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8 Geothermal Energy

Geothermal energy is the heat contained in the solid Earth and its internal fluids. This sets it apart from
other terrestrial energy sources such as

-  fossil or fissional fuels in the subsurface;

- biomass, solar energy, and hydropower on the surface of the solid Earth and in its rivers and seas;

- wind energy in the atmosphere.
Geothermal energy is stored as sensible or latent heat. Supplied by both internal and external sources, it
represents a vast supply which is only started to be tapped by mankind for space heating, process heat,
and generation of electric power. The options and challenges involved in turning this promising potential
into operational, efficient, and economic technologies are the topic of this assessment.

The major topics associated with an enhanced future use of geothermal energy are reviewed in four main
chapters: (1) The Earth’s thermal regime: where on Earth is heat, how much is there, where does it come
from, and how is it transferred? (2) Geothermal energy resources: what kinds of resources are available in
which reservoirs and how big are they? (3) Types of geothermal energy use: how can geothermal heat be
used directly or converted into electricity and what is the present use of geothermal energy?;
(4) Technological and economical aspects of geothermal energy use: which technologies are available to
produce geothermal energy, and how much does it cost? A summary and outlook concludes this review.

8.1 The Earth’s Thermal Regime

Since the conditions under which geothermal energy can be exploited strongly depend on both the origin
of geothermal heat and the environment in which it is stored, we first need to examine briefly the internal
structure of the Earth. Next we analyze the energy budget of the Earth and quantify the contributions of
the various external and internal sources and sinks of heat. Then we examine the thermal regime of the
Earth’ crust and the magnitudes of heat storage and transport and the associated physical properties
specific heat capacity, thermal conductivity, and diffusivity.

8.1.1 The Structure of the Earth

Our information on the internal structure of the Earth and the variation of its physical properties (pressure,
temperature, density, seismic velocities) and chemical composition are derived from seismology, i.e. the
interpretation of travel time curves of earthquakes which passed through the Earth. The variation with
depth of the observed seismic velocities and elastic constants combined with Maxwell’s four thermo-
dynamic relations between pressure P, volume V, entropy S (AS=AQ/T; Q: heat), and temperature T yield
the predominantly radial structure of the Earth.

From Maxwell’s relation (0T/OP)s=(0V/0S)p one obtains an expression for the adiabatic temperature
gradient in terms of temperature, the volume coefficient of thermal expansion a=(0V/0T)p/V, and the
isobaric specific heat capacity cp (at constant pressure):

aT o

(—) oy ) (8.1)
dz/s Cp

where g is gravity and subscripts P and S refer to isobaric and adiabatic conditions, respectively, i.e.

constant pressure and constant entropy.

Clauser, C., 2006. Geothermal Energy, In: K. Heinloth (Ed), Landolt-Bérnstein, Group VIII "Advanced Materials and Technologies", Vol. 3 "Energy Technologies", Subvol. C
"Renewable Energies", 480-595, Springer Verlag, Heidelberg-Berlin.



2 PRE-PRINT

v, (ms™)
12 0 5000 10000 15000
L J e | TR N O
- 6000 6000
[ ] - 1000
- 5000 5000
\ [ _ | - 2000
-~ , . - 4000 E 4000 i ~
E ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁx:ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ,'ﬁﬁﬁ— §/ - E
< 3000 | N - ] - 3000 <
£ : N & [ 3000 5 3000 i <
o N > | o I3
8 4000 | < 8 ] - 4000 @
, N - 2000 2000 i
sooo ...~ . R J, - 5000
. [ 1000 1000 i
6000 | vl 1 - 6000
1 1 ! 1 “ 0 0 T T T T T u T
0 100 200 300 400 0 5000 10000 15000
P (GPa) v (ms™)
0.0 15
[ 6000 6000 |-
1000 | ) 1 - 1000
i 'E [5000 5000 i
2000 | = | _ | - 2000
— i 1 9 - 4000 ‘£ 4000 - =
e T | ~ ] E
= 3000 = - 3000 =~
< - 3000 5 3000 i <
(o | ko) o
2 4000 g - 4000 &
- 2000 & 2000 i
5000 | [ 1 - 5000
i - 1000 1000 Vol
6000 [ 1 ¢+ | 6000
I 0 0 — T T
500 1000 1500 0 5000 10000 15000
cp kgt K™ p (kgm?)

Fig. 8.1 Variation of selected properties versus depth in the Earth according to the Earth models
PREM (gravity g, pressure P, coefficient of thermal volume expansion a and isobaric specific heat
capacity cp; Griineisen parameter y) [1981Dzi; data: 1992Sta] and AK135-f (sonic and shear wave
velocities v, and vg; density p)[1995Ken; 1995Monl].
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Assuming lower mantle values (at about 1500 km depth) of T=2400 K, g=9.9 m s, ¢;=1200 J kg K™,
and 0=14 pK™', yields an adiabatic temperature gradient of about 0.3 K km™; the corresponding values for
the outer core (at about 3500 km depth) of T=4000 K, g=10.1 m s?, ¢;=700 J kg K™, and a=14 puK
(Fig. 8.1), yield an adiabatic temperature gradient of about 0.8 K km™ [1992Sta; 1997Low].

Approximate estimates for the adiabatic temperature inside the Earth can be obtained with the aid of the
dimensionless thermodynamic Griineisen parameter y = a Kg/(p cp), where Kg is the adiabatic incom-
pressibility or bulk modulus and p is density (Fig. 8.1):

.
a_szd_p’ or: T:To(ﬂj . (8.2)
T ~p Po

From a known temperature T, and density py at a given depth, eq. (8.2) allows computing the adiabatic
temperature from the density profile in a region where the Griineisen parameter is known. Fortunately, the
Griineisen parameter does not vary too much within large regions of the Earth’s interior (Fig. 8.1).
However, eq. (8.2) cannot be applied across the boundaries between these domains, where vy is discon-
tinuous. But if Ty and p, are known at calibration points, the adiabatic temperature profile can be
computed in an iterative fashion within these depth intervals. The currently accepted estimate of the
temperature profile is characterized by steep gradients in the lithosphere, asthenosphere and in the lower
mantle D" layer (immediately above the core-mantle boundary). Neglecting large lateral variations in the
crust and lithosphere it indicates, on average, temperatures of less than 1000 K in the lithosphere, close to
3750 K at the core-mantle boundary, and around 5100 K at the center of the Earth (Fig. 8.2) [1992Sta;
1997Low;].
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Fig. 8.2. Variation of estimated temperature and melting point in the Earth with depth; Data
according to Stacey [1992Sta] selected to be representative and consistent with the Preliminary
Reference Earth Model (PREM) [1981Dzi]. Temperature is poorly constrained in the deeper
sections, indicated by large error bars; data: [1993Bro].
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However, there are large uncertainties, particularly in the mantle and core [1993Bro; 2001Bea], indicating
ranges for conceivable minimum and maximum temperatures of 3000 °C — 4500 °C at the core-mantle
boundary, 4400 °C — 7300 °C at the transition between outer and inner core, and a maximum temperature
at the center of the Earth of less than 8000 °C (Fig. 8.2).

From another one of Maxwell’s thermodynamic relations, (0S/0P);=-(0V/0T)p, one can derive the
fractional variation of the melting point temperature T,,, with depth within the Earth:

1 dThp g (Paia —Piiguia)

Tmp dz L Priquia

; (8.3)

where L is the latent heat of fusion, and pgiiq and piiquia are the densities of the solid and liquid phases,
respectively. With the information on the variation of gravity and density with depth derived from seismic
travel times (Fig. 8.1) one may obtain a profile of the melting point temperature with depth. Assuming
outer core values (at about 3300 km depth) of T=4000 K, g=10.1 m s2, Psolic=13000 kg m>, Priquia=11000
kg m>, and L=7 MJ kg™ for iron yields a melting point temperature gradient of about 1 K km™ (Fig. 8.2)
[1997Low]. Thus, the melting point temperature increases more rapidly with depth than the adiabatic
temperature. However, the variation of the properties (e.g. L, g, cp) in the Earth is known only with large
uncertainty, and an accordingly large uncertainty is associated with the temperature profiles based on egs.
(8.2) and (8.3).

8.1.2 Energy Budget of the Earth

In order to avoid numbers with too many digits energy budgets are usually quantified in multiples of 1000
of the base units Joule and Kilowatt-hour (Table 8.1; Table 8.2).

Table 8.1 Abbreviations, prefixes, and names for various powers of ten in different systems.

system prefix abbreviation factor
American British/French/German
thousand thousand Kilo k 10°
million million Mega M 10°
billion milliard Giga G 10°
trillion billion Tera T 10"
quadrillion - Peta P 10"
quintillion trillion Exa E 10"
sextillion - Zetta z 10*"
septillion quadrillion Yotta Y 10*

The Earth’s energy budget is determined by its thermal income and expenditure. The Earth receives
remarkable amounts of energy from both external and internal sources. Their enormous size can be best
illustrated by comparison with the global production of primary energy in the year 2001, about 420 EJ
[20031EA'] or the annual primary energy requirements predicted for the current century, estimated to 600
EJ — 1800 EJ depending on various assumptions [1997Edw; 1997Nak; 2000Nak; 2002IEA] (Fig. 8.3).

Table 8.2 Units and conversion factors for energy and power.

quantity unit abbreviation conversion

Energy (e.g. heat) Joule J 1GJ =(1000/3.6) MJ = 278 kW h
Kilowatt-hours kW h 1kWh=3.6 MJ

Power Watt w 1W  =1Js"
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Fig. 8.3. Global primary energy consumption in 1971 and 2001 and expected primary energy de-
mand in 2010 and 2030 in EJ (left axis) or Megatonnes of oil equivalent (Mtoe, right axis)
[2002IEA; 2003IEA]; 1 Mtoe = 41.868 PJ.

8.1.2.1 Heat Income

The largest external energy source of the Earth is the solar irradiation. The incident energy of the Sun’s
rays falling on the Earth for just one day, 1.5x10* J (computed from the solar irradiance given below),
correspond to about 35 years worth of the global production of primary energy in the year 2001 (Fig. 8.3).
In other terms, 4-12 days of solar irradiation corresponds to the expected cumulative primary energy
requirements for the entire current century. However, only regrettably small amounts of the irradiated
solar energy are converted into forms of energy which can be stored relatively permanently by the Earth,
mainly as fossil fuels, as will be seen below. The conversion of solar energy reaching the Earth’s surface
into heat and electricity is the topic of Chap. 4 of this book.

The largest internal energy source of the Earth is provided by the decay of radiogenic isotopes in the
rocks of the Earth’s crust. The heat thus produced within one year, 8.6x10° J (computed from the
average terrestrial heat generation rate given below), corresponds to more than twice the global
production of primary energy in the year 2000 (Fig. 8.3). This huge energy source by itself clearly
exceeds the world’s energy demands expected for the period 2000-2030 [2002IEA]. If it could be
harnessed, it would suffice alone to satisfy the primary energy demand of the entire 21 century.

8.1.2.1.1 External Heat Sources

The Earth receives energy from two major external sources: electromagnetic energy from the solar
radiation and gravitational energy due to forces of the Sun and Moon exerted on the rotating Earth.

Solar Radiation: The solar constant S=1373 W m™ [2000Lid] is the solar irradiance (or incident solar
radiation flux) on a plane normal to the Sun’s rays, just outside the Earth’s atmosphere, when the Earth is
at a distance of one astronomical unit (1 AU=1.496x10® km) from the Sun. Long-term observations of the
solar irradiation from satellites [1999Kyl; 2002NGD] indicate a variability of the solar “constant” on the
order of fractions of a percent due to changes in the solar activity. With its cross section of 7 (Rg)? the
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Earth intercepts from the total solar radiation a radiation power P=S 1 (Rg)* =~ 1.75x10"7 W, where
Rg=6371 km is the radius of the best-fitting sphere for the Earth. Of this solar energy flux, about 35 %
(6.1x10"® W) are directly reflected as short wavelength radiation, and 65 % (1.14x10"" W) are scattered
and absorbed in atmosphere, hydrosphere, and lithosphere, and finally re-emitted as long-wavelength
radiation. Of this absorbed fraction of the total incident solar energy, 31 % (3.53x10'® W) are absorbed in
the atmosphere, while 69 % (7.87x10'® W) reach the surface of the Earth. Thus less than half of the total
solar irradiation of the Earth, just about 45 % can be considered an external source to the terrestrial heat
budget. But most of this energy is directly re-emitted as long-wavelength radiation (see Sect. ). Only a
tiny fraction of less than 1 ppm (3.2x10° W — 3.2x10'° W) of this absorbed energy flux is converted into
biomass by photosynthesis and finally stored in the Earth’s crust as fossil fuels, such as coal and
hydrocarbons [1981Bro]. A small fraction of the solar energy incident on the Earth’s surface is used to
heat up the surface, but it penetrates only to very shallow depth, some decimeters for the daily cycle and
some tens of meters for the annual seasonal changes. As a result, large as it may be, solar energy has
negligible influence on the Earth’s thermal regime. However, the solar heating of the very surface of the
Earth contributes to some extent to the heat that can be extracted from the shallow subsurface with Earth
coupled heat exchangers (see section 8.3.1.1.1).

Gravitational Energy: Exchange of gravitational energy between the Earth and the Moon and Sun is the
source of tidal energy both in the oceans and the body of the solid Earth. Among the Earth’s celestial
neighbors only the Sun and the Moon are sufficiently massive or close to cause significant tides on the
Earth. This is owing to the fact that tidal accelerations and the associated torques are linearly and in-
versely proportional to the mass and the cube of the distance between the two bodies, respectively. Tidal
deceleration of the Earth results in a decrease of rotational kinetic energy at a rate of about 3x10'> W —
6x10'* W [1980Ver]. This energy is dissipated by tidal friction and finally converted into heat. Most of
this heat, at least 80 %, is dissipated in the oceans, and only a fraction of less than 20 % in the Earth’s
mantle. Thus, heat derived from gravitational energy is accumulated in the solid Earth at a rate of about
6x10" W — 12x10" W [1980Ver; 1981Bro]. Clearly, there is considerable uncertainty attached to these
numbers, and it should be realized that they are probably correct only with respect to the order of
magnitude. They indicate, however, that the heat delivered to the Earth by conversion of gravitational
energy into heat is 1-2 orders of magnitude less than that which is produced by the decay of radioactive
isotopes in the rocks of the Earth (see below). However, the relative importance of gravitational and
radioactive heating might have changed during the Earth’s life time.

8.1.2.1.2  Internal Heat Sources

The interior of the Earth is gaining heat from four main sources: radiogenic heat from the decay of
unstable, radioactive isotopes; original heat, i.c. the heat content of the infant Earth immediately after
formation; potential energy released as heat during the creation of new crust, the enrichment of heavy
metals in the Earth’s mantle or the formation iron core of the Earth; frictional heat from elastic energy
released in earthquakes.

Radiogenic Heat: When radioactive isotopes decay, they emit energetic particles (a- and B-particles;
neutrinos and antineutrinos without mass or charge) and y-rays. Matter is almost transparent to neutrinos
and antineutrinos and most of the energy carried by them is transmitted into space. In contrast, a- and [3-
particles (helium nuclei and electrons) do interact with the surrounding rock which absorbs their kinetic
energy thus generating heat. In order to be a significant source of heat to the Earth, a radioactive isotope
must be sufficiently abundant, have a half-life comparable to the age of the Earth, and most of its decay
energy must be converted into heat. Mainly uranium, thorium, and potassium isotopes fulfill these
conditions: *U and **°U (natural uranium: 99.28 % ***U + 0.71 % U + 0.01% ***U), #*Th, and *’K
(natural Potassium: 0.01167 % “°K). The low concentration of the *’K isotope is made up for by the
abundance of potassium in rocks. Therefore the heat production of *’K is not negligible. The ratios of the
initial concentrations of uranium, thorium and potassium in the infant bulk Earth are believed to be:
cx/cu=1.1x10* — 1.3x 104; cm/cu=3.7-4.0; cx/cy=1.1x10". By comparison, the potassium-uranium ratio in
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chondrites, believed to be remnants of the early universe, is cx/cy=7x10*[1995Van]. The heat production
of a bulk rock can be determined from its concentrations in uranium, thorium and potassium. The current
heat generation rate of average Earth A,, determined from estimated concentrations of the radiogenic
isotopes **U, U, *?Th and *’K equals about A,, =2.75x10" W [1995Van]. In the geological past,
when less radioactive isotopes had yet decayed, heat generation was considerably larger. The total heat
production E accumulated over a period of 4.6x10° years can be computed from the current value and the
different half-lives of uranium, thorium, and potassium to E~8,9x10° J [1995Van]. This is equivalent to
several millions of years of solar irradiation received by the Earth. The Earth loses heat by conduction
(see Heat Expenditure below) at a rate of Qgiobal = 442x10"% W [1993Pol]. Combined with the total
accumulated heat production this global heat loss yields a typical cooling time t for the Earth of

T=E/Q,.., =89x10%" J/4.42x10° W =2.0x10" s =6.4x10° a .

global
In view of the age of the Earth (4.6x10° a) this means that the current terrestrial heat flow could be
sustained by radioactive heat alone at least for another 1.8x10° years. This period is more than doubled if
the original heat and the latent heat which would be liberated during a further solidification of the Earth’s
core are also considered. The ratio of radiogenic heat generation to global heat loss is 2.75x10" W
/4.42x10" W = 0.62. This means that slightly less than % of the Earth’s heat output can be accounted for
by radioactivity.

