implementing agreement ‘Energy Conseovathrough Energy Storage’ (ECES).
This cooperation leaded to an unbelievable fasbdhiction of a new technological develop-
ment into the market. Within few years TRT becanstasmdard procedure for site investiga-
tion for BTES and borehole heat exchangers for maource heat pumps.

The first mobile test units were constructed in 8aeand USA in 1995 and introduced with-
in the framework of Annex 8. The TRT has then blether developed with respect to test
procedures and methods for test evaluation in Arit®xX~or high temperature storage appli-
cations it has also been a part of Annex 12. Add#lly intensive scientific investigation
worldwide was initiated which is reflected in tlede number of presentations and papers at
the stock conferences from 2000 onwards.

Based on this development and further experienmes practical application in the market
Annex 21 ‘Thermal Response Test’ was started toeshaperiences and to initiate further
R&D. To cover the wide field of subjects the Anneas arranged in five subtasks:

e Subtask 1: TRT state-of-the-art study

e Subtask 2: new developments

* Subtask 3:  evaluation methods and developments
e Subtask 4: standard TRT procedures

» Subtask 5:  dissemination activities

The state-of-the-art study gives a nice overvietartthg with the historical development
which dates back with first ideas to 1983 and fnsibile equipments in 1995, a brief descrip-
tion of the test procedure itself, the theoretlmatkground and operational experiences is giv-
en. A questionnaire was developed to collect infdram and data on TRT equipments and
activities worldwide. Within a short period of abhdiD years, TRT spread rapidly to about 40
countries around the world. The vast majority imggshe heat injection procedure while heat
extraction was done in less than 10% of the testechout. A major application of TRT is
still for R&D purposes but a continuously incregsimumber of tests are for commercial pro-
jects. For data analysis the most common evaluatiodel is still Kelvin's Line Source mod-
el, followed by numerical models and the Cylindeu®e model. However, it was difficult to
reach all TRT suppliers especially those who areking only on the commercial market
without research activities.

In subtask 2 a list of new developments is givethwi brief overview on the subject itself
with examples and an assessment of advantagedijtberal problems. The topics covered
more or less detailed are:

» Use of fiber optics and enhanced TRT

* TRT while drilling

» Step pulse test

* Nimo-T (Non-wired Immersible Measuring Object foemperature measurement)
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» TRT for Energy Piles
» TRT for special geometries
» Groundwater influence

An important issue within TRT is the evaluation huet which was discussed in detail in sub-
task 3. This section covers analytical methodstlusdine source and cylinder source approx-
imation and gives a description of the evaluationthe most common single pulse but also
for step pulse test. All test methods require a lmemof input parameters which may influ-
ence the result. A detailed sensitivity analysip$i¢o assess the importance of these parame-
ters. Additionally numerical methods are discussédin this report. It also covers the con-
vergence of the result which is important for detieation of the validity as well as the dura-
tion of the test. Advanced topics like groundwadtdluence, step pulse solution including
recovery and heat extraction and corrections daft@lation of different parameters are exam-
ined. Also a comparison of different evaluationqadures was carried out with a reference
data set.

Of significant importance is also the work carreat in subtask 4 Thermal Response Test
Procedure. In this section basic requirements wefimed which should be compiled to gen-

eral national or international guidelines or staddan TRT. It covers the required boundary
conditions like the description of the site geolothe borehole design an specification of the
test equipment as well as the test performancesgalliation. Regarding the equipment sen-
sors, data logging and measurement accuracy acdisgeFinally also the important aspect

how to use the test results correctly is discusHethe test parameters differ from the de-

signed operation the test results cannot be apgdiredtly in the design process anymore but
must be recalculated to the new conditions.

Subtask 5 was responsible for dissemination ads/éind designed a website for display of
the information available from the subtasks andodicipating countries.
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2. Conclusions

The outcome of the Annex 21 Thermal Response Beshelp new countries to step into this
new technology without passing through the whoteess of R&D and to solve typical prob-
lems by themselves but to rely on the competenanahternational team of experts. From
this report valuable information can be extractegarding the required test equipment, the
test performance and the data evaluation as wétleaapplication of the gained results.

In some countries the fast growing applicationhaf Thermal Response Test procedure in the
design process as a result of the introductiontimocommercial market led to a fast growing
number of test providers. In such booming marketsetimes unreliable fellows with lack of
the theoretical background and practical experienigeto offer such services. This becomes
even worse if they use poor designed TRT equipméne objective of Annex 21 was to
provide information which can be compiled for oifictechnical guidelines and national or
international standards. In Germany the VDI 464Qd€éline ‘Thermal Use of the Under-
ground’ is expanded by an additional part 5 (VDB@art 5 ‘Thermal Response Test)
based on the outcome of Annex 21. The official tdvafi be published at the beginning of
2014.

As mentioned in the paper of Henk J.L. Witte ‘Erforalysis of Thermal Response Tests’ in
the Appendix | of this report further R&D is reqedr ‘to incorporate this analysis in a wider
scope aimed at understanding the relation betwestmgée test and repeated tests at the same
location or interpreting tests performed at sevie@tions’.

To gain an improved quality it is important not pitb define specifications in guidelines and
standards but also to provide quantitative qualagtrol by certifying test performers and test
equipment. The European legislation has establishegstem of quality control of products
and services as a result of the liberalizationlobal trade and the demand of the market. Na-
tional accreditation bodies are responsible tossssad certify the technical competence of
relevant laboratories which provide such servittasiay be helpful to use such implemented
structure of quality control in addition to standmrand guidelines. Nevertheless it is im-
portant to provide reliable certification procedureased on scientific knowledge. Future
R&D is required to develop a technique e.g. refeeemeasurement which allows the compar-
ison of equipment and evaluation of different fasividers.
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Error Analysisof Thermal Response Tests (Extended Version)
Henk J.L. Witte

Groenholland Geo-Energysystems, Valschermkade@®dD Amsterdam, Netherlands,
Phone: 31-20-6159050, e-mdiknk.witte@groenholland.nl

This is the extended version of the paper "Error Analysis of Thermal Response Tests' presented at the
INNOSTOCK 2012 conference.
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1. Introduction

The purpose of a Thermal Response Test (Gehlin,1888tin 1998, van Gelder et al. 1999) is to
measure the equivalent thermal conductivity ofgteund volume tested and thermal resistance of the
borehole heat exchanger. The method is based ameFsuaw of heat conduction, which states that
the heat flux in a material is proportional to tieenperature gradient and thermal conductivity. A
borehole heat exchanger of sufficient length withpect to it's radius can be considered as a line
source, and the analytical solution of Kelvin'sd.iBource (Ingersoll & Plass 1948, Carslaw & Jaeger
1959) can be used to solve the heat equation awdledy used to evaluate TRT data. With the line
source, by applying a constant heat flux to theigdoheat exchanger, the thermal conductivity can be
inferred from the constant power rate and the stifie temperature change with log-time. Once the
equivalent thermal conductivity is inferred and feald temperature is measured, the borehole re-
sistance can be derived as well.

