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Abstract

fiHeat miningod is, in fact a complete decce
copper) is mined and the ore has been taken out, it will be gone forever. Not so with
geothermal resources: The heat and the fluid are coming Nackély, the heat and fluid
extraction create heat sinks and hydraulic minima; around these, strong temperature and
pressure gradients develop. Along the gradients, natural inflow of heat and fluid arises to
replenish the deficits. The inflow from the swnalings can be strong: around borehole
heat exchangers, heat flow densities of severalAksult, whereas terrestrial heat flow
amounts only to about 50100 mW/n%. The regeneration of geothermal resources after
production, in other wordsextraction offluid and/or heatis a process that runs over
different timescales, depending on the kind and size of the utilization system, the
production rate, and the resource characteristics. The resource renewal depends directly on
the heat/fluid bckflow rate. Hekandfluid produdion from geothermal resourcean be
accomplished with different withdrawal rates. Although forced production is more
attractive financially (with quick payback), it can nevertheless degrade the resource
permanently. The longevity of thhesource (and thus the sustainability of production) can

be ensured by moderate production rates. The sustainable geothermal production level
depends on the utilization technology as well as on the local geologic conditions. The
stipulation of the sustaale production level requires specific clarifications, especially by
numerical modelling, based on lotgrm production strategies. In general, resource
regeneration proceeds asymptotically: strong at the beginning and slowing down
subsequently, reachinghe original conditions only after infinite time. However,
regeneration to 95 % can be achieved much earlier, e.g. within the lifetime of the
extraction/production systentin other words, geothermal resources can regiolike
biomassConcerning the requirements for sustainable production, four resource types and
utilization schemes are treated, by numerical model simulations.: 1) heat extraction by
geothermal heat pumps) hydrothermal aquifer, used by a doublet system for space
heating; 3) high enthalpy, twghase reservoir, tapped to generate electricity; 4) Enhanced
Geothermal Systems (EGS).

1. Introduction

exhaust it by today®dsA moeobal
restrictive estimate considers the surface area of continents

Renewability and sustainability are terms often used arf§ome 2*16*m?) and the continental crust to 1 km depth only.
discussed nowadays. In the following, the relevance of thed&e heat content of this shell is still considerable, 3.9ED
notions for geothermal energy utilization is discussed and tfiPickson and Fanelli1995, p.3) Taking into account the
view of the International Energy AgencylEA) GIA is wor |l do6s primary energy consumj
outlined (the cooperiae geothermal R&D activities of the Would be sufficient for a million years. Would this heat be
IEA are assembled within the Geothermal Implementin§Xtracted, it would need about®y@ars to replenish the store

Agreement GIA).

y the terrestrial heat flow, which is mainly supplied by the

The ultimate basis of geothermal energy is the immengtecay hat of natural radioisotopes (Rybach et, @000).

heat stored

i n Note that99% afrthie badtrs ThUs theerespuese base is sufficiently large and is basically

globe is atemperatures >100G only 0.1%has temperatures ubiquitous. _ _ o

<100°C. The global heat loss of the earth amounts to 40 Without harvesting the terrestrial heat flow is given off to
million MW. The total heat content of the earth can bdhe atmosphere. Instead, it canda@turedand the heat flow
estimated to be around 3@; it would take over ®years to linescan be diverted towards heat sinks (Figure 1).

15



Rybachi Geothermal Sustainability or Heat Mining?

In case of no geothermal resource utilization the isotherms In relation to geothermal resources and, especially, to their
run parallel to the surface (i.e. horizontal in flat terrain), wittexploitation for geothermal energy utilization, sustainability
heat extraction the isotherms are deformed. The heat flow line®ans the ability of the production system applied to sustain
run always perpadicular to the isotherms. Production of heathe production level over long times. Sustainable production
and/orfluid from geothermal resourcésads to the formation of geothermal energy therefore secures the longevity of the
of heat sinks and/or hydraulic pressure depressions. The@source,at a lower production level. A definition of
effects will be treated in more detail further below. sustainable production from an individual geothermatesyis
has been suggestéfixelsson et al., 2001):
AFor each geother mal SYySt e
mode of production, there exists a certain level
Heat releasg of the globe: of maximum energy production, below which it
With 40 nfillion MWy, Heat will be possible to maintain constant energy
production prodyction from the system for avery long time
7 7 (1001300 years). o
: Thedefinition applies to the total extractable energy (= the
™ s \ I S heat in the fluid as well as in the kcand depends on the
Y Fl nature of the system but not on load factors or utilization
] g 1 / il efficiency. The definition does not consider economic aspects,
Terrestrial . B F s o environmental issues or technological advances, all of which

heat flow N e J‘\\ may be expected to change with time.