Original Heat: It is generally accepted that the cooling of the Earth since its early history, when internal
temperatures were much higher than they are now, contributes a significant amount to the present terres-
trial heat flow comparable to that from radiogenic heat. Assuming an average specific heat capacity of
1088 J kg™ K™ and a temperature drop of 650 K over a cooling time of 4.6x10° years yields 2.9x10" W
as the average rate for the loss of original heat [1991Vac; 1992Vac]. As the heat loss was much larger for
the hotter and not yet solidified young Earth than today, this contribution is certainly lower at present (see
below). Original heat is believed to derive (1) from gravitational contraction of the interstellar material,
and (2) in part from the Moon-forming collision of a proto-planet the size of Mars and the proto-Earth
providing an enormous energy on the order of 10*' J [1990Mel; 2000Can].

Potential Energy: Potential energy is liberated by the formation of
~ the iron core of the Earth at an average rate of: ~3.2x10'"" W [1981Bro] — 4.5x10"> W [1992Vac]
over the past 4.6x10° years;
~ new crust or the enrichment of heavy metals in the Earth’s mantle at rates of ~3.2x10'" —
3.2x10" W [1981Bro].
In summary, 3.5%10"" W — 4.8x10"* W is released by the conversion of potential energy into heat.

16.7

38 % non-radiogenic

Total: 44.2 TW

Fig. 8.4. Thermal power (TW) received by the
27.5 Earth from different sources.
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Frictional Heat: Heat due to release of elastic energy in earthquakes (for 1040 earthquakes per year of
surface wave magnitudes M; > 7) is dissipated at a rate of 1.6x10' W — 1.3x10"> W [1997Low].

Thus the maximum estimate for the non-radiogenic heat generation rate from original heat, potential
energy, and frictional heat amounts to 7.8x10"* W. The true value, however, is certainly much lower. The
rate at which non-radiogenic heat is actually generated in the Earth today can be estimated by subtracting
the current average radiogenic heat production rate of 2.75x10"> W [1995Ste] from the Earth’s total heat
loss of 4.42x10" W [1993Pol] (see Heat Expenditure below). This calculation yields 1.67x10" W for the
current rate of non-radiogenic heat generation in the Earth. Thus radiogenic exceeds non-radiogenic heat
generation by a factor of 5/3 (Fig. 8.4).

8.1.2.2  Heat Expenditure

The Earth is losing heat owing mainly to three processes: Long-wavelength heat radiation, volcanism,
and global heat flow. By far the largest heat loss is due to global heat flow. As a process contributing to
global heat flow, thermal and compositional convection in the Earth’s fluid outer core provide the energy
which drives the geomagnetic dynamo. However, this comprises no heat sink since this electromagnetic
energy is finally dissipated again as heat (Fig. 8.5).

44.20 Total: 44.52 TW

,....ullll,,,,/////////////////////////// Yoo
4 1.00

1 99.3 % heat flow
zzZ (powering of geomagnetic dynamo)
I 0.7 % volcanism

Fig. 8.5. Thermal power (TW) spent by the Earth via different processes (disregarding long-
wavelength heat radiation).

Long-Wavelength Heat Radiation: Of the Sun’s irradiation power of 3.53x10'® W which are absorbed in
the atmosphere, 73 % are directly heating the atmosphere, while about 27 % are converted into kinetic
wind energy. These transmit about 10 % of their energy to waves on the Earth’s water surface [1981Bro].
Ultimately, all wind and wave energy is again converted into heat and re-emitted as long-wavelength
radiation. Because rocks and soil are poor heat conductors, most of the energy flux of 7.87x10'¢ W
incident at the Earth’s surface does not penetrate to any depth greater than one meter and must be re-
emitted as long-wavelength radiation, particularly at night. Since only small amounts of solar energy are
converted into energy forms that can be permanently stored in the Earth, any disturbance of the delicate
balance between solar income and terrestrial radiation will lead to a heating of the Earth’s surface.

Global Heat Flow: The global rate of heat loss across the surface of the Earth is: Qgiobal = Qoceans T Qcontinents
=3.1x10" W + 1.32x10" W = (4.42£1.0)x10"* W [1993Pol]. Of the heat loss to the oceans, 34+12 % or
(1.1£0.4)x10"* W are associated with hydrothermal flow [1995Ste]. The average global specific heat
flow q =87 mW m? was determined in a global compilation [1993Pol] of 24774 observations at 20201
locations (10337 continental; 9864 marine). The average on the continents acominems =67 mW m? is

Clauser, C., 2006. Geothermal Energy, In: K. Heinloth (Ed), Landolt-Bérnstein, Group VIII: “Advanced Materials and Technologies”, Vol. 3 “Energy Technologies”, Subvol. C
“Renewable Energies”, 480 — 595, Springer Verlag, Heidelberg-Berlin.



PRE-PRINT 9

lower than in the oceans q oceans = 101 mW m™. Fig. 8.5 summarizes the contributions of heat flow,
energy supply to the geomagnetic dynamo, and volcanism to the energy expenditure of the Earth. The
contribution by emission of long-wavelength heat radiation is disregarded since it is almost totally
canceled by the corresponding contribution to the energy income.

Depending on various assumptions the powering of the geomagnetic dynamo consumes electromagnetic
energy at a rate of 3.2x10° W - 1x10"> W [80Ver; 81Bro; 03Buf]. A recent combined analysis of
laboratory dynamo experiments and numerical simulations indicates a more constrained range of 2x10"'
W - 5x10"" W [04Chr]. This is two orders of magnitude less than the conductive heat loss. With Carnot-
style efficiencies of 5% - 15% for the conversion of thermal and compositional convection into magnetic
field energy [02Buf; 03Buf; 03Rob], this yields a heat flow on the order of 10'> W required to drive the
geomagnetic dynamo. Due to the very low frequencies in which the Earth’s magnetic field varies virtually
none of its electromagnetic energy is radiated.

8.1.2.3  Heat Budget

The budget of the heat income and heat expenditure of the Earth based on the numbers discussed above
and shown in Fig. 8.4 and Fig. 8.5 is negative. It shows that the Earth is cooling at a rate of approximately
1.4 TW. This number is based on the balance calculated between the Earth’s global heat loss by heat flow
and the estimated radiogenic heat generation rate. Its uncertainty is largely dominated by the uncertainty
of this estimate and future estimates may modify this number to a certain extent. However, there is no
doubt that the Earth has been losing heat since its formation and still continues to do so at a rate
equivalent to roughly 2 ppm of the total solar irradiation intercepted by the Earth.

8.1.3 The Thermal Regime of the Earth’s Crust

In the Earth’s crust, the variation of temperature with depth is more irregular than in the mantle and core
and shows large lateral variations. It depends strongly on the content of radioactive isotopes in the rocks
(see below) and on the tectonic and hydrological regime. Typically, average values vary from 10 K km™ —
60 K km™ for the continental crust of 25 km — 45 km thickness. In the 5 km — 8 km thin oceanic crust
these values may be much exceeded due to hydrothermal activity. The temperature regime has been
compiled from observations in boreholes and mapped for several regions in the continental crust [e.g.
1980H4n; 1988Han; 1991Gho; 1992Bla; 1992Hur; 1995Gup; 1996Ham; 1996Wan; 1998 Ano; 2002Hur].
These maps and atlases provide reasonable general information on the regional variability of temperature
at drilling depth in the crust. More specific local information on the temperature field requires, as a rule,
additional analyses of the thermal regime. In particular, this involves some sort of analytical or numerical
modeling based on measured thermal properties, such as thermal conductivity, thermal diffusivity,
specific heat capacity, density, radiogenic heat generation rate, of the dominating local rocks.

Studies of the specific heat flow, the loss of heat across the surface of the Earth per unit time and area,
based on observations at 20201 sites worldwide reveal remarkable variability and characteristic trends
[1993Pol]. In general, there is a decrease of specific heat flow with age: Specific heat flow is lower in old
stable platforms than in young, tectonically active crust, on average by a factor of 1 % (Fig. 8.6). As a
consequence, the mean specific heat flow is larger in the generally young oceans (101 mW m™) than on
the continents (67 mW m™).

Surprising as this may appear, the earth has been drilled to a maximum depth of only 12.262 km, less than
1 %o of its diameter. In contrast, our universe has been explored by spacecraft beyond the limits of our
solar system. Unfortunately, data from existing commercial boreholes of several kilometers depth, drilled
for hydrocarbons, is rarely available for geothermal research. Therefore, the vast majority of marine and
continental data is derived from measurements with heat flow probes penetrating only a few meters into
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Fig. 8.6. Variation of specific heat flow with age based on 13003 observations in the continental
crust. Diamonds show mean values for specific heat flow. The number of observations in each
geologic era is shown above the corresponding box. Width and height of each box represents the
duration of the different eras (from left to right: Cenozoic, Mesozoic, Paleozoic, Proterozoic,
Archean) and one standard deviation above and below the mean specific heat flow, respectively;
data: [1993Pol].

deep-sea sediments and in shallow boreholes of a few hundred meters depth, respectively. Therefore,
specific heat flow derived from this data comprises signatures from a variety of factors and processes,
both steady-state and transient, such as topography, contrasts in thermal properties in a heterogencous
subsurface, groundwater flow, paleoclimatic variations of the Earth’s mean surface temperature, and
others. This has to be considered when using heat flow data for thermal regime analyses, in particular for
temperature predictions beyond the drilled depth.

Large anomalies occur both in the oceans and on the continents where heat is not only diffused to the
surface but also advected by moving fluids. This occurs in particular near mid-ocean ridges, where
upwelling magma maintains large lateral temperature gradients in the high-porosity sediments, but also in
volcanic regions and many sedimentary basins on the continents where heat is redistributed by regional or
focused groundwater flow [see e.g. 2002Cla for a summary of the literature].

Economic production of geothermal energy is facilitated, but not restricted to, regions of elevated heat
flow. Various types of geothermal energy extraction schemes are available, suitable for both power
production and direct thermal use (see section 8.3), which can be implemented in high and low
temperature regimes, respectively.

8.1.4 Heat Storage

Heat is stored in the Earth by virtue of the heat capacity of its rocks and fluids. In comparison, the amount
of heat stored in gas in the Earth is negligible. Heat capacity C is defined as the ratio of heat AQ required
to raise the temperature of a body by AT. For each molecule this temperature increase requires an energy
of (f/2) k AT, where f is the number of degrees of freedom of the molecules and k=1.3806503x10* J K!
the Boltzmann constant. For a body of mass M=m N, (where m is the mass of the molecules and Ny is the
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Avogadro’s number N,=M/m=6.022 141 99 x 10 mol ") a temperature increase by AT requires an
energy of AQ= (M/m) (f/2) k AT. Thus the heat capacity of the body is:
_AQ_ M f o f

k—=N, k—. 8.4
AT m 2 * 2 (84)

C

Specific heat capacity c of a substance is defined as heat capacity C related to unit mass:

AQ fk fk
C=——"=_-—S——, (8.5)
MAT 2m 2umg

where 1 is atomic mass relative to the mass of the hydrogen atom my = 1.67x107" kg.

For single gas molecules =3, corresponding to the three degrees of freedom of translation along each
direction in space. For solids, f=6, corresponding to the three degrees of freedom of potential and kinetic
lattice vibration energy in each space direction. Isobaric specific heat capacity cp (at constant pressure) is
larger than isochoric specific heat capacity cy (at constant volume) because additional work is required
for volume expansion. Their ratio, the adiabatic exponent, is:

c, f+2

Z T (8.6)
Alternatively, isobaric specific heat capacity cp can be expressed by means of enthalpy H(T,P)=E + PV,
a state function of temperature and pressure, where E is internal energy, P pressure and V volume [e.g.
1989Hem)]. In a closed system, the change in internal energy (dE) is the sum of the change in heat (dQ)
and the work delivered (dW): dE = dQ + dW. If we only consider volume expansion work: dW = -P dV,
the change in enthalpy dH becomes:

dH(T,P):dE+PdV+VdP:dQ+VdP:(a—H) dT+(a—H) dp. (8.7)
aT P aP T

dQ _(9H) .
ar \ar), = (8.8)

Thus, eq. (8.8) defines isobaric specific heat capacity cp as the first derivative of enthalpy with respect to
temperature. Comparing egs. (8.5) and (8.8) we see that both expressions are equivalent for dQ=AQ/M,
and the isobaric enthalpy change is equal to the specific heat content AH = AQ/M.

Comparing coefficients, we obtain:

Isobaric and isochoric specific heat capacity are related to compressibility f = AV/(V AP) and its inverse,
incompressibility or bulk modulus K = V AP/(AV), by cp/cy = Br/ Bs = Ks/Kr [e.g. 1992Sta]. Subscripts T
and S refer to isothermal and adiabatic conditions, respectively, i.e. constant temperature and constant
entropy. Inserting the thermodynamic relation Br= s+ o T/(p c,) [e.g. 1966Bir] between isothermal
and adiabatic compressibility yields the relative difference between isobaric and isochoric specific heat
capacity:

cpfey =1+ayT, (8.9)

where p is density, oo = AV / (V AT) the volume expansion coefficient, and
oKy aK;

pe, pey (8.10)

the dimensionless Griineisen parameter. Inserting the expressions for o and K in eq. (8.10) yields:
y= 1 AV VAP AP
pc, VAT AV pc, AT’ (8.11)

Thus the Griineisen parameter 7 is the relative pressure change in a material heated at constant volume.
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The absolute difference between isobaric and isochoric specific heat capacity follows from egs. (8.9) and
(8.6), assuming f = 6:

K,o’T 3K, o’T
Cp—Cy = = .
p 4p

For crustal rocks (y=0.5; a =20 pK™'; T < 10° K; p = 2600 kg m™; Ks < 75 GPa [1981Dzi; 1992Sta]),
the difference between isobaric and isochoric specific heat capacity is less than 1% or 9 J kg K
according to eqs. (8.9) and (8.12), respectively. Thus, the distinction between isobaric and isochoric
specific heat capacity is negligible for crustal rocks at temperatures below 1000 K. Therefore, from here
on, “specific heat capacity” will always refer to isobaric specific heat capacity, denoted simply by the
letter ¢ without the subscript “P”.

For temperatures above the Debye temperature this classical treatment of heat capacity is sufficient. In the
Earth, the actual temperature exceeds the Debye temperature everywhere, except in the crust [1992Sta].
Therefore we observe deviations from the classical Dulong-Petit values (eqgs. (8.5)—(8.12)) in experiments
at room temperature and atmospheric pressure — the lower the temperature, lighter the element, and
stronger the lattice bonding the larger the deviations are. An adequate treatment of specific heat capacity
under these conditions requires quantum mechanics. This is, however, beyond the scope of this text and
interested readers are referred to standard physics textbooks [e.g. 1991Tip; 2002Mes].

(8.12)

8.1.4.1 Measuring Techniques

Specific heat capacity ¢ can be measured directly or derived as the isobaric derivative of enthalpy H with
respect to temperature. Specific heat capacity of rocks varies with temperature, pressure, porosity, and
saturants. Accordingly, in situ values deviate from laboratory data according to temperature, pressure, and
type and content of pore fluid.

There are numerous steady-state and transient calorimetric methods available for direct measurement of
specific heat capacity. The most popular are mixing or drop calorimeters and heat flux differential
scanning (DSC) calorimeters. The first method yields an absolute value, the second one is a comparative
method. All of these methods are discussed in detail in the literature [1984Hem; 1989Hem; 1997Hoh;
1998Gal; 2001Bro; 2001Sch; 2002Hai].They are therefore not addressed here and readers are referred to
the literature for details on measurements.

The isobaric enthalpy change (or specific heat content) AH of solids may be determined by the method of
mixtures using a Bunsen-type calorimeter in which the unknown isobaric enthalpy change of a sample
relative to a base temperature, for instance 25 °C, is compared to the corresponding known isobaric
enthalpy change of platinum [1960Kel; 1992Som].

8.1.4.2  Calculated Heat Capacity

When no direct measurements can be performed, isobaric enthalpy change and specific heat capacity of
rocks can be calculated as the arithmetic mean from the contributions of the individual mineralogical
constituents and saturating fluids of the rock weighted by the volume fractions n; of the N individual
phases relative to total rock volume, where 1=} n;:
N N
AH:ZiniAHi ; ngnwi- (8.13)

This is frequently referred to as Kopp’s law. As specific heat capacity is a scalar quantity, we need not be
concerned with a loss of information on anisotropy in this case, unlike in the case of thermal conductivity
(see section 8.1.5.1.2 below). From eq. (8.13) and based on the data in Table 8.3, the isobaric enthalpy
change AH can be computed for rocks such as sandstones, shales, and limestones which consist of
complex mineral assemblages of a combination of various oxides [1992 Som)].
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By suitable combinations of the data for different oxides in Table 8.3 enthalpy changes can be computed
for various other mineral components; the enthalpy change for CaCOs;, for instance, is computed as the
sum of the enthalpy changes for CaO and CO,. For temperatures above 100 °C, the loss of combined
water needs to be accounted for in the calculations. It is considered to be linear between the drying
temperature (105 °C) and the ignition loss temperature (800 °C); Somerton [1992Som] discusses further
details of the calculations.

Table 8.3. Isobaric enthalpy change AH of common rock forming oxides relative to the correspon-
ding enthalpies at 25 °C for various temperatures; for water, subscripts “c” and “f” refer to
combined and free water [1992Som; data: 1960Kel].