The method has been in use as a laboratory teahsigae at least 1905 (Niven 1905, Stalhane & Pyk
1931) and is well understood. Nevertheless, eskhebia the field tests, until now a systematic kva
ation of the different sources of uncertainty (8riand their effect on the quality of the resuls mot
been made. Some authors have at least characténzeteoretical error of the sensor array (Austin
1998, Witte et al 2002) used for carrying out &t tbut other sources of error — such as fluidmer
ters, heat exchanger length, borehole radius Ilsotrabdel error or standard deviation of the regres-
sion coefficients, have so far not been considered.

To estimate the error of a TRT is not so straigéod as it may first seem. First of all, the TRT i
based on a model, such as the infinite line soomadel (ILS), that makes very specific assumptions
concerning the process. If any of these assumpémnsot true, the measurement procedure cannot be
used to obtain estimates of the parameters ofeistt€equivalent thermal conductivity and borehole
resistance). The most important assumption isdbatiuction of heat is the only heat transport pro-
cess. For instance, in situations where thereaargiwater movement (advection) this is not true and
the method cannot be used. Common tests use l@aidn at fairly high power rates (> 50 W/m). In
these tests thermally induced convection can ostich also invalidates the main assumption of the
test. Other assumptions made are that the prop@tftihe medium (thermal conductivity, heat capaci-
ty, initial temperature) are isotropic and spayiagliasi-constant, that power rate during the tesbn-
stant, that the borehole heat exchanger can besemed by a line source and that the internal heat
capacity of the borehole heat exchanger can beedmr that there is no axial heat transport.

Secondly, with a TRT on a single borehole heat arghr we are not able to obtain a representative
sample of the thermal conductivity of the totalugrd volume, as we only have one single observation
of a limited ground volume even if the same borehisltested more than once. In that sense it is onl
a crude approximation to treat the result with silzed statistical theory as an estimate of the true
thermal conductivity of the ground, with an asstarastandard deviation. In fact, the thermal conduc
tivity of the ground especially will vary as a fuimn of space and time because the ground is not a
homogeneous medium but exhibits variations in caitipm at different spatial scales. Then it be-
comes a Geo-statistical problem and probabilistathmds need to be employed (Chiles & Delfiner
1999, Bruno et al 2011). Even in one single testriimy affect the result: as the temperature gradie
progresses through the ground with time the agualind volume that is tested increases and the
equivalent thermal parameters vary according tevtdution. In an extreme case, for instance a test
on a steeply inclined geology such as glacial piggies, this will lead to inconclusive tests adinal
estimate of "the" ground thermal conductivity isspible simply because the approximation of a quasi-
constant value does not apply.
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Thirdly, the test method itself introduces errtuistincludes errors in the sensors used or errtdnan
power generation for the constant power pulse. Alsanges in ambient conditions or even groundwa-
ter movement (rainfall, nearby extractions) introgkierror.

For the purpose of this paper | consider only thimeate of the thermal conductivity and borehole
resistance of one single test on one single boeecheat exchanger. The ground volume around the
borehole heat exchanger that is tested is considerbe sufficiently isotropic and spatially comdta

in composition, so that the equivalent thermal cmtigity coincides with the constant value of the
parameter. To what extent this singe estimate @fetjuivalent ground thermal conductivity at one
point location is representative of the real (resigy ground thermal conductivity, or how repeated
tests on the same borehole should be treatedt thengubject of this paper. The error (estiméthe
precision) of this single test can therefore bat&ré by classical statistics.

So far researches have tried to address seveualsishat may arise with TRT, such as variable heat
rate effects or interrupted tests (Beier & Smit®@20005), ground water flow (Signorelli et al 2D07
inappropriate model (Bandos et al 2009, Lamarct&e&uchamp, 2007) or effects of heat capacity of
the borehole (Bauer et al 2011a, Bauer et al 2014lbp vertical profiles of thermal conductivities,
that may vary between different strata, have beeasored using fiber-optics (Fujii et al 2009). How-
ever, an analysis of the different possible eromrees and their magnitudes has so far not beee.mad
Austin (1998) and also Witte et al. (2002) presenélculation of the sensor array of the TRT, hat t
calculation does not consider any other error ssirc

In a TRT the parameters of interest (thermal cotiditic and borehole resistance) are estimated as a
function of other variables that are repeatedlysuesd during the test, measured once before af afte
the test or estimated independently. The totalreth@ difference between the real value of the-the
mal conductivity and the estimated value, is theglex combination of:

1) Measurement error, the error associated with tleeigion of the sensors used in the
equipment and the variations in measurements daaug repeatedly during the experi-
ment (sampling in time). These errors introducedoam variations during the test and
thereby reduce the precision.

2) Parameter errors, errors in parameters that aresurezh once and separately (such as
borehole length or fluid density) or that are esated or obtained from other sources (such
as borehole diameter, heat capacity of the fluithjs type of error is more serious, as it
does not vary during the experiment but introduiias in the result.

3) Propagation of the individual errors and the methpavhich they should be combined.

4) Error of the evaluation model used, the final ressale obtained by the application of a
theoretical relationship. Even if such relationsisiggvaluated using the true values of all
parameters, the result (the estimate of thermadwctivity and borehole resistance) is still
only an approximation of the true values.

In this paper | present a characterization of tlrerg associated with the first three sourcesdiste
above, and will give some general remarks abougipeoximation by the evaluation model.

1 Methods

Although different models are in use to evaluae TIRT results, the most widely used model is the
Infinite Line Source Model (ILS). We therefore tatkee well-known ILS equation as a starting point
and explore in a systematic way the different esaarces of the variables and parameters of the-equ
tion.
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In the following | will treat all errors in princip as standard deviations of the parameter. Foyran
the parameters involved however it is not posdibldefine the standard deviation. Then at least the
range of the error can be estimated, where valaasthe centre are more likely to occur than values
near the end of the error range (in qualitativengeit is a confidence interval). | will call thiseerror
range.

First | will present the ILS equation and the sfiegbarameters of interest, their estimators and to

which type of error they contribute. Followingghhe precision and accuracy of the individual pa-

rameters will be discussed, with examples basedoommon sensor technology or common methods
to obtain values of second type of parameters.rAlfte individual parameters have been described a
formula will be presented which combines the indli’l errors to an overall error for the estimate of

thermal conductivity and borehole resistance. Rinsbme general remarks will be presented and

some guidelines with regard to improving the TRSEIit

The propagation of errors is calculated using gangrocedures as outlined in Ellison et. al (2000)
and Taylor (1997). For equations with independemameterd) andV and involving only addition /
subtraction the error of the final resilican be calculated by adding the individual erinrquadra-
ture:

. =4(0,)" +(0y)’ 1

For equations involving multiplications or fractmrthe errors are given by:

JX —_ UU 2 O-V 2

X = [(ZY)2 4 (2 2
X \/( U ) (V )

There are some other simplifying rules, but theyreot used here.

