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Thermal Analysis of Heat Extraction Boreholes.
Summary

Introduction

The oil crisia in the early 70" gave incontive for the development of alternative energy sourcea,
Ramewshle sources such as solar, wind, and acean power were were atudied intensaly. Hest pumps
for domestic heating atiracted and continues to attract quite a lot of interest. A heat pymip
reqitires o low-tamperaturs hest source. Ambisnt air and surface water, which are freqfently
used, have the disadvantage that the temperaturs follows the climatic variations, In particular,
prebiams arise, when the temperature falls below freezing. Groundwater, when available in
sufficiant quantities, is & wery good heal soiires, sines its temperaturs normally i quits stahls,
The ground itself in an attractive heat source, ss [ is victually unlimited and always available,
The ground temperature i almost constant in time except for the uppet few maters,

The ground heat is extracted by some kind of keat exchanger system, which hasz to be
copsiructed. Horizontal pipes at moderate depth are frequently wsed. Trenches are dug, pipes
installed, and the trenches are refilled. In soft ground, wertical pipes may be forced down to
& mufficient depth. Amnother possibility is to use borsholes’. Abamdoned boreholes in rock,
previously wesd as water wells, have often bean converted to heat extraction. The depth of &
heat extbraction barshels ia normally batwesn 40 snd 150 m, and the dinmster 00075 to 0.11 m.
Large heat pumps requirs many borsholes. Muoltiple borehales apre often drilled from & small
aren at the ground surfece, and inclined sway from each obher.

The heat cazrier Auid fows along the borehole in ope channel (of & mumber af channels)
down bo the boltom of the borehels and back upwards in ancther channal, The fuaid ia coaled,
when it delivers heat o the beat pump, The cold fuid in the barshals induce conductive heat
fow from the surrounding, warmar ground, The borehole may be concsived ns & cold rod, to
which heat Bows from the surrounding ground,

Hesearch in this fisld has been gquite active during the last 10 yesrs. A faw confarences on
ground hant storage and extraction have taken place, [1-2]. [ would like to mention studies
of the following authors: Andersson, Erikmon and Abyhamemar (1980), Andersson, Eriksson,
and Tollin (1683), Mogensen (1863), Tollin, Andersson, Eriksson (1983), Eriksscn (1984), Tollin
(1984), Bos= (1984), Leroy (1985), Tollin (1945), Ericason (1985), and Franck (1588).

The performance of & ground-coupled heal pump system is determined by the heat pump
characteristics, and by the thermal process in the ground with its heat exchanger. The temper-
nture of the heat delivered from the ground must be within & spocified range depending on the
hest pump, the performance of which deteriorates with felling teemparstures, The ground heat
axchangsr must be designed so that Ehe required heat in delivered st propar temparatires,

The construction costs of the ground beat sxchangers are critical for ike economical com-
potitiveness of this type of heating system. Tt is imperative to find the cheapsst alternatives for
diffsrent geological and technical conditions. In order to optimize the systems from a technical,
econornical, and environmental point-of-view, it s necessary to have analytical toals by which

L] hawe mot found ihe werd borehols ln English dictlonaries, but ‘bore, bore holsaad bose-habe, [ have taimn
the lberty to welte it in one werd, sines [ 10 nsed so frequently.




the tharmal behavior of any system can be ssseased. The proper design and dimensioning of a
particualar aystern require & precise knowledge of the relation between temperature of delivered
hent and beat extraction rate under varicus conditions. Reliable and sasy-to-uss dimensioning
methods are needed ta promote the use of ground-coupled heat pumps, Mew ideas and inwentions
kesp sppearing in this Geld. A firm knowledge and undsrstanding of the tharmal processss In the
ground and Ehair interaction with any conceivable heat exchanger are nesdsd in the amessment
of pow ideas, -

Thae nim of thes thess is to provide analytical tools by which questions and problems related
to the thermal processes in ground and borebole can be answered and salved.

Ground-coupled hest pumps wsed for air conditioning discharge, in the cooling modas, hest
to the groond. Then, ibe problem i io svoid too high discharge temperatures. The thermal
m&ihithuluilpmihiunu of heak sxtraction, but all resislts and analyans &rs
eqqually .I.F-F“i;‘.lHﬂ to heak injection to the ground, or any mixture of injsction and extraction.

Thermal Analysis

Ihmuﬂ'uﬂﬂthllhﬂmﬂudyﬁilhmﬂ“ rﬁpﬂﬂﬂfiﬁuﬂunnﬂhﬂtumnw,
t.e. the relation betwesn hent extraction eate and temparaturs of the heat carrier fuid, under
various conditions, The thermal analyeis should alas provide & basis for smloations of new idess
and designs. Simple and reliable dimensioning rules should be sstablished,

In order to develop the thecry of heat extraction boreholes, one ought to start with baale
simple cases and introducs complications step by step, Less Important effects should, if possibla,
be apalyzed seperataly. Whenavar peasible, diferent thermal processes shoold be seperated fram
each other in order to abtnin o more clsar undesstanding of the complex tofal process.

A suitable starting point for the snalysis s the basic case of & single vertical bapehals, The
ground heat exchangsr congiats of two main parts; the heat exchanger in the borehals and the
ground oitside the bopalols.

The thermal processes of the heat sxchanger in the borehole are treated in detadl in other
studies within our reseach group, [13-15], The reaults are used in my thesis, which focuses upon
the thermal processes in the ground cutside the borehals,

The borehole acts &8 & cold vertical rod, to which best Bows from the surrounding ground
by pure heat conduction. There are many many phenomens which complicate the thermal
procesa. The boundary conditions st the grousd sarfacs sre determined by the variable local
climats including snow and rain. Typically, the ground consists of horizontal strata with different
thermal propercties, Shallow layers of soil may act a8 a thermal insulator. The geothermal heat
flow through the sarth's crust mast be taken into sccount, since it causes a slgnificant increass
of ground temperature with depth. Meoving groundwater in cracks may influence the hest flow
arcund the borehols,

It in abiown in Paper 1 that all the compliestions mantioned above may be dealt with by
peparats analyses. The basie problem for & single borshole may be simplified to & case with
hemogeneons ground, and constant initial and boundary temperaturs. The next simplification
concsrns the demand of heat, which often warisa strongly, for example during the day and
the year. The simplest conceivable case is a hest extraction step, i.e. & constant extraction
rate stariing at & certain time, By superposition, sny time-dependent heat extraction may be
regarded an & sum of such basic extraction steps. The solution for the heat extraction stap and
its behavior are treated in detail in Paper 1. Superposition of the steady-stale solution, stap
responses, and the peciodic solution makes it poasible to give & lucid descripion of the physicsl
character of the heat extraction process. A novel analytical solution shews, contrary o commoen
belief, that the efect of groundwater fltration is negligible in normal Swedish spplications. The
cooling of the ground due to the heat extraction may affect the vegetation. However, it is shown
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with simple formulas, derived from analytical sclutions, that the temperaturs disturbance is
completely negligible in comparison with natural climatic varistions,

Faper 1| deals with the mathsmatical analysis of the thermal processes for a single barehaols,
whils Poper £, which is based on the results of Paper 1, is devoted to physical and more technical
aspecta, [t is sbown that more than 25 years are required to attain approximate steady-state_
conditions (for & borshols with the depth 100 m). The sxtracted heat originates partly from
cooling of the ground, partly frem heat Sow through the grotnd surlace, [t s intseasting to note
that oply ome-third of the extracted beat is mupplied through the ground surface after 25 yesrs
[far the borekels dapth 100 m), Tha time-scals of the thermal process is indeed lazge.

Further insight ia the procssess is gained by an analysis of extraction pulses, Handy foromules
far the affect of a ningle pulss, balanced pulsss, and a pulse train are decived. The futility of
tharmal recharge in summertime in order to improve the exteaction the following winter is
dempnstrated.

Thermnl resistances, sasacisbed with the different types of exbraction componsnis, are intro-
duced and used systematically to pelats extraction temperatiores, ot rather Lemperature drops,
to hent extraction rates. The thermal reaistasce for the heat extraction step becomes timis-
dependent, The temperature drop | equal to a sum over prodocts of theemal resistances and
the corresponding intensities or amplitudes,

Three quite impertant parameters for heat extraction boreholes sre the [avwarage) thermal
conductivity of the groumd, the thermal resistance of the borsbiols hedt éxchanger, and the
[average) undisturbed ground temperature. A methed to messure thess parsrmsters is proposed,
[6]. An spplication of this sc-called response-test method for & case with 25 boreboles is reportad
in R=port 6. The mathematics af the avelustion meihod for ¥arishle extraction palses = detailed
in the report.

A single borebole with & depth of 80 to 150 m |5 sulfficient for the healing demand of a Swedish
cne-family houss, The question of thermal influence arlses, when thers are many clossly-spaced
boreholes, This situstion occars for peighboring houses, each wsing a borehole, or when a large
hieat pump uses many boreholes aa hoat sxchanger in the groond. PFor & multiple-barehale
gydtem, ik is often necessary or advantegecus Lo lst the borsholes lie close Lo each other at the
ground surface and incline them outwards away from each other in order o diminlsh the thermal
influsnce. A rather common system in Bweden &s & diverging bundle of 10 to 25 boreholes, The
beat pump is placed close to the small borshole surface area, often in the basement of the
butlding.

Poper 8 presenta a rather complets theory for thermally interacting boreholes. Bimple for-
mviilas o estimate, when the thermal influsnce in negligibls, and when it is algaifieant, are given.
The thermal influsnce turns il to be of & rather insidious character, as 16 s totally unnolicakble
during the first few years, if the smallest distance between the boreholas excesds, ssy, 15 m.
Hewever, the thermal influsnce often becomes exceasive after another 5 years. The analyses and
dimemsioning rules of Paper 2 must be modified to nccount for the thermal influence. Normally,
the thermal processss dise to veristiona of extraction rate during the annoal eycle and the corre-
sponding components in the dimensioning foreoulas are nol changed. The medifications concern
the lomg-term hest extraction steps only. The solution for the basic extraction step is needed
for & very long tima pericd up to steady-state conditiona. The corresponding thermal resisiance
iz expressed in dimensboniess form by so-called p-functions, which depend on Eme and en the
dimensionless parameters thal determine the positions of all borelcles, Based on these dimen-
ginnless ptep-responss fupctions, & discussicn of the thermal influence Is presented In Paper 3
for various borehole conBgurations (row of boreboles, parallel rows, quadratic pattern, inclinad
boreholes ate.}. The thermal pecformance is shown bo be quite Insensitive to mederate changes
af the barehole directions. The queation of optimal borshole configurations is towched wpon.
Quide-lines for optinvam under geometrical constraints on the borehale poaitions are given.



In the case of multiple boreholes, the thermal process, and in particolar the step-response
'umﬁnﬂlhuﬂiﬂhﬂlhﬂltﬂ!l‘lﬂlnmmﬁ;l] maodel, A:nmpliﬁnthnllﬂmihl‘.qm:hp
Ewetn the axisl convective hest flow along the fuld channels in the borsholes and the condactive
beat fow in the ground. A msjor problem is the complicated gecmetry for cases with many
boraholes, which may heve diferant directions. A direct solution with corventional numerical
methods canpot, with the present capacities of computers, give an sccorabs result, A judiciods
use of the inkerent symmetries of the heat Bow process s necessary,

An slaborate numerical model for any configuration of boreholes bas been developed. The
theory and ideas of the model are preseptsd in Paper J, while Repert {5 i n manual for the
computer program. The three-dimensional problem is by s ratker intricats superposition redaced
to axi-aymmatrical ones; ons for sach barehols or symmetey group of borebolas. The temperatiore
in the ground is given by superposition of one contribution from each borebole. The boundary
comdition at the ground surface necessitates, in the case of inclined boreboles, the introduoction of
mirrar boreholes above the groond surface. The thermal process along the borehols channals is
nceoupted for by an analytical solution, which is incorporsted in the numerical model. Themadal
ia guite fAexible codcering boading conditions and hydraulic coupling between the boreholes, It
has been numerically validsted in & nomber of studies. The mesh used for the axi-symmetrics]
solutions is studied in Report T Simple rulea how to chosss & proper mesh see given, The
accuracy of the nomerical salution s studied in Repart § for two cases with 16 or 120 baraholes.

The numerical model has been used extensively to computs the dimensionless reapanas fune-
ﬂm.ﬁnrminuhmhn]lmnlmnﬂnm. Thlrﬁrmﬁmﬁu 26 cases are givan i'q'ﬂqg-.rusl
and 10

Quite a lot of work hes been expended on PC-models. The dimensioning rulea in Papera
2 and 3, and the analytical formulas in Paper 1| have been implemented on IBM-compatible
personal computers. All g-funstions of Reports 9-10 are accessible,
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The -thermal processes in the groumd, when heat to support~w heak
pump i extracked by conductiom to & deep borehole, are I.rll].:'lEd-.. Eimple
formulas -that relate the regquired extraction bemperatuce Eo any Dl;ﬁt‘ihlﬂ
heakt extractlon are obtained by superposition of steady-state [for which a
ublgultous ersor 1ea corrected), pefiocdic, mand extrastion step solukions.
The wffect of groundwater £iltration and the thermal disturbance &k LEhe
ground surface are shown Lo be negligible in many mllﬁnt_ih‘li.