Oxide Enthalpy change: AH = H(T) — Hysoc (kJ kg™)

50 °C 75°C 100°C 150°C 200°C 300°C 400-°C 500 °C 600 °C 700 °C
Sio, 20.93 41.87 61.96 103.41 149.47 25121 362.58 478.97 619.65 734.78
Al,Os 20.93 43.96 66.99 11514 162.08 267.12 378.86 494.04 615.46 736.88
Fe,O3 16.71 33.41 50.33 85.91 12560 21043 301.53 392.72 492.79 592.43
CcaO 20.93 39.90 58.87 100.73 140.01 228.98 314.01 405.70 497.39 595.36
K,O 31.40 58.62 87.92 150.72 211.43 337.58 463.06 596.62 732.69 879.23
Na,O 31.40 58.62 88.00 150.81 211.48 336.91 462.64 597.04 737.71 880.07
Cco, 24.87 50.37 7524 132.81 190.37 320.54 458.04 608.34 765.35 929.05
(H.0). 50.66 102.16 154.91 264.23 379.07 628.86 907.70 1216.68 1558.75 1932.21
(H,0); 104.67 209.34 314.01 - - - - - - -

Based on the variation with temperature of isobaric enthalpy change AH measured for various oxides,
Kelley [1960Kel] suggested a second order polynomial as fitting function for AH [1992Som]; according
to eq. (8.8) this yields a corresponding polynomial for specific heat capacity c:

A A .
AH =A1T+A2T2+T3+A4 ; c=A, +2 AZT—T—; (TinK). (8.14)
The coefficients A;—A, shown in Table 8.4 are obtained from a least-squares fit of the polynomial (eq.
(8.14)) for isobaric enthalpy change AH on the data in Table 8.3. Based on these coefficients AH and c
can be computed from eq. (8.14) in kJ kg™ and in kJ kg™ K, respectively. For AH, Fig. 8.7 compares the
corresponding curves with the data in Table 8.3.

Table 8.4. Coefficients A;—A, for computing isobaric enthalpy change AH in kJ kg™ relative to the
corresponding enthalpies at 25 °C and specific heat capacity ¢ in kJ kg K from eq. (8.14) (where
temperature is in K) for common rock forming oxides and temperatures between 50 °C — 700 °C;
subscript “c” indicates that water and carbon dioxide are combined into the crystal lattice.

Oxide Ay 10°x A, A; Ay
Sio, 1.0174 1.8785 50032 -479.87
Al,O4 0.95893 1.6540 22674 -375.39
Fe,0s 0.86410 0.97545 33080 -374:74
caO 0.74142 1.2062 4493.2 -245.74
K,O 0.87153 2.9471 -16396 -232.29
(COy). 1.0468 3.4676 33043 -451.55
(H,0). 0.59822 16.747 -39591 -195.23

Using the coefficients A|—A, in Table 8.4 the enthalpy changes AH; and specific heat capacities c; of
individual mineral phases of a rock can be computed from eq. (8.14); Table 8.5 lists specific heat capaci-
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ties of various minerals measured at different temperatures and coefficients A;—A; for calculating the
specific heat capacities of a rock’s mineral phases from eq. (8.14). According to eq. (8.13), these values
combined with the specific heat capacity of the pore space and weighted by their volume fractions yield
the specific heat capacity of the bulk rock. Rosen and Hashin [1970Ros] derived an exact expression for a
two component medium which subtracts a temperature dependent, negative correction term from the
empirical law in eq. (8.13) [1995Ber, p. 218].

Fig. 8.7. Variation of isobaric enthalpy change AH with temperature T for common rock forming
oxides: data (symbols; Table 8.3) and computed from eq. (8.14) (lines) with coefficients A;—A, in
Table 8.4; data: [1960Kel; 1992Som]; subscript “c” indicates that water and carbon dioxide are
combined into the crystal lattice.

For temperatures on the order of 300 K, however, this correction remains small: Assuming reasonable
values for the quantities in eq. (58) of [1995Ber], it remains below -10 %. This is confirmed by a compa-
rison of isobaric enthalpy changes measured over the temperature range of 127 °C — 527 °C on various
clean to silty sandstones, siltstones, shale, and limestone with values calculated according to eq. (8.13)
[1992Som]: Data and calculated values agree within a maximum deviation of less than 4.5 %, in most
cases of better than 2 % (Fig. 8.8). Thus it appears acceptable to omit this correction for upper crustal
conditions.

The heat capacity of the fraction of the rock volume occupied by pores and fractures is determined by the
properties of its fluids: air, water, gas or oil. Table 8.6 and Table 8.7 list values for the specific heat
capacity of air, water, and some gas and liquid hydrocarbons. However, because of the large density
contrasts between different fluid and solid phases the heat capacity of saturated rocks is best calculated on
a volumetric basis from thermal capacity.

Thermal capacity, also referred to as volumetric heat capacity, i.e. the product of specific heat capacity ¢
and density p, is related to thermal conductivity A and diffusivity «:

pCIQ\,/K. (815)
In analogy to eq. (8.13) for specific heat capacity, Kopp’s law yields rock bulk thermal capacity (p c), as:

(pe), =(1-0) (pe).+0 35, (p),. (8.16)

where ¢ is porosity, (p c¢)s thermal capacity of the rock skeleton, S; fractional saturation, and (p c); thermal
capacity of the i™ fluid phase in the pore space. Because of the low density of air and gas — about three
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orders of magnitude lower than that of water and rock — the contribution of the gas phase to thermal
capacity can often be ignored. In this case, N=2 for the fluid phases water and oil or N=1 for water only.
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Fig. 8.8. Calculated versus measured isobaric enthalpy change AH relative to 25 °C at different
temperatures for various sedimentary rocks. Linear regression (solid line): y = (-0,4387+1.6236) +
(1.0028+0.0048) x, correlation coefficient: R> = 0.9991; broken line: y =x; data: [1992Som].

Table 8.5. Specific heat capacity ¢ measured at different temperatures T and coefficients A;—A; for
computing specific heat capacity ¢ in kJ kg’ K from eq. (8.14) (where temperature is in K) for
different minerals (Ab: albite CaAlSi;Og; An: anorthite NaAlSi;Og). The last column shows the
error Ac in % between specific heat capacity measured and calculated from eq. (8.14) and the
temperature range for the coefficients (after [1942Gor]).

Ac (%0);

. -1 -1 s 0 4
Compound Mineral c(klkg K)atTin°C A; A;x10° A; T-range (°C)

-200 0 200 400 800 1200

2Ab-3An labradorite 0.82 at 60 °C

3Ab-2An andesine 0.7 097 1.07 1.18 0.991 2.0 25500 1; 0-900
glass 0.7 099 1.09 121 1.016  2.06 27800 1; 0-900

4Ab-1An oligoclase 0.85at 60 °C
Ag native silver 0.146 0.233 0.24 0.26 0.28 0.217 0.58 0 1; 0-961
Ag liquid 0.32 0.318 0 0 3;961-1300
AgCl cerargyrite 0.251 0.354 0.41 0.46 0.280 2.71 0 2; 0-453
AgsAsS; proustite 0.34 at 50 °C 5; 453-533
Ag,S acanthite 0.32 0.317 0 0 5; 0-175
argentite 0.37 0.368 0 0 5; 175-325

Ag;SbS; pyrargyrite  0.32 at 50 °C
Al,O3 corundum 0.069 0.72 1 11 119 126 1.067 1.40 28900 4; 0-1700
Al,SiOs andalusite 0.152 0.77 1.03 111 117 1.2 1.136 0.50 28100 3; 0-1300
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Compound Mineral ¢ (kJ kg K at T in °C Al A,x10° As T_f;n(g"fgg o
-200 0 200 400 800 1200
cyanite 0.077 0.7 1 1.1 1.2 127 1.080 1.36 31300 2; 0-1400
sillimanite 0.133 0.743 1 108 116 1.22 1.054 1.23 25700 3; 0-1200
AlgSi;043 mullite 0.77 0.97 1.03 1.09 1.13 1.030 0.75 21000 3; 0-1100
AlgSizO045 kaolinite 0.93 1.02 0.806 4.63 0 4; 0-300
AlSi,07:2H,0 kaolin 0.99 1.17 1.35 0.641 9.04 0 3; 0-500
Al,Si,O; metakaolin 0.71 1 1.1 1.2 1.27 1.062 1.51 28900 2; 0-1300
2(AIF)O-SiO, topaz 0.83 at 50 °C
Au native gold 0.127 0.13 0.14 0.15 0.119 0.306 0 2;0-1063
liquid 0.15 5; 1063-1300
BaCO; a-witherite 0.197 044 05 055 0.66 0.366 2.78 0 5; 0-810
Pwitherite 0.64 0.640 0 0 30;810-950
BaSO, barite 0197 045 05 055 0.65 0.383 2.53 0 5; 0-1050
BeAl,O, chrysoberyl 0.84 at50 °C
BesAl,SicO1s beryl 0.84 at 50 °C
C diamond 0.435 1.06 1.37 1.86 0.754 10.67 45440 4; 0-1040
[graphite 0.635 1.18 1.45 1.88 0.932 9.13 40700 3; 0-1040
CayAlyH,(Si04); prehnite 0.84 at 50 °C
Ca,Al,SiO; gehlenite 0.75 097 1.03 1.09 1.12 1.042 0.6 22840 2; 0-1300
CaAl,Si,Og anorthite 0.7 095 1.05 117 1.27 0.950 2.26 23130 1; 0-1400
glass 0.68 0.96 1.06 1.014 1.58 28200 1; 0-700
CaCO; aragonite 0.26 0.78 1 113 0.823 497 12860 3; 0-750
calcite 0.28 0.79 1 113 0.823 497 12860 5; 0-1200
CaF;, fluorite 0.22 0.85 0.89 0.93 1.01 1.1 0.798 2.04 0
CaMg(CO); dolomite 0.93 at 60 °C
CaMgSi,Os diopside 0.69 098 1.06 1.15 1.2 1.053 1.11 29000 1; 0-1300
glass 0.71 0.98 1.07 0.999 1.88 25300 1; 0-700
CaSiO; ‘ﬁj;ds%mte 0.174 073 092 099 107 114 0926 150 17700  2;0-1400
wollastonite 0.172 0.67 0.92 1 1.06 1.1 1.007 0.74 26900 2; 0-1300
glass 0.69 0.92 1.03 0.834 3.48 17500 2; 0-700
CaSQO,4 anhydrite 0.52 058 06 0.64 0.569 6.75 4800 5; 0-1100
CaS042H,0 gypsum 0.322 1.03
CaWO, scheelite 0.40 at 50 °C
CdS greenockite 0445 05 055 0.65 0.374 2.605 0 ?.; 0-1000
Cu native copper 0.161 0.384 0.4 042 0.46 0.358 0.96 0 2; 0-1084
liquid 0.493 0 0 3; 1084-1300
Cu,O cuprite 0.47 0.51 054 0.61 0.419 1.81 0 5; 0-950
CuO tenorite 0.52 0.63 0.68 0.572 1.88 7900 2; 0-537
2Cu0-COz'H,0. malachite 0.74 at 57 °C
CuFeS; chalcopyrite 0.54 at 50 °C
CuPbSbS; bournonite 0.31at50 °C
Cu,Se o-berzelianite 0.42 0.420 0 0 5; 0-100
Sberzelianite 0.41 0.410 0 0 5; 100-200
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Compound Mineral ¢ (kJ kg K at T in °C Al A,x10° As T_f;n(g"fggc)
-200 0 200 400 800 1200
CuzS a~chalcocite 0.255 047 0.247 8.2 0 3;0-103
[S-chalcocite 0.55 0.55 0.55 0.550 0 0 10; 103-900
CuS covellite 0.228 049 052 054 0.59 0.464 1.15 0 ?; 0-1000
CuSiO3'H,O dioptase 0.77 at 34 °C
Fe c¢riron 044 052 0.6 0.330 0 3;0-755
[Siron 0.73 0.460 25 0 3; 755-903
yiron 0.63 0.630 0 5;903-1401
&iron 0.750 0 5;1401-1530
liquid 0.610 0 0 5;1530-1600
FeAsS arsenopyrite 0.43 at 55 °C
FeCO; siderite 0.234 0.68
Fe,O; hematite 061 079 09 1.08 0.640 42 11100 3; 0-800
Fe304 ormagnetite 0.6 0.83 0.93 0.744 34 17700 3;0-576
[magnetite 1.03 0.640 3.62 0 5; 576-800
2Fe;03-:3H,0 limonite 0.94 at 60 °C
Fe,SiO, fayalite 0.55 0.79 0.91 1.1 0.690 3.92 18100 3; 0-900
Fe,Si,O¢ hypersthene 0.80 at 60 °C
FeS otroilite 0.238 0.606 1.000 18.5 0 7;0-138
Sroilite 064 0.66 0.71 0.574 0.574 1.3 0 3;138-1195
FeS, pyrite 0.075 0.5 0.59 0.69 0.373  4.66 0 7; 0-500
Fe;Ss pyrrhotite 0.594 0.77 0.406  28.1 43100 3; 0-350
H,O ice 0.653 2.06
Hg ”m"’g'r‘(’:iry 0.138 0.14 0.138 0 0 1; 0-347
HgS o-cinnabar 0.214 0.23 0.24 0.196  0.66 0 2: 0-580
KAISi,Os leucite 0.74 at 80 °C
glass 0.73 at 60 °C
KAISi;Os adularia 0.732 0.84 1
microcline 068 095 1.04 1.14 0.988 1.66 26300 1; 0-1100
orthoclase 0.61 0.94 1.05 1.15 1.043 1.24 35100 1; 0-1100
glass 0.7 097 1.07 1.19 0.976 0.216 24700 2; 0-1100
KCI sylvite 0.418 0.682 0.72 0.75 0.682 1.68 0 2;0-770
KNO3  a-niter 0.326 0.266  2.19 0 10; 0-128
[Sniter 1.19 1.190 0 0 5; 128-338
liquid 1.22 1.220 0 0 10;338-410
LiAISi,Os petalite 0.85at58°C
LiAISi;Os spodumene 0.90 at 60 °C
glass 0.91 at 60 °C
Mg;Al,Si;0q, garnet 0.74 at 58 °C
Mg7B16Cl2025 o+boracite 0.796 1.18 0.275 19.09 5; 0-265
[Sboracite 1.41 0.502 13.46 5; 265-100
MgCl, chloromagnesite 0.805 0.84 0.87 0.760 1.66 ?;,0-718
MgCO; magnesite 0.161 0.864
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Compound Mineral ¢ (kJ kg K at T in °C Al A,x10° As T_f;n(g"fgg o
-200 0 200 400 800 1200
MgF, sellaite 0.906 1.08 1.21 1.43 0.857 5.42 7360 3; 0-1000
Mg(OH), brucite 1.30at35°C
MgO periclase 0.066 0.87 1.09 1.16 1.24 1.3 1127 1.24 21700 2; 0-1800
MgSiO; pyroxene 0.752 1.03 1.15 0.973 3.36 23300 1: 0-500
amphibole 0.74 1.03 113 1.24 1.067 1.83 28100 1; 0-1100
glass 0.756 1.02 1.14 0.971 3.22 22600 1; 0-700
MgSQO4-H,O kieserite 1.00at9 °C
MgSO47H,O epsomite 1.51at32°C
Mg.Fe,SiO, olivine 0.79 at 36 °C
MgzH,Si,O4, talc 0.87 at59 °C
MnCO, rhodochrosite 0.203 0.7 1.08 1.46 0283 1532 0% 4,0-500
MnO, pyrolusite 0975 1 1.01 0924 227 1%:1114T§ 2: 0-500
Mn,O;- H,O manganite 0. 74 at 36 °C
MnS alabandite 0.322 0.569
MoS, molybdenite 0.537 0.55 0.57 0.515 0.82 0 5; 0-456
NaAlISi;Os albite 0.709 0.99 1.09 1.2 1.018 1.87 26800 1; 0-1100
glass 0.724 1 1.1 1.26 0.978 2.82 24700 1; 0-900
NaCl halite 0.466 0.855 0.92 0.98 1.1 0.773 3 0 2; 0-800
liquid 1.14 1.140 0 0 3; 800-950
NaF villiaumite 1.034 1.1 1.29 0473 11.51 -18400 2; 0-700
Na;B,O0;-10H,O borax 0.161 at 35 °C
NazAlFg cryolite 0.909 1.18 139 1.78 0.770 9.49 8950 2; 0-1000
NiS millerite 0.506 0.57 0.426 2.95 0 3; 0-324
PbCO, cerussite 0.177 0.318
PbS galena 0.142 0.207 0.22 0.24 0.188 0.7 0 5; 0-600
PbSO, anglesite 0.364 at 60 °C
Pd palladium 0.232 025 026 029 0.318 0.212 0.72 2; 0-1549
Pt platinum 0.134 0.14 0.14 0.15 0.164 0.127 0.249 1; 0-1600
s, Sumur 0482 835 0 30956
m;noclinic 0.572 5.76 0 3;95.6-119
“ liquid 0.656 6.58 0 ?;119-160
“ viscous 1.220 0 0 ?; 160-270
Sb,S; stibnite 0.342 0.38 0.41 0.298 1.63 0 ?;0-548
SiO, arquartz 0.173 0.698 0.97 1.13 0.757 6.07 16800 1; 0-575
Squartz 1.17 1.327 0.763 3.83 0 4;575-1600
o-cristobalite 0.186 0.69 1.01 0.254 16 0 4; 0-250
[-cristobalite 1.07 117 121 1191 0.32 6250 2; 250-1700
glass 0.184 0.7 095 1.06 121 134 0892 3.11 2100 5; 0-1700
SnO; cassiterite 0.34 043 048 0.55 0.387 1.57 7000 4; 0-1100
SrCO; strontianite 0.211 0.536
TiO, rutile,brookite 0.7 0.8 0.88 0.619 3.95 2200 3; 0-450
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. o . Ac (%);
Compound Mineral ¢ (kJ ke K at Tin °C A A >
p ( g ) 1 Ayx10 3 T-range (oC)
-200 0 200 400 800 1200

WO; tungstite 0.33 0.36 0.38 0.44 0.49 0.289 1.4 0 5; 0-1300

ZnCO; smithsonite 0.238 0.632
ZnO zincite 0.48 0.58 0.62 0.66 0.69 0.586 0.75 9400 2; 0-1300
Zns owurtzite, 043 045 053 056 0.59 0550 0.41 8400 6; 0-900

[sphalerite
ZrSiO, zircon 0.61 at 60 °C

Table 8.6. (a) Variation of specific heat capacity c of oil with oil gravity (in units of specific gravity
G, and °API) and temperature T according to eq. (8.20); (b) Variation of thermal conductivity A of
atmospheric air and light oil with temperature T; data: [1992Som].