For equations where the parameters are not indepgnar where the equations cannot be expressed
as simple sums, products or fractions of the patersiea numerical procedure is applied where the
values of the parameters are varied by a small am@sually about 1%) and the effect on the final
result calculated. The fractional change in thelltds a measure of the sensitivity of the paramete
interest to that parameter, and these are muliifie the estimated error of the parameter and then
added in quadrature to obtain the total composita:e

_ X\’ ox \?
Oy = U'Um +JVW 3

The contribution of each partial derivative is estied with a numerical procedure, where U is varied
by a small amount and the effect on X calculated:

X _&X 4
ou AU
The total error is then calculated by:
2 22
ax =.|[au 2] +[av X 5
ou ov
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A spreadsheet with the calculations as presentedhig paper is available on our website
(http://www.groenholland.corfen/publications/trt_error.zip)

2 Infinite Line Source Equation

The ILS (Ingersoll & Plass 1948, Carslaw & Jaeg@s9) model includes both the conductivity and
the borehole resistance. Gehlin (1998) gives a gewviéw of the basic theoretical development of the
ILS as applied to thermal response tests.

The basic equation for the time evolution of therage temperature at the borehole wall is:

a2

Q C Q
= In —V|+=R+ 6
T 47H re 4 HRb LE

With Q the power rate, estimated by:

> a0, 0-T,0)

Q= 7
n

Where

Oy volume flow circulation medium s

P density circulation medium kgfm

c heat capacity circulation medium J/(kgK)

Tret return temperature circulation medium K

Tin injection temperature circulation medium °C

T average temperature of circulation medium °C

Ty far field (ground) temperature °C

A ground thermal conductivity W/mK

H ground loop length m

Ry borehole resistance K/(W/m)

y Eulers constant -

t time S

lo borehole radius m

k coefficient of the regression With In(t) K/In(s)

C the ground thermal capacity J/(kgK)

From this equation the thermal conductivity israstied by calculating the slopeof the temperature
increase with the log-time and inserting this into:
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Once the thermal conductivity has been estimated {l@ ground temperature measured) the borehole
resistance can be calculated by (Bruno et al 2011):

A
H ( ) 1 46
=—\m-T,)-|—|In| == |-
R Q | am re 4
where:
m  : is the intercept of the slope of the regres3iowith In(t)

Table 1 gives an overview of all parameters andhtis®ciated type of error.

Table 1. Different parameters and estimators irltBeanalysis of TRT results, indicating the typass of the error: 1:

measurement error, 2: parameter estimate errggr3bination error, 4: model error.

Parameter ) type class of error
fi Estimator note
of Interest 1 2 3 4
Estimated
Q equivalent
Atpr A=—— X thermal con-
47k ductivity at one
location
n
Q > (qv (t),oc(T o O~ T (t))) « _Power rate,
=1 time dependen
n
density of the
P X circulation
medium,
heat capacity o
c X circulation
medium
Tin(t) X Fluid injection
temperature
Fluid return
Tret(t) X temperature
fluid volume
W X flow rate
IEA ECES ANNEX 21 — Appendix | Seite 9
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Length of
borehole heat
exchanger

Slope of the
regression eq.
Ti(t) =m +
K.In(t)

Intercept of the

regression eq.

Ti()=m+
K.In(t)

Ts

Tret (t) +Tin (t) a
2

T O-TJT.O-TJ |
n(T.O-TJT.0-T))

T, +

AT.0-T) -T.0-T,
T +

p+l

1+ p)ﬂTm(t) ‘Tg‘p _‘Tret ® 'Tg‘p

Fluid average
temperature,
see below

Mean heat ca-
pacity of the
ground volume

Tg

ST @

n

where d = depth

mean undis-

turbed ground
temperature

(assumed con-
stant and iso-
tropic)

Rb

Rﬁ%(m‘Tg)* et el g

Estimated
borehole re-
sistance, as-
suming con-
stant and iso-
tropic condi-

tions

lo

average bore-
hole radius

Time
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Some remarks about the terms in the table candgirea made. First of all, with all parameters one
should distinguish between the (unknown) true valaed the estimated (measured) vatudg-or the
sake of readability and brevity | have not dond.tha

Secondly, it is worthwhile to note here that therage fluid temperature that is calculated from the
fluid injection and fluid return temperatures candpproximated in different ways (Marcotte & Pas-

quier 2008). The standard method is to calculageattithmetical mean (a), but this is only correct
when the heat flux is constant along the entirelbole, which is not normally a realistic assumption

When a constant temperature on the pipe wall ignasd, the average log mean difference (b) is a
good estimator of the steady state average flmighégature (Incropera & Dewitt 1985).

Marcotte & Pasquier present an equation (c) whieey assume the fluid temperature variation at
powerp, AT(X)]’, varies linearly within the pipe betwe@T jje(X)I” and AT rewrdX) -

The fact that these different methods to calcudatrage mean fluid temperatures do not yield equal
differences in time (the rate of change is affectedans they will yield different results of estiem

of thermal conductivity and borehole resistancevals An example of the effect of the different ave
aging methods on the linear regression equati@hasvn in figure 1. In this typical example, the re-
sulting thermal conductivity values estimated woloéd 2,11 (AM average), 1.94 (LMD average) and
2,01 (PLIN average). Also note that, in comparisoth the AM method, another parameteg)(is
introduced that needs to be estimated seperately.

Figure 1.Effect of different averaging methods (AMithmetical Mean; LMD: Log Mean Difference; PLIN
P-linear average with p=-0.9).

20
19
y = 0.8895x + 7.7516

18 |
\%/ 17
e
5 161 AM
o
@ 15 - LMD
(o
E wl == PLIN
©
S 13 -
o

12

11

10 ‘ ‘ ‘ ‘ ‘ ‘ ‘

5 6 7 8 9 10 11 12 13
LN(T)
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3 Reaults

3.1 Measurement errors.

The measurement errors relate to the repeated neeasots of the process variables, specifi-
cally the measured flow rate, injection and retilurd temperatures. In some cases the elec-
trical power input is measured by a watt-transducesbtain a direct measurement of power
input. The measurement error can be separatedda thistinct error types:
1) Accuracy (the closeness of the measured valueettrtle value). This type of error in-
troduces a bias in the results and should be Zéie.is achieved by proper calibration

of the sensor system. | assume these errors are zer

2) Precision, the degree of scatter of the measuremleah repeated measurements are
made under perfectly constant conditions. Thisredepends on the characteristic and
quality of the sensor system itself and the wawlich it is installed in the system.

3) Perturbation of the actual value of the parameteaisured, for instance small changes
in fluid temperature do occur during measureme8tsctly speaking this is not a
measurement error but related to the sampling &éegyand how the sensor measures
(time-averaging or instantanuous readings).

The measurement error during a test is a resuthefprecision and perturbation errors. An

evaluation of the quality of a test should incl@adeomparison at least of the measured varia-
tion with the calculated error range based on émsar system's precision. Measurements that
need to be considered are: flow, injection andrrefluid temperature, power input (in the

case of watt transducers) and time.