Noagrclature

a thermal diffusivity of kthe goound

5, heat capacity of the groundwater

ﬂF' periodic penecration depth defined by (8.3

o depth of thermally insulated upper part of Ehe borebole
A baorehole length over which heat extraction takes place
L the length {18.3]

q heat exkraction rate [(W/m]

|:|H groundwakter flow [m/s)

4 radial distance

L horehole radius

PI thermal cesistance KS (W), [B=qup.s,ow)

£ tine

tp period Lime

I:u steady-state time defined by (7.1)

T Eemperakbute IR the ground

Ty temperature at the borahole wall [average)

Tﬂilt temparature disturbanssd dpe b heat exkract ban
Tn average aif temperaturce at the ground surface
Tﬂ. undistucbed mean tempecature in the ground, (3.3)
TE temparature sclution (B=q,p.s .89}

z yvertical cooccdinate

Greek symbols
E gadtheimal gradient (K m)

Y Eulers constant = G.5772

‘p phase delay of the periodic cocaponent

] thermal conductivity of the ground
Subscripts

b bocehocle wall

B periodic



heat extraction step

steady-state

surt ground surfFace
W stgady—state and groundwater FLLErak lon
W water

1 Introduction

A way to extract heat from the grownd ko support & heat puRp Eor
domestic heating I8 to use a deep borehole, preferably in rock uﬂltg hilgh
thermal condustivity. The depth of the borehole may be 40-150 meters. Many
systens oF this kind have been built In the Dnlted State=s and Canada, and
about 5,000 systems are now Iin opercation bn Sweden,

The heat cacrier £ldid 18 heated by the rock. while LIt Elows down to
the boitom of the borehole in & channel and back upwacds In another
chanfnel, The cold borehole extracsts heat from the surcounding rock by pure
heat oonduction. The most common alternative in Sweden im to use a closad
loop for the heat carrier fluld im the bBacehole. A D-shaped plastle tube
may be used, see Figure 1. & pscond alternative is to use the grooundwater
in kEhe borehole dll:l-c:l:].j' as heat carrier Eluld, A single plps down Lo Ehe
bottom Is needed, The heat extcaction temperature muskt them be abawe 0 °C
in grder to avold Ereezing.

The barehole snd a few notations are shown in Figure L. An  uppar
pack ‘down to the depth D ls regardad aa thermally insulated. Tha total heat
extract ion rakte E& gibtiH (W1. Here git] [W/m} denotes the average heat
exktraction rakte per meter borehole, The fenperature al the borahole wall is
denoted Th.

The alm of our studiegs 1s o obtaln focnulas for the celatlon
between the heat extraction rate git)y and thes required borehole temparaturs
".I'hl;r.L The cesulia are alac applicable for the cass of heat [nfjestion to
the growend. The £ormulas presented hece are applied In [1] ko obtain
dlmenaloning rules for & single bocehole;, and in [2]‘ ) Eor & eysten of
thermally Interactiing borehgles. Thecmal problens such Bs the digturbance
rear the ground surface, the long=tecm behaviouc, and the elfect of moving
I;F-ﬂtlﬂli‘bfltll' are discussed Phaepe, and from a4 moce Applisd poink of view in



[1] and [2]. The local thermal processes within the borehole, which are not
discussed here, are dealt with in datail tn [3] and [4]. A more detailed
report of oue studies s [5], which ls written in Swedish,

Ty

|

Flgure 1. Heat extraéctlon borehole.

i hagusptions and sieplifications

The thermal process in &he ground with all  Its  possible
complications may In the present applications be simplified quikte & lot,
The tempecature at the ground gpurface varles strongly durleng the day and
the year, Tha amplitude of peciodie surface vaclations decreases as l"'ﬂip
dounwards. The penetiatlon depth ﬂp {8.3] is a Few meters for the annueal
variation, This disturbance ln the top few meters can be peglacted, since
the length of the borekole is around 100 meters. 1% 18 gquite sufficient to
use the anmual wean alir teaperature T, a8 boundary conditlon ak the ground
pacface. All other complications ak the ground sorface such &R alr-bo-
ground thermal resistapce, [reesing, and gnow oay by the same reason be

mieglectad,

The ground is Assumed to be homogeneous. In peactice thece is  often
a diffarent top-scil layer. Consider as an exanple the case with granlte
(L=1.5 W/mE) and & 5 maker thick top-soil layer {(k=l.5 W/mK). A nuesrlical
simulation shows that the lower eenductivwity of the top Layef changes the
tharmal performapce with less than 2%. & top-soll layer with & thickness

less than, say, 10 m can therefore be neglected.



The uppermost part of the borebhole, 0 < 2 < 0, l8 treated as
thermally Ensulated. The depth D may in the actual case be the groundwater
level or the depth of an insulated casing. The exact wvalue of D, for a
fixed active borehale length H, i= however not [mpocrtant. In a n:uulr;m:l
glmulation we vaified D Fro® 2 &80 B meters. The ochangd® of the extraction
Lempecature was less than 0.1°C. The wvalua of O is in tha Eollowlng
numerical examples 4 ar 5 m.

The thermal process Wwithin the borehole and the Interacklon with the
temperatures Llm the ground In the Iemediate viclnity of the borebols are
analysed in [J]. and [l.] . The temparatuce of the heat ocarcier EJ.I.I!.I; u;q_;in
along the dowrward and upward channels. At each level z and klime t there is
a local, essentlially steady-stake process [or the heat [Clows batwesn Lhe
Eluid channels and the ground near the borehole. Let 'I'h denite the average
wall temperature over the borshole helght, O < 2 < D+H. Strictly speaking
there L8 @&l=sc an average arcund the pherciphecy of the borehols,. The inlet
and puklet temperatures of the heat carrier fluld are related to T, with
explicite Formulas in [3-4], ama [1], We will hers only conslder the
tharmal problem f£rom the borebols wall and outwards in the ground. The
temperatuce T, at the borehole wall I8 constant over the borehole helght,
Bubt it will of course vary with time.

Eharmal gradisn

The temperatuce at the ground surface is egual to the annual average
wal e ".rn af the alr tomperature. Lek Ehe geokharmal gradient be o [(Efm).
The inlitial and boundacy conditions are then:

T ul:I. fni arz T =T [3-1)
Ain ezample wikh H=1d6 m, D=4 m, A=3.5 WAmK, and o=0.0162 "I:..*u lg shown In
Figure 2a {case a). The oonstant heat extractlon rate 8 1712 W (= 15

MWh/year]. The compiubed lsotherms after 15 years ace shown. The calewlaticn
£z made with tho simulation modal described in [8.7].



The thermal  problem is simplified, if a constant common valee for the
inltial and boundary temperature can be weed. If the geothermal gradient Inm
{3.1) is neglected, this temperature becomes "J'q- A much better cholce i ko
ufe the undisturbed mean temparature T __ along the borehole length H:

'I!'_: I‘ﬂ‘l- a+ {O=R/1) £3.2)

Figura 2Ib shows the computed lsctherms After 25 years with this simplified
boondary and inftial condition acocording to (4.2) {oase b). All other data
are kthe same a8 Iln case &, The borehole temperakure diCfers only with 0,01
'c. The difference between the problems of Figure 2a and b is  showo -h']l
!jliul.'\l- do. The temparature fleld is almost urﬂ:i-‘ﬂrﬁhtf]t Around khe Saptkh
BHS2 at the mld-point of Ehe borehole. The ground sucface disturbs
somawhat this anti-symmetry, but the srror for the borehole temperature
uging the sipplificatlon (4.2} is pegllgable. The slmplifled bnu.ndarf and
intcial comditions ([4.2) are used in the following In Ehe analysls of
relakions betwesn heat ewtractlon rates snd borehole tempersbtures.
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Figuzrae 2. Isatherms after 25 years with boundary and inltlal condikions

according ko (3.1) (a) and [4.2] {(b). The difference batwean (&)

and (b} ls given by {(£}.



4 Mathematical formalation

The ground temperakure satisfies the heat conduction eguaticn im

oylindrical ocoordinates:

1 aT i"'.r+1h"l'r

T i e g {i.1)

a it T r 8 Ax"

The boundary conditicn at the ground surface and the inltlal eonditiom In
the groumd AEg!

T(r,0,k) = T_ Tir,e,0) =T__ (4.2}

The boundary conditions at the borehole wall regquire special attention. The
barehole temperatura 18 consbtant gver the barehole 1lnlit|'tl

':rb.:ll] = '.!'h-ll:]- D < z < D+H 4.3

Tha heat sxtraction cate gt)] is given by

O+H
qlk)= % ia-:hE :_rhn- 14.4)

To pomplete the boundary cosdition " we can prescribe Tb“” of git). Tha
pecond alternative ls much more comvenient in ocur applications. Our thermal
problem is then defined by [4.1=d) with a prescribed kotal heat extractlion
rate B glt). A main poal is ko get qul:].



5 Heat ex B

Consider a heat extraction step with gerds undlgturbed groadfd

LempEraturas

Ly E#D

o, k< L¥ed)

qiel= g, "He(t] “'I'TH‘{

T{rh. 1]
..
Hece He(t) [8 Heavyslde's step-function, Tha solution for this basic step
pulee is denotod 'l‘q. Any beat extraction gikt] may be obtaimned from T by

q
superpasition. Bee Bectlon 3.

The temperature at the Borehale, g=f_, b < g < O+H, is propoctional to q, ¢

b

* - 5.3
Tq:.h: -q, B.qil:] Hqtﬂ 0 for el i 1
The [ackor qu [ES{W/m)) may be regarded as the time-dependent thermal
resintance For the heat extraction step. It ie by definition zero for k<d.

The thermal process in the ground is radial in the beglnning except acound
the end regions of the borehole. The well-kmown solubtlon of this case fs
glven In [ar] . The resistance Hq becomes approximatelys

o1 2 1 - 1
R = BRIz gy Bi(r/(dat)) mh"““”n] Y] {5.3)

litifn <k <t /0] .57

The lower limit 5:5_.-'&. which kn our applications becomes o fow hours, fa

necessacy for the use of & Line sink at r=0 Gnstead of a Elow at c=c . The

b
approximation of the exponential integral El with khe logarithnmic
expregsion Lls them walid Iiﬁ]. The upper Llimit, I'.j:.l"lﬂ. whish In our
applicaklons bocomes a Eew years, ensures essentlially radial flow, Ses

balow,



Lo

For larger timas Ik §8 fAedessary to consider three-dimenslonal
affacts. The gensral solutiom for the heat extcactiom step [5.1) is
cylindrically symmatrie: Tq'-qur.z.l‘.]. The CEollowing dimepslonless
variables are used ln the dimenslonal analysis:

r'=r/H AR Ty E"Il'l‘.,l"ﬂi Pis m“l [G.4)
ql i

The boundary condition {d.4) becones:

1}1:..-'5 a7 =
1 = [ M]3z v dz* k=0 15.5]
o/H [ e T f £,/H

It follows Erom (5.5} that T depends on the two dimensicnless parameters
Ih.r"El and D/H, The wariation «ith D/ can according to the discussion abovae
b2 neglecsted. The tempeiature quh at the borehole wall is independant of
r. It is therefore & funotion of .l:.,.'EE (-1 l;.r'e.] a&nidl tu..-"l{ only. The
ragigtance ﬂq of (5.2} im thus in general given by an expression of tha

L¥pEs

,.
§
=

15.6)

1.
lqln il g -;I:E.-"L“-:h.-"ﬂr

The dimensionless response funckion g For & Akep pulse lf egual to =T°
takan at r"'rh.-"H. It g zerpo foc t.-"t.'l'-ﬁ'. The g—.lu.rl.ctinn has been conputed

mimerically wsing the mnmodel [E.'.I'] Eor rb.."nu: 0.0005. See Figure 3. The
uu.l::ll.l:.':l.nn. af g with rb.f'.l-l is slmpla:
GUEAL Ll BY = gie/e e JB) - date e ) 5.7

The logarithm i8 essentislly the thermal reslstance of the annales

Fh € F & rL, Humee lcal studied have shown that the ecror using {(8.7), d.@.

& radial steady-state approximation io the small annulus near the borehale,
ig less than 0.3% [5].
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[h/tg, 0.0005)
2 ’5 I e 10 474,

ST

-§ ] -k =1 o 2 Inlt/tgl

Figure 3. Dimensionless tempecature-cesponse funckion g for the heat
exkrackion step [5.1].