Theterms r@ewable and sustainable are often confused;

the former concerns the nature of a resource and the latter
lsothetms applies to how a resource is utilized (Axelsson et al., 2002). In
the following, the effects of heat/fluid production from a
geothermatesourcewill be described.

Lhg lereirial el The heat sink captures the 3. Effects of heat/fluid production from a
flow is lost to the heat flow geothermal reservoir
atmosphere

The customary use of geothermal resources is established
by withdrawing the fluid and extracting its heat content. There
are prominent examples that this can happen in a fully
enewable fashion: thermal springs in many parts of the world

ave been conveynimpressive amounts of heat (and fluid)
to the surface for centuries, without showing any signs of a
decline. In such situations, obviously a balance exists between
urface discharge and fluid/heat recharge at depth. Any
from a geothermal resource can be realized by differe bal ance do 1 uldgebteeamaliiipation d u ¢ t
scheme, i.e. which does not produce more than the natural

extraction rates. Forced production could ngri about h i b idered full bl
economic benefits like earlier return of investment but cou’%: arge resupplies, can beé considered as lully renewable

Figure 1- Schematic illustration of the principle of geothermal heat
extraction and production.
Arrowsindicatedirection of teat flow.The left panetefersto a
scheme where without heat extraction, terrestrial heat escapes t
the atmosphere. The right pamefers toa scheme whetheat
inflow replenishes the heat sink, created by the heat extraction.

Production of heat and/or fluid (along with its heat conten

lead to resource depletion or even deterioration. By applyirfgtefansson 2000). Such production rates are, however,

moderate production rates, taking into account the loc Iltetd an_(f:i_ 'g m?ﬂnytc_asestno'[ econ?jrrtwrl]cal.t rech .
conditions (field size, natural recharge rate etc.), the longevify 'MENSIEA praiuction rates exceed he rate of recharge an

of production can be secured and thus productio ad with increasing production duration to depletion,
sustainability can be achieved especially of the fluid content, whereas the heat stored in the

matrix remains, to a large extent, in place. Mayization
schemes therefore apply rednfion (high enthalpy steam
and/or water dominated reservoirs, doublets in hydrothermal
. quifers), which at least replenishes the fluid content and helps
In general, geothermal energy is labelled as renewable.t sustain or restore reservoir pressure. On the other hand, cold

s, ther(_afore, listed tc_)gether with solar, wind and biomaﬁ%injected fluid creates thermal detion in an increasing
alternative energy options in governmental R&D programs, Wolume of the reservoir

materials promoting geothermal energy etc. This attribute Geothermal resources are often taken into forced

applies only with certain restrictions, which must be address%‘?oduction (of the reservoir fluid as the heat carrier), mainly

in a fully o_bjective manner. L to meet economic goals like a quick payback of investments
The original d_ef|r_1|t|on of sustgmabmty gcsebac_k to the for exploration and equipment, inch a way that reservoir
Bruntland Commission (1987; reinforced at the Rio 1991 an(gepletion is the result. There are numerous examples for this

Kyoto %997 S”m“_"ts): pproach worldwide, the most prominent is thapor
iMeeting the needs of t[JRICHsER S ihe QhEE EAbrhidUSA. Figure 2
without -compromising the needs of future shows the change of production with time, and the effect of
generationso. reinjection (of wastewater piped over a distance of about 50

kilometers from Clear Lake/CA, starting in January 1998).

2. Renewability and sustainability
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Reinjection could halt the production decline and more or le$. Geothermal Heat Rimps (GHP)
stabilize production.