Oil gravity ¢ (kJ kg' Ky at Tin C° @ ®  Trec) AWm' KY)
G.() °API | 20 50 100 150 air oil
0.966 15 1.73 1.83 1.98 2.18 20 0.026 0.139
0.934 20 175 1.86 2.04 2.21 50 0.027 0.131
0.904 25 1.78 1.89 2.07 2.25 100 0.030 0.128
0.876 30 1.81 1.92 2.10 2.28 150 0.033 0.126

200 0.037 0.124

Calculating the thermal capacity (p c) of the solid and fluid phases requires expressions for density. Based
on previous work by different researchers Somerton [1992Som] suggests the following relation between
density py(T) in kg m>, density py at 20 °C, temperature T in °C, and volume expansion coefficient oy
in K™, where the subscript x stands for fluid water, oil or solid rock, respectively:

px,ZO

—,X:f,O,S. 8.17
1+(T-20) o, ®.17)

P (T)=
The volumetric thermal expansion coefficient of rocks and minerals ranges roughly from 10 pK — 70 pK™!

[1966Ski; 1992Som; 1995Fei], and the following expressions may be used to obtain values for the
thermal expansion coefficients of fluid water and oil, respectively:

o, 2.115x107* +1.32x107° T +1.09x 10~ T*
o, r=14.42x107" +1.03x107° X °API ) (8.18)

o

o (2..5)x107°

S

Here, °API characterizes oils of different density, which is expressed relative to water density by means
of specific gravity G, at 20 °C [1992Som]:

°API =(141.5/G,)-131.5. (8.19)
Heat capacity of oil varies with temperature and oil specific gravity G, [1992Som] (cf. Table 8.6):
¢, =(0.389+0.00081 T)/JG0 . (8.20)

Table 8.6 lists values for specific heat capacity ¢ and thermal conductivity A of oil and atmospheric air.

The thermal capacity of fluid water can be calculated most easily and accurately using either public
domain FORTRAN software or an Excel™ spreadsheet add-in based on the most recent industry standard
for the thermodynamic and transport properties of water and steam [1998Wag]. Table 8.8 displays a list

™ registered trademark of Microsoft
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of selected values at atmospheric pressure and Fig. 8.9 shows the variation of fluid water thermal capacity
with pressure and temperature.

Table 8.7 Specific heat capacity c, thermal conductivity A, and thermal diffusivity k of different
potential pore space fluids at various temperatures T.

Substance TCC) ckIkg'KH 2Wm'K") «10°m’s") peckIm?K")
0 1.005 0.024 18.7 1.283
air (dry) 20 1.005 0.026 21.2 1.226
[1992Som;1996Sch] 40 1.009 0.027 24.9 1.084
100 1.013 0.030 33.8 0.979
1.85 2.182 0.031 20.1 1.540
26.85 2.238 0.034 23.7 1.436
methane gas 76.85 2.369 0.041 317 1.292
(CHJ) at 0.1 MPa 126.85 2.537 0.049 40.1 1.221
[2000Lid] 176.85 2.712 0.057 485 1.175
226.85 2.892 0.067 60.2 1.113
326.85 3.198 0.084 81.9 1.026
0 4,219 0,561 0,133 42188
10 4,195 0,580 0,138 4194,2
fluid water 30 4,180 0,616 0,148 4161,8
E?:agé%/v'\:g]a) 50 4,180 0,644 0,156 4129,6
70 4,188 0,663 0,162 4095,0
90 4,205 0,675 0,166 4059,2
100 2,074 0,025 20,5 1,223
120 2,019 0,026 23,5 1,126
140 1,993 0,028 26,6 1,055
water steam 160 1,980 0,030 29,8 0,998
(at 0.1 MPa) 180 1,076 0,031 33,1 0,950
[1998Wag] 200 1,076 0,033 36,6 0,909
250 1,089 0,038 46,2 0,827
300 2,012 0,043 57,0 0,762
350 2,040 0,049 68,9 0,710
0 2.11 2.14 1.18 1934.2
water ice 10 2.03 2.32 1.24 1865.0
(hexagonal Iy) -20 1.96 2.4 1.33 1803.8
[1982Mil; 2000Lid] -30 1.88 25 1.43 1732.6
40 1.80 26 1.54 1661.0
crude oil [1996Sch] 20  1.88-2.76 0.13-0.14 0.05-0.11 1300-2350
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Table 8.8 Variation of fluid water thermal capacity pcp with pressure P and temperature T;
data: [1998Wag].

TK) P(MPa) pcp (kI m>K") T(K) P(MPa) pep (kI m>K") T(K) P(MPa) pcp(kJm>K")

273 0.1 4218.777 273 30 4149.336 273 70 4097.503
283 0.1 4194.196 283 30 4151.243 283 70 4120.714
303 0.1 4161.846 303 30 4142.055 303 70 4129.628
323 0.1 4129.598 323 30 4118.927 323 70 4113.534
343 0.1 4095.033 343 30 4088.580 343 70 4086.521
363 0.1 4059.186 363 30 4054.410 363 70 4053.775
373 0.1 1.222 373 30 4036.378 373 70 4035.909
393 0.1 1.125 393 30 3999.021 393 70 3997.876
413 0.1 1.055 413 30 3960.717 413 70 3957.526
433 0.1 0.998 433 30 3922.571 433 70 3915.792
453 0.1 0.950 453 30 3885.909 453 70 3873.683
473 0.1 0.909 473 30 3852.277 473 70 3832.217
523 0.1 0.826 523 30 3794.174 523 70 3737.215
573 0.1 0.762 573 30 3814.319 573 70 3660.831
623 0.1 0.710 623 30 4117114 623 70 3590.696
273 1 4216.230 273 40 4132.426 273 80 4090.498
283 1 4192.600 283 40 4141.040 283 80 4116.918
303 1 4161.093 303 40 4137.604 303 80 4128.528
323 1 4129.178 323 40 4116.722 323 80 4113.480
343 1 4094.765 343 40 4087.432 343 80 4086.966
363 1 4058.975 363 40 4053.708 363 80 4054.432
373 1 4040.831 373 40 4035.725 373 80 4036.587
393 1 4004.547 393 40 3998.144 393 80 3998.441
413 1 3969.170 413 40 3959.176 413 80 3957.767
433 1 3936.203 433 40 3919.856 433 80 3915.485
453 1 13.948 453 40 3881.387 453 80 3872.571
473 1 11.790 473 40 3845.103 473 80 3829.994
523 1 9.502 523 40 3773.778 523 80 3730.281
573 1 8.298 573 40 3754.486 573 80 3644.226
623 1 7.515 623 40 3858.081 623 80 3554.707
273 10 4192.400 273 50 4118.286 273 90 4085.546
283 10 4177.733 283 50 4132.647 283 90 4114.422
303 10 4154.127 303 50 4134.099 303 90 4128.108
323 10 4125.334 323 50 41156117 323 90 4113.873
343 10 4092.353 343 50 4086.727 343 90 4087.748
363 10 4057.114 363 50 4053.388 363 90 4055.371
373 10 4038.994 373 50 4035.451 373 90 4037.537
393 10 4002.287 393 50 3997.692 393 90 3999.285
413 10 3965.802 413 50 3958.176 413 90 3958.334
433 10 3930.870 433 50 3917.894 433 90 3915.592
453 10 3899.260 453 50 3877.959 453 90 3872.015
473 10 3873.290 473 50 3839.561 473 90 3828.535
523 10 3857.910 523 50 3758.236 523 90 3725.089
573 10 4064.012 573 50 3712.957 573 90 3631.687
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T(K) PMPa) pcp (kI m> K" T(K) P(MPa) pcp (kI m>K") T(K) P(MPa) pcp(kJm”K")

623 10 178.759 623 50 3722.856 623 90 3529.047
273 20 4169.245 273 60 4106.709 273 100 4082,519
283 20 4163.417 283 60 4125.916 283 100 4113,132
303 20 4147.533 303 60 4131.463 303 100 4128,318
323 20 4121.780 323 60 4114.067 323 100 4114,686
343 20 4090.207 343 60 4086.433 343 100 4088,848
363 20 4055.531 363 60 4053.420 363 100 4056,580
373 20 4037.452 373 60 4035.522 373 100 4038,745
393 20 4000.378 393 60 3997.616 393 100 4000,389
413 20 3962.889 413 60 3957.646 413 100 3959,196
433 20 3926.182 433 60 3916.570 433 100 3916,069
453 20 3891.763 453 60 3875.440 453 100 3871,945
473 20 3861.490 473 60 3835.345 473 100 3827,731
523 20 3821.248 523 60 3746.332 523 100 3721,322
573 20 3906.276 573 60 3682.980 573 100 3622,249
623 20 4868.968 623 60 3642.885 623 100 3510,407

PG MJImKY)
350 375 400 425 4,50

4

¢

Fig. 8.9 Variation of fluid water thermal capacity pcp with pressure P and temperature T
data: [1998Wag], see also Table 8.8.

Freezing and thawing of water in soils or rocks liberates or consumes heat, respectively. The latent heat L
which corresponds to these additional heat sources and sinks can be elegantly combined with the specific
heat capacities of water and ice, c; and ¢ respectively, into an effective specific heat capacity c.g of the
pore space. This effective specific water heat capacity then accounts for the entire enthalpy change,
including latent heat. In this approach, the latent heat effects are assumed to occur between the solidus
and liquidus temperatures T; and T, respectively. Weighting by the volume fractions of unfrozen fluid
water Or and ice ¢, the enthalpy change of the water volume becomes dH = (¢ c¢ + (jce Cice) dT + L doy,
and the effective water heat capacity c is:
d¢o

dH
Cesr =d_T=¢f C; +0; Cice +Ld_Tf' (8.21)
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8.1.5 Heat Transport

Heat transport in the Earth is governed mainly by three mechanisms: radiation, advection, and transient
diffusion or steady-state conduction. Generally, heat conduction or diffusion dominate within the
lithosphere of the Earth. However, there are two exceptions:

- If rock hydraulic permeability is sufficiently large, convection driven heat advection can be equally
or even more efficient, provided the associated driving forces are available for the corresponding
forced or free convection systems. This is often the case in sedimentary basins [see e.g. 2002Cla for
a summary of the literature]. However, fluid driven heat advection can be important also in
crystalline rocks and on a crustal scale [e.g. 1983Eth; 1990Tor; 1992Cla; 1999Man; 2000Rat;
2001Cla];

- At ambient temperatures above 600 °C radiation of heat begins to contribute sizably to the overall
heat transfer in most polycrystalline materials, but is really efficient only above 1200 °C. However,
with single crystals and glasses (e.g. obsidian) radiation becomes important from temperatures as
low as 200 °C — 400 °C. For the usual range of crustal temperatures and temperature gradients a
linearization of the radiation law yields a "radiative thermal conductivity" which can be formally
added to the coefficient of lattice or phonon thermal conductivity in Fourier’s law of heat
conduction (see below). Thermal conductivities determined at very high temperatures in the
laboratory always include this radiative component. Radiative thermal conductivity will therefore
not be treated separately here. Interested readers are referred to a review of heat radiation in the
Earth [1988Cla].

8.1.5.1 Heat Conduction

Fourier’s law of heat conduction defines specific heat flow q;, i.e. heat flow normalized by area, as the
product of the thermal conductivity tensor A;; and the temperature gradient vector 0T/0x;:

oT

iy

q;=—A (8.22)

Temperature measurements are usually performed along vertical profiles in boreholes. Therefore only the
vertical component of the temperature gradient is generally known from measurements.

Thermal conductivity in some rocks is, to a good approximation, isotropic, particularly for volcanic and
plutonic rocks. In these cases heat flow will be predominantly vertical, and it is sufficient to consider only
the vertical component of (8.22). Thermal conductivity of many sedimentary and metamorphic rocks, in
contrast, is strongly anisotropic, and lateral heat flow will be significant. Hence information on anisotropy
is often required, demanding laboratory measurements in different directions. Anisotropy exists on
several scales:

- On the microscopic scale many minerals are anisotropic (Table 8.9);

- On the laboratory scale the thermal conductivity of many rocks is also anisotropic. However, even if
rocks are composed of anisotropic minerals, random orientation of the crystals within the rock may
make the rock’s thermal conductivity appear as isotropic on a macroscopic scale;

- On a still larger scale, if rocks are exposed to folding, orogenic or other tectonic processes, the
thermal conductivity of the resulting rock formation may be either isotropic or anisotropic.

8.1.5.1.1 Measuring Techniques

Thermal conductivity can be measured in the laboratory on rock samples, i.e. cores or cuttings or in situ
either in boreholes or with shallow penetration (3 m — 20 m) marine heat flow probes. There are
numerous steady-state and transient techniques available for measuring thermal conductivity, the most
prominent being the "divided bar", "needle probe", and “optical scanning”. These methods are discussed
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in detail in several textbook and review articles [1965Bec; 1969Tye; 1974Des; 1974Kap; 1981Roy;
1988Bec; 1988Dav; 1992Som; 1999Pop”; 2001Bea]. Here they are therefore neither addressed again nor
are the many details involved in performing the actual measurements discussed.

As is the case with most other petrophysical properties, in situ thermal conductivity may deviate
significantly from laboratory values, even if the effects of temperature, pressure, and pore fluid are
accounted for. The reason for this is a scale dependence in which different aspects are involved: in situ
measurements, as a rule, represent an average over a much larger rock volume than laboratory measure-
ments performed on small samples, and small-scale variations may be lost. Thus, the correct scale on
which thermal conductivity should be determined depends on the specific question. This is analogous to
the similar problem in hydrology of identifying a "representative elementary volume" for which reason-
able averages for transport parameters (such as permeability and dispersion lengths) can be defined.

8.1.5.1.2 Indirect Methods

When no data are available or no direct measurements can be performed, thermal conductivity can be
inferred indirectly, either from data on mineralogical composition and saturating fluids or from
correlations with other physical properties. While some of these methods are based on well defined
physical models, others are purely empirical.

Estimation From Mineralogical Composition and Saturating Fluids: Thermal conductivity of rocks may
be estimated from their mineral content, as minerals, due to their well defined composition, exhibit a
much smaller variance in thermal conductivity than rocks. Similarly, as the bulk thermal conductivity of
porous rocks varies with different saturants, it may be of interest to know rock thermal conductivity for
other saturants than those used in the laboratory measurement. Numerous models have been proposed for
this, but all have their disadvantages: some overestimate while others underestimate systematically the
true bulk thermal conductivity. Most of them are valid only for a specific range of volume ratios (or
porosities), and yield unreasonable results outside this range.

The parallel and series model for layered media are easy to understand, but have the disadvantage of
being rather special cases, applicable mostly to bedded sediments. They lead to the well known harmonic
and arithmetic means Ay, and A,;, respectively, and define upper and lower limits for all other models.
Thus they constrain the maximum variance of possible predictions. Quite successful in describing the data
in many cases, but unfortunately without a clearly defined physical model, the geometric mean Ay, falls
in between these two extremes. So does the Hashin-Shtrikman mean Ayg [1962Has], whose upper and

lower bounds, A, and Af, respectively, provide tighter constraints for the predictions of different

models other than the arithmetic and harmonic means. Finally, effective medium theory [1935Bru; see
also 1986Pal] provides a useful effective medium mean A for macroscopically homogeneous and iso-
tropic rocks consisting of randomly distributed grains and pores. If A; is the thermal conductivity and n;
the volume fraction of the i-th phase relative to the total volume, where 1=) n;, these five means are
defined by:

N N o) 1
(a) 7\’max = }\‘ari = 7\'H = Z ni }\«i 5 (b) }\’min = }\’har = 7\'1_ :(Z&j 5 (C) }\‘mean =5 (XH +}\'J.) )
=1 i=1 )\ 2
) \ 1 (8.23)
_ N ni
(@) A =TT A" 5 @b =25 () ds= (Mg + i)
where:
A N n, 1
A=A p——max A = ! A= Ay Ay); O =
" - 1- ax Amax - =l }"Zﬁ‘ma\ O + 1/()\‘1 - )\‘max) " maX( 1 N) . 3}\"“‘”‘ (8 24)
A . N n, .
A=A 4——min___- A = i ;A =min(A,,...A); O . =—
" o 1 - a‘min min " i=l; }‘lz#)“mm (x’min + 1/(7\'1 - 7\‘min) " ( : : ) o 3 7\‘min
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For a two-component system consisting of pore fluid and solid rock with thermal conductivities A; and A,
respectively, eq. 8.24 simplifies to [1962Has, 1971Hor]:

U o_ o Lol 1-6
Ays =A, + 7 +ﬂ’ Ais = A + 7 +i' (8.25)
A=A, 3, A=A 3A;

Generally, For a two-component system consisting of pore fluid and solid rock with thermal
conductivities A; and A, respectively, the implicit definition of A in (8.23¢) can be resolved:

chf =l {3 q)(}\‘f _7“5)"'2 7“5 _7\‘f
4 (8.26)

O OP AT I8 ON A — 180 A A — 12002 +AZ—6 0N +4A A +9 O A2 +4A7 |

The different results obtained by the various methods in eq.(8.23) are illustrated in Fig. 8.10 for a two-
phase rock with porosity ¢ consisting of solid rock and pore space. We see that in general:
A=k, <Apg <A

har mean

<hgeo <Apys <Aggr < Mis <Ay =N - (8.27)

Fig. 8.10. Variation of thermal conductivity A of a two-phase rock with porosity ¢ according to the
five laws in (8.24) for solid and fluid thermal conductivities of =6 W m™ K and ,=0.6 W m" K/,
respectively (effective medium=A.; parallel=A,,;; series=Ap,; mean=ipe,n; geometric=A,.,; Hashin-
Shtrikman=kgg).