[ ady-atate solotion

Th& temperature '!'q approaches the steady-state solutlon, when k&
tends to Infinity., Let T’ﬂJfli‘Tq[trtr“'] be Ehis solukion Eor & egnatant
hoat extraction |:|-1:|D and zero sucface and undistuched geound bemperature
‘Tl:lﬂ- D). The steady-state problem ocan be aslved .nllytiﬂllly. it the
borahole 1is approxinmated by &4 line-sink wikth constant heat extraction per
unit lemgth, This boundary condition la aoeewhat ALfferent Crom LEhe one
glven by (d4.J3=4}. However, numerical calculations have shown [5] that the
Average temperature ower the borebole length becomes almost identical for
the two types of bsundasy condition.

The aAkeady-atate lime-aink dolubtion isg glven by Lhe integral {(&.2]
in the hppendix. The borehole temperature is approximately glven by the
temperature At Ter, Eor the average borehole depth =02 according ko
[A.3}). Howewer, the Leanperature T.ﬂ I'h.'E:I of {R.Z) varies Bomevhat along the
borehole, and the bowndary oonditlon (4.3) is not satisfied ewactly. An
inproved approximation is discvssed In  khe Appendiz. The borehole
tenperature is proportional o q_n:

Ta.b- "~:|:_I:“I:|i 16.1]
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The steady-state reslatance B:l is from [A.4):

e H
“!. m 1ﬂ1ﬁ] tftl"‘-": H§ fE.2)

An erconeous  formula with the logarlithm 1r|.HE|,.'rh:| Enatead of
lniﬂ,"tlfh!] la glvan Ln nany standard works on heat transfer
[10, 31, 12, 13, “-]- The difference ie in our applicatfions arocund 20%
{ln(4)/lnfl000] = O0.20). The erconecus Cormula refecs In fact ko the case
with zero heat [lux at the ground surface instead of zero temperature. It
is obtalned by considering @ single line sink =H < £ < H and takling the
value ak z=0, :-rh IH]'. The original references to [l'ﬂ 11 .L‘.t] lnd- [11_]
are [15] and [16] respectively. In both these ociginal references the
boundary condition with zero heat fluw at the growund {is considered. The
SIFTOr AppeArs to be dus to a misumderstamdlng of the boundary conditlion im
the original references,

T Approwimat ions for the g-function

Expressions (5.3] and (6.2) give two asymptotic approximations Eor
the g=functlion {5.6):

H 1 ] 2
].Jl{lE-L_—;] + '53.I1 [-t-—u-l ] !iIJ.'b.l"l £t ‘I:. [T+1]
'ilh‘r‘i‘-’rl'hﬂ'” 8 " E:
LI'LIE] " t}tE 1:.' E

The break time or GLeady-gtake tim= t. is obtained by caking (5.3) and
(6.2} egqual. The approximation {7.1) l& ahown by the Ewo  dashed lines in
Flgurae 3. The mazimum eccor of the appeoximaticn is 7% at |:=r.‘. A bDorabole
with the data [9.6) has & steady-atate kime I:- Gf 26 years. The radial
solution {5.3) can therefore inm normal applications be used for many yoars,

before vertical effect®s becoss Emporctant.
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8 _Periodic heat extraction

Another basic case 1s & slnusoidal heat extractlom with a peariod
time I:p. The undisturbed ground temperature is zeror

qlel= g sin(2we/t ) T & (8.1}

The range of this periodic solution r# Is only a few meters owt from I:-I'i-u
borehole [of Ehe annoal wvarlatlion, E-F"l year. Thres-dimensional and effecks
can  than bo  neglected. The soclotion of the radisl, pericdic problem is
given by [88B]. The tesperature at the borehole wall may be woitten in  the
Following way:

T b G R cein{aminse - o)) 18.2)

Het @ !ill:| [EA W m)) 15 the asnplitude of the etharnal rosistance for the
periodic heat exteaction (H.L) and ‘p the phase lag given as & Crack lon of
the pericd time tp' The gquantities HF and *p are given by cosplex-valuoed

Felvln functlons wlith the scgument c'

ph’

:ﬁh" :bgi}dr dp-J.t n (8.3

Tha length lﬂFl ig & measucre of Lhe penetration depth for a pericodlie boundary
temperature. The arqament I:I‘i'h is in our applications Bmall. An
approxlimation to the Eirst kerms of Ehe sefies expanalon of the Kelvin

function gives the Eollewing expressions for RF and iFJ

1 .||Il E [ A
R {r* )= [lnf2 " b=%¥1"#% n J1b
P e I b £to« 0,1 (8.4

d = _1 n/Sé
‘nl:ln.bl In lEEtﬂniw}
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4 Buperposition using the basic sglutiong

Any heat extracilon gt} cam be chtained from the basic cases above
by superposltlon. Consider as an example the rather genecal pase of W

plecewise constant values qiti=q. t, <k <, 1

i*l

]
gity= L

4 qui_ qi_ll'Hitt-lil tqu' ol (9.1}

The temperatuce below T__ at the borehole wall Le obtained by superposition

of the contribitlons from each step:

H

[h'hl! 19.2)
Hera nq ls given by (5.6] @f- {5.3), It &hall be romembered that Hq[t-tll is
zero for :ﬂ;i, The general formula for any glt] that starkts at t=0 Lls by

suparpositions

E
- " - [ 43, BT
T (E) = T - glOl R it { Frap LU LE (9.1}

qiE}=0. t = Q)

In the thermal analysis and dimensioning of heat extraction
toreholes it is often sulfkclent and advisable to wse & rather sispls
representation of git) in order to get lucid and handy expressions. The
threes caomponents of Flgure 4a are ususally sufficlent for dimensionlng,
There is an aAverage extracktion rate 1 and a periodle component with the
anpl itude qp and the pecigd tp- 1 year. There I8 & supecimposed extraction

pulge g with the duratian t -t, during the coldest pericd of the yeac. The

b
heat extraction fumction ls Ehen for year ni

ait) = g+ q  sin(Int/e ) + ql'[HD{E-L.] = Hiit-thbr] (9.4}
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The effect of the pulses [rom previous years can be neglected. The
tenperakuces due to the three parte of heat extraction sce giwen by (8.1).
(8.2, and (5.2}, The Lemperatuce at the bocehole wall beconmes:

=

T it} =% - q R - qF'RPuln[httftP—ipl} - qlEHqtt-t_P aq!t—l:hﬂ [9.5]

& rumarical oxanple with typloal Swedish dats la:

A=3.5 W/ mK I=1-Eit‘1.lil-'E l’.l"l Tn-- B e L9.6)
irb-n.ii m =110 m tFI: 1 year

Then we hawve:
R_=5.314 E/[H/m] lp'ﬂ'.lﬂﬂ Ef[W/m) 191113355 (#.7)

A o(t)=0. 106 = 0.033"In{t/t E
ql 1 L any! AHSm)

Haca ESt is the number of daysa Ffof & heakt extractlon skep. Consider Lhe

day
Following heat extractian which ls shoen in Figure d4a&:

" 0 W'm qF- 15 W/m q; - 1 Wim
(9.8]
LS [n*—hr't g = [I:I"—T'II‘I:
a 24 B I 44 P

The tesgaerature oconkribubtlon from Lhe Average component qn la —qn-lll -
20:0,.314= =§,3 "C. The borehole temperature [9.5] i shown in Elgure db.
The Lowest extraction temperature at the end of the extraction pulse is =
z.5 g,
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Figure d. Heat extriactlon Function {a] and borehale tempecatiuce (b foc
the sxample (9.86-8).

10 BEffeck of groundwater filtration

The heat conducstion (g disturbed by moving grounduater In cracks and
other perseable zones. The flow s strongly wvarlable locally. It is common
practice in groundwater hydealagy to consider the average low for sultably
chosen cepresenative wvolumes and bto btreat the ground as a homogenecus
porous mediom. With this Eype of ldealization; W& asSSumE a4 CODSLant
groundwater Elow in the ¥=direction:

4. = g "% QH'H'I t10.L)

The groundwater table 15 assumed ko 1lie close to the ground sucface
compaced bo H. The region abave this level is neglected, and we aAsBume
{10:1) to be wvalid for @ < z < ®, The Elow intenslky o, [Bfa, of Lo bea WOEe
precise n:*t'rfht.lr is #gual to the (average) hydraullc conduckivity H
[mse} Eimes the gradient of the water table I (m/m} [17]. We only consider
the steady-state case, Figure 5. The solutlon T_ [x.y.=] for the constant
maak Extraction 9, and zeco surface and undisturbed ground temperatuoca

('I'c--l}; is no longer c¥lindcically symmetcic.






1a

The following approximat lons may be used for small and lagge acguments:

1 2 1 ¥ :
Fu[:: *IE® " 13 ] I:I'EI:I:..ﬁi ; [EB.& )
3 1 .
i'u::i £ lniil  § = ilnlﬂl (==Ll FAD. L)

R 01 0505 1020 50 W0 H/M

/

15 :
f,‘ .

1.0 /

a5

— In(H/g]
-3 -2 -1 0 1 2 3

Figura 6, Funotlon giving the effect of groundwsatsr Clow in the thermal
reslistance formala [(14.5].

The infloence of the groundwster £low is illustrated with [ollowlng

axanple:
=6
H=110 m .'.':bz 0.llm E=10 =~ w78 I = i m/n (108}

The chosen walue of E io wery high for rock. The hydraulis gradiemt I is
ales guike hilgh. Thean e have;

L= ::i,}:s'”"‘“ I
[LB.3]
P‘u_“:l
ﬂ'_ulli = 0,134 HL—'E-EF;—IFI}.UE

The extrems data {10.8) give an inmEluence of 2 %.
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The general eonsluslon e that the sffect of natural groundwatar
novenents, which are resonably homogenecusly spread over the groend wvoloma
¢ iz negligible.

1l Diskurbance 4 d rfaco

The keab extraction Increases the heat f[low theough the ground
purface compared ko urdisturbed, natucral conditions., This thermal
disturbanoe q'urrtrrtr IHFHE] ig a function of radial distance and Lbime.

w

Congider the case of a heat extraction sbep qy FoE L>0, 15-.-151 Tha
line-sink approximatlon (A.1) glves with good accuracy the temperature
disturbance. Thae derivative a-rq,.ru|l_ﬂ glwves the heat flow. This decivative
iz readily changed to the derlvative with respsct to the integration
varfable &, The inmtegeatlon In 8 becomes guite simple, and we get Ehe
following expression

a TA0T 1 R T P
AgueglFrtiegrl——aree T2y - e ] Ly
T +D Jaat T e [DPH) T faat
The steady-state heat [lux becomes:
q
g pplee®) = gpl—= - 2 (11.2)
" JIT + OF £+ [OFH]

This is the maxisam heat [low ak the geound sucface, Humerical examples
ghow  Lthat the disturbance n‘“". baconeE guite @Enall. Tha thermal
disturbance &t the ground surface Ffrom & heat extraction borehole is
nocmally regligible [1,8)]. The cempecature disturbance, which s
Auparimpseed on undisturbed patural conditione wikh the annual ard daily

vaclations, can for podecake depthe be eatimated by the formulsa:

: 5 Ek‘r'"tl & =

k]
skl i < Bf40 11.3
3 (%} 1 [ x Bsad) L ¥

Sgure
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E:l-d:lininl {11.3=3) we get Ethe [ollowipng alimple formula to estimate the
maximum didburbansa:

9 E
= {Ea2:E} S e —— e < D, [ 'ﬂl,l'lﬂ] [11.4)
dist’ "’ |"'I inh ST F D7

The total keat f[low thicugh the ground surface due to the heak
extraction s obkained by Inktegration of [L1.1}:

=
L g mmeq_ L lr.thdr = qr_.-rur.-[iq.::cm,-r.rnt; - lerfo[iDel)iiat)}
1 -at
ecfa(e)= — @ - srerfo(s) [11.5]
1

Aoknowledgement. The Suport by the Swedish Counclil for Bullding Research
and the Hatiomal Encrgy HAdministration ie grakefully
ackndwledged,
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ix. Amalytical iong uwding line sinks

Quite good approximate solutions for Tq:, I'ur and 'I“’- arg obtained by
approvimating the borehole with & line gink at cel, D < z < D4H, The zero
temperature at the boundary =0 8 obkained by adding & micror BOUTCh ak
s, =0=H € & « =0,

Heat extraction step

The temperature due to a continuous polnt source, that emits heat
from t=0, is given by [BD]. The integral along the borehols and its mlrror
gives the solution:

g, H+D 1 £ L r_
T UEEt] = - o { {E eric| o) = = # LG per) hin (A1)

£, Vels [z=s)t r_= Jrle (reay? - yr

The Integral [A.1], which cortalsne the cosplepentary eccor function erfo,
may be solved numerically.