In the case of GHPs, the issue of sustainability concerns
the various heat sources. In the horizontal systems, the heat
exchanger pipes are buried at shallow depth; the longevity of
their smooth operation is guaranteed by the constant heat
supply from theatmosphere by solar radiation. In the case of
combined heating/cooling by GHPs, the heat balance (in/out)
is given by the system design itself: replacement of heat
extracted in winter by heat storage in summer. In the case of
¢ 1 I I groundwater couple@HPs, theresupply of fluid is secured
Leesseaforesseforesreieosbeeduoreasdrensardreshiadrossashenserchesased by the hydrologic cycle (infiltration of precipitation) and the
o s |t & 118 1, § 1 heat comes either #Afrom above
P Pl I I T R bel owd (geother mal heat flow
) o— ....... ........:.: ...._... ..... .: depend on aquifer depth ThlS Ieads to a+ Conﬁﬁﬂifer

P 0 I S O I A temperature all over the year without any significant seasonal
variation. Any deficit created by heat/fluid extraction is
T Pl & ild 1 1 i replenished by the (lateral) groundwater flow.

W T SR W OEW I I W R The situation with borehole heat exchanger8HE)-

Tise e o tm s e wm Do 20 08 200 209 3om coupled GHP systems is diffent. During heat extraction
Figure 2- Production decline and reinjection eétt at The Geysers operation, the BHE evolves more and more to a heat sink.

(total steam production rate). Reinjection started January 1989. False design, especially with forced extraction rates (several
From Sanyal and Enedy (2011). tens of W per meter BHE length, in low thermal conductivity
materials like dry gravel) can lead to freeyirof the
4AMi ni ngo of geot her ma $urroundng giouhd aGdahss 20 sybledn lcollapse. Therefore,
the conditions by which a reliable operation can be secured

In many brochures, publications, presentations etalso on the long term (i.e. sustainable operation) need to be
geothermal heat and/or fluid extraction is described asstablished. Several such attempts have been published in the
Aimi ningo. I't must be st r on ditergturec ong &f the first such studies, rathér cdmpletea and |
absolutely wrong. Where and when a mineral deposit is minedipported by theory and experiments, will be summarized
and the ore has been takart,at will be gone there forever.  below.

Not so in geothermal: the replenishment of geothermal The question of sustainability of GHPs in general, and of
resources (heat and fluid) will always take place, albeit &HE coupled HPs boils down to the question: for how long
sometimes low rates. These will be addressed below. Tkhach systems camperate without a significant dradown in
wrong analogy leads also to legal problems argtaattes: in  production, i.e. reaching a level which is beyond economic
many countries, geothermal is often regulated by the miningability. Therefore, the longerm production behavior of
law and permits are issued by mining authorities. In realityBHE-based GHPs needs to be addressed.
geothermal energy cannot be defined in physical terms as a In the following, the results of numerousvestigations,
mineral resource; the mining offices in general are ndiased on field measurements and numerical modeling are
specialy trained to deal with geothermal problems. summarized. The data and results originate from a

The regeneration of geothermal resources is a processmmercially operated BHE installation (heating alone, one
which operates at various time scales, depending on the typ@0m long BHE) in Elgg near Zurich, Switzerland. Detailed
and size of the production system, the rate of extraction, adéscripions and nmerous details can be found in Rybach and
on local conditions. In generdhe production goes on over a Eugster (2010).
certain length of time.

After production stog, the resources recover by natural5.1. Short-and long-term ground recovery
processesThe production of geothermal fluid and/or heat
successively creates a hydraulic/heat sink in the reservoir. This The heat extraction by an operating BHE creates a heat
leads to pressurand temperature gradients, which in tiirn sink in the ground, which hasgarshape. The isotherms are,
after termination of productiéngenerate fluid/heat inflow to after a certairoperational time, concentrated near the BHE.
re-establish the prproduction state. In other terms, For details see Eugster and Rybach (2000). The pronounced
geothermal resources regrow, like biomass. heat sink formsmisotherm pattern, with the BHE as its center

The question of regeneration boils down to the rdte see Figre 3). The heat sink creates steep temperature
fluid/heat resupply. Concerning the time scales of regradients in thevicinity of BHE, which in turn leads to heat
establishing the prproduction state, four resource types andnflow, directed radially towards the BHE, to replenish the
utilization schemes will be treated below: 1) heat extraction kyeficit created by the heat extt@n. Compared to average
geothermal heat pumps; 2) hydrothermal aquifer, used byt@rrestrial heat flow (80 mW/# the heat flow towards the
doublet systerfor space heating; 3) high enthalpy, tpbbase BHE attains high values (up to several Winsee Figire 3).
reservoir, tapped to generate electricity; 4) Enhanced
Geothermal Systems (EGS). The renewanfiected with
replenishment, regeneration) has been treated by numerical
model simulations