While only these six models are presented and discussed here, various other mixing models are available
which take into account additional factors, such as the shape of grains and voids [e.g. 1984Zim;
1989Zim]. Their specific advantages are discussed in considerable detail in the literature [e.g. 1988Bec;
1995Ber; 1996Sch]. Somerton [1992Som] discusses unconsolidated sands, effects of multi-fluid
saturation, and provides many examples from hydrocarbon reservoir studies. Horai [1991Hor] tests the
results of predictions from several different mixing-models on a remarkable data set in which porosity
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virtually varies from 0 % — 100 %. As can be expected, most of the models tested were valid only for
certain porosity ranges. Only two more recent two-phase models, assuming that pores can be treated as
spheroidal inclusions in a homogeneous and isotropic material, are capable of explaining the complete
data set. However, additional information on the spheroids’ aspect ratio or orientation is required by these
two models.

Given the typical ratios of conductivities we observe in nature, i.e. less than 10, most of the conductivity
models work to within 10 % — 15 % accuracy. For larger ratios some break down more than others, and
the geometric mean is one of them. The reason why it is still quite popular with many, even in extreme
cases, is that it has often been found that errors introduced in the inverse problem (i.e. in predicting the
matrix conductivity from measurements on samples saturated with one fluid) are automatically
compensated for when using this incorrect matrix value in the subsequent forward calculation (i.e. in
predicting the bulk conductivity of the matrix saturated with another fluid).

Correlations With Other Physical Properties: There are three different ways in which other physical
properties, in particular those measured in well-logs, can be used to infer estimates for in situ thermal
conductivity:

(1) One approach is to establish empirical relationships between thermal conductivity and other
properties, such as porosity, bulk density, sonic (compressional elastic wave) velocity or travel times.
This approach can be applied to data from both well logs and the laboratory. A useful summary of these
different approaches is presented by Blackwell [1989Bla], who also illustrates their application to a
specific case;

(2) In a second approach, Williams and Anderson [1990Wil] derive a phonon conduction model for
thermal conductivity, which utilizes temperature, acoustic velocity, and bulk density measurements from
well-logs. The method is claimed to be accurate to within, 15 %, both in isotropic and anisotropic
formations. Its application, however, is limited to unfractured rocks, since the effects of fracturing on
compressional and shear velocities lead to inaccurate results. There are indications, however, that shear
wave birefringence may pose a limit to the application of this method in foliated rocks as well [1993Prib].

(3) The third approach is basically an extension of the mixing-model approach to the borehole scale: The
volume fractions V; of the N different mineral (or fluid) phases are either taken directly from induced
gamma ray spectroscopy logs [1990Wil] or determined from a joint analysis of a suitable number J of
geophysical logs such as gamma ray (GR), sonic slowness (DT, the inverse of velocity), gamma density
(DEN), and neutron porosity (NPHI) [1990Bri; 1991Dem; 2005Har]. If x and b are vectors consisting of
the N volume fractions V; and the J theoretical log responses R’ with respect to the N different rock
constituents, then:

j N j N T 1 N4qT
RJ=Zni R/, where: >n; =1, andx=[n,,....,ny]", b=[R,..,R7]". (8.28)

Arranging the specific responses of each log to the N rock constituents as rows of the matrix A:
A=l o, (8.29)

we can write the direct and inverse problems as:
Ax=b and x=A"b, (8.30)

respectively. Thus in the direct problem, the log response vector b is computed from the volume fraction
vector x and the specific log response matrix A. Conversely in the inverse problem, the volume fractions
x are computed from the log responses b and the inverse of the specific log response matrix, A™. Thus,
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Fig. 8.11 Sand-Shale-Carbonate model for a borehole. Panels (from left to right): (1) Input data:
NPHI - neutron porosity; GR - natural gamma radiation (GAPI: gamma ray API units); DT -
acoustic slowness. (2) Composition computed from input logs. (3) Log of saturated thermal
conductivity A(log) computed from composition according to the geometric mean, eq. (8.23d). (4)
Log of dry thermal conductivity A(log) computed from composition according to the geometric
mean, eq. (8.23d). In panels 3 and 4, thermal conductivity measured on saturated and dry core is
shown as red and cyan circles, respectively (after [2005Har]).
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solving the inverse requires at least as many logs as solid rock constituents. Porosity is not counted here,
because it follows as the difference of one and the sum of the solid rock volume fractions. However, the
inverse problem can also be solved in a least-squares sense, if more logs are available making the
problem over-determined. Once the volume fractions are known and assigned appropriate thermal
conductivities, an appropriate mixing model can applied to compute rock thermal conductivity. Generally
the geometric mean (eq. 8.23d) has turned out quite useful, but other mixing models may be appropriate
in specific cases (cf. discussion above).

Assigning representative thermal conductivities to the solid rock constituents is not trivial. For reasons
discussed in this text previously, tabulated values of rock thermal conductivity should be used only if they
characterize specimens from the logged formations. In all other cases, these formations or their outcrops
need to be sampled and these specimens tested in the laboratory. If measurements are performed at
ambient conditions the values need to be corrected for the effect of temperature, and in some cases for
pressure as well. In general the effect of temperature is more pronounced than that of pressure. However,
for greater depth and little or less consolidated rocks it needs to be accounted for, too (for a more detailed
discussion, see section 8.1.5.2.1 below).

If commercial log interpretation software is used to perform the inversion, the theoretical log responses R’
with respect to the different rock constituents are usually supplied. Alternatively, values for the log
responses R' can be obtained from the literature [e.g. 1986Cra].

8.1.5.1.3  Thermal Conductivity of Minerals

Data on thermal conductivity of minerals is not as abundant as for rocks. However, thermal conductivity
of minerals is much better constrained than that of rocks, as there is a well defined specific crystal
structure and chemical formula for each mineral. However there are two specific principal difficulties
associated with the measurement of thermal conductivity on mineral samples: purity and sample size.
Lattice imperfections in crystals significantly reduce the thermal conductivity of many minerals.
Correction of alien mineral phases in samples is possible [1971Hor], but requires further microscopic and
X-ray examination of the samples.

Measurements on single crystals or mono-mineral, polycrystalline aggregates require a minimum sample
size. But large single crystals which can be machined to the desired size are relatively rare. When single-
mineral aggregates are used instead, uncertainty is introduced by porosity. The same is true for needle-
probe measurements on finely ground samples of minerals saturated with water [1969Hor; 1971Hor].
This way sample size poses no problem, but all information on anisotropy is lost. Moreover, the
interpretation of measurements of thermal conductivity on fragments is not without ambiguity. In their
comparison obtained for splits from Horai’s and Simmons’ [1969Hor] original mineral samples using the
transient needle-probe method [1969Hor] and a steady-state divided-bar "cell" method Sass et al.
[19718Sas] find that the results of measurements on fragments depend on both the technique and the model
used for inferring the thermal conductivity of the solid constituents of the mixture (see e.g. egs. 8.24a-¢).

This review collates a summary of data from original contributions and previous compilations (Table 8.9)
comprising data measured on both single crystals as well as natural single-mineral, polycrystalline
aggregates, and artificial mono-mineral aggregates produced from a mixture of powdered mineral
specimens and distilled water. Data are compiled from four main sources: (1) Diment and Pratt
[1988Dim] who report their own measurements as well as those performed or reported previously
[1940Bir*; 1940Bir°; 1942Bir; 1947Cos; 1954Bir; 1959Rat; 1965Sas; 1966Cla; 1988Rob]; (2) Dreyer
[1974Dre], a compilation of data measured by a variety of researchers; (3) Horai [1971Hor, including
1969Hor; 1972Hor]; and finally (4) Popov [1999Pop®, including 1987Pop].
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Table 8.9 Thermal conductivity A (W m™” K™) of different rock-forming minerals. Minerals marked
"iso'" are isotropic; T: temperature (? °C: unspecified room temperature); (n): the number of data
for mean and standard deviation (always calculated, even if n is statistically insignificant); “state”
describes the directional dependence of A: "x'": measurements of unknown orientation on single
crystals, "a'": on single-mineral aggregates; anisotropy is specified either by (1) the mineral's
optical a-, b- or c-axes (100, 010, 001); (2) the diagonal elements of the thermal conductivity tensor
(M1 M2, A33), Where )33 is parallel to the crystal's optical c-axis, and the optical a-axis lies within the
plane defined by 1, and },,; (3) the thermal conductivity components normal (1) or parallel (|) to

the direction of maximum thermal conductivity;

Mean values A, are calculated as

An=A100 010t M001)/3 [1987Pop]. Chemical formulas are given as by Ralph [2003Ral].

Mineral T, state, A, (n) Source
MISCELLANEOUS
diamond, C, (iso) ? °C, M\q: 545.3 (?) [1974Dre]
diamond, C (Type l/lla/llb) (T in K), T/Aype fAaype ia/Aype iv: 10/140/317/203, 50/3530/9210/5910,  [2000Lid]
100/3000/10000/5420, 150/1950/6020/3250, 200/1410/4030/2260,
250/1100/2970/1700, 300/895/2300/1350, 350/755/1850/1110,
400/650/1540/932
natural graphite, C 2 °C, a: 189.7, A44: 355.0, Ass: 89.4 (?) [1974Dre]
?°C, a:155.0 (?) [1990Gri]
pyrolytic graphite, C (T in K), T/ 10/81.1, 50/2310, 100/4970, 150/4510, 200/3230, [2000Lid]
(highly purified) 5502440, 30011950, 350/1620, 400/1390, 500/1080, 600/892,
800/676, 1000/534, 1200/448, 1400/384, 1600/333, 1800/293,
2000/262
(T in K), T/AL:10/1.16, 50/15.2, 100/16.8, 150/12.5, 200/9.23,
250/7.11, 300/5.70, 350/4.77, 400/4.09, 500/3.22, 600/2.68,
800/2.01, 1000/1.60, 1200/1.34, 1400/1.16, 1600/1.00, 1800/0.895,
2000/0.807
water ice, HoO 0 °C, A1: 1.9 (?), Ass: 2.3 (?), @: 2.0 (?); -125 °C, a: 4.0 (?) [1974Dre]
(Tin °C), T/Am: 0/2.14, -10/2.32, -20/2.4, -30/2.5, -40/2.6, -60/3.0, [1982Mil,
-80/3.3, -100/3.7, -120/4.2, -140/4.9, -160/5.7, -180/7.0, -200/8.7, 2000Lid]
-220/11.8, -240/20, -250/32
ORTHOSILICATES
olivine group
olivine (Fay: xy % fayalite) ? °C, a: Fa;—Fa/5.10, Fa—Fax/4.27, Faxn—Fas/3.60, Fag—Fas/3.18, [1972Hor]
Fan—Fax3.05, Fag—Fain/3.14
fayalite, Fe,SiO, 30 °C, a: 3.85 + 0.08 (4) (dunite, mostly Fa) [1988Dim]
?°C, a: 3.16 (FosFags) (1) [1971Hor]
?°C, Am: 3.30 (1) [1987Pop,
1999Pop?
forsterite, Mg,SiO, 30 °C, a: 4.68 + 0.38 (3) (dunite, 97 % Fog.Fas) [1940Bir?]
?°C, a:5.03 £ 0.2 (5) (FoggFa,—Fog1Fag) [1971Hor]
monticellite, CaMgSiO, 35 °C, a: 3.25 + 0.04 (3) [1988Dim]
garnet group (Mg,Fe,Mn,Ca);(Al,Fe);[SiO4]s
almandine, Fe;Al;[SiO4]; iso (cubic) ? °C, a: 3.56 (1) [1988Dim]
? °C,a:3.31(1) [1971Hor]
? °C,M1:3.6(?) [1974Dre]
27 °C (100): 3.53 £ 0.14 (3), (010): 3.53 £ 0.14 (3), [1987Pop,
(001): 3.53 + 014. (3) 1999Pop?
grossular, CazAly[SiO4]s, iso (cubic) ? °C, a:5.32 (1) [1988Dim]
? °C,a:5.48+0.24 (3) [1971Hor]
27 °C (100): 5.90 (1), (010): 5.90 (1), (001): 5.90 (1) [1987Pop,
hibschite (hydrogrossular), ? °C, a: 6.53 (1) 1999P0p?
CasAly[SiO4]3x[OH]ax
spessartine, Mn3Al[SiO4]; (cubic) 35 °C, a: 3.06 + 0.10 (3) [1988Dim]
27 °C (100): 3.66 (1), (010): 3.66 (1), (001): 3.66 (1) [1987Pop,
1999Pop°?|
zircon group
zircon, ZrSiOs  ? °C, M1 3.9 (?), Ass: 4.8 (?) [1974Dre]
?°C,a:554 [1971Hor]

titanite group (sphene)
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Mineral T, state, A, (n) Source
titanite, CaTiSiOs ? °C, a: 2.34 (1) [1971Hor]

Al,SiOs group (disthene series)
andalusite, Al,SiOs 35 °C, a: 6.56 + 0.45 (8) (<5 % quartz impurity) [1988Dim]
?°C,a:7.58 (1) [1971Hor]
kyanite, Al,SiOs 35 °C, a: 7.15 + 0.17 (4), a: 12.45 + 0.71 (3) (< 5 % quartz impurity) [1988Dim]
?°C,a:14.16 (1) [1971Hor]
sillimanite, Al,SiOs 35 °C, a: 10.73 + 0.64 (3) [1988Dim]
?°C,a:9.10 (1) [1971Hor]
topaz, Al,SiO«(F,OH), ? °C, Am: 20.9 (1) [1987Pop,
1999Pop°?|

SOROSILICATES

allanite, ? °C, Am: 1.44 (1) [1987Pop,
(Y,Ce,Ca)(Al,Fe**)[SiO4]s[OH] 1999Pop?|
epidote, Ca,(Al,Fe)s[SiOs]5[OH] 32 °C, i: 3.10 (1); 32 °C, 1:2.93 (1); 31 °C, a: 2.51 + 0.03 (2) [1988Dim]
?°C,a:2.83+0.3(2) [1971Hor]
ilvaite, CaFe,*'Fe*[SiO4,[OH]  ? °C, Am: 1.84 (1) [1987Pop,
1999Pop?
vesuvianite, (tetragonal) ? °C, x: 2.31 £ 0.23 (2), a: 2.86 (1); 27 °C (100): 2.17 + 0.22 (3), [1987Pop,
Ca1oMgAl4[SiO4]5[Si,O7]o[OH]4 (010): 2.17 + 0.22 (3), (001): 2.34 + 0.18 (3) 1999Pop°?|

CYCLOSILICATES

beryl, BesAl,SigO1s (hexagonal)  ? °C, x: 3.93 + 0.08 (2); Am: 4.16 (1), a: 3.87 (1); 27 °C (100): 3.81 [1987Pop,