Tha steady-state solubion Tiir,aj is obtained fcom ([A.1) in &ER”e
limit t=®

1

rlI

g_ B+D
o 1
T lr.z) = = o5 JI; == L_—_}.-:ls [h-2)

The Lnkbegration of (A.2} i= straightforward. We may Ln our applications put
0 egual to zero.
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The bkorehole temperature at the midpoint depth [(z=H/2, D=0) becomes, using
the fact that r, << Hi

b
s H
T T e Leyes H) (A3}

The temperature Tl“l:l'ﬂ differsa somewhat from (A.3) in particular near the
end reglona (z=0 &nd z=H|. The temperature from the lime gink; i.e. the
integral of 1..Ir|:‘_ is In fact comatant on rotational eliipecids arcund the
line sink. The real isotherms are tharefore ellipsolds which are =slightly
delformed by tha mirror Bource; i.#. by the integral @f 1/¢_. Our pako
intrest ls the relation between the heat loss qu and the temparatura of
the lsaktherm that approxlmates the bocehole wall. A Somedbat betbter
approwimation tham (R.1] of the borehole temperature is obtained, 1f we
chiofe an Legtherm 80 that the volume of cthe ellipecid 18 wgual B0 that of
the borehole [1!]. The boundary is then deformed under yvolume conservation.
The radius . of the «llipeoid with the same woalume |8 tﬁ--"mrh
:Irin-ltriﬂ,.-"l_!'zn. We gek the following approxzimacion, where :- replaces
rh in (&30

L]
'l.h T E% ind thﬂ.gl trh“ i) (R.a)

The numerical Factor #9.5 = 2.1 is simplified to 2 in (6.2], since the
declimal ls not significant,

Haat extraction in moving groundwaber

The steady-state point sourses aolution for Che convectlve-dlffusive
equation {10.3] in an infinite reglon is given by [8c]. %The tempecature
Erom a line sink along the bacehole and & miccoar ling soupcs bhesomned:

-r_ S -r /L
O+H + =
T EeyeR) = - TE lx"f' I ['—I—— . -~ ] ds [h.5)
o + -

Here r_ and r_ are given in [A.1]. The integral may be solved numeciocally.
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MNomenclature

-.g_H;l-I-FF;'; 5 4 m-ll. u-.'-'p

"Ipes

thermal diffusivity

heat capacity

depth of thermally insulated upper part of the herehaols
TREpONSE function for the heat extraction step, I:ll:lll 1].
barehols langth over which heat extraction tales place
heat extraction rate (W /m, average over the barehals)
radial distance

borehole radias

thermal resistances (K/(W /m])

thermal resistance belween Buld and borehole wall
thormal resistance doe io a heat extraction step

time

borehole stesdy-stats time, [32)

stendy-atate exiraction time, [17)

temperature in the ground

temperature at the borehole wall

temperature of heat carrier fuid

effective undisturbed ground temperatore

pumping rate (m’/s)

ﬂlpth fraom the gnmnﬂ sizrface

Gresk symbals

T
A

P

Euler's constant (== 0.5772)
thermal conductivity
density

AT, AT' temperature drop, (16)

Subscripta

El..q'q.l\...,"ﬂﬂ

barehole wall

fuidd

periodic

heat extrackion step
steady-state
groundwater






2 THERMAL PROCESS AND SIMPLIFICATIONS

The thermal process in the ground and the borshols involves many complications. It s of
great help for the further analysis to identify sscondary and insignificant processss, which may
ba neglected im the formulation of the basic problem or dealt with by separate anslyses. The
regults from [2] are used to this end, :

2.1 Stratified ground

The ground is often stratified. The thermal conductivity, which ks one of the moat important
parameters for the thermsl performance, is then a function of depth: L = ¥(z], The average
tharmal eonductivity over the actlve heat extraction region, 0 < ¢ < D+ K, i

gl
X5 Tlr Jf;_ M(x)ds {1)

We have in nemerical simulations sompared cases with a stratified ground to the correspunding
homogeneous case with A given by (1). An example is o cose with X' = 2.5 W/(m-K) for
O<g< D4+ HZand X =45 for 2 > D+ H/2, and the homogeneous case with A = 3.8, The
differenes in heat extraction temperatures became lesa than 0.04%C [-i|I when typical Swedish
dats are used for the other parameters. The average volumetric heat capacity over the bacshale
depth should be used. The ecror, when the ground is treated as homogeneous with A given by
(1}, in negligible in the present applications. The ground may now be treated as homogensoun,
The temperature T(r,z,t) in the ground satisfies the heal conduction equation in cylindrical

coordinates:

1 8r _#7T 1 &r  #'T
i gl ™ Ca e (@l

1.2 Ground Surface

The temperatore at the ground surface varies strongly during the day, from day to day, and
during the year, These variations at the ground surface are sttenuated downwards in the ground.
The length d5, (38), which depends on the period time &y, is 8 messurs of the papstration depth.
The annual variation gives the lnrgest ponotration depth, which charactoristically is o few meters.
Thess varistions in the tap-soil layer are negligible for the thermal reapanss of the desp barehaole.
It iz sufficient to use the annusl mean termperature as boundary conditicn at the groond surface.
Hhber complications at the ground sarface such as air-to-ground thermal resistance, freezing,
riin, and smow may by the same renson be naglected,

2.3 Effective undisturbed ground temperature

The undisturbed ground temperature increases with at most a fow degress centigrade from the
ground surface down Lo the bottom of the barshole dus Lo ihe geothermal gradient, I& is shawn in
[‘Jr that only an average undisturbed gr-unm:‘ temperature, T_, 18 al meﬂrtu.nu for the heast ax-
traction. The temparaturs Thy is normally with good sccurscy equal to the undistarbed ground
temperatare at the mid-depth, 2 = D+ H/2, of the baeshole. Experimentally, it is detarmined
by eirculating the heat carrier fuid without heat extraction or injection. The circulating fakd
assumes after & short transient period a steady temperatore T,yn. Heat is then Bowing to the
lower half of the barehole from the surroundings, which have a temperature above Tom, and the
pams amount of heat is Aowing from the borehole to the somewhat colder surroundings in the
upper half. In a precise snalysis, one should account for the effect of the beat input from the
cirenlation pump, which causes & slow incresss of the fluid temperatore. This is easily done
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uring formubs (10) and {14]) with =gy & squal to the heat input from the fircolation pomp, The
temperature Tom will be called the effective undisturbed ground temperators, The simplified
tnitial condition in the ground is now:

Tir,2,0) = T {1}

The temperature Tom, instead of the somewhat lower mean annual temperature at the l'rc.m'n_d
surface, ia also to be wsed na boundary condition st £ = O, [2):

T{flurt} - T“ “]

The arrora in heat extraction performance, when the simplified initinl and bogndary conditicns
[3-—1]' are used instead of more precise ones with o geothermal gradient and varistions at z = i,
are characteristically less than 1% [4].

2.4 Boundary conditions at the borehole '

The uppermast part of the borahele, 0 < 2 < [, may be thermally insulated. The amall heat
Bow through the insalation is peglected. The radial decivative becomes zera:

l%:;:ﬂ r=r, 0=<z< D tﬁ’
The depth £ = [' may be the groundwsler level The boundary condition (5] is walid for this
case, if the small heat flow to the pipes through the air gap in the borshols i neglected. The
preciss value of D (for variations between, say, 1 and 6 m) for & Gxed active heat extraction
length K is not impartant, [2].

The thermal process in the ground is coupled to the convective-diffusive proceasss in the
borehole. Th'll’-mlpﬁllﬁ with its heat Alows to snd between the Auid channels and its temperatare
varistions slong the borehole is discussed in Ssction 5. We will Erat deal with the thermal process
in the ground for a constant temperature Ti(t) along the borshole wall:

Tirstl=Tit] D<s<D+H (8)
The average heat extraction gft) per meter borehole [W/m) = given by the integral:
1 r+0 a7
= — a o ) —
o) = & JI; oA G| i)
The total heat extraction rate b= H - g(t) (W), It is oegative dering periods of heat injection to

the ground.

The thermal problem may be formulated with & given extraction temperaturs Ty(t), The
problem bs then defined by (2-8). The heat extraction rate (7) is obtained fram the sofution.
However, it is much bebter to start with a given hest extraction rate g(t). The simplicity
af the presentod dimensioning formulas is dus to this better way to pose the problem. The
thermal problem is then defined by (2-T) with & given heat extraction rabe g(t). The extraction
temperature Ty(t) 1s obiained fram the solution,

2.5 Effect of groundwater movemeants

The heat conduction with the governing equation (2} is disturbed by moving or Altrating ground-
water in cracks and permeable steata. The effect of a ressenably homogenecus, horizontal
groundwater fow is analyzed in [2]. A simple formals for the steady-state heat extraction rate
is derived. The effect of the groundwater fow is negligible if:



Hputugu
R 1 (8}
Here g, (m/s or, to be precise, m® of wates/(m® s}) ia the Darey velocity of the groundwater
flow, |6]. The groundwater flow g must be quite strong, before the limit (8) is exceeded. The
ground has to be highly permeable and the hydraulic gradient high. Therefore, the condition
{8) should be met for reasanable values for hard reck with its normally very bow permeability,
[3].

Thers may in certain cass be 8 groundwater fow along the borehole bebween two permeatile
stratn with different bydraulic heads. This may influence the heat extraction performance
considerably, provided that the water flow is large enough, snd the influenced ssgmment of the
barehals is long ensugh.






Consider the following example with typical Swedish data;

H=110m bB=5m In=011m
A=35W/mK a= 162 10" m?/s Tom = 67°C (13}

The constant heat sxtraction gg = 22 W/m gives 21000 k'Wh per yoar. This cass haa hesn salved
puarnerically with the model [8,3. The borehels temperature from the first few hours up to 500
years is shown in Figure 2. The curve also gives gt,/t,, 0.001) as indicated by the arrow in the
figure, since q1,/(2xA) = 1.0 in this example (the time ¢, becomes 26 years).

The temperature decrease b8 quite rapid during the first hours. The time-scales are interest-
ing. One third of the total temperature drop to stendy-state condifions occurs during the first
day, and two thirds during the first two monthe, Only 5% of the total drop occors from 25 to
500 years, The stoady-state extraction temperature is sesentinlly obtained after, any, five years,

The fundamental response function g hes, in s logarithmis time-scale, two asymptots, which
provide quite good approximations, [2]:

Ry = R=go(mtvastfmi-ar) @ 3, S0 (14)
By = Ry=ln(H/(2n)) e a) [13)

Hers 5 = 05772 & Eules's constant. The Bt expression s oblained ln a radial heat fow
appraximation using & Hne sink. 0% = not walid for very short times, when the beat capacities
inmide the borehole i= of importance. There ia the following lower limik sssociated with the
barehole radias, [2:

u:E—EI-l-m-:a!H,f'l-";:rE? (16)

The first term, 5r] /a, is characteristically 2-3 hours; see sxample (13). The second term, which
is the circulation tires for the fluid in the pipes, b5 characteriatically s fow minutes. It can
normally be neglected. The radial approximation f(t) and the steady-state thermal resistance
R, coincide at the (steady-state) time i,. This givea:
2
[T
This time becomes 28 years for the data (13). The expresaions {li:l and (156) are valid with
very good aceupacy for ¢ 5 0.4, and £ = 104, respectively. More precise values, obiained from
a numerical caleulstion, differ with up to 7% in the intermediate interval 0,18, < ¢ < 104, [2].

t, = (1T)

3.2 Long-term thermal disturbance in the ground

Hent extraction and injection will change the ground temparatures, This thermal disturbance
depends on the given gt). The temperature variations mear the borshaole follows the temparal
variatbons of g(t). The radial range of the variations during the year is shown in [2] to be o few
metars for all ground materials. The thermal disturbance in the ground cutside & cylinder with
& radius of, say, 3 m around the borshole is determined by the average annual heat extraction
rate, which is roughly eanstant from year to year. Thus, the thermal disturbance for r > 3 mis
given by the heat extraction step with gy equal to the average annual heat extraction rate,
Consider the example (13), for which ¢ = 22 W/m is the average annual extraction rate.
Figure 3 shows the computed positions for the isotherm T' = T°C, Le. 1°C below the undisterbed

1



ground temperabure T, The largest distance from the isotherm to the borehals is 4, 9, 18,
23, and 2T m after 1, 5, 15, 100, and 1000 years respectively. The :nrr'upundiug borehole
Lemperakiires, ;'lluu: in the tabls balow the il:|l.]:.:|.'|::-I are r.irl'.l:lllr constant after 25 years. The
isotherm for £ = 1000 y lies close to the steady-state one, The figure illusteates the gradial
change from an essentially radisl process daring the firsd years to a three-dimensional one after,
say, 10 years, and finally to a virtually steady-state process after some 25 (near the borehols]
to 100 years (farther out in the ground).

&3 r fml

50 -

14

2 im

Time 1] 1 | 5 [ 25 [ 100 1mn"|
Ty 00 2rrfeer [1ss 133 |17

Figure 1. Propagation of the isstharm T = T = 1 =778,
The table gives the borshole temparature,
Data [13).