[

e

Steam Production Rawe (1,000 kg/month)
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evaluatiorof operating experience was first performed in 1985
(Rohner 1994), addressing GHP systems with BHES, running

1o for 9i 14 years at that time. The study reported consistently
20 positive experience. A new project, financed by the Swiss
0 Federal Office of energy, systematically evaluated the
oo, operational experience of 33 GHsystems in Switzerland,
. 40 "on functioning over 2b31 years. The investigation results,
f presented in Signorelli et al. (2010), confirntkd findings of
g 0 ° i the first study
“ 60 The data acquisition system at Elgg was switched on again
RR)(RS in fall of 2001. Data gatheringasted on 27 August and ended
70 on 25 September. One temperature sensor did not function; the
80 2 & missing datéhave been estimated by extrapolation (for more
details see Eugster, 2001). The measurements are shown in
90 \ E e Figure5; it is evident thathe ground tempetares stabilized
C

27 &’\—a

100 ™~ Ground temperature

110 o
ol b b b 1 E

-20 -10 0] 10 20 10

in the last couple of years of system operation.

Distance from BHE [m]
Figure 3- Calculated temperature isolines around a 105 m deep

December 1986

BHE, during the coldest period of the heating season of 1997 in 30 <
Elgg/ZH, Switzerland. The radial heat flow in the vicinity of BHE is 3
assumed to b& W/n? (Adapted from Rybach and Eugster, 2002). 40 7 September 1988

(m)

Septeamber 1989

The cigar-shape of the pattern with dense isolines has been
further confirmed by field measurements in observation
boreholes (for details see Rybach and Sanner, 2000). 70

After cessation of heat extraction, recovery of the ground
temperature begins. During the pratlan period, the
drawdown of theésothermsaround the BHE is high during the 20 -
first few years of operatiorsée Figire 4). Later, the yearly
temperature deficit asymptotes to very small values. During o0 | September 2001
the recovery period after stopping BHE operation (assumed to 110
happen after 30 years of operation), the ground temperature
shows a similar behawo_r: d“”.”g the first yeare{ mho_delled ._Figure 5- Ground temperature profiles at 0.5 m distance from a
temperature recovery is rapid, but tends with increasing s deepperating BHE at Elgg/ZH, repeatedly measured over

recovery time asymptotically towards zero (details in Rybachs years. The lasheasuremeris from fall 2001 c ur ve fASept e
et al, 1992, Rybach and Eugster, 2002). The time to reach 20010) (Eugster, 2001)

nearly complete recovery depends on how ltregBHE has

been in opetion. Principally, the recovery duration In particular, Figure 5 shows temperature profiles
corresponds to the operation period. measured in the vicinity of the BHE at the beginning of
subsequent heating seasons. The ground temperatures
decrease from year to year, but less and less. Datingner
they recoverThus, sustainable production has been achieved
over the 15 years of systepperation. The observational
borehole with temperature sensors at 1m distance from the
BHE shows practically identical results (Eugster, 2001).
Nowadays, GHP itallations with numerous acemmon
worldwide. Sustainable production from multiple BHEs is
described in Signorelly et aR005).

Depth

80

September 1998

4 <] a 10 12 14 16
Temperature (°C)

Temperature Change [K]

5.3 Heating and cooling with GHPs

_ Time prears) - - The subsurface can be utilized as a heat sink as well as a
Figure 4- Calculated ground temperature change at a depth of S0rReat store, utilizing the immense renewable storage capacity

and at a distance of 1m fromi#5 m long BHE during a of the ground. In moderate climate the ground below about 15
production period and a recovery period of 30 years each (Rybacll, yenth is in summer significantly colder than outside air.
and Eugster, 2010). After 3@ars of recovershe deficit €T). Thus, a large gpthermal store volume with favorable heat

capacity is available where the heat can be exchanged
(extracted from the building and deposited in summer,
installations have operated fu")Fxtracted from the ground store and supplied to the building in