+0.09 (2), (010): 3.81 + 0.09 (2), (001): 4.31 +0.19 (2) 1999Pop?
cordierite, (Mg,Fe),Al;SisOs 35 °C, 11: 3.33 £ 0.04 (3); ? °C, L: 3.06 +£ 0.03 (2) [1988Dim]
?°C, Am: 2.41 (1) [1987Pop,
1999Pop?
eudialyte, Na,(Ca,Ce),(Fe** Mn,Y)  ?°C,a:1.14 (1) [1987Pop,
ZrSigO2,(OH,Cl), 1999Pop?]
schorl (tourmaline) (trigonal), ? °C, x: 3.97 £ 0.47 (2); Ay: 3.64 (1); 27 °C (100): 4.36 +0.40 (2),  [1987Pop,
NaFe; +A|G[BOS]SSi6018[OH]4 (010): 4.36 + 0.40 (2), (001): 3.19 £ 0.59 (2) 1999P0pa]
CHAIN SILICATES
pyroxene group (Na,Ca)(Mg,Fe,Al)(Al,Si),0¢
augite, (Ca,Na)(Mg,Fe,Al,Ti)(Al,Si),0¢ 35 °C, a: 4.20 + 0.05 (3) [1988Dim]
diallage (augite) ? °C, Any: 3.17 (1) [1987Pop,
1999Pop?|
diopside, CaMgSi,O¢ 35 °C, a: 4.40 + 0.42 (2) [1988Dim]
?°C,a:4.66+0.31 (4) [1971Hor]
? °C, Am: 4.05 £ 0.03 (3) [1987Pop,
1999Pop?
enstatite, Mg,Si,Os ? °C, a: 4.47 £ 0.35 (4) [1971Hor]
jadeite, Na(Al,Fe)Si;Os 34 °C, a: 5.59 + 1.22 (2) [1988Dim]
?°C,a:5.64+1.44 (2) [1971Hor]
pyroxene (Fs,y: xy % ferrosilite, ? °C, a: Fs;—Fs104.73, Fsio—Fsx/4.93, Fsp—Fss/(3.43), [1972Hor]
Fs= Fe;Si,0¢) Fsso—Fsm/(3.18), Fsno—Fsw/(3.14), Fso—Fsi0/(3.22)
spodumene, LiAISi,Os  ? °C, Ay 5.28 £0.77 (2) [1987Pop,
1999Pop?|
amphibole group NaCa(Mg,Fe,Al)(Al,Si)s02,(OH),
actinolite, Cay(Mg,Fe*")s[SisOx][OH]: 31 °C, i: 5.34+ 0.12 (2); ? °C, L: 2.96 (1) [1988Dim]
nephrite (actinolite) 2 °C, a: 3.64 + 0.50 (2) [1987Pop,
1999Pop?
hornblende, Cax(Mg,Fe®*)4(Al,Fe®) 2 °C, 1: 2.75 + 0.18 (2); 35 °C, L: 1.88 (1) [1988Dim]
[SizAl]O;[OH]. 20 °C, a: 2.91 + 0.09 (2) [1966Cla]
?°C,a:2.81+0.27 (2) [1971Hor]
? OC, )\,11: 30, }\.33: 2.4 (7) [1974Dre]
?°C, Am: 1.82 £0.01 (2) [1987Pop,
1999Pop?|
pargasite, ? °C, An: 2.65 (1) [1987Pop,
NaCaz(Mg,Fe2+g4AI[SiGAIQ]Ozz[OH]z 1999Pop?|
rhodonite, (Mn**,Fe*",Mg,Ca)SiO;  ? °C, Am: 2.35 (1) [1987Pop,
1999Pop?]
tremolite, [Ca2Mgs][SisO2][OH]. 31 °C, 1 5.79+ 0.28 (2); 32 °C, L: 4.54 +0.14 (2) [1988Dim]
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Mineral T, state, A, (n) Source
wollastonite, CaSiO; ? °C, a: 6.36 (1) [1987Pop,
1999Pop°?]
PHYLLOSILICATES
mica group
biotite (monoclinic), 33°C,1:3.14; 32 °C, L:0.52+0.01 (2) [1988Dim]
K(Mg,Fe)s(Al,Fe*")Siz01o(OH,F), ?°C,a:2.02+0.32 (2) [1971Hor]
?°C, Am: 2.29 + 0.26 (2), x: 2.10 (1); 27 °C (100): 2.61 (1), [1987Pop,
(010): 2.61 (1), (001): 1.30 (1) 1999Pop?|
clinochlore,(Mg,Fez*)sAl[SigAl]Om[OH]s 29 °C, 1: 10.34 £ 0.57 (2), 1: 1.97 £ 0.06 (2) [1988Dim]
chlorite (monoclinic), 30 °C, a: 3.06 £+ 1.32 (5) [1988Dim]
(Mg,Fe)s[(Si,Al)s01[OH]] - ?°C,a:5.2(?), M1:5.5(?), Asa: 5.1 (?) [1974Dre]
(Mg,Fe,Al);[OH]s ?°C,a:5.15+0.94 (3) [1971Hor]
?°C, Am: 3.77 (1), x: 7.87 (1); 27 °C (100): 11.1 (1), [1987Pop,
(010): 11.1 (1), (001): 1.38 (1) 1999P0op?
chrysotile, Mg;Si;Os[OH]4 ?°C,a:1.95(1) [1987Pop,
1999Pop?|
muscovite (monoclinic), 30 °C, 1: 3.89+ 0.0 (2); 32-45°C, 1:0.62+0.13 (4) [1988Dim]
KAI5[Si3Al]O10[OH]» ?°C,a:2.28 + 0.07 (3) [1971Hor]
? °C, Am: 2.34 (1), x: 2.88 (1); ); 27 °C (100): 3.80 (1), [1987Pop,
(010): 3.80 (1), (001): 1.03 (1) 1999Pop?
phlogopite, KMg;SisAlO4o(F,OH), 30 °C, 1:4.01 (3), L:0.48 £0.02 (4) [1988Dim]
?°C, Am: 1.57 (1) [1987Pop,
1999Pop?
prochlorite, 29-34 °C, a: 2.61 + 0.40 (10) [1988Dim]
(Mg,Fe Al)6Al[Siz sAl; 5]010[OH]s
pyrophyllite, Al,SisO1o[OH]. 30°C, 1:6.17 £0.73 (5), L:1.12+0.42 (2) [1988Dim]
30-35 °C, a: 4.47 + 0.47 (7)
(Tin °C), T/Mi: 0/4.98, 100/4.17, 200/3.59, 300/3.14, 400/2.81 [1966Cla]
serpentine (antigorite), ?°C,11: 2.76 £ 0.03 (4); 32 °C, 1:2.41+0.15 (2) [1988Dim]
(Mg,Fe)s[SiOs][OH]s 30-34 °C, a: 2.61 + 0.40 (10) [1988Dim]
?°C,a:2.1(?), M1: 2.6 (?), X331 2.3 (?) [1974Dre]
?°C,a:3.53+1.57 3; [1971Hor]
?°C,a:2.80+0.20 (4 [1987Pop,
?°C, Am: 2.78 (1) 1999Pop?]
talc, Mg3Si4sO1o[OH], 29-34 °C, 1: 10.69 + 1.50 (5); 30 °C, 1:1.76 £ 0.0 (2) [1988Dim]
30°C, a:2.97 (1) [1954Bir]
?°C,a:6.1+1.27 (2) [1971Hor]
? °C, M1: 3.1 (?), Aa3: 2.9 (?) [1974Dre]
TECTOSILICATES
feldspar group
albite, NaAISi;0s 25 °C, a: 2.34 (1) [1965Sas]
?°C,a:2.14+£0.22 (4) [1971Hor]
?°C, M1: 2.1 (?), Aa3: 2.9 (?) [1974Dre]
2 °C, Am: 2.04 % 0.25 (6) [1987Pop,
1999Pop?
anorthite, CaAl,Si,0s 25 °C, a: 2.72 (1) [1965Sas]
?°C,a:1.68 (1) [1971Hor]
cancrinite, NagCa,AlgSis024[COs]. 2 °C, Am: 1.36 (1) [1987Pop,
1999Pop?
labradorite, (Ca,Na)(Si,Al);Os ?°C,a: 1.71 (1) [1987Pop,
1999Pop°?
microcline, KAISis0g  ? °C, (001): 2.04 (1) [1965Sas]
?°C,a:2.49+0.10 (3) [1971Hor]
?°C,a:2.41+0.11 (3) [1987Pop,
1999Pop?
natrolite, Na,Al;SizO10 - 2H,O  ? °C, Ay 1.73 (1) [1987Pop,
1999Pop?
nepheline, (Na,K)AISiO, 35 °C, a: 1.39 + 0.15 (3) [1988Dim]
?°C,a:1.36 (1) [1987Pop,
1999Pop?
oligoclase, (Na,Ca)(Si,Al)s0s 2 °C, Am: 2.11 (1) [1987Pop,
1999Pop?|
orthoclase, KAISi;0s 30 °C, (100): 2.34 + 0.11 (2), (010): 2.68 (1), (001): 2.30+ 0.3 (2)  [1965Sas]
?°C,a:2.31(1) [1971Hor]
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Mineral T, state, A, (n) Source
?°C, 1:2.9, 14: 4.2, 1122 4.6, M1z 2.94, hoo: 4.2, kg 4.63 (1) [[11§g;15re]
o . op,
?°C,a:2.15+0.05 (2) 1999Pop’]
plagioclase (An,y: Xy % anorthite) ? °C, a: Anc—Ang/2.34, Ans—Amg/1.92, Anis—Angy/1.63, [1972Hor]
Ang—Ansy/1.46, Ansy—Anzy'1.46, Anp—Anes/1.59, Angs—Ane/1.72
sanidine, (K,Na)(Si,Al)sOs  ? °C, Am: 1.73 (1) [1987Pop,
1999Pop?|
scapolite (tetragonal) 35 °C, xx: 1.76 + 0.00 (3), xz: 1.95 + 0.04 (2) [1988Dim]
(Na,Ca)4(Si,Al)12024(Cl,C05,80,)  ? °C, x: 1.42 (1); ); 27 °C (100): 1.34 (1), [1987Pop,
(010): 1.34 (1), (001): 1.59 (1) 1999P0p?]
sodalite, NasAl;Si;O4,Cl 35 °C, a: 3.16 + 0.12 (3) [1988Dim]
silica group SiO,
a quartz, SiO, (trigonal) 30 °C, n: 10.17 (1) [1940Bir?]
30°C, 1:6.15(1) [1959Rat]
?°C, a: 8.1, A1: 6.5 (?), Aa3: 11.3 (?) [1974Dre]
?°C,a:7.69 (1) [1971Hor]
?°C, x: 7.60 £ 0.0 (4); 27 °C (100): 6.05 £ 0.0 (4), [1987Pop,
(010): 6.05 + 0.0 (4), (001): 10.7 £ 0.0 (4) 1999Pop?
aquartz L (Tin°C), T/A, x: 0/6.82, 50/5.65, 100/4.94, 150/4.44, 200/4.06, [1940Bir°]
250/3.73, 300/3.52, 350/3.31
aquartzi (Tin°C), T/A, x: 0/11.43, 50/9.38, 100/7.95, 150/7.03, 200/6.32, [1940Bir°]
250/5.69, 300/5.15, 350/4.73
chalcedony, SiO, ?°C,a:3.17 (1) [1987Pop,
1999Pop?
pyrex 774 glass (T in °C), amorphous: T/A: 0/1.21, 50/1.26, 100/1.32, 150/1.38, [1940Bir*]
200/1.44, 250/1.49, 300/1.55, 350/1.61, 400/1.66, 450/1.72,
500/1.83 (T in °C)
silica glass 30 °C, amorphous: 1.38 (?) [1959Rat]
? °C, amorphous: 1.2 (?) [1974Dre]
silica glass (T in °C),amorphous: T/A,: 0/1.36, 50/1.44, 100/1.48, 150/1.53, [1940Bir?]
200/1.58, 250/1.64, 300/1.70, 350/1.78, 400/1.85, 450/1.94,
500/2.07
NON-SILICATES
oxides
cassiterite, SnO, ?°C, Am: 12.3 (1) [1987Pop,
1999Pop?|
chromite, iso, FeCr,O4 35 °C, a: 2.20 + 0.27 (3) [1974Dre]
?°C,a:2.52 (1) [1971Hor]
?°C,a:2.62 (1) [1987Pop,
1999Pop?|
corundum, Al,Os  26-70 °C, |: 18.37 + 3.86 (5); 23-77 °C, L: 17.70 + 3.60 (4) [1988Dim]
2°C, hy: 31.2 (?), Aaz: 38.9 (?) [1974Dre]
hematite, Fe,O; 30 °C, a: 12.42 + 1.74 (3) [19548Bir,
1966Cla]
?°C, M1: 14.7 (?), Asa: 12.1 (?) [1974Dre]
?°C,a:11.28 (1) [1971Hor]
?°C, Am: 18.25 + 1.25 (2) [1987Pop,
1999Pop?|
ilmenite, FeTiO; 35 °C, a: 2.50 + 0.02 (3) [1988Dim]
?°C,a:2.38+0.25(2) [1971Hor]
?°C,a:2.92 (1) [1987Pop,
1999Pop?
magnetite, iso, Fe?’Fe®,0, 22-33°C, a: 4.61 + 0.39 (8) [1988Dim]
?°C, M1:9.7 (?) [1974Dre]
?°C,a:5.10 (1) [1971Hor]
?°C, Am: 4.34 £ 0.90 (2) [1987Pop,
1999Pop?|
periclase, MgO, iso ?°C, M1:33.5(?) [1974Dre]
artificial periclase 400 K, Aqq: 41.05 (1) [1968Kan]
pyrochlore, (Na,Ca),Nb,Os(OH,F) ?°C,a:1.52 (1) [1987Pop,
1999Pop?
rutile, TiO; (tetragonal) 44-67 °C, L:7.95 + 1.198(2) [1988Dim,
36-67 °C, L:13.19 £ 0.89 (2); ? °C, a: 4.90 £ 0.21 (3) 1966Cla]
?°C, M1: 9.3 (?), As3: 12.9 (?) [1974Dre]
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Mineral T, state, A, (n) Source
?°C,a:5.12 (1) [1971Hor]
?°C, x: 4.89 (1), [1987Pop,
27 °C (100): 4.38 (1), (010): 4.38 (1), (001): 5.92 (1) 1999Pop?
scheelite, CaWOQO, ?°C, Am: 2.53 £0.20 (4) [[1987Pop,
1999Pop?
spinel, iso, MgAl,O, 35-70 °C, a: 12.14 + 1.51 (3) [1966Cla]
?°C, M1:13.8(7?) [1974Dre]
?°C,a 948 (1) [1971Hor]
wolframite, (Fe,Mn)WO, ?°C, Am: 2.81 £ 0.38 (5) [1987Pop,
1999Pop?|
wulfenite, PbMoO4 ?°C, Am: 1.82 (1) [1987Pop,
1999Pop?|
sulfides
arsenopyrite, FeAsS  ?°C, a: 7.24 (1) [1987Pop,
1999Pop?|
chalcopyrite, CuFeS, 35 °C, a: 7.55 + 0.33 (3) [1988Dim]
?°C,a:10.7 (1) [1987Pop,
1999Pop?|
galena, PbS iso (cubic) 35 °C, a: 2.76 + 0.22 (3) [1988Dim]
?°C,a:2.28 (1) [1971Hor]
?°C,a:1.99 (1), x: 2.02 (1), [1987Pop,
27 °C (100): 2.02 (1), (010): 2.02 (1), (001): 2.02 (1) 1999Pop?|
pyrite, FeS,, iso (cubic) 35 °C, a: 23.15 + 2.45 (3) [1988Dim]
?°C,a:19.21 (1) [1971Hor]
?°C,a:23.7 (1) [1987Pop,
27 °C (100): 41.4 (1), (010): 41.4 (1), (001): 41.4 (1) 1999Pop?
?°C,x:41.4 (1), M1:37.9 (?) [1974Dre]
pyrrhotite, FeS (hexagonal) 35 °C, a: 3.53 + 0.06 (3) [1988Dim]
?°C, a:4.60 (1) [1971Hor]
?°C,a:3.52 (1), [1987Pop,
27 °C (100): 3.43 (1), (010): 3.43 (1), (001): 3.71 (1) 1999Pop?
sphalerite, (Zn,Fe**)S 35 °C, a: 11.20 + 0.02 (3) [1988Dim]
sphalerite (marmatite), (Zn,Fe2+)S ?°C,a:18.9 (1) [1987Pop,
sphalerite (cleiophane), ZnS) ?°C, a: 4.67 (1) 1999P0p?
wurtzite, (Zn,Fe)S ?°C,a:4.19 (1) [1987Pop,
1999Pop?|
sulfates
anhydrite, CaSO, 25-35 °C, a: 5.36 + 0.30 (6) [1988Dim]
?°C,a:4.76 (1) [1971Hor]
barite, BaSO4 25-100 °C, i1: 2.92 + 0.09 (4), L: 2.07 +£ 0.03 (2) [1988Dim]
25-35°C, a: 1.72+0.05 (4
?°C,a:1.51+0.12 EZ; [1987Pop,
1999Pop?
celestine, SrSO4 35 °C, 11 1.38 (1); 35 °C, 1: 1.29 + 0.11 (3) H gg?gim]
o . Op,
?°C, Am: 1.32 (1) 1999Pop?
gypsum, CaS0O,4-2H,0 ?°C, a; 1.30 (1) [1988Dim]
?°C,a;, 122 (1) [1987Pop,
2°C, L: 1.6, i 2.5, 112: 3.8, M- 2.6, Aot 1.6, hag: 3.7 (1) }?g?ﬁgfe}
carbonates
aragonite, CaCO3; 25-100 °C, a: 2.37 £ 0.23 (11) [1988Dim]
?°C,a:2.24 (1) [1971Hor]
calcite, CaCOs (trigonal)  ? °C, A11: 4.2 (?), As3: 5.0 (?) [1974Dre]
?°C,x:3.13 (1); [1987Pop,
27 °C (100): 3.21 (1), (010): 3.21 (1), (001): 3.50 (1) 1999Pop?]
?°C, Am: 3.28 £ 0.04 (2), a: 3.59 (1) [1971Hor]
calcite 1 (T in °C), T/A, x: 0/4.00,30/3.63, 50/3.40, 100/2.99, 150/2.73, [1940Bir?]
200/2.55, 250/2.41, 300/2.29, 350/2.20, 400/2.13
calcite 1 (Tin °C), T/A, x: 0/3.48, 30/3.16, 50/3.00, 100/2.72, 150/2.52, [1940Bir"]
200/2.37, 250/2.25, 300/2.16, 350/2.09, 400/2.06
cerussite, PbCO; 35 °C, a: 1.35 +£0.02 (3) [1988Dim]
dolomite, CaMg[CO;], 25-35 °C, a: 4.85 + 0.26 (73) [1988Dim]
?°C, M1 4.7 (?), a3 4.3 (?) [1974Dre]
?°C,a:551(1) [1971Hor]
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Mineral T, state, A, (n) Source
?°C,a:5.97£0.44 (2) [1987Pop,
1999Pop?]
magnesite, MgCO3; 25-100 °C, 11: 7.86 + 0.20 (4); L: 7.32 + 0.36 (4) [1988Dim]
34-35°C, a: 8.18 + 1.34 (5) [1988Dim]
?°C,a:5.84 (1) [1971Hor]
siderite, FeCO3; 35 °C, a: 2.99 + 0.15 (3) [1988Dim]
?°C,a:3.01(1) [1971Hor]
strontianite, SrCO; 35 °C, a: 1.38 + 0.07 (4) [1988Dim]
witherite, BaCO; 35 °C, a: 2.26 + 0.02 (3) [1988Dim]
phosphates
apatite, Cas[PO.]s(F,CI,OH) 35 °C, a: 1.27 £ 0.02 (3) [1988Dim]
(hexagonal) ?°C,a:1.38+0.01 (2) [1971Hor]
? °C, x: 1.58 + 0.06 (3); 27 °C (100): 1.53 + 0.07 (3), [1987Pop,
(010): 1.53 + 0.07 (3), (001): 1.70 + 0.07 (3) 1999Pop?]
halides
fluorite, CaF,, iso 0-36 °C, x: 8.62 + 1.11 (6) [1988Dim]
?°C, M1:10.1 (?) [1974Dre]
?°C,a:9.51 (1) [1971Hor]
?°C,a: 8.64 (1) [1987Pop,
1999Pop°]
halite, NaCl, iso (cubic) 0-35 °C, x: 5.55 + 1,09 (8) [1966Cla]
?°C,a:6.1(?) [1974Dre]
?°C, a:5.88 (1), Am: 5.90 (1); 27 °C (100): 5.89 + 0.01 (2), [1987Pop,
(010): 5.89 £ 0.01 (2), (001): 5.89 + 0.01 (2) 1999Pop?|
halite, NaCl, iso (T in °C), T/A, x: 0/6.11, 50/5.02, 70/5.44, 100/4.21, 150/3.59, [1940Bir?]
200/3.12, 250/2.76, 300/2.49, 350/2.30, 400/2.09
rock salt, NaCl, iso 27 °C, x: 6.05 + 0.87 (5) [1988Dim]
rock salt, NaCl, iso (T in K), T/A: 0.4/0.95, 0.5/1.78, 0.6/3.13, 0.7/4.97, 0.8/7.40, [1981Yan]
0.9/10.0, 1/14.0, 2/99.3, 3/270, 4/443, 5/595, 6/735, 7/829, 8/880,
9/870, 10/836, 15/502, 20/306, 25/191, 30/130, 40/75.0, 50/54.0,
75/34.9, 100/24.3, 150/15.0, 200/10.9, 250/8.24, 293/6.65,
300/6.57, 400/4.80, 500/3.67, 600/2.98, 700/2.47, 800/2.08,
900/1.85, 1000/1.67
sylvite, KCl, iso 0-12 °C, x: 6.74 £ 0.3 (2) [1966Cla]
? °C, M1 6.4 (?) [1974Dre]