The berehole may be nsed for any combination of exteaction and injection during the snnual
cycle. The thermal disturbance ontsids ¢ = 3 m is determiped by the annual sverage axtraction
rate only. A balanced system, for which aqual amounts of beat are extracted and injected during
each year, does not have wirtually any thermal disturbance cutside r = 3 m,

3.3 Thermal disturbance near the ground surface

The thermal disturbance at and near the ground surfsce may change the conditions for vegets-
tion. The varistions in g{t) during the year are only felt in the vicinity of the borehole. They
are easenilislly negligible in the top-soil layer even close to the borebole, if the heat extraction
starts at, say, two meter's depth or further down (D = 2 m). Then, the thermal disturbance is
determined by the basic heat sutesction etep with gy equal to the sverage heat extraction rate
during the year.

The result of & numerical caloulation is shown in Figure 4. The temperature disturbance,
Tisi, i8 shown at the depth £ = 1 m for the case (13) for £ = 1, 5, 25, and oo years. The largest
disturbance near the borehole is -0.2%C only. This disturbancs s superimposed on the patural,

i



undisturbed temperatures with their strong variations during the year,

=Tgiea 18,0200 €41
T

Ll o tzlm

L]

Figure 4. Thermal disturbasncs st the depth z =1 m due
to n heat extraction borehols. Data [13).

An analytical solution for the hent sxtraction step is given in [2]. Simple formulas for the
haat fus st the ground surface and the tamperature near the ground surface are givon, The
follewing estimation of the maximal disturbance is decived:

Tist,man = _;TLJL ' m (=< D,z < HiW) (18)

The dashed line in Figure 4 shows this sstimate for example (13). The thermal resistancs at
the ground surface is here neglected, Lot o (W /m®: K) be the heat transfer cosfficient batwean
the ground surface and the free mir. A soil layer with the thickees r, = A/o has the sams
thermal resistance 1/ = £, fA). The afect of the surface resistance is scoounted for, if £ is
replaced by 2+ & in (1B). The order of magnitude of z, ia 0.1 m. In Figure 4 the distarbance
is ot most -0.2°C st £ = 1 m. The disturbance st the ground surface becomes one teath of this
for z; = 0.1 m.

The sxampla above ahows that the arder of magnitude of the thermal disturbance in the
top-soil layer is at most 0.2°C, and ai the ground surface 0.02 *C. These temperatars changes
are completaly negligible in comparison to natural vatiations, The thermal distorbance from &
single heat extraction borehole on the environment is negligible.

4.4 Heat supply from ground and through ground surface

The extracted heat is obtained by cocling of the ground around the borehole, The cooling will
induce & heat flux from the air through the ground surface, The relative contributions {rom
ihess two sources are obtained from the beal exirackion step with ¢ equal fo the annoal average
heat extraction rate. The superimpossd variation, g(t) — qy, represents a balanced extraction
snd injection, A simple formala for the total heat Bux, Q. ¢ {t) (W], through the ground surfsce
is given in [2]. The fraction § = Quuy/(H - q1) represents the heat taken from the alr, while
the pemaining part 1 — g is the fraction obtained by cooling of the ground. Table 1 gives g as
& function of time with a, D and  taken from [13). The time-scale is noteworthy. After 25
years only 329 of the hest comes from the air, while the remaining 68% is due to cooling of the
ground., About one half is obtained from the air after 100 years, and after 1000 yonrs there is
still 15% from eocling of the ground.

12



tlyeams) [1 & 25 100 500 1000
n [0.04 D12 032 057 0.79 088

Tahble 1. Fraction of the sxtracted heat that ia
supplisd through the ground surface.
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4 PULSE ANALYSIS

The given hest extraction may normally with suficient sccuracy be represented by piecewise
constant values, We will here conaider certain basic cases, from which insight is gained and
impostant concliesions may be drawn. The tempscatiure drop frem the undisturbed leval T
denoted AT, while AT' denotes a dimensionbess drop:

AT =T =Tilt)
AT' = AT - (dxd)iq (18)

4.1 Superposition of heat extraction steps
Let the extraction function gft) consist of N steps:

w
glt) = El{lrn — o1} Helt —tn} (g =10} (20)

Then g{t) is equal to 0 for £ < &y, gn for by < ¢ < tapy (n=1,...,, N~ 1), and gy for ¢ > ty. The
temperaturs at the borehole wall is obtained by superposition of the contributions from each

step, [2]:

nN
Ty{t) = Tom — 3 (tn — 1) Bylt —£n)  [go=10) {21)

Aas |
The resistance R, (t), which ia sero for negative [, bs given by the spproximations (14-15), or
by a complete, more exact corve in [2]. Formula (14) &= valid with very gosd accuracy for
ty =t — by = 0L, (mn=1,.., N), which in example (13) s an interval from 3 hours to 3 years.

4.2 Single pulse

Figure 5A shows s aingle pulse with the langth ¢y, The temperature drop at the end of the
pulse, ¢ = 0, ia from {10}, (14) and [19):

AT = 3_.!. Ainfdaty /) -9} (<0 <00,) {22)

The second factor in the dimensionless temperature drop AT*, Table 2 gives values for different
t; with a and » from (13). The temperature factor gy /(4oX) ia 0.5°C for the data (13). The
value of AT' falls in the interval 3 to 10.

ty [3h 6h 1d 1w Ilm 6m ly
AT [28 33 48 65 41 90 105

Table 2. Dimensionless temperature drop at
the end of & pubss with the length ;.

The recovery after the single pulse of Figure 5A is from (14) and (21) obtained as the
difference between twa logarithma in time to the beginning (¢ + ) and end () of the pulse;

ar=t.in [:%:] (6 <2<01t,—t;) (22)

The second factar is the dimensionless temperature drop AT', which depends on /1, only. Table
3 gives & few values

14



¢fiy |01 02 05 1 8 5 10
AT' |24 16 11 089 029 018 0.0

Table 3. Dimensionless temperature drop
AT after & single pulse,

The values in Table 3 should be compared with those in Table 2. The remaining temperaturs
drop after one pulse length {t = ¢;) is of the order of 10% of the temperature drop st the sad
-Ellpulm with the length 1 day to & menths. Only around 3% remains after three pulse lengths

] :l]_:.

Any pulss train can be axpreased by & superposition of singls pobsea, With the twe formlas
(22) and [23) we already have aquired a good knowledge of the behaviour of the borshole
temparnture Ti(t).

gl qlE
g, q
'r." 1
[:‘ ii ] 1]
& I
¥ T AEE TR ﬁ 7 4P G T s
B W ] 5C
aifi
gk 9y 42
1 1
)
"{; 1ty /d Foty
_F.fi.-""r_ﬂ b-dy, -1 . a  #
5B S0

Figure 5. Conmidersd extraction pulses.

The heat extraction conditions during the periods of maximum extraction rate (nomally in
wintertime] are improved, if the borehols is recharged daring the summer. The improvemant
due to summer recharge in easily nssessed with the formilas abave, The temperature decline
after a recharge pulse is given by (23). Let us take the data (13) and a recharge pulse g{t) = 23
W/m, i.e. injection of 2.42 kW, during thres months. The increase of the borehols temperatire
due to the recharge becomes:

- i i - 343y _
i b monike: o D Eethe T T "‘“m( : }_n_m:'
¢ = Gmonths : AT =05 [:i:'—a:;l-n.:'ﬂ (24)

The maximal temperature drops AT in & normal application may be arcund & te 10°C, The
sbove recharge will diminish thess drops with around 4%. This means that 4% more heat may
be extracted for the same lowesl extraction lemperature.

The above example shows that the gain from recharge is quite small. Tt is in most cases ot
economical to recharge heat in order to improve the situstion same months Iater,
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4.3 Two balanced pulses

Strictly speaking, the barehole temperature Ty} dependa on all variations of the heat extraction
rate before the comcidered time £ The average extraction rafe i u.lwu.;'l lm.pnrt-u.ntr while
the superimposed variations ape sitenuated with time. The variable sxtraction rete may be
represented by the avernge extracilon rate and superimpased balaneed pairs of pulses; be an
injection snd an extraction pulse invelving equal smounts of heat,

Wa will analyss the affect of & singls balanesd pair of pulses of the type shown in Figurs GB.
The length of the pulses sre oty and {1- a)f, 0 < a < 1, and the injection and extraction rates
are ¢y and —oogy /{1 — o) respectively. Here, the sum [20) invalves four terms. The temperatures
drop becomes:

AT = B {m ('T‘*} -t [:::;:::]} (het<0lt,—t,) (25

The dimensionless temperature drop, Le. the sscond fsctor with the logarithms, is & fapction of
t/t; and o only. Table 4 gives & few values. The value of AT is with good accuracy equal to
alty/t)®/2 for large t/t;.

gy |01l 0325 05 1 2 5 0

o=025 | 087 030 017 007 002 0004 0.001
o=05 (12 050 029 012 004 0008 0.002
a=lTh | 14 072 087 006 006 001 0003

Table 4. Mmensionless temperature drop ATY
after a balanced pair of pulses.

The walues in Table 4 shall be compared with those in Table 2. The value for & balanced pair
in lisa than 0.2 after the time t = 8, while the d.rnp for the constant extraction =tep Iﬂll’ﬂllblil’f
ia twenty-five timea this value [for the example [13)). This shows the rather rapld atteouation
of balancad daviations from the average extraction rate.

4.4 Balanced pulse traln

The influence of previows palses may be illustcated further with the balanced pulse train shown
in Figure 5. Bach pulse has the time bength £;. The extraction and injection rates ame squal,

The dimensicnlnss temperature drop AT at ¢ = 0, ie. ab the end of an extraction pulss
contains contributions from the last pulss 1| and from the other pulses X, 3 and so on. The
contrbution from pulse 1 is, for example (13), given by Table 2. The value of AT lies betwoan
28 and 10 for & between 3 hours and & months, The balanced contribation from pulse 2 and
3 becomes 0.20 (Table 3 with & = 0.5, t/{2t;) = 0.5}, The contribution from pulse 4 and 5 is
0.08. The contribution from pulse 6 to ¥ is, for & > 10, very closs to the contributicn from
8 to N = oa, which is 0,10, The total contribution fram pulse 2 to & large N is 0.46. This is
ta be compared with the contribution between 2.6 and 10 for pulse 1. The error, when all the
balanced pairs from 2 and 3, 4 and 5, and 8o on are neglected, is thus arcund 10%.

The examples in Sections 4.2-4 provide guidelines for the necessary resclution in g{f) in order
to make an accurate caleulstion, The formulas and analyses above are not valid for variations
&n & time-scale below 1, which may be somewhat below 3 hours, This time defines the highest
resclution for which g{t) is given. Let £, denote a smallest pulse time. It must exceed 5

t > b (28]
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|oa 02 03 04 05 06 0T OB 05 1
Iu{u} ({1 +a))fa|-1.8 -12 -0B4 -062 .045 -082 -0.82 -0.13 -008 O

Table 5. Carrection term in formaula [29).

Connider example (13). A pulsated extraction during B of the 24 hoors (o = 1/3) ia qﬁmﬁ.ud
to the comstant extraction. The temporsture drop for the constant exteaction B after, for
example, one year 105 - 0.6 = 5.25°C according to Table 3. The extra temperature drop dus

to pulsation is from (28):
AT = 0.5- {{3 - 1)+ 2.45 — 0.76} = 2.1°C (30}

Thin decresss of heat extraction reforred to the same temperature drop becomaes 1~ 6. 256/(6.25 4
2.1) = 0.29, i.e. 20%.
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outer eircular boundary in the ground, A PC-modal (IBM-compatible, MB-DOS), which gives
the solution very rapidly, is available, The model is used sxtensively in [13], in which these local
resistances are given and discussed for many cases of practical importance.

The variation of tempecaturs along the pipes depends on the pumping rate ¥y, It becomea
negligible, when V) is very high. This case with a single temperature Ty(t) for the heat carrier
fiuid is discussed here, while the necessary modifications for small ¥y are dealt with in the nex
gection. The thermal resistance cireuit is then reduced Lo & singls resistance betwean Ty and T}
We have the fundamental relation:

Th—-Ty=q-R (23)
The borehole thermal resistance By (K/{W/m]) between beat carrier fluid is one of the most
important parameters of a heat extraction borehole, Tt is important to design the heat exchanger
oo thal Ky becomss as amall as possible,

The mode] in [12] uses & cirele in the ground outaids the borehole periphery s cuter bound-
ary. This means that the efect of the sutside ground with its diffsrent thermal conductivity is
accounted for. The borehole resistance [y includes this effect, and T} should be interpreted as
the mean temperature around the borebole periphery, [13]

The total thermal resistance Fy depends on A, ry, the thermal conductivity Ay in the boreheole
outaide the pipes, and the number of pipes and their positions in the borebole. It also depends
on the thermal resistances f, over the borehols wall and R, between the bulk fluid in the pipes
and the inner pipe wall with different expressions for laminar and turbulent fow,

An an illustration we take n case with two pipes (polyethelens, medinm density ] with water
outaside the pipes. Matural convectlon ks nob consldered. The caleulation is performed for laminar
and turbulent flow in the pipes. A third case with temperatures below 0°C and the watsr frozen
to ice i also inclueded. The following data are used:

A= 16 W/ [(mK) ry= 00575 m
A = 056 W/ [mkK) {water) {34)
Ay = 2.0 W/[mK] {ice)

pipe: cuter radius 18 mm
wall thickness 2.1 mm
wall thermal conductivity 0.56 W /[mK)

1ol

Figare 8. Considered pipe configurations.