Fluid flow is measured with a flow meter, of which differéye exist, with different charac-
teristics. In general volume flow will be measumgith an electro-magnetic type flow meter,
as this is a robust and easily integrated instruymather methods include differential pres-
sure, vortex, sonic or mechanical flow metersslalso possible to directly measure mass
flow (by e.g. using a coriolis type flow meter).rré&'s of flow meters are usually stated as a
percentage of flow measured, sometimes with antiaddi minimum value below a certain
threshold. There can be an additional temperatapemtence of the error, but this error is
very small and ignored here. Table 2 lists soméa}errors as given by the manufacturers
for different types of flow meters. The absoluteoeis calculated at a flow rate of 1.5/hrs
and 20°C, this is indication of the maximum error of fl@xpected in a typical TRT.

Table 2. Relative and absolute errors of differgpéetof flow meters, data from manufacturers.

Sensor type Relative error Absolute error

% (@ 1.5 m3/hr)

Electro-magnetic (0-1.5%hr) +0.33% + 0.0050 nihr
installed in DN50 pipe

Coriolis-mass + 0.15% + 3.36 kg /hr

Coriolis-volume +0.25% + 0.0004 rithr
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Ultrasonic + 0.50 % + 0.0075 m3/hr

Fluid injection and return temperature. Temperature can be measured by several different
sensors types. Due to its ruggedness, stabilimedsurement over time and easy of installa-
tion PT100 type will normally be used (PT500 or BUQ are essentially the same but have a
different ohmic resistance af’G). PT100 sensors are manufactured according tona (EC
60751) and available in different classes, clagslérance is 0.15 + 0.002|T|; class B toler-
ance is 0.3 + 0.005|T|.

Form the tolerance statement it is clear that tieeaetemperature dependence on the precision
of the sensor, in the range -50 to +&Dthis error is 0.1K, in the range -25 to +&5 it is
0.05K, in the range -5 to +%& the additional error is 0.01K. Within the typi¢cemperature
range of a TRT the total temperature sensor en@eases from 0.15 to 0.25K. When calcu-
lating the temperature difference the errors camadued in quadrature, the error interval on

AT ranges from 0.21K to 0.35K.

The error on the temperature measurement is flairye in view of the most interesting quan-
tity (temperature difference) used for calculatihg power rate. It is therefore worthwhile to
carefully calibrate the two installed sensors abthim a matched pair for the temperature
difference measurement. In a careful calibratiothefactual sensors in the TRT of Groenhol-

land, we achieve a measured error intervahdrof + 0.06K.

Table 3.Typical error of the PT100 temperature seimsthe process temperature range -5 %G0

Sensor type Relative Absolute
PT100 @ 0.5C + 30.0% + 0.15K
PT100 @ 50C + 0.5% + 0.25K
PT100 pairAT, @ 20°C, 5KAT +5.4% + 0.27K
PT100 matched paiAT, @ 0°C +1.2% + 0.06K
IEA ECES ANNEX 21 — Appendix | Seite 13

Thermal Response Test



IEA ECES
THERMAL
RESPONSE
TEST
ANNEX 21

\]/

Watt-transducers, with Thermal Response Test utilizing direct aleal heater elements
sometimes a watt-transducer is used to measuretrieéd) power input and use this as an
estimate of thermal power input. Although the psexi of these meters can be quite good
(relative error range < 2%), not all electrical myws necessarily completely transferred to
the fluid. Also, heat rejection to the fluid by theamp (which is often cooled by the fluid) is
not measured. Therefore, the watt transducer isided for completeness but not evaluated
further.

Measurement of time. The time drift of data loggers is normally smai§pecially with re-
gard to the measurement period. Typical clock ammurfor data logger's range between
180s/year and 492 s/year. For a test duration 6fhdurs, this would yield a clock error of
8.6 10*°s to 1.6 1G s. This is so small that it is further ignored.

3.2 Parameter errors.

Included here are parameters that are measuredbaficee the test and parameters that are
estimated based on other sources such as literalures. These parameters include the circu-
lation medium density and heat capacity (as weNiasosity and thermal conductivity, but
those are not parameters in the ILS equation)ehme heat exchanger length, heat capacity
of the ground volume tested and borehole diameter.

Density and heat capacity of the fluid medium are needed in the calculation of the heat
rate. The fluid parameters vary with fluid type xmg ratio and temperature. Due to the de-
pendence on temperature they will vary during tkgeeiment as well. The physical proper-
ties of water are well documented, but in Thermasfpodnse Tests other fluids can be used.
Especially anti-freeze mixes of water and monoethgglycol (MEG) or monopropylenegly-
col (MPG) are used. The error in the estimated gntigs of those mixes then depend on:

1) The physical properties of the pure product, treseobtained from manufacturers da-
ta properties (I use data published by DOW chemaradl the accuracy or precision of
these data is not known. As the chemical compesitb the product is quality-
controlled during production one may assume thedaes to be fairly accurate. An-
other source of pure-product data are the coroglatand mixing rules published by
different authors (see Witte, 2010, Haider Kahn®@0d Melinder 2010 for an over-
view)

2) The mixing ratio between water and the productsTrhixing ratio needs to be esti-
mated. In general the circulation fluid used farRiT will have a antifreeze content of
up to 35% by volume.

3) The variation of the properties with temperaturarges during the experiment.

To estimate the mixing ratio a sample from thedflused in the test is taken and the density
and temperature of this sample is measured. Wighddita the mixing ratio can be estimated
from a look-up value in a table of temperature Rgilly data of different mixing ratios. The
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density can be measured with a precision of abdil0D and temperature better than @5
Figure 2 shows the change in density for MPG andoMé&r different mixing ratios at bulk
temperatures of 15, 20 and 45, table 4 shows the maximum errors of the derssity mix-
ing ratio estimates.

Considering the error introduced by the density #miperature measurements the combined

maximum error for estimating the mixing ratio foP\@ is 1.04% and for MEG 0.98%.

Table 4.Maximum error range in fluid properties (mixingicatind resulting error in heat capacity) for MPG¥3by vol-
ume) and MEG (35% by volume), based on density oreasent.

Fluid Property Relative Absolute
MPG Density 1.5% 16.2 kg/ni
MPG Mixing ratio 2.9% 1.0 % point
MPG Heat capacity 2.0% 90.0 J/kgK
MEG Density 1.5% 13.8 kg/ni
MEG Mixing ratio 2.8% 0.98 % point
MEG Heat capacity 2.0% 90.0 J/kgK

Figure 2. Relationship between density (k§y/and volume mixing ratio (%) at three differentlbtemperatures for MPG

(top) and MEG (bottom).