Table 8.10. Thermal diffusivity k (10 m* s™', upper number) and thermal conductivity 2 (W m™ K,
lower number, in italics) at different temperatures for quartz, fused silica, olivine, and synthetic
periclase; "x" denotes measurements of unknown orientation on single crystals, "a" on single-
mineral aggregates; directions of anisotropy are specified either by the mineral's optical a-, b- or c-
axes (100, 010, 001); Temperature conversion: T(°C) = T(K) - 273.15; data: [1968Kan;].

mineral 30K 400K 500K 600K 700K 800K 900K 1000K 1100 K
quartz, (001) 7.14 3.57 2.38 1.69 1.37 1.14 1.41 1.54 1.64
' 13.93 8.20 6.24 4.81 3.91 3.56 3.87 4.56 5.15
uartz, (010) 3.33 2.00 1.45 1.15 0.96 0.89 1.00 1.14 1.28
g ' 6.49 4.60 3.83 3.29 2.90 2.79 2.75 3.39 4.03
fused silica 0725 0715 0705 0700 0715  0.741 0.800  0.885 -
1147 1348 1499 1612 1725 1854 2060  2.323 -
olivine (Fos,Fazs) (001) 1.85 1.49 1.22 1.08 1.03 1.04 1.09 1.2 1.35
5.07 4.73 4.23 3.89 3.86 3.98 4.23 4.77 5.44
periclase (MgO) (001) - 12,5 8.70 6.67 5.56 4.65 4.00 3.57 3.23
- 46.05 34.12 27.21 23.19 19.63 17.12 15.61 14.32
jadeite 1.54 1.28 1.1 0.97 0.88 0.84 0.83 0.89 0.96
(Na(Al,Fe)Si;Os), a - - - - - - - - -
1.10 1.00 0.91 0.85 0.81 0.79 0.80 0.81 0.83
garnet (mean of two), x ) B ) ) i i i i i
spinel (MgALO), X _3.45 _3.13 _2.86 _2.56 _2.44 2_.25 2_.13
corundum (Al,05), x 6_.06 4_.55 3_.45 2_.86 2_.50 2_.13 1_.85 1_.64
alkali feldspar 7.09 6.67 6.49 6.71 6.99 7.30 7.81 8.33 8.93

(moonstone), x -
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As for rocks, data on the temperature dependence of mineral thermal conductivity is not very abundant.
Yang’s temperature dependent data for rock salt [1981Yan] represent "recommended values" based on a
great number of individual determinations and cover the temperature range 0.4 K — 1000 K. Table 8.10
lists thermal conductivity and thermal diffusivity as functions of temperature for some rock-forming
minerals [1968Kan].

For single-mineral aggregates a linear relationship between temperature and thermal resistivity A
discriminates between temperature-dependent contributions and other factors which are independent of
temperature, such as micro-cracks, grain boundaries, shape and orientation of crystals and their
fragments:

Wzm—‘rnT, (831)

where A is in W m” K" and T is in K. By measuring thermal conductivity A and plotting its inverse,
thermal resistivity A", versus temperature m and n may be determined as intercept and slope of a linear
regression. Table 8.11 provides values for the constants m and n in eq. (8.31) which may be used to infer
the temperature dependence of thermal resistivity for some single-mineral aggregates [1969Cla].

Table 8.11 Values of m and n in eq. (8.31) for single-mineral aggregates; data: [1969Cla].

mineral T (°C) m@10°W'mK) n@10°W'm)
halite, NaCl 0 - 400 -52.55 0.788
periclase, MgO 100 - 800 -21.50 0.127
corundum, Al,O3 100 - 800 -28.66 0.155
quartz, SiO; (*) 100 - 400 62.10 0.387
spinel, MgAI,O, 100 - 1000 19.11 0.122
Zircon, ZrSiO, 100 - 800 131.37 0.093
forsterite, Mg,SiOy, 100 - 600 85.98 0.282
enstatite, ferrosilite, (Mg»,Fe;)SiOs 100 - 300 200.63 0.222

(*): single SiO, crystal, heat flowing L to optical axis

According to eq. (8.15) thermal diffusivity can be expressed by thermal conductivity, density and isobaric
specific heat capacity:

Kk=MA/(pc). (8.32)

Based on eq. (8.32), Robertson [1988Rob] converts the feldspar diffusivity data of Kanamori et al.
[1968Kan] into conductivity, using a constant density of p = 2600 kg m™ and a temperature dependent
specific heat capacity. However, a comparison of this data set with results from temperature dependent
measurements of feldspar conductivity performed by other authors yields a somewhat ambiguous result:
Some measurements contradict the increase in conductivity with temperature displayed by Kanamori at
al.’s [1968Kan] converted data while those performed by Birch and Clark [1940Bir"; 1940Bir"], seem to
confirm it, at least in the temperature range 25 °C — 300 °C.

8.1.5.2  Thermal Conductivity of Rocks

For a large number of rocks thermal conductivity data are available and classified according to rock name
and origin in several extensive compilations [1942Bir; 1966Cla; 1974Des; 1974Kap; 1981Roy; 1982Cer;
1988Rob; 1988Sun; 1996Sch]. However, it is important to realize that these compilations comprise rocks
which are heterogeneous in important aspects, such as mineral composition, porosity, saturation, and
experimental conditions. This is the reason for the great variability of thermal conductivity within each
particular rock type. Indeed, rock type as such is a rather poor descriptor for thermal and most other
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physical rock properties. This limits the usefulness of such tabulations, except for the rare instance when
they comprise data for the exact location of particular interest. In all other cases, predictions based only
on data collated according to general rock type may be seriously in error. For all practical applications it
is therefore strongly recommended to obtain genuine, representative data of thermal conductivity, either
by direct measurement (cf. section 8.1.5.1.1) or by inference from geophysical logs (cf. section 8.1.5.1.2).

Therefore, the complementary approach taken previously by Clauser and Huenges [1995Cla] is extended
here with new data: Rather than arranging individual measurements of rock thermal conductivity in
tables, data from earlier compilations [1940Bir"; 1940Bir®; 1966Cla; 1974Des; 1974Kap; 1981Roy;
1982Cer; 1988Rob] supplemented by a large amount of new data which have become available since
[1988Sun; 1990Kob; 1995Pop; 1996Pop, 1998Pop*; 1998P0pb; 1999Popb; 1999Pop°; 2002Pop; 2003Pop*;
2005Rat; 2005Mot] is presented in a statistical way and arranged as in [1995Cla] according to the four
basic rock types: sedimentary, volcanic, plutonic, and metamorphic.

Inspection of any of the available compilations shows that thermal conductivity varies by as much as a
factor of two to three. This is due to the natural variation of rock mineral content as well as to several
physical and diagenetic factors. All rocks are therefore arranged according to the conditions at the time of
their formation as sedimentary, volcanic, plutonic or metamorphic rocks. Each group is described in a
statistical way by histograms, median, mean, and standard deviation (Table 8.12). This illustrates the
variation of thermal conductivity with those factors which have the most pronounced effect on each rock
type. These are petrological aspects or petrophysical influences such as porosity (in sedimentary and
volcanic rocks), the dominant mineral phase (in metamorphic and plutonic rocks), and anisotropy (in
sedimentary and metamorphic rocks).

8.1.5.2.1 Thermal Conductivity of Sedimentary, Volcanic, Plutonic, and Metamorphic Rocks

Fig. 8.12 shows thermal conductivity histograms for the four basic rock types: sedimentary, volcanic,
plutonic, and metamorphic. For sediments, a distinction is made between (1) chemical sediments compris-
ing limestone, coal, dolomite, hematite, chert, anhydrite, gypsum, rock salt, and sylvinite; (2) low porosi-
ty (< 30 %) physical sediments comprising shale (dolomitic, pyritic, carbonaceous), marl, clayey marl,
marlstone, conglomerate, tuff conglomerate, impact conglomerate, tuffite, breccia, quartz breccia, and
sandstone (including limy and quartz sandstone); and (3) high porosity (> 80 %) physical sediments
comprising ocean and lake-bottom sediments. For volcanic rocks a distinction is made between (1) high
porosity rocks (lava, tuff, tuff breccia, and mod-ocean ridge basalt (MORB)); and (2) low porosity rocks
(rhyolite, liparite, trachodolerite, andesite, and basalt, other than MORB). For plutonic rocks a distinction
is made between (1) rocks with high feldspar content (> 60 %; syenite (including alkali and nepheline
syenite), grano-syenite, syenite porphyry, and anorthosite); and (2) low feldspar content (< 60 %; granite
(including alkali granite, plagiogranite, granodiorite, tonalite, quartz monzonite), quartz- and quartz-
feldspar porphyry, diorite (including monzonite), gabbro (including quartz and olivine gabbro),
porphyrite dykes (lamprophyre, diabase, quartz dolerite) and ultra mafic rocks (pyroxenite, peridotite,
lherzolite, hypersthenite, bronzitite, dunite, olivinite, hornblendite, cumberlandite). For metamorphic
rocks a distinction is made between (1) rocks with high quartz content (quartzites); and (2) low quartz
content (quartz-mica schist, gneiss)

Influence of Porosity and the Dominant Mineral Phase: For sedimentary rocks the factors controlling
thermal conductivity are porosity and sediment type (Fig. 8.12a): Both chemical sediments (formed
mainly by precipitation of dissolved minerals or by compaction of organic material) and low porosity
physical sediments (¢ <30 %, formed by compaction and cementation of clastic material) have similar
frequency distributions, means, medians, and first and third quartiles (Table 8.12). In contrast, the
distribution of marine, high porosity (¢ > 80 %) physical sediments is skewed towards low conductivities,
and mean and median are about half the size of those of the previous two distributions. Clearly, this is due
to the low conductivity of the void filling fluid, either air or water.
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(a) Sedimentary Rocks
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Fig. 8.12 Histograms of thermal conductivity for (a) sedimentary and (b) volcanic rocks (see text for
details; plots by courtesy of Andreas Hartmann, RWTH Aachen University).

Clauser, C., 2006. Geothermal Energy, In: K. Heinloth (Ed), Landolt-Bérnstein, Group VIII "Advanced Materials and Technologies", Vol. 3 "Energy Technologies", Subvol. C
"Renewable Energies"”, 480-595, Springer Verlag, Heidelberg-Berlin.



(c) Plutonic Rocks

PRE-PRINT

38

514, rich in quartz
12926, poor in quartz

4.5

805, rich in feldspar
(d) Metamorphic Rocks

3.5

- N
N
I N

2.5

1.5

(%) Aousnbeiy (%) Aouenbaiq

Fig. 8.12 (continued). Histograms of thermal conductivity of (c) plutonic and (d) metamorphic
rocks (see text for details; plots by courtesy of Andreas Hartmann, RWTH Aachen University).
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For volcanic rocks (Fig. 8.12b), spanning nearly the total possible range of porosity from 0 % — 100 %,
porosity is clearly the controlling factor on thermal conductivity: mean and median of the high and low
porosity histograms differ by nearly a factor of two, and the high porosity distribution is clearly skewed
towards low conductivities (Table 8.12).

Plutonic and metamorphic rocks are generally much less porous. Here, the controlling factor is the
dominant mineral phase. For plutonic rocks (Fig. 8.12¢) the feldspar content determines the nature of the
histogram: Rocks with a high feldspar content (i.e. > 60 %) show a nearly symmetrical conductivity
distribution about a lower mean conductivity than rocks with low feldspar content. In spite of these
differences, the means and medians for both distributions are nearly identical within the given standard
deviation (Table 8.12).

For metamorphic rocks quartz content controls thermal conductivity (Fig. 8.12d). Mean and median of the
distributions for high and low quartz content differ by nearly a factor of two. While the histogram for high
quartz content rocks (mostly quartzites) is nearly symmetrical, that for low quartz content rocks is
strongly skewed towards low conductivities (Table 8.12).

Table 8.12 Statistical moments of the histograms in Fig. 8.12: Number of measurements N; mean
value p; standard deviation ¢; median M; and first and third quartile Q1 and Q3, respectively.
Total number of data is 27230.

Rock Type N Neotal p c Q1 M Q3

Sedimentary rocks  physical, marine (¢ > 80 %) 648 0,94 0,21 0,80 0,94 1,06
physical, terrestrial (¢ < 30 %) 4204 6416 2,65 1,08 1,93 257 3,09

chemical 1564 2,80 1,19 2,15 264 3,61

Volcanic rocks high porosity 115 4450 1,75 0,64 1,31 1,66 2,10
low porosity 4335 3,08 0,73 2,63 3,07 3,55

Plutonic rocks rich in feldspar 805 6893 2,70 0,50 2,37 2,73 3,02
poor in feldspar 6088 2,86 0,63 238 2,79 3,28

Metamorphic rocks rich in quartz 514 13476 4,71 1,10 3,98 4,63 548
poor in quartz 12962 2,70 0,82 220 254 3,00

Influence of Ambient Temperature: Thermal conductivity varies with temperature. This is primarily due to
the decrease of lattice (or phonon) thermal conductivity with temperature and to a lesser extent to thermal
cracking. Since the thermal expansion coefficient increases with temperature (but differently for all
minerals) differential expansion may create contact resistances between mineral grains. This effect is less
pronounced in water-saturated rocks than in dry rocks, the condition in which most rocks are tested at
elevated temperatures. In contrast, the radiative contribution to thermal conductivity (cf. section 8.1.5.4)
increases with the cube of temperature [see e.g. 1988Cla; 1999Hof]. Thus measurements of thermal
conductivity as function of temperature generally first show a decrease with temperature, until — from
about 1000 °C — 1200 °C onwards — the radiative component balances and sometimes even reverses this
decreasing trend. Radiation is more important for rocks with a larger free mean path of radiation corres-
ponding to smaller values of absorption coefficient and opacity (cf. section 8.1.5.4).

Fig. 8.13a illustrates the temperature variation of thermal conductivity for sedimentary rocks. Up to
300 °C there is a reduction by nearly a factor of two, both for physical and chemical sediments. Above
300 °C the decrease in thermal conductivity is less pronounced, for chemical still a little stronger than for
physical sediments. However, there are very few data for this temperature range, which makes this last
observation statistically weak. Above 300 °C, the mean thermal conductivity of sediments varies between
LOWm'K'- 1.5 Wm' K"
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Fig. 8.13 Variation of thermal conductivity of (a) sedimentary and (b) volcanic rocks with temper-
ature. Color shading indicates a range defined by plus and minus one standard deviation (see text
for details; plots by courtesy of Andreas Hartmann, RWTH Aachen University).
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Fig. 8.13 (continued). Variation of thermal conductivity of (c) plutonic and (d) metamorphic rocks
with temperature, Color shading indicates a range defined by plus and minus one standard
deviation (see text for details; plots by courtesy of Andreas Hartmann, RWTH Aachen University).
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Volcanic rocks (Fig. 8.13b) show a quite different behavior, depending on their opacity, i.e. on how well
they transmit thermal energy by radiation. Due to this additional "radiative thermal conductivity", volcanic
glasses and rocks with a small iron content experience an increase in thermal conductivity for tempera-
tures above 800 °C — 1000 °C (cf. section 8.1.5.4 and e.g. [1988Cla] and [1999Hof]). In contrast, the
thermal conductivity of conduction dominated rocks, such as volcanic glasses and rocks with high iron
content, again decreases with temperature. An inversion of this trend is indicated by few available high-
temperature measurements (above 1300 °C) but with too few measurements to calculate statistically
meaningful means and standard deviations. At about 1000 °C thermal conductivity for these rocks is at
about 50 % of the room-temperature value. Again, there are few data points above 700 °C.