Formules from [13] give &, =0.062 E/(W/m), and By, = 0.142 for laminar Bow and Ry, =
0,008 for turbulent flow (fe = 7500, Pr = 13.4). Three pipe configurations according to Figure
& are considersd, The spacing between pipes and borehole wall is 2 mm in case A and C. The 9
cases have been computed with the model [12]. The cbialned borehols resistances Ry are given
in Table &




A B (4

unfropen, laminar | 0.210 0.282 0227
unfrozen, turbulent | 0,132 0279 0,148
frozen, turbulent 0.042 0075 0,051

Table 8. Camputed borshole resistance By (K/(W/m))
far the configurations of Figure 8.

It should be remembersd that the nstural conveetion, which may ooour in the anfrozen cases
and then giving & smaller B, i3 neglected in these calculstions. It is clenr that laminas fow in
ihe pipes ahould be svoided. Tt is also clear that the increase of Aj from 0.56 in the anfrozen
case bo 2.0 in the frosen case peduses By congidoenbly, The importance of positicn is also shown.
Thae pipes should be kept close to the wall by a suitable device in order to reduce the flow paths
through the watar a8 much as possible. These questions about how to diminish By are discissed
further in [12].

The Swedish Geld upuri.:m:n tivdicals valies aronnd By = 0.1 Hjl'{wlufm} far & th'piﬁ-ll Ease
with twa plastic pipes in & borehale,

6.2 Temperature varlations along the borehole

The temperstures in the fluid channels and in the ground outside vary along the borebole
Thes= variaticns are atudied snalytically in [14], A simpls formula is deduced for the case with
& uniform ground temperaturs. It hss besn tested with very good sgreement [4] ngainst o mors
exact numerical model [9], in which the ground tempersture waries alang the borehole. The
simplified formoulas below may therefors be used without restrictions,

The inlet and outled fuid temperatures ase given by:

H
Tt = Ty + =1 35
ot =Ty + 50 o, (25)
Hers V5 {m}lﬂ"] is the pumping rate. These formulas imply that Ty(t) is the mean value of Ty,
and Ty pui. Formuls (32) is valid with a modified thermal resistance R, which accounts for the
effect of variation of Aluid temperature along the borehale [14]:

Tu(t) - Tple) = alt) - B (3€)

The heat extraction rate g(f) and the tempseratare Ti(t) are average values along the barehole.

Exact formulas for the modified borehole resistance R are given in [14] The ratio B/,

depends on the pumping rate ¥y and on the thermal resistancss of the heat flow crcuit. These

reaiatances are sasily compuoted with the model [12]. Numerical examples show that the diferenca

between My and .E‘: in rather gmall (less than 10%8) in normal applications. Then, it is suficient
b0 use [ instead of RS

e IE
T'r'm T'f it_,lpﬂ"';

I



6 DIMENSIONING RULES

The dimensioning rules proposed here are bassd on & given heat sxtraction rate H - gt) (W)
and a given lowest extraction temperatare T mie for the temperature Ty(t) of the hest carrier
Huaid. Inpul parameters are A, Tym, and o for the ground, v, &, and By for the barshols
and its heat exchanger, and the given g(t). The dimensioning formmulas below give the bowest
fluid temparature, The borehole depth B or some other inpot variables are adjested, until the
preacribed value of T mim is obtained.

The cocling mode with heat injection to the ground is in many applications the critical one
in the dimensicning. Then, thore is & preacribed highest infection temperature Ty o, instead.
The ferrrlas el ow {Illﬂ. P‘ﬂ-l]':ﬂ-d!h] are ﬂ.i.l:ul:ﬂ]' lpplil:u.'b]e |r]' Ltl:'n; :u.q'll'.in values for q[t}.

8.1 Bimplified heat extraction

Tt i often sufficient to use a rather simple form Tor the sxtraction rate g[t). Figure T shows such a
caess with & constant component ¢, and & supstimposed periodic component with the amplitude
i snd the period ¢, (normally one year). There is also & superimposed heat extraction pulse with
the strength g and the length ;. This pulse cccurs at the time of largest periodic extraction.

I
1Wmi

i

a 1
kip F|_1L lell) tg

Figure T. Preacribod heat sxtraction [ constant4periodic
+pules ). The k:th period is shown.

The borshole temperature, based on analytical solutions for the three componenta, is given
in [2]. The largest contribution from the palse cccurs st the end of it, while the Inrgest «ffect
from the pericdic compenents occurs somme times after its extraction maximuem, We assums that
these largest effects occur roughly st the same time, Then from [2) and (33), the lowest fuid
ixteaction temperature ia:

Trmim =Tem -t BB - Ry} = (e + e+ m) B (a7}
Hera R, (K/{W/m)) is the steady-state thermal resistance of the heat sxtraction borehole and
R, the amplitude of the periodic thermal resistance, [2):

R, = :":'i I {EH‘-.) (ry << H) (38)

Bym o flna) — P+ 018 ru=r/dy <01 dy=yfan/n  (59)
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The resistance fi(f;) for the pulse is given by (14).

Formula (37) is quite instructive, The temperature drop Tom — Tmin. required to sustain
the largest beat extraction, bas o steady-state term g+ K, from the constant [ie. averags)
extraction, and corresponding termas from the periodic and step components. Finally, there s a
term g(t) Ry for the drop In the borshole. The thermal resistances &,, Ry, Ry, and Ry give the
temperature drop for & unit extraction rate.

Consider a8 example the data (13). The resistances become from (38), (39), and (14):

R, = 0314 K/{W/m) R, = 0.188 K/(W /m) {40)
Ri(t) = 010840023 lnfry/eg) K/(W/m)  tg=1day

Here t1/t4 is the length of the pulse in dsys. With the extraction components of Figure T (g, =
0, qp = 15, gy = 10 W/m) we get for &ty = 1

Tom = Thmin = 200304+ 15+ 0,188 4 10 0,006 + (20 4 16 4 10) - 0.1 . [41)
8284+ 281+ 108+ 45 =1488 K

Far 13,14 = 30 we have:

Tom — Trmin =0.28 + 2E24 184+ 45=15 44 K (42]

This exumpls shews the importaste of the borehole resistance Ry, which here accounts for one
third of the temperature drop,

Dimensioning using formula (37) in simple. Supposs that @, = ¢+ B, Q, = g+ H and @
= fi - H are given, and the borehole depth is to be chosen. The depth H s obtained directly
from (37) with & given Tpmn by scaling (R, depends cather weakly on H).

It in often possible to use n still simpler extraction g{t) by putting g or q to sero. It is
straighi-forward to extend the method to mare than one periodic component and more pualses,
The total varintion during the period time must be considered in order to obtain Ty, since
the largest contributions from different terms normally occur at diferent times.

8.2 Stepwise heat extraction

A second alternative, which is guite simple to use with the PC-models described in the mext
section, is to wse any sequence of atepwise constant values for the given heat extraction:

-

7t} = an by <85 dnpy (43
n=1 .. Mo

The tokal oumber of steps (8 Npaz. The lowest extraction temperature is given by the minimum
of the temperatures at the end of pulses;

N
Tt min = min [Tm—ﬂn-ﬂa-E{un—qm}-ﬁ.{lnﬂ—lnﬂ} (=0} (44
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Figure E. Prescribed m.nnt.lﬂr valoes.

Figure 8 shows a typical example with given monthly values, whick are repeated ench yonr,
Ths dats of (18] are used. The highest extraction cate is 41 W/m during the fifth month, The
total heat sxtraction becomes 21 MWh per yenr, The lowest extraction tampsrature, [44), 8
shown in Tsble 7 for different yours,

_year J1 2 a3 ¥ 100
Timin [°C) | 44 52 58 63 6.4

Table 7. Lowest extraction temperature. Dats
according to (13) and Figure 8,

The borehols is in this case frozen during the period of highest extraction esch year. A
smaller valos for By may be valid in accordance with Table @, A decrense from My = 0.1 to Ry
= 0,06 K/{W/m) corresponds to an increase (0.1-0.06): 41 = 2.08 °C for T mia.

6.3 PC-models

The dimensioning rule (37) has been implemented for wse on a perscnal computer [JBM-PC
and compatible computers, M3-DOS), Another PC-maode] calculates iteratively from (44) the
required borehale length H for a given lowest extraction tempersture (or & given highest tem-
perature in the case of dimensioning for heat injection to the ground), The intersctive models,
[5}, are rapid and quite simple to run.

The formulas in [2] for beat flow through the ground surface and the effeck of groundwater
Bow are also implemented as small programs. Tha two disks of the PO-models alsa contain the
corresponding dimensicning rules in [3] for multiple, thermally interacting boreboles,

4



T DISCUSSIONS OF PARAMETERS

7.1 Three important parameters: A, K, T,m

The thermal resistances R, R, and H, are inversely proportional to the thermal conduckivity
of the ground, A. This means that the thermal performance is essentially proportional to A,
which therefors is & vary important parameter. Granite with A = 3.8 ia thres times bettes thad™
a clay soil with A = 1.1. The Swedish heat extraction boseholes lie almaost exelusively in rock
with high thermal eonductivity.

A second, very important perameater is the borehols thermsl resistance B betwesn the hest
carrier fluid and the borebole wall. 1t may be measured in feld or laborakory experiments, or
caleulated theorotically with the model [12], provided thas natural convection does not take place
of is insignificant. The example (41} shows that the borehole thermal resistance may account
for one third of the temperature deop. It s imporiant to design the bosebole heat exchanger
carefully. Quite a lot of work has been done to this aim. A detailed discussion of variows
designs is given in [13], For example, low-density polysthylens with low thermal condudtivity
should be avolded, since the thermal resistance over the pipe walls is quoite important, Table §
shows that laminar fow also s to be avaided. The watsr in the borehols with its low thermal
conductivity (0.56 W/(mK]) is an other problem. One shall bry to reduce the length of the heat
Hown paths through the water by pushing the pipes against the borehole wall. Compare case &
and B in Pigure & and Table 6, Freezing is advantageous, since the thermal conductivity them
increases to arcund 2 W/(mKE), Table . Another possibility b= to replace the water by soms
filling material with higher thermal conductivity. The thermal resistances in the ground are of
course nol afectsd by Lhe design of the heatl exchanger in the borehole. Thus, the largest gain
for & very good beat exchanger with By = 0 is to eliminate the last torm in (37). The other
paris of the total temperature drop are not affected.

A third important parameter is the efective undisturbed ground temperature T.m, which
is an average over the borehole depth, The heat extraction works against this temparatirs,
and it is eesentially proportional to the difference Thm — Ty Consider for example s northecn
climate with Tem = B © and & southern one with Ty = 18°C in & case with Ty = 3°C.
The availsble temperaturs drop, and henes the extraction capacity, s thres Limes larger in the
southern elimate. The wndisturbed grourd lemperature les betwesn 2 and 10°C in northern
climales such == the Swedish ome. The lemperature interval shove freezing becomes quite small.
Therefore, the Swedish eystams almost sxclusively use clossd systeme for the beal carrier brine
allowlng tesnpecstures balow 0°C. The lowest extraciion temperatures may lie in an intesval
from =10 tao =2°C. v

7.2 Heat extraction g[#)

The average extraction cate g, and the varistions gt} < g, of the given heat extrackion rate
are quite impartant. Short, strong pulses are costly. The affect of pulantion versus constant
extraction is given by [28). An example with extraction during B hours each day gave a decreass
af heat axtraction capacity with 30%.

The effsct of recharge in the summer an the extraction during the following winter is qubte
small (4% improvement in & particular example). The total cost for recharge must therefore be
very small, if recharge ks to be sconomically justified.

7.5 Pumping rate

The pumping rate ¥y of the heat carrier fluid should be large encugh to ensure turbulent flow
in the pipes. The pumping work increases strongly with Vi, so one should not greatly exceed

25






7.8 Thermal reslstance analysis

The analysis in Section 6.1 lustrates that the differsnt thermal resistances represent the thermal
processes n a very lucid way. The resistances By, R, and R[] are especially important,
Consider a constant heat extraction rate ¢ [or the aversge component]). The steady-state
temperature drop alter very long time, ¢ = f,, b=

AT =g, (Ri+ R,) (4e)

In example {13) we have & = 0.1 and R, = 0.3, This maans that o fourth of the temperature
drog cecurs st the borehole snd the remaining three fourth in the ground.