MPG

Volume Mixing Ratio (%)
N
a1

y =1.1186x - 1116.5
A O

y =1.0598x - 1060.8

1010 1020 1030 1040
Density (kg/m3)

1050

& T15
® T20
A T25

IEA ECES ANNEX 21 — Appendix |

Thermal Response Test

Seite 15



IEA ECES
THERMAL
RESPONSE
TEST
ANNEX 21

MEG

y =0.6775x - 675.7

& T15
® T20
A T25

Volume Mixing Ratio (%)

y = 0.6653x - 665.46

1000 1020 1040 1060 1080
Density (kg/m3)

IEA ECES ANNEX 21 — Appendix | Seite 16

Thermal Response Test



IEA ECES
THERMAL
RESPONSE
TEST
ANNEX 21

Figure 3. Absolute difference between the fluidgenies at different temperatures and taken &C2Meat capacity (top)
and density (bottom).
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Once the mixing ratio is known the heat capacitg apecific temperature can be found, as-
suming the variations in properties of the actuadpct and the manufacturers data can be
ignored, the error in estimated heat capacity asetion of the error in mixing ratio can be

calculated. At a bulk temperature of 2D the heat capacity of MPG changes at a rate of 12

IEA ECES ANNEX 21 — Appendix | Seite 17

Thermal Response Test



IEA ECES
THERMAL
RESPONSE
TEST
ANNEX 21

\]/

(J/kgK)/% for MPG and 15.8 (J/kgK)/%, with an eradrl% of mixing ratio this results in an
estimated error of heat capacity of 0.3% (MPG) @ddo (MEG).

The properties of the fluid are used especiallytther calculation of the thermal power, if the
fluid properties are taken at a fixed arbitrary stant fluid temperature an additional error
will be introduced as the fluid temperature chandi@sng the TRT. To estimate this error we
will examine the variation of density and heat afyawith temperature. Figure 3 shows the
absolute differences between the fluid propertiessdy and heat capacity at different tem-
peratures compared with the values af@pfor water, a 15% and 35% mix of MPG or MEG.
The maximum absolute error for the heat capacigbsut 90 J/kgK for both MPG and MED
at 35% mixing ratio and 58C bulk temperature (about 2%). Difference in dgniit-16.2
kg/m® (MPG) and -13.8 kg/M(MEG) at 50°C bulk temperature (about 1.5%). A summary of
the maximum errors associated with the errors iixing ratio estimate and variation of pa-
rameters with fluid temperature during the test, density and heat capacity, is given in
table 5. Overall error ranges are small and caminémized by calculating the power rate at
every time step using the temperature-corrected fitoperties.

Table 5.Estimated error range in fluid properties when tesefixed temperature for water, MPG and MEG, galaom-
pared with the values at 2G.

Fluid Property Relative Absolute
Water Density 1.00% -10.2
Water Heat capacity 0.83% 35.0
MPG Density 1.56% -16.2
MPG Heat capacity 2.32% 88.0
MEG Density 1.31% -13.8
MEG Heat capacity 2.51% 90.0

The volumetric heat capacity of the ground (C) is usually not measured but estimated from the geo
logical profile by calculating the weighted averagfaeference values (with the soil layer thicknass
weight). An estimate of the error range in thisgpaeter is not easy to define, but in a range fat he
capacity of 2.0 - 3.4 MJAK an error range of abott0.20 - 0.51 MJ/AK (a 10-15% error) seems
reasonably conservative. A new method (Bruno €04all) allows the estimation of the heat capacity
together with the borehole resisistance. However, donditional estimation procedure needs limit
values and the error range for the heat capacitigagrimit range used becomes the error standard de
viation.

The active length of the borehole heat exchanger (H). Any TRT should measure the actual active
depth of the borehole heat exchanger. With a typieasuring tape a precision of centimeters or even
millimeters can be achieved, but it may be accuratg to 20 - 50 centimeters. Calibration of thpeta
measure should not be forgotten, as the measudewientroduce systematic error in the resulté (o
all tests performed). Moreover, the error will affeesults also depending on the length of the loop
installed, a 1 meter error on a 20 meter loop gile a much larger error in specific heat rate ttien
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same error on a 100 meter deep loop. Also, whesrehble is not correctly backfilled it may cave-in
during the test altering the active length as aslintroducing other disturbances

With the borehole radius (r,) we need to consider the measurement error asasethe
probable variation of the borehole radius oventthele borehole length. In practice the bore-
hole radius will not often be actually measured, éstimated based on drilling rod diameter.
Typical borehole radius lies between 0.08 - 0.012mith a precision of 0.015 - 0.025 m. It
has to be kept in mind however that careless migilinay produce much bigger deviations
from the borehole radius (caving).

To calculate the final error we need tHepe coefficient and intercept of the regression
equation. Although these are strictly speakingpetiag to the classification, model errors, |
include a general description of the error nowhay will be needed further on.

The error of the regression coefficient cannot hewkn beforehand as it depends on the time-
temperature evolution of the experiment realizatssuming that the fundamental assump-
tions of the linear regression hold, the precisoibthe intercepm and slope coefficierk can

be expressed by their standard deviation. Usingtdwedard deviation of the regression coef-
ficient, the 95% confidence interval can be calday:+ 1.96" * stdev{).

Typical values for the standard deviation of thgression slope are 0.001 - 0.010 K/In(s),
yielding a 95% confidence interval of 0.002 to @A/In(s). The intercept shows typical
standard deviations of 0.05 - 0.10 K, yielding ¢dence intervals of 0.10 - 0.20 K.

3.3 Propagation errors (combination)

In the error calculations | give some examples dasefairly typical values of parameters and indi-
vidual parameter errors, these values are listedhle 6. In the error equations it is assumed ttheat
individual terms are independent.

Table 6. Reference values for the error rangesendlitfierent measured variables and parametersfaséle calculation of
the combined errors.

Error range Reference
Parameter value
Absolute | Reference
O, volume flow (ni/hr) +0.005 0.33% 1.5
p, density of medium (kg/m3) +10.0 1.00% 1000
c, heat capacity of medium (J/(kgK)| £80.0 2.00% 4000
Tin, injection fluid temperature (0C)| +0.15 - 25

! The multiplier is taken from the T distribution and depends on the significance level chosen and the degrees of
freedom. As the number of observations (n) in a TRT is large (>> 100) and the degrees of freedom equalsn - 2,
1.96 for the 95% and 2.576 for the 99% confidence intervals can be used. Assuming, amongst others, that the
errors are distributed normally around the regression line
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Tret, return fluid temperature (0C) +0.15 - 20
AT, temperature difference (K) +0.212 4.25% 5
Tf, average fluid temperature (0C) +0.106 0.53 -
Tg, far field temperature (oC) +0.034 0.23% 15
H, loop length (m) +1.0 1.00% 100
t, time (s) +4.38 10° - -
ro, borehole radius (m) +0.020 26.00% 0.10
C, vol. heat capacity of ground +0.5 20% 2.4
(MJ/(m°K)

k, slope coefficient +0.010 1.50% 0.75
m, intercept +0.100 0.52% 19.5

First some parameters are considered that are upadeeither a combination of measurements (tem-
perature difference, average fluid temperaturggrermade up of a sequence of measurements (such as
average undisturbed ground temperature).

The error in the calculated temperature differesegends on the error in the individual sensorsethe
are combined:

AT, =/(dTg)? +(IT,,)>? 10

With a typical sensor error of 0.15K (af®©) this becomes:

AT, =4 (0157 + (015 = 021K 11

At a bulk temperature of 5XT the error increases to 0.354K.