In plutonic rocks there seems to be no strong radiative contribution (Fig. 8.13¢). At temperatures above
600 °C thermal conductivity decreases only very little. However, the variation of thermal conductivity
with temperature depends on the feldspar content of the rocks. For rocks enriched in feldspar, thermal
conductivity decreases little up to 300 °C, while for those poor in feldspar the decrease is stronger,
becoming more gentle above 300 °C, and spreading an additional 20 % over the next 1000 K.
Interestingly, there is a large amount of data available for this high temperature range. The different
behavior of rocks with high feldspar content is due to the increase in thermal conductivity with
temperature of some plagioclase feldspars [1940Bir*] which compensates the decrease in thermal
conductivity with temperature observed for most other minerals and rocks. Other notable exceptions are
fused silica as well as volcanic and silica glasses (see also discussion of empirical relationships below).

For metamorphic rocks, the decrease of thermal conductivity with temperature depends on the content in
a dominant mineral phase, similar to plutonic rocks. For quartzites the decrease is rapid, by nearly a factor
of three up to a temperature of about 500 °C. Above, there is only a very mild further decrease. For rocks
that are poor in quartz the decrease in conductivity is not quite as dramatic, amounting to about one third
of the room-temperature value up to 300 °C. Then it remains roughly constant up to 500 °C. Up to
750 °C, it decreases again to about one third of the room-temperature value.

Often data on thermal conductivity is available for room-temperature conditions only, even though it is
required at elevated temperatures. For this purpose empirical relationships have been proposed based on
measurements at elevated temperatures. With care, they can be used for extrapolation. It is strongly
emphasized, however, that there is no real substitute for genuine measurements.

It has been long recognized that for moderate temperatures thermal conductivity, in general, varies with
the inverse of temperature [1940Bir’]. For this temperature range several approaches are available for
inferring thermal conductivity at elevated temperatures. Based on the analysis of available tabulated data
of thermal conductivity as function of temperature Zoth and Hénel [1988Zot] suggested the following
relationship:

B

MD)=A+——,
350+T

(8.33)

where A is in W m™ K™, T in °C, and the empirical constants A and B are determined from a least-squares
fit versus temperature of data for different rock types (Table 8.12).

Linear relationships between temperature and thermal resistivity, such as eqs. (8.31) and (8.33),
discriminate between temperature-dependent contributions and other factors, which are independent of
temperature, such as micro-cracks, grain boundaries, pore volume, mineralogical composition, shape and
orientation of crystals and their fragments. As discussed for minerals, the coefficients m and n in eq.
(8.31) may be determined as intercept and slope of a linear regression of thermal resistivity versus
temperature. Buntebarth [1991Bun] determined m and n from measurements on 113 samples of
metamorphic rocks from the KTB research borehole in Germany (mostly gneisses and metabasites) in the
temperature range 50 °C — 200 °C. The arithmetic means of 66 individual values determined for gneiss are
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Table 8.13. Values for the constants A and B in eq. (8.33) for different rock types; data: [1988Zot].

rock type T (°C) AWm'K" B(Wm")
(1) rock salt -20 - 0 -2.11 2960
(2) limestones 0 - 500 0.13 1073
(3) metamorphic rocks 0 - 1200 0.75 705
(4) acid rocks 0 - 1400 0.64 807
(5) basic rocks 50 - 1100 1.18 474
(6) ultra-basic rocks 20 - 1400 0.73 1293
(7) rock types (2)-(5) o - 800 0.70 770

m=0.16 £0.03 m K W' and n=(0.37 + 0.14)x10° m W™'. The corresponding means determined on 36
metabasite samples are m=0.33+£0.03mK W' and n=(0.22+0.14)x10° m W

Sass et al. [1992Sas] and Vosteen and Schellschmidt [2003Vos] also distinguish between the effects of
composition and temperature. They propose a general empirical relation for A(T), the thermal conductivi-
ty in W m' K at temperature T in °C, as a function of A, the thermal conductivity at 0 °C:

A(T) = —— 2o

int ercept slope

For different rock types, slopes and intercepts can be determined from linear regressions of eq. (8.34),
yielding a mean intercept a and its uncertainty Aa. Coefficients b and ¢ and associated uncertainties oy
and o, are determined from a second linear regression of the different slopes (b-c/Ag) as a function of 1/A
(Table 8.14).

Table 8.14. Coefficients a, b, and c in eq. (8.34) and associated uncertainties Aa, and o), o.; Aa is the
error of the mean intercept a for all rock types of the linear regressions of the normalized thermal
resistance Ay/A(T) as a function of temperature T; o, and o, are the errors defined by the linear
regression of the slopes (b-c/A) as a function of the thermal resistance 1/ (see eq. (8.34)).

rock type a Aa b % ¢ O T Reference
-1 -1 -1 g2 -1 g2
) (%) K) K)Wm K’) (Wm K (°C)

Basement Rocks | (from 4407, _ gpgo36  — 0.0072 - 0-250  [1992Sas]
felsic gneiss to amphibolite)

Basement Rocks I

(magmatic and metamorphic) 0-99 1 0.0030 0.0015  0.0042 0.0006 0-500  [2003Vos]
Sediments 0.99 1 0.0034 0.0006 0.0039 0.0014 0-300 [2003Vos]

Since thermal conductivity is usually measured at room temperature, A, is expressed as a function of Ays,
the room temperature thermal conductivity, by Sass et al. [19928Sas] for crystalline rocks (felsic gneiss to
amphibolite) as:

Ay =Rys[1.007+25(0.0037-0.0074/A,) | .

(8.35)
Vosteen and Schellschmidt [2003Vos] find for magmatic and metamorphic rocks:
ko =0.53 A, +0.5 1.LI3A% —0.42 1, , (8.36)
and for sedimentary rocks:
ho =0.54 0,5 +0.5 116 A3, 039 A . (8.37)
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Fig. 8.14 Variation of thermal diffusivity k with thermal conductivity A for a suite of meta-sedimen-
tary, volcanic, magmatic, and metamorphic rocks; (a) at room temperature; (b) as a function of
temperature [2005Mot].
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Sass et al. [1992Sas] derived egs. (8.34) Coe
and (8.35) from thermal conductivity
measured as function of temperature in
the range 0 °C — 200 °C and higher on
38 samples from a large suite of
materials including volcanic, metamor-
phic, plutonic, and sedimentary rocks
[1940Bir"; 1940Bir"]. Their results for
granites demonstrate the coupled effect
of composition and temperature: The
normalized thermal resistivity Ay/A(T) is
a linear function of temperature, while 2.2
the slope increases with A(. Sass et al.

[19928Sas] tested eqs. (8.34) and (8.35) R
on an independent data set over a 20 40 60 80 100
temperature range of 0 °C — 250 °C for T ( °C )

rocks ranging in composition from . L. . .
felsic gneiss to amphibolite. In spite of Fig. 8.15 Variation of thermal capacity p ¢ with tempera-

some slight systematic differences, the ture (after [2005Mot]); color code: as in Fig. 8.14.

deviations between measured and predicted values were well within the experimental error range. This
suggests that eq. (8.35) yields useful estimates of the temperature dependence of thermal conductivity for
crystalline rocks, independent of mineralogy, in the temperature interval 0 °C — 250 °C. Vosteen and
Schellschmidt [2003Vos] used a similar approach to obtain thermal conductivity for different crystalline
and sedimentary rocks from the Eastern Alps in the temperature range 0 °C — 500 °C and 0 °C — 300 °C,
respectively.

2671 pc=2134+00044T -

pc (MIm3K?1)
N
N

For crystalline rocks up to a temperature of 100 °C, predictions based on the coefficients of Sass et al.
[1992Sas] and Vosteen and Schellschmidt [2003Vos] yield comparable results with errors of £ 15 %.
From 100 °C — 500 °C predictions based on the coefficients of Vosteen and Schellschmidt [2003Vos]
remain within this error range, while those based on the coefficients of Sass et al. [1992Sas] show a
systematic increase and shift of the error range with temperature from +5 % —-30 % at 200 °C to -10 % -
-55 % at 500 °C [2003Vos].

For sedimentary rocks up to a temperature of 80 °C, predictions based on the coefficients of Sass et al.
[1992Sas] and Vosteen and Schellschmidt [2003Vos] yield comparable results with errors ranging from
+5 % —-18 %. From 80 °C — 300 °C the errors of the predictions based on the coefficients of Vosteen and
Schellschmidt [2003Vos] range from +8 % — -34 %, while those based on the coefficients of Sass et al.
[1992Sas] systematically increase and vary in the range of -5 % — -60 % [2003Vos]. Thus predictions
based on the coefficients of Vosteen and Schellschmidt [2003Vos] appear to be more accurate at higher
temperature and, in particular, for sedimentary rocks.

Thermal diffusivity of rocks varies even more strongly with temperature than thermal conductivity. This
is caused by the opposite behavior of thermal conductivity and thermal capacity (pc) with respect to
temperature: While thermal conductivity decreases by 4 % — 7 % in the range 1 °C — 100 °C, thermal
diffusivity decreases by 18 % — 22 %. Fig. 8.14a shows the variation of thermal diffusivity with thermal
conductivity at ambient temperature for a suite of meta-sedimentary, volcanic, magmatic, and metamor-
phic rocks [2005Mot]. A linear regression through the origin yields:

A A

K=—=0.44x10° A=

pc 2.3x10°° (8.38)

Because of several self-compensating factors, thermal capacity (p ¢) with few exceptions generally varies
within + 20 % of 2.3 MJ m™ K for the great majority of minerals and rocks [1988Bec]. Fig. 8.14b shows
the variation of thermal diffusivity for the previous rock suite [2005Mot] with thermal conductivity at
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temperatures up to 100 °C. Thermal capacity (p c) is the inverse slope of each of these linear regressions
and varies linearly with temperature, too (Fig. 8.15). A linear regression of thermal capacity as a function
of temperature again yields a linear relationship from which the variation of thermal diffusivity «(T) with
temperature can be derived from the variation of thermal conductivity A(T) with temperature:

MT
x(T)= 6( ) .
2.134x10° +0.0044 T

(8.39)

Similar relationships have been reported by Kukkonen and Suppala [1999Kuk] and Vosteen and Schell-
schmidt [2003Vos].

8.1.5.2.2  Influence of Various Factors on Thermal Conductivity

Apart from temperature, thermal conductivity also varies with pressure, saturation, pore fluid, dominant
mineral phase, and anisotropy of different rock types.

Pressure: The effect of overburden pressure is twofold, different for two distinct pressure ranges. First,
fractures and micro-cracks (developed during stress release, when samples are brought to the surface)
begin to close with increasing pressure. This reduces thermal contact resistance as well as porosity, which
is usually filled with a low conductivity fluid. When an overburden pressure of about 15 MPa is reached,
this process comes to an end. A compilation of measurements on various sedimentary, volcanic, plutonic
and metamorphic rocks [1995Cla] indicates that this effect accounts for an increase of about 20 % relative
to thermal conductivity at ambient conditions. A further pressure increase to 40 MPa does not affect
thermal conductivity significantly. If pressure is increased further, however, a second process becomes
effective, the reduction of intrinsic porosity, i.e. voids which are not created by stress release. For granite
and for metamorphic rocks data indicate a corresponding increase of thermal conductivity on the order of
10 % over the pressure range 50 MPa — 500 MPa.

Porosity and Saturating Fluid: For 25 }

large porosities (i.e. ¢ >> 1 %) the 0°% |

thermal conductivity of the saturat- %3 |

ing fluid affects significantly the 2018

bulk rock thermal conductivity. The e &0, 3

influence varies with the thermal X 15 e e A |

conductivity of the saturating fluids: HE ‘ i i

water, oil, natural gas or air (cf. Y R L T o oy el B S B
< | l l

[0 air

water

Table 8.7). The resulting bulk ther- |

mal conductivity can be estimated i

from a suitable mixing model (e.g. 05— e E’Elf,l'_-rT *************** ]
egs. 8.23 — 8.26; see also Fig. 8.10). 3 @'@D

This effect is illustrated in Fig. 8.16 00 3

for data obtained by Robertson and 0 20 20 60 80 100
Peck [1974Rob] from Hawaiian ma- o (%)

rine basalt saturated by air and wa-
ter. This data set is remarkable as it  Fig. 8.16 Variation of thermal conductivity A with porosity ¢

comprises nearly the total possible for Hawaiian basalt [1974Rob], measured dry (air) and
range of porosity from 0 % — 100 %.  saturated with water.

Partial Saturation: The effect of partial saturation is different for porous or fractured rocks. Porosity in
porous rocks consists of the bulk pore space and bottlenecks in between formed by the contact between
individual grains. Dry bottlenecks act as thermal contact resistances between grains, while the bulk pore
volume contributes proportionally to the effective rock thermal conductivity. In fractured rocks, in con-
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Fig. 8.17 Variation of thermal conductivity with partial saturation. (a) Sandstones (3 % < ¢ <30 %)
saturated with oil; values normalized by thermal conductivity at full saturation (circles); data:
[1965Mes; 1974Des]; (b) Sandstone (¢ = 18 %) (circles) and granite (¢ = 1%) (squares) saturated
with water and standard deviations (bars); values normalized by reference thermal conductivities
shown in legend; data: [1991Rei].

trast, there are no bottlenecks between grains as in porous rocks, and the small void volume in the
fractures corresponds to the bulk pores space of porous rocks.

Saturating these two basic types of voids results in a completely different variation of thermal
conductivity with saturation. Fig. 8.17a illustrates the variation of thermal conductivity with the degree of
oil saturation in sandstones of low- to medium-porosity. Initially, there is a rapid increase in conductivity
with saturation: Starting from completely unsaturated conditions (where conductivity is only about 80 %
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Fig. 8.18. Variation of thermal conductivity ratio Aqy/Ase (dry and saturated measurements) with
porosity ¢ for different rock types. Open circles represent mean values of Popov’s measurements on
sedimentary rocks [1990Kob; 1995Pop; 1996Pop; 1998P0ph; 1999P0ph; 2002Pop]: (1) 21 limestones
(North Khasedayu); (2) 54 limestones (Kaliningrad); (3) 13 quartz sandstones (Talinskoe); (4) 44
quartz siltstones (Povkhovskoe, Vat-Eganskoe); (5) 35 conglomerates (Talinskoe); (6) 141 quartz
sandstones (Samotlorskoe); (7) 33 claystones (Samotlorskoe); (8) 99 polymictic sandstones
(Orenburgskoe); (9) 30 quartz sandstones (East European platform); (10) 22 claystones
(Povkhovskoe, Vat-Eganskoe); (11) 65 quartz siltstones (EM-Egovskoe); (12) 99 quartz siltstones
(EM-Egovskoe); (13) 241 quartz siltstones (Samotlorskoe); curves labeled A, Ays, A us, Ageo, and
Anar correspond to the arithmetic, upper and lower Hashin-Shtrikman bound, geometric and
harmonic mixing laws, Ay AVhs, Aus, Ageo, and Mnars respectively (eq. 8.23); plots by courtesy of
Andreas Hartmann, RWTH Aachen University.

of the saturated value), a level of 90 % is reached at about 10 % saturation. The 10 % conductivity
residual is spread almost linearly over the remaining 90 % of saturation. Fig. 8.17b illustrates these two
effects for the case of water-saturation and a medium-porosity sandstone. The behavior is quite similar to
the preceding case: Starting from a completely unsaturated conductivity of only about 60 % of the
saturated value, a level of 85 % is reached again at about 10 % saturation. The 15 % conductivity residual
is again spread almost linearly over the remaining 90 % of saturation. Physically this observation
indicates that the filling of inter-granular bottlenecks, which accounts for only about 10 % — 15 % of the
total porosity, significantly reduces the contact resistances between the individual grains. The
replacement of low conductivity air by a more conductive fluid in the major part of the pore volume
accounts for the second effect. If only fractures contribute to the total porosity, such as in crystalline rock,
there are no bottlenecks and we observe only the second effect. This is shown in Fig. 8.17b for granite
with a porosity of 1 %. Starting from completely unsaturated conditions at a level of only about 85 % of
the saturated conductivity, there is a quasi linear increase until the 100 % level is reached for complete
saturation. Obviously, porous rocks whose pore volume comprises many bottlenecks experience this
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linear conductivity increase only after the contact resistances due to the bottlenecks have been overcome
within the first 10 % — 15 % of saturation.

Fig. 8.18 compares the variation of the conductivity ratio Ag/As of dry and saturated measurements on a
total of 1088 sedimentary rock samples with curves corresponding to the arithmetic, upper and lower
Hashin-Shtrikman bound, geometric, and harmonic mixing laws (Aei, A us, Alus, Ageo, and Ap,, respect-
tively in eq. 8.23). With the exception of oceanic basalt and the greater part of the limy sandstones, the
overwhelming part of the data seems to follow the geometric mixing law within an acceptable variation.

Anisotropy: Thermal conductivity of 30
sedimentary and metamorphic rocks
is often anisotropic due to the condi- o5l