A large part of the temperature deop in the ground occurs close ta the borehole due to the
steep gradients here, Consider the region betwoon the borehole and & radius ©*: r < r < ¢°.
The steady-siate thermal resistance of this anmulus s

y .1 L

RU=tn () /(Wjm) )
Table & gives B* for the case [13), These values are to be compared with B, = 0.3. Ope

third of R, litea in the regicn cut to v® = 0.5 m and twe thicds sut to v* = 5 m. Let R, p5 dencte

the radius for which ®* equals 0.5, We have from (47) and (38):

raas = vEn/2 (48)
This gives in case (13) ra0e = LT m.
r* [m] |ooss 02 08 1 1.7 & 10

R [K/[W/m)] | O 0.068 0.0 0.13 0.8 0.21 024

Table & Steady-state thermal resastance from the borehole
to the radivs r*. Data sccording to [13),

An increase of the borebole radios to, for example, 0.5 m will reduce R, from 0.8 to 0.2,
The snpalus 0085 < ¢ < 0.6 m is now & part of the enlarged barehole, Ita contelbution Lo the
borehals resistamcs By will depend on the heat exchanges design, The eost of drilling increnses
strongly with the radiue ry. Therefore we suggest that one should tey emaller borshols radii
with a trade-ofl between drilling coat and barshole lengih.

The steady-state formala (38] i= only valid after long time, © = &, with §, = 36 years in case
(12). The temperature drop after the time £ for & constant pulse g, is:

AT = qu- (B + Bylt]) (43)
Table ¥ gives B (t) fram [14) for case (13], for which the numerical expreasion [41) is valid,

i {1d S 2m 1y &y
B[t (K/(W/m]) | 011 016 020 0.24 0.28

Table 9. Thermal resistance of an extcactbon step.
Data according to (13).



The values of Table 9 are ta be compared with the steady-state value R, = 0,314, Half this
valug is attained afier 9 days. Let in geoeral fy 5 dencte the time, when R is equal to o« R,
0 <= 1. Then we have from (14) snd {38), using the dafinition (17) for £,

3~ta
fu=tr | ) (50)
In particular we have for a = 0.5
2 H-2
IMI‘:!‘-%: ﬂ.u_r* {5'.]
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Abstract

The ground is a virtwally unlimited, always available heat source and sink for beat pumps. Desp
boreholes may be used as heat exchanger in the ground. In sequel to & previous study of the single
borehole, the paper presents an extensive analysis for thermally interscting extraction /injection
boreholes, The thermal influence, which has & very large time-scale, may strongly decrense the
hest extraction capacity after § years, while being wenoticable during the Brat year (in, for e
ample, = case with 10 bareholes and 10 m spacing), Formulas to estimats the influssce for diffent
number, spacing, and depth of the barshales are glven. The long-term extraction characteristics
are determined by the mean annual extraction rate ooly. The solution for the corresponding
hest extraction step is redoced to s dimensionless response function, which only depends an
tbme and geometrical parameters for the borehale configuration. Simple dimensioning riles,
which relate extraction rates to exiraction lemperatures, are obiained by superposition of step
responses, Based on these fundamental response functions, the long-term thermal performance
ie analysed for various borehole configurations [row, parallel rows, quadratic pattern inclined
baoreholes ete.). Guide-lines for optimal borehole configuration under geometrical conabraints

are given.
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borehale inclination
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1 INTRODUCTION

The ground may be used as heat source or sink to heal pumps. Heat is sxtractsd from the
ground in the hesting mode and injected in the cooling mode, The ground heat exchanger
may consist of & singls boraholes or o configurstion of maltiple borsholes, Thermal analyses and
dimensicning rules for a single borshole ase reported in [1]. This subsequent paper d-ﬂn.'l:ﬂ i'i'lﬂ:.
the case of multiple boreboles, which influence each other thermally.

A gingle borehols with o depth of BO to 150 m is sufficient for the heating demand of & Swedish
one-family house. The question of thermnl influencs arises, when there are many, closaly-spaced
boreholes. This situation oesues for neighboring housss, each using & botehiols, af when s lazge
hest pump uses many boreholes =s heat exchanger in the ground. Figure 1 shows & case with
8§ inclined boreholes that lie in & row at the ground surface, Figure 3 in Section 6.1 concerns
two boreholes, and Figure 4 sixtesn borsholes in & quadratic pattern, For a systam with many
boreholes, it is often nocessary or adventageons to let the boreholes lie close to sach other at
the ground surface. They are inclined outwards away from each other in order to diminish the
thermal infucnce.

A rather common system in Sweden is ko use 10 ta Eﬁnhnrlhnlu,al.d: with a lv:ngﬂ:.-u-l'lrmmd.
&0 m, which ara drilled in diverging directions from each other. The heat pump is placed clos=
te the borehole area, often in the basement of the building.

The thermal proceses inside and in the immadinte vicinity of each borehole are sssentially
ihe samme as for the single borehols in [1,4,2.3]. The analyses of the processes in and along the
borehole in |2] and |3] sre alsc valid for multiple boreholes. The results in [1] and [4] have to
be modified due to the thermal influence. This paper deals with these modifications and with
new gquesiions and problems related to diferant barehols configurations. The thermal influsnece
depends on the number, spacings, and configarations af the barshales. An important task
to determine the oplimum configuration under given restraints, for example on spacings at the
ground surface and on borebole inclinstion, The dimensioning rules of [1] relate the lowest
extraction or highest injection temperaticres to heat extraction or injection rates. ‘The modified
rales for multiple boreholes, which are presented here, have been implemented oo a personal

computar, [B].

Figure 1: Eight inclined boreboles that lie
in & row at the pnupd surface.



2 THERMAL PROBLEM

The discussion of the thermal problem with its slmplifications spd defining squaticns follows
cleaely the previous paper |1] concerning a single borehale.

2.1 Thermal process In the ground

The temperature T(z,y,2,¢) in the ground outside the boreholes satisfies the heat condition
equation:

&r #*T- 8T T

E‘t" =, E + a_y: + FE 1)
This form of the eguation presupposes that the ground is homogeneows. However, the ground
in often atratified. Lot in such n case A demote the average thermal condockivity over the length
aof the borsholes. The error, when (1) is used with this A (and & corresponding average heat
capacity pcl, I8 quite small in the present applications, [1). Eg. (1) is valid as sn sfceptsble
simplification for the stratifed ground,

The climatic variations durlng the day and the year, including for exampls the effsct of
snow and freezing, influence anly the upper few meters of the grousd. It is quite sufficlent in
ihe present applications to use & constant bemperature as boundary condition at the ground
sizrface.

The undisturbed ground temperaturs incresses with up to a few degrees from the ground
surface down to the botlom of the boreholes due to the geothermal gradiont. Let T,y denoie
the average undisturbed greund temperaturs. Experimentally, b is determined by cireulation
of the heat carrier fudd withowt hest extraction or injection. The Huld sssummes after s abort
transient period a steady valie Tom. The temperature T, 18 nocmally with good securscy squal
to the ground temperature at the mid-depth of the borehole. It is to be used as initial grownd
temperature as well aa boundary temperature at the ground surface. Ses ref, [4):

Thet™Tin T loo™Tem (2)

Lecn] cylindrical coordinates are nesded im the formulation of the boundary conditions at
the boreholes. Let vy and & be the radial and axial coordinates of borekole 4. The appermeost
part of tha boreholes is treated as thermally inmulsted!

%=U rmn, Doy<h {8}
The ennct values of [); for variations betwesn, say, 1 to § m are not important, [1]. The conditions
along the heat extraction length Dy < & < Dp+ K; for each borehole | are discussed in the next

section.

L
a

2.2 Thermal process in the boreholes

The thermal process in the ground is coupled to the convective-diffusive process in the boreholes
with its heat carrier fuid, which flows down and op in channals aleng the barehols. The Hme-
geales of the varicus local processes in the borehole are discussed in (1], The following basic
time-acales far the borehole processss s introduced:

b= (4]

We do not congider varintions of the heat extraction rate on & time-scale below this limit,
which is of the order of 2 hours {in Swedish applications), Transieni effects associated with

B



the time for the fuid o circulate in the borehaols are then negligible. The transient effact due
to the heat capacities within the borebole may also be neglected. The thermal problem in the
borshole becomes & steady-state one, which s coupled to the transient process in the ground,
The convective-diffusive boundary conditiona aleng the boreholes are detailed in [6].

To complete the thermal problem, we must specify loading conditions, which invalve the
inlet and outlst temperatures of the heat carrier Buid for each borebole. The fuid can fow i
parallel or series in different ways betwean the bareholes. The hydraulic coupling and pumping
rates sre given, The inlet temperature to the frst boreboles coupled in parallel may be a given
funetion of time, The mixed cutlet Buid temperatiore becomes the inlet tomperature to the next
group of boreholss coupled in parallel, and so on.

The haat extraction rate of borehole ¢ is dencted Q,{t) (W):

M+

Q)= [ ey [ by AT o b1, ) (5

Hurs @ is the angle around borebale i, and T bs expressed in local cylindrical coordinates. The
function @;(t) is positive for extraction, snd it is negative, when heat is injected to the ground.
We will in the fallowing mostly refer £o beat extraction, but all resulis and analyses are equally
applicable to heal injection or any mixtare of injection and extraction.

The extraction rates ; and their sum over all boreholes, Q(t), are obtained as the main
result fram the salution. An alternative, important loading condition is to give the total heat
axtraction rate Q(t). The inlet tempersture Lo the first borsholes must then ba chosen so that
the given extraction rate is obiained.

The complete thermal problem is defined by (1-3), , the convective-diffusive squations slong
the bareholes, the hydraulic coupling and pumping rates, and the loading conditions. An elab-
crate pumerical model for this problem for arbitrary borehole configurations B presented in [B).
Reference [T] is & manusl for the computer model, which has been used extensively for thes
paper. The main ides in the medel is to uss one sxi-symmetric solution for each borebols or
symmetry group of bareholes. Tha total emparature fleld with ita complex geametry is obtained
by superposition of all (r;, & )-sclutions for all boraholas,

2.3 Averapge borshole temperatures

Numerical studies with the model [6,7] have shown, [B], that the thermal process fram the wall
of boreholes and outwards in the grownd may be soparated from the proceas inside the bureboles
by considering avernge borehole temperatares. Let Ti(t) denote the average temperature over
the surface of all borehole walls, and T'y(t] an average'heal carrier temporature. The average
heat extrsction rate g{t) (W /m) is equal to Q(t) divided by the total borehole length. As an
approximate boundary condition, the tempernture at the walls of all bareholes is taken to be
equal to the sverage Ti[t):

Thmnma =THt)  Di<z <D+ B {8)

This rvesns that a single temperature in used along the active hest extraction length of all
boreholes. We start, as in the analyses in |1, with & given extraction rate and obtain the
extraction temperstures Ty(t) from the solution. The thermal problem in the ground is then
defined by (1-3) and (8], and by the given extraction rate G(t) to the boreholes.

The discussion in [1] of the thermal process in the borehols is applicable bere for esch
borehole. The basic equation relates the temperature drop betwssn borehole wall and heat
carrier fluid bo the hest sxtraction rate. Here, this equation is used with the average values:

Ti-Tr=q-R (1)



The borehale thermal resistance # (K/{W/m}) is one of the basic parameters of the hest
pxtraction borebolen, Tt should be measured in feld and laboratory experiments. It {8 impartant
to design the heat exchanger in the borehale so that Ry becomes as small ss possible.

The barehole resistance Fy i3 obtained from the two-dimensional, stendy-state, conductive
beat Aow problem batwesn the pipes in the borehole and a ciccle in the ground outasids the
barehole, provided thet thare is no fren water with significant natural convection in the borehole
nutndlth:-plp:l An analyticsl sclution of this case is given in [9]. The solution has bull im-
plemented on a personal computer. It is used extensively in [2], in which the borehole resistance
is given and discuassd for many tul-_-nl'prl:t'ln] Lm.pnrl:lhnu. Swediak fald I‘:pﬂ'llll:ﬂ indicate
waluss aroand Ry = 0.1 Ej:wjm] for o typical case with o plastic U-tube in & borehole.

The inlet and sutlst temparstures are, in ths spproximation using sverage values,[3], given
by:

_ Qi)
T = Tt = g0 pVy . ()
. _Qlt) g
Ly rt T (9)

The fluid temperature Ty becomes the mean value of the inlet and cutled Aukd temperatiares.
The thermal resistance By in (7) for the two-dimensional problem perpendicular to the barehole
is ta be corrected by s factor that depends on the pumping rate Vi, [3]. However, the correction
factor may be neglected in most applications, |1,3],

The thermal problem inside the borehole is described by the simplified equations [7-9) based
an AYErAgE borekole temperatures. [n L;-pi:l casmen with all barehales muplui in pﬂ.‘l.'ﬂ.]lﬁl. Lhe
srror for extraction temperature became much leas than 001%2, when compared to the mors
exact numarical sclation with the model (8]. The error @s larger, if the boreholes are coupled in
series and thers is & large temperature variation along the boreholes. The aumerical model 7]
ghould be used in those cases to check the validity of the simplified equations, which, however,
have been sulfictent in all the applications that we have spcountered.









ty | day | month 1 year
0.7/af, [0.26m 14m B

Table 3. Influsnce range for & periodical variation,
(15), 0 = 162 - 10~ m?/s.