Here it is assumed that the difference betweerttioj and return temperature is constant
(which in a TRT it should be). This may not be afa#&ue, for instance during the start of the

heat injection or extraction pulse or due to vasia in power. In those cases it may be need-
ed to take into consideration the plug-flow tratiele (time lag) and calculate the temperature
differences taking into account an appropriate tiage

Average fluid temperature (T¢). The error standard deviation of the arithmeticatamof fluid tem-
perature is calculated by:

o ) +(dT.)?
o7 = V(GTa)” +(T)
2
With a typical sensor error of 0.15K (af®©) this becomes:

12
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15)2 15)°
5rf=\/(05) + (019 = 0106K 13

At a bulk temperature of 5T the error increases to 0.177K.

The error standard deviation of the log mean mifiee and p-linear average depend also on the un-
disturbed ground temperature, so | will discuss filnst.

In the ideal situation the undisturbed ground tenafpee is measured by lowering a sensor into the
borehole heat exchanger, after this has reachegetature equilibrium with its surroundings, and
temperature measurements are taken at regulavafgeOther methods to measure the vertical ground
temperature profile exist and may introduce othiare, but these will not be discussed here.

If we only consider the error standard deviatioth@ measurements and how they add up to the total
error in average ground temperature, the estinfateecerror standard deviation is:

> (4T, (d)?

oT, == 14
n

Measuring every 5 meters in a 100 meter deep bledieat exchanger results in an error of 0.034K
(using an error of 0.15K for the individual measuoeats).

To define the errors in the LMD and PLIN averagesneed to use the general procedure by taking
the partial derivatives as the parameters arentiapendent. The equations for the combination error
standard deviations are

AT, _ Y (AT, > (AT, 2
o, = Jrg + or. | + or,., 15

ATg AT, AT,
The formulas for the error standard deviation & UMD and PLIN averages are the same, but of
course the equation for generating the differehttsmms (T;) are not. The final results are:

LMD error

2 2 2
oT, = \/(@ 0034j " (% 0150j " (%’ 0150j = 0114K

0150 0200
PLIN error (with p = -0.9):

2 2 2
oT, = ( 0011 0034J +( 008 0150J +( 0154 0150j = 0125
= 0150 = 0250 200

Of course, these errors should be calculated feryetime step of an experiment realization
and then added again, as the error of the avetagetémperature depends on the Tin and
Tout measurements that vary during the experinteatmore precise calculation the depend-
ence of the sensor error on the actual fluid teadpee should be taken into account as well.

Now we proceed to the error range of thermal power rate Q. The thermal power rate is
calculated by:
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Q=q,0cAT; 16
The composite error range on the thermal powerisajeren by:
2 2 2 2
T
Lo [ﬂj (@j [ EV L & 17
Q qv p C ATf

Using the error range and reference values ireté@)l with a reference power rate of 30GJ,
we obtain:

2 2 2 2
0 =0* ( 0005) +( 10 j +(ﬂj +(£12j =30 * 0048= 144MJ(400N)
15 1000) | 4000 5

With an heat rate of 30GJ (8.33 kW) the error raisge 1.44 MJ (400 Watt) or 4.8%. The
largest contribution to the error is the measurdméAT, effort should be made to achieve as
accurate a calibration as possible.

It is important to note that in the power rate ¢heray be another error which is unknown: the pressu
loss in the pipe is of course due to the conversidanetic energy to friction (heat), as this hesanhot
measured by the temperature sensors it introdub&san the test.

3.4 Error of parameters of interest (combination)

Having defined the measurement errors and errothiar parameters, the error of the final result

(estimate of the parameters of interest, thermatigctivity and borehole resistance) depends on how
all errors are combined to the final error of ttetireate. Error propagation is calculated using the

standard rules of combining errors in quadratutee @&ample calculations use the reference values
given in Table 6.

The estimate afhermal conductivity (Ay+) is obtained by:

_ qoeAT
TRT 47H k

And the composite fractional error range can be@pmated by:

2 2 2 2 2 2
e DR RGRCI R G
Arer a, p) \c) \aT H k
Using the individual errors and reference valueatasre, and assuming a value for the ther-
mal conductivity of 2.5, we obtain:

18
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_ 0005\ (10 \* ( 80 \* (0212)° (1) (o001}
Ay = Agr + H— * + +
15 1000/ | 4000 5 100 075

=0.051 *2.5=0.127 W/mK which is about 5.1%.

The largest contribution to the total error (caitatl as the contribution to the sum of squares)
is the temperature difference (70%) followed by filned heat capacity (15.5%) and error on
the slope of the regression coefficient (6.9%).

Theboreholeresistance (Rb) is given by:

2
H 1 C

R=Q T | e | 2
0

Unfortunately, the definition of the composite erfor is not so eadyneed to apply a more general
procedure and derive the partial derivatives, theettainty of the estimate of borehole resistadRRle
is then defined as:

0R, =
(ﬁmj +(ﬁ@] {@mj {ﬁ(;@ +(ﬂ&j
AH AQ Am AT AN 21

(Br] oS0
AC Ar,

Calculating the partial derivatives as before, gsinrspreadsheet and the typical values of tablee6,
obtain:

H
2 Although the u ncertainty in the first part of tequantion,a (m—Tg) , can be expressed using the simple

rules for addition, multiplication and division tlsecond part cannot be expressed as a set of miflemefunc-
tions. For brevity sake | have included the fullnfimla using partial derivatives.
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d?b =
2 2 2 2 2
(— o.oooslj . ( 0.0003 400] . ( 0.0019 0.15] . ( -00023 . 4j . ( -00030 1?))
12 833 0135 0158 0025
2 2
+ ( O'00030.5j + (M omj = 0027K /(W /m)
24000 0001

The total error of Rb in this example is 11.5%.fBythe largest contribution to the error is therth
mal conductivity, accounting for 93% of the totatoe. The borehole radius is the second largest
(5.8%) followed by the intercept of the regressioefficient (0.66%).

35 Mod€ errors

The first consideration is if and to what exterd #stimator (3) is a good estimator of the truaigdo
thermal conductivity of the ground volume thatasted (if the true thermal conductivity of the éelst
ground volume is a good estimator of the resey@rmal conductivity is another question) and @) o
borehole resistance. This depends on a nhumbersofrgtions that are not always possible to test,
including (Witte, 2009):

1. The heat transport in the ground is by conductidy o

2. The thermal conductivity in the tested ground vatusnisotropic and constant in time
and space.

There is no axial heat transport
There is no effect of heat capacity in the borehole

The borehole heat exchanger is accurately appraedvay a line source

o g bk~ w

There is, after an initial transient state, a sfestdte borehole resistance
7. The power flux is constant

Some examples of processes that invalidate theeahssumptions are: groundwater flow (1), varia-
tions in geology and associated thermal conduiEs/ibf composite materials, for instance inclusions
like clay lenses or gravel beds (2), changing piveeater table (2, 3, 6), large temperature charage
the surface or due to geothermal gradients (3yelaadius boreholes or boreholes filled with high-
capacity backfilling (4), short boreholes (5) ahdtfuations in power output (7).

Even if all fundamental assumptions hold, therstiisa difference between the ILS and the true mod
el. The logarithmic term in the ILS model (1) islyan approximation of the exponential integral.
The error is given by (Héllstrom 1981):

at

2
I’O

21

The relative error is < 10% when this value isanfl < 2.5% when this value < 20.