5.2 Long-term operational experience

Numerous GHP
satisfactorily in Switzerland, for decades. A systematic
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winter). By these means, the ground pibei s a-i i dproddctton borehole (doublet operation). Due to this
sustainability. geothermal circuit, the produced hot fluid is continuously
The thermal capacity of the system depenldissides on replaced by cooled injected water. This leads to an increasing
the volumé on the thermal and hydrogeologibaracteristics volume of thermal drawdown pragating from the injection
of the installation site; these must be carefully considered to the production well. After the thermal breakthrough time,
system dimensioning. In summer, most of time the heat the temperature of the produced fluid will decrease with a rate
pump can béypassedand the heat carrier fluid circulated depending on the production rate, the distance between the
through the ground by the BHEs and through théoreholes, as well as on the physical andhggdc properties
heating/cooling distribution (e.g. floor panels). By thesef the reservoir. The increasing thermal gradients in the
means the heat is collected from the building and deposited@servoir cause a corresponding increase in conductive
inthegromd f or extraction i n t hherma egecdveryw Hentege & thérmal stendy state owlilliba g o
When free cooling alone cannot satisfy the cooling needs, heatiched after a sufficient circulation time which yields a
pumps can be reversed for cooling since they can operatepiracticaly constant production temperature; the production at
normal (heating) and reverse (cooling) mode. This GHEhat rate can further be sustained.
utilization mode provide fully sustainable operation on the  The town of Riehen next to Basel has the fiasid sdfar,
long term. the only geothermal based district heating system in
Here one exampléit UntersiggenthalSwitzerlanda GHP  Switzerland, with a capacity of 15 Mwhermal which
system operates with two 70 m deep BHEs. The total heatisgpplies about 160 users. About 50% of the needed energy is
capacity for the singamily house is 11 kW thermal. Since covered by a geothermal doublet operation (production well
the summer of 1996 the system is also being used for spad®t7 m, reinjection well 1247 m at a distance of 1.0 km). The
cooling. Details about the system are given in Rybach arlliid is produced/reinjected from/to a fractured aquifer
Eugster (20@). Figure 6 shows the return temperature of thé Tr i as si @ st @ e ¢ deealigkr®l7). The average
fluid circulating in the BHEs over the years 1992008. flow rate is 10 I/s, at 62°C. Reinjection temperature is 25°C
Stability and sustainability are evident, thus sustainablehich yields a useable temperature drop of 37°K. The use of
operation characterizes this installation too. geothermal energy and the heat pump started operation in
Sustainability aspects of GHP systems haveenbe 1994. Since 1998, an extension i@ neighboringGerman
addressed above, with emphasis on Borehole Heat Exchangmwn of Lorrach has been establishEdr details see Link et
(BHE)/heat pump (HP) systems. BHE/HP are a feasible wafl. (2015).
to tap shallow geothermal resources which, located directly For this system, itis essential to provide the heat exchanger
below our feet, represent a unique, ubiquitous and therefongth a production temperature of 62°C without a considerable
enormous geotherrgotential, which can be utilized in a drawdown for about 30 years. It has been demonstrated by
sustainable manner. Detailed descriptions about desigmimerical (finite element) calculations that these boundary
installation and operation of GHP systems are given in Luntbnditions arefulfiled by the geothermal circuit. The

et al. (2003) or Rybach (2012). numerical simulations have been performed with theéde
FRACTure (Kohl, 1992; for details about the site see Mégel,

20 ¢ 1996).

TS . u:‘x 12’:’:?;" V‘.::Jurgl::lv:'::l:]"ler

(°’C =~ Trend
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e—» | Cooling starts in summer 1996
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Figure 6- Stability of temperature from borehole heat exchangers

during the period 19872008.Ts: return fluid temperature from Figure 7- Geological crossection and conceptual model of the

BHE (upper dots: in summer, lower dots: in winter). Data for a - 5q,jifer of the doublesperation in Riehen. From Mégel and Rybach
singlefamily house installation at Untersiggenthal, Switzerland. (2000).

From Rybach and Eugster (2010).

Additional attention is focused on the recovery effect of
the geothermal doublet operation in Riehen. Numerical
. . simulations for porous and fractured reservoir models have
The heat content of a deep aquifer canutiézed by  peen performed, forProduqtionn@ production break phases
producing the aquiferos f1 pfidifterent tidtfion (10,00, 4P yRarsh Gtirce diffefent FE
through a heat exchanger to a district heating network (oftgRodels have been used for the calculations of the production
via a heat pump), whereas the cooled water is reinjected innperature and thermal recovery: 1) homogeneous porous
the aquifer bya second borehole at a sufficient distance to thgquifer’ 2) fractured aquifer with a distance betwethe
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