It should be kept in mind that the periodic (sinussidal) component is balanced, having
equal amounts of injected and extracted heat. This resulis in o limited influence range, whils
the influence of the average component increases stendily with time sccording to (12,15), until
thres-dimensionnl steady-state conditions are spprosched. The eriteris (12, 13) for the average
component are based o & two-dimensional solution. They are not valid, if three-dimensional
affects dominate, before the thermal inflisnce criteria are met. The long-term influsnce s
discussed in the mexti section. It in obtained from the g-functions, which are introduced in
the next section, Let us only note that the thermal influence betwsen the boreholes always is
negligible, if the smallest distance B betwean the borsholes i= larger than H. Purthermaore, the
inflwemce s always small for B > H/2, We have the criteria:

Negligible infuence for B>
Emall influsnce for H>H8:=H? [18)
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5 DIMENSIONING RULES

The dimensioning rules proposed here are the same ns those for & single borehole, [1], except for
necensary modifications. There i & given or prescribed beat extraction rate Qi) = glf] - ¥ H;
["i'i‘} and a given lowest value T.I"..lnln for the temperature Tr[":l iof the beal carcist Haid. The
dimenstoning formulas give the lowast sxtraction temparaturs for any set of tentative input daks.
The depth of the boreholes or some other input varishles are adjusted, until the prescribed T'g min
is obtained,

The cooling mode, when heat i injected to the ground, may be the critical ane in the
dimenstoning. Then there ie & prescribed highest injection temparature Tymes. The formules
aen directly applicable by using oegative values for git].

The first dimensioning robe in [1] is based on a simplified heat extraction gf¢) with a constant
component g, (from the start ¢ = 0) and & periodic component. There & slio & superimposed
heat extraction pulse with the strengih g and the length §;. This pulse sceurs st the time
of largest periodic sxtraction. The formala for Tymie in [1] & valid, except for the constant
componsnt .. The stendy-state resistance (& in (37-38) in [1]) moest be replaced by the otep
extraction resistance 8 (). We have in sccordance with (37) in [1]:

Tpmin = Tom — o * Bylbsim) = 5 By — 1+ Belta) — (ge + g+ 1) - B (23)
The periodic resistance R and the pulse resistance .ﬂ“i[ﬂ are given io 11] {'I'he thirssdimenszianal
Ry(t:) may of course be used instead of the simpler R{(t;), which refers to a line sink.) It is
asmumed that the influsnce batwesn the boraholes dus to the perdodic eomponent B negligible.
This means thal criterion (1G] is satigfed with B being the smallest distance between Lhe
barehaoles, In the case, when inclined borehales e closs to each other at the ground surface, we
assume that [15) is valid for at least, say, BO% of the borehole length. The time tgqy i given
by

m = (Vi = Lty Oy ae = N+l (24)

Here the dimensioning concerns year (of period) Nam, and b s sssumed thet the lasgest ox-
Eraction occurs at the time by mee during sach period. Normally, Nam lies between 5 and 25.
Then it does not matier much, when ) may cccurs during the period, and we can simply use
tim = Nifim ~ 15

The t."uu?;rl' (EE:I show in a very lucid way the physical character of the extraciion process.
The last term involving the borehole resistance Fy is determined by the design of the heat
exchanger in the borahole. The periodic component, g -/, and the extraction pulse, g - & (6],
are the same as for the single borebole. The numerical examples in [1] are valid, These last
three terms are not discussed again in this paper.

The thermal influence ia determined by the constant or avernge component cnly. The mag-
mitude of this term, g« /[274), may be modifled by changing q. or 9. The extraction rates ors
prescribed in & given case, but the aversge §, mey be diminished by recharge (normally during
the sommer], The value of g, becomes zero for a balanced case with the same amouonts of
extracted and injected heat during each cycle. The other way to infusnce the term g+ Byltam)
is to change the g-function. The values of g decrease, when the boreholes are moved awny from
each other, The borehole positions at the ground surface may be fixed, while the boreholes are
drilled in inclined direction awsy from each cther, The varintion of the response Tunetions with
borebols configuration is discussed in the pext section.

The sscond dimensioning rule in [1] uses any ssquence of stapwise constant values: g(t) =
fu b €t S ke, n=1, ..., Noue Formuls (44) in [1] is applicable:

14



N
Tpoin = lsfgjg_u {Tm - g = rE[lh — Gn-1) - Byltwir = J'-.-.}] (3. =0} (25)

Here Ry(t) is the thermal resistance for the considered borehole configuration, for which the
p-function has to be computed numesically,

The dimenaioning rules {23) and (25) have bean implemented for we= on & perscnal computer
(IEM-PC and compatible computers, MEDOS). These interactive models, [8], sare rapid and
quite easy to use. Ancther PC-model calculates iteratively from [25) the required borehole
length for & given lowest extraction temperature [or o given highest tempsrsture in the case of
dimensioning for heat injection to the ground). All the g-function of [12,13] are stored with 20
about valuss each,
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Figure 4 shows the temperature feld for 18 boreboles in & quadratie pattern, 4 x 4, for 7 =
&) m and & = 25 yonrs, The spacing B betwesn the barsholes ia 11 m. The thermal influence
ia l!p.l.ilcu au—mgwim a coldes Lh.h.nd:.r:-!ﬂ.nu. Tl:up-fun:t':«m for thin case = shown IJ-]' the corve
B/H = 0.1 in Figure 5E, We get g ~ 23 for ¢/, = 25/26, and hance T} = B - 123 = -15°C,
The corresponding extraction temparature for the single borehale 3 1.7°C, Such a large thermal
influence should be unacceptable, The boreholea have bo be separated mors from each ather-or
the ground has to be recharged daring each cycle.

T T T L
0 10 20 aon 40 50m

Figore 4: Sixtesn boreboles in & quadratic pattern. Temperaturs
field for £ = 60 m, § = 25 years, [haka (26).

8.2  Vertical boreholes In a row

Figures 5A-B concern 2 and B wertical barehales in & row, Le. lying on & straight line with the
spacing B between the boreholes. Coosider the data [28). The temporal range is £/, = ¢™%F
= 0,01 to /¢, = ® = 20, or, for &, = 26 yearn, 3 montha to 500 years. The g-functions give
directly the temperaturs drop, sinee ¢,/(2x2) B L.0°C, (27). The curves cover spacings from B
= 0.05 - 110 = 5.5 m & 0.30 - 100 = 33 m, and the dashed curve, B = o2, gives the g-function
for & single, undisturbed borebole. All curves, except B/ H = (0L06, coincide for the shartast
time. Table 4 gives the temperature drop g, - f(t) (= 1-g) for B = 16.5 m (B/H = 0.15), The
thermal influsncs is amall |:'|.|:|ri.11; the Rrat years. The ll.qz time-scale for the thermal inflosace
iz notewaorthy.
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in Table 6. The thermal influence is small in the beaginning, ¢ = f, /20, and considerable st £ = ¢,
Again, the large time-scale of the tharmal nflusnes s illustirated.

L Bxl B8x2 Bxd
B/H=DD5 72 95 -
t=t,/0 B/H=01 |89 &5 &7
B/E=03 |53 53 53
B/F=005| 136 210 -
=1, B/E=01 (108 144 199
B/H=03 |73 82 &8
B/H=005 [ 188 M1 -
I=2x, B/F=01 [121 1732 254
B/H=0% |85 103 124

Table &, Comparison of g-functions for 1, 2 and
4 rows with B barehales aach,

6.4 Quadratic borehole pattern

Figures 5D-F show g-functions for & quadratic pattern of vertical boseholes, The spacing batwsan
the boreholes is B. Figures 50L,E and F concern 2x 2= 4, 4 x4 = 16 and 10 x 10 = 100 boraholes,
respectively. Note the different scales for the g-axis. The values of g increase strongly with the
number of boreholes. The thermal influsnce is so strong for 100 boreholes that the case B/ H =
0.05 b= omitted. Table Tmmlﬁwvﬂlmlwmmm

Ny Ixl dx4 10x10
t=1t,/20 B/H=01|61 668 A8
B/H=03|53 53 53
=1, B/H=01 9.7 160 218
__B/E=03 |74 BB 95
t=20¢, B/F=01]108 1490 3890
[ B/H=03 |83 109 150

-

‘Table 7. Comparison of g-functions for 4, 18 and
100 baoreholes in & quadratic pattern,

The curve B/ H = 1 in Figore 5F shows that the thermal influence is negligible in this case
even for & large system with 100 boreholes, This result and many similar ones are the basis for
the criterion (18), which states that the influence is negligible for B = H.

6.5 Inclined boreholes

The thermal influence may be decreased considerably by deviating or inclining the boreholes
away from each other. Tt is then possible to let the boreholes lie close to sach other at the ground
surface, Figures 5G-H show g-functions for 8 boreholes that lie on & eirebs with the radios B at

the ground surface, The boreholes are inclined outwards in the circle's radial direction as shown
in Pigurs 5C.
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7 CHOICE OF BOREHOLE CONFIGURATION

The choice of number of boreholes, configurstion, and sxact positions of the bareholes is quite
impartant, a8 it determines the response function and the lopg-term performance. We will
discuss the requirements on sccuracy of borehole positions, the choice of borehole patiern-sb
the ground surfsce, vertical vermes inclined boreholes, and fnally eriteria for optimal berehole
configuration under geometrical conatrainta,

Lat us firat note that there is a choics between a fow desp boreholes and many short ones.
Oae has to compars the g-functicns in order to make & proper cholos, We sssume in the further
discussion that the number and depth of the bareholes ase given.

Tt is expensive to doill borsholesin particular inclined ones, with kigh directional precision.
Fortunately, the requirement oo position accurscy is quite moderate, Consider as an example
fouir boraheles that lie cloae to each other ab the ground sueface, They are inclined 207 cutwards,
The botizontsl projections lie at right angles. Supposs pow thal we deviate ons of the four
barehole 45* from the radisl outward direction. The beat extraction capacity is decressed sbout
1% in a typical case for this large deviation of a borehole,[8]. Other oumerical simulations
have shown that changes of the borehole positions with up to 10% of the distances between
the boreholes are negligble. It is quite sasy to test the sensitivity to position changes in any
particular case with the model [7].

The choice of borehole positions al the ground sirface requices caraful considerations, Thers
are two main alternatives. The Brst one 3 Lo wse & small ares at the ground surfuce and incling
ibe borshales autwards oway from sach other. The second one is Lo use vertical barsholes, which
musst lie got too elose to each obther. A sufficiently large ground surfsce sres must be available,
The piping betwesn ths boreholes may be buried below ground so that surface becomes available
for other purposes, The first alternative with a diverging bundle of boreboles haa the advantage
that the small borehole surface ares may be protectsd by a abed or lie in the basement close to
the heat pump facilities. The maintenanes in simplified,

The geometrical pattern for the borsholes &% the ground surfsce should be & simple rect-
angular cne, or, for example, & single circle of boreholes in crder to simplify the piping above
ground,

The question of optimal borehole configurations is intersating and important, The thermal
influsnes decrenses, when the borehboles are moved away from each other. The influence is
megligible, i the distances exceed the borehole length H, (18). However, thers may ba reatrictions
cn the avallable sarface ares, and the costs for the piping above ground increases with the
distance betwesn the boreholes at the ground murface” Drilling difficulties and costs incresss on
the other hand with the inclination #. There is pormally & maximam angle that the drilling rig
can handle, We will only discuss criteris for optimum under given, fixed geometrical constraints.

We presuppose that the borehole spacing is such that variations during the annual cycle do
not coptribute to the infleence between boreboles. Criterion (15) k= met, except, in the case
of & diverging bundle of borehales, for & small partion of the borehols length near the ground
surfsce. Then, the thermal inBuence is determined by the mverage extraction rate and the g-
function only, These response functions vary with time. Therefore, the optimization must refer
ta a given time. One ressonable choice s to optimize for the final steady-state situstion.

The problam is now to determine the optimal positions of the borehales for steady-state heal
axtraction under given constraints on the positions of the boreholes. The constraints are often
that the boreholes must lie within a certain fixed volume, An example ks the case in Section
£.6, where this volume iz detarmined by the straight line of borehole positions om the ground
surface and & maximum angle of inclination # = 20°. The envelope of the volume is generated
by straight lines between the line on the ground surface and an oval-shaped curve at the bottom
ol the boreholes. The optimmum is to place the bareholes on the surfsce of constraint, They
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