The coefficients of the linear regression of sldkleand intercept (m) are in fact also model errors
The least squares linear regression method thadrimally used to obtain estimates of these coeffi-
cients also makes definite assumptions about ttee dapecially: that the relationship is lineagtth
the errors are normally distributed, uncorrelatad mdependent, have zero mean and have constant
variance. In the case of a TRT there may be naalityeintroduced by power drift or by changes in
ambient conditions (either as a drift or as cyefiiects). Moreover, the errors are not uncorrelatgd
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are auto-correlated in time, therefore the standardation of the regression coefficients are rat c
rect estimators of the error. The linear regressimalel should always be checked for lack of fit and
significance of coefficients.

Also the fact that the regression is carried oth\wig-time, but the sampling takes place at fitiete
intervals, introduces a possible error source. démesity of observation points will increase as the
TRT test time increases, giving relatively more girtito later times. This effect can be mitigated by
resampling (or applying appropriate weights to) dla¢a in such a way that the relative data-density
does not change. A possible resampling scheme Wil resample the data with constant spacing
between observations on the log-time scale (egye¥.15 units) and calculating the required sgacin
of the sampled data points by taking the inverstheflogarithm. For example, suppose we have 75
hours of data with a sampling frequency of 60 sdsoihe logarithmic scale ranges from 4 (first data
point) to 12.51. In total there will be 4500 datzints, which we can resample on a equidistant log
scale by selecting subsequent data points atandist(in seconds) of'® wherelstep is the value on
the log-scale (between 4 and 12.5) with a constamease yielding 56 equidistant data points. This
procedure could be repeated, selecting randoningtgmbints, in a bootstrap procedure (Effron and
Tibshirani, 1993) to obtain estimates of the stadderror of the regression coefficients usinglath.
Alternatively, €°" can be used as weights in the regression equation.

The regression should of course still be checkethfik of fit.

The average fluid temperature, especially the wawhich this is calculated, is also a model error i
the sense that it depends on our assumptions eongehe boundary conditions of fixed temperature
or fixed heat flux on the borehole wall. The ILSthual of TRT really assumes constant heat flux, but
that is probably not realistic. Marcotte & Pasqu@®08) show that a P-linear estimator with p -> -1
gives the best unbiased estimate of average fungbéerature.

4 Conclusions

TRT results are widely used to assess the poteotiaieothermal systems and to design these sys-
tems. Feasibility, cost and performance of the lyggrotal installations using borehole heat exchangers
depends to a large extent on these parameters.

The TRT is in itself a straightforward method, @lret easy to execute with sufficient accuracy un-
der field conditions. Lacking in current TRT repog is an evaluation of fundamental assumptions
and error evaluation. To be able to successfulplyap TRT result in a project, a TRT report neeamls t
include a chapter on quality control. This chapieeds to give the following information:

- Qualitative assessment of test location and tesiiteewith regard to fundamental assumptions
of the TRT.

- Estimate of thermal conductivity and borehole rtesise based on site geology, these can be
used to select appropriate test conditions.

- Calculation (using the TRT machine characterisdiled site test conditions) of the theoretical
error and observed error. Explanation of any diffiees between these.

- Explicit choice of formula for calculation of avgiatemperature.

- Examination of regression with regard to lack ofafad error, error of coefficients calculated
with bootstrap method where resampling takes intmant differences in data-densities.

- Plotting CUSUM (Cumulative SUM) charts of estimatedrmal conductivity especially not-
ing if estimates converge to a stable value.
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In this paper | have given an overview of the esaurces of a Thermal Response Test and have given
some example calculations for typical situationssiits show a clear ranking of the magnitudesef th
different individual errors in the TRT analysesrdearelative errors are found for the boreholeusdi
(26%), soil heat capacity (20%) and measured teatyer difference (4.25%). For the composite er-
rors, for the power rate, especially the tempeeatlifference is important. The error of the thermal
conductivity estimate also depends to a large ¢xterthe temperature difference (70%), the fluidthe
capacity (15.5%) and the slope error (6.9%).

For the estimate of the borehole resistance theasd thermal conductivity contributes over 90% to
the total error, the borehole radius 5.8% andrtkercept of the regression 0.66%.

Note that the error calculations are based ondtimated errors of the different parameters, ifdatie

an issue with the accuracy the result can be gliiferent. For instance, the estimated undisturbed
ground temperature has a small effect on the efrtire borehole resistance based on the erroreof th
individual temperature measurements. If this patamie not measured accurately however, the con-
tribution to the bias of the borehole resistanaelmaquite large.

The results also indicate a number of possibilited areas where the error in the TRT can be de-
creased. A careful calibration of the temperateresers used to calculate the temperature differisnce
of main importance. One of the methods to decrease and bias in the regression line calculat®on i
by resampling the data to obtain an even distaloutf observations on the log-time scale. Also the
correct choice of method to obtain the averagel fiemperature is essential.

Clearly, the experimenter's choice with regardxXpegiment settings is important. Sometimes select-
ing a high flow rate is advocated, but this wilfeat the experiment in two ways. First of all itliwi
decrease the temperature difference, which resulsslarger relative measurement error. Moreover,
the conversion of pump kinetic to thermal energygegpure loss), which cannot be measured by the
temperature sensors, will also be larger. It isdfuge better to select a lower flow rate and highe
temperature difference for the experiment.

Further work is needed to incorporate this analysis wider scope aimed at understanding the rela-
tion between a single test and repeated testseasaime location or interpreting tests performed at
several locations. A more detailed and quantitagjuality control protocol would need to be devel-
oped to allow tests of different test performerbeacompared.
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J. Appendix |1
DRIFT AND CONDITIONAL ESTIMATION
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Ground thermal conductivity is deduced by th& relationship and, namely, by cal-
culating the slope b of the linear behaviamir temperature in the space of time-log

T, (t):b[[ht+a.)\g, by knowing the power injected Q (fixed) aftie borehole length

Q

H (fixed), is determined by b=——F"—.
(fixed), is determined by 40, H

The drift's method proposed doesn’t change tieneral logic of the approach, but the
way of estimating b. This chapter introdudbs drift's method to estimate the linear
regression parameters a and b.

The drift method in theory

Given the residual modél(t):m(t)+Y(t) , with the trend expressed by the theoretical
relationship, the expectation of temperatureraments, called drift, is

D(t,at)= ET[{t + At)-T(t)]=m(t +At)-m(t)=b (n(t + At)-In(t))

The drift in the space of increments4t) is a line passing through the origin with
slope b:

D(t,At)=b (n(t+4t)-In(t))=bar =D(4r)
Pairs satisfying a constant ld&g must have a time distance varying with time
At = eAr+lnt —-t= t(eAr+Int)

Experimentally the probabilistic mean is sitbs#d by the statistical mean of nc in-
crements with the same incremelt. In practice a discrete number of drift \esdu
are considered, corresponding to nj time-legrementsAt;:

S, +ar)-T(n,)

D(Arj )= E[T(m(t +A ))—T(Int)] = E[T(Int +AT, )—T(Int)] oD’ (ATJ )=—2 ndar )

Given the experimental drift plot {DAg) }, the least-squares regression can be ap-
plied in order to estimate the paramete(Flg.a).
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Temperature drift(h)

4.5

3.5
y = 1.8442x s _
3 @ Experimental
55 / drift
2 / —Linear
/ (Experimental
1.5 drift)

) /v
0.5

Drift D(AT)

time log-lag AT

Fig. a- Linear regression on the experimental drift of temperature in the space of time-log increments

In principle the “drift method” has a coupté advantages over the classical method:

The estimation filters the intercept a, afis fact allows for a more precise estima-
tion of the slope b;

The separation of the estimations of slopenf that of the intercept allows for a bet-
ter control of each regression.

The drift method in practice

The drift method splits in two phases thsineation of parameters of the mean tem-
perature in the spada} of time-log:

the estimation of the slope b by regressionthe experimental drift
nj .

b® =2 @D (ATJ)
j=1

the estimation of the intercept a, conditbrigy the preceding estimate, by regression
on the experimental temperature

b _
a =Zl/lfo(t0,)+t//g
j=1

In principle the two regressions do not hgweblems from the methodological point
of view, but in practice some problems arige case of TRT processing given the
high number of data and their increasingsdgnin thet space.

IEA ECES ANNEX 21 - Appendix Il Seite 3

Thermal Response Test



IEA ECES
THERMAL
RESPONSE
TEST
ANNEX 21

\]/

The conditioning relationship between ¢, and R,

Once calculated\y it is then possible to calculatg.Rormally the procedure provides
first the choice of a fixedgycand then the calculation of the boreholerrtial re-
sistance.

This calculation is performed in a deterntivisvay and overall by imposing a guess
value of gthat is chosen as an average for the soielved.

But in reality ground volumetric heat capgdity) can vary within a variability range
(defined for example from VDI norms ); we caappose that the a priori probability
distribution is symmetric (e.g. Gaussian), hwithe average, & coincident with the
medium point of the interval and with tablesverage value. We can also consider
that the semi-interval corresponds tocg

Borehole thermal resistance, Rb, has a wdilalrange whose extremes,,Rx and
Romin, @are calculated numerically on borehole paramethermal properties of grouting, U
pipes and circulating fluid, spacing between pi@es) on work properties (drilling, grouting
and pipe spacing), as variations of the aweraglue, m, which is correspondent to a
perfect borehole (known geometrical and thérpteracteristics of it).

The attribution of a probability distributiomo borehole thermal resistance requires
some hypotheses. Maybe it is lawful to thiak a uniform distribution with average,
Mgy, €qual to the central value and variangaak to

(Rbmax B Rbmin )2
12

O, =

Bivariate probability distribution

Realistically the two variables are independaonsidering that ground volumetric heat
capacity cgis a magnitude naturally varialaled borehole thermal resistance Rbis an
artificial variable, resulting from a humamtian. Joint probability distribution is there
fore the product of corresponding mono-varidistributions:

fleg. Ro)= felCe)fr(R)

Optimality criterion, namely the choice ofetltouple of optimal values yg¢c Ryo), can
refer to a classical estimation frame: thmwice of a correct estimator which minimiz-
es the estimation variance.

Actually it is not a bivariate problem, batmonovariate one, because theoretical linear
relation allows us to eliminate one of thariables:

@ In(C,) + R+ =0

Optimality of one parameter implies othergtimality. Therefore it is sufficient to
consider one variable that varies along ¢beditioning line, because this is equivalent
to consider a couple of parameters condiioffrem the relation.
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Given a random variable with a known disition, of which we would like to esti-
mate the true value of the non-sampled za@din, optimal value coincides with aver-
age value, because it guarantees estimatioofsectness and variance’s minimization.
Estimation error eis given by the differenbetween true value X and estimated one
Xo:

e=x,—X
True not known value is a random varialleerefore also the error is a random vari-

able. If classically estimator has to berecr and optimal, expected value of the rerro
should be null and estimation variance shdogd minimized:

Ele]=E[x, - X]=0 = x, =E[X]=m,

0E|(x, - X )?
0X,

(0]

Ele?]=min = =0 = E-2x-x)]=0 = x=E[X]

Finally the problem is solved if we know opability distribution of our variable,
which describes the relation between the pamameters of interest.

Conditioning relation reduces of one dimensibivariate law variability domain and
identifies a sub-domain of existence of aupie of possible values for parameters
based on TRT measures. New extremgsnaf Cyimin, Foimax Roimin, are obviously
included within original existent range.

(Cngax’Cngin) O (Cgmax’Cgmin) (RbLmianLmax) O (RbmaX’Rbmin)
Curve R,-c;and validity area

2.90E+06 ll

2.70E+06 l
Z 2.50E+06 LUl
g
8
B 2.30E+06
S
% ¢, min / =&—Rb-cgcurve
g 2.10E+06 ]
E R, min / R, max

1.90E+06 [

1.70E+06 1

1.50E+06 g

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
Borehole thermal resistance

Fig.b - Curve validity area: through the intersection between the curve and the domain we obtain a
smaller validity area
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Zoom on the curve validity area
2.50E+06 Al 0
cgmax
A
2.45E+06 H 1 4—C
=—[{m-Tg)- In—~ —y

2.40E+06 Q 47& I’b2

2.35E+06
J° 2.30E+06

E == Rb-cg curve

2256406 =@ optimal value

2.20E+06

2.15E+06

¢, min Ry min R, max
2.10E+06 ¥
0.06 0.07 0.08 0.09 0.1 0.11 0.12 0.13 0.14
Ry

Fig.c- Zoom on the validity area of R,-cq curve and R, equation

The sub-domain, which derives from the caadihg relation, identifies a conditional
probability distribution.

We call L the sub-domain defined from thenditioning relation. Here follows the
equation of conditional distribution:
fle,.Ry) feleg)fe(

f(Cg’Rb lcg, R, O L)= F(Cg,Rb g L) ) [Fc(CngaX) ( ng'”)]

RbL max R (RbL min )]

where bivariate law respects probability’s cems. Practically
F(Cg max’ Rbmax) L1 I:(Cngin! F"bLmin) Lo

Optimal value results therefore

¢, =Elc|c,ROL]= Taéf (c,R|c,ROL)dc

CL min

Substituting Rb:

- azc, - az,

azc, taz,R,+az; =0 = R = .
2
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CL max -zC. -
. | < fc(cg)f{zingSJdC
c,= |cflc,R |c,,ROL)dc=r CLgin . 2
o cgi[m ( ’ Rb | ’ ’ ) |.FC (Cngax)_ FC (Cngin )J[FR(RbLmax)_ I:R(RbLmin )]

Alternatively we can solve everything in,:R
RLmax
7R -
R max J. Rb fC(ﬁszfR(Feb)dR
Ryo = ijf(Cg,Rblcg,RbDL)dR:[ R
RLm\n

Fc (Cngax) - Fc (Cngin )J[ FR (RbLmax) - FR (RbLmin )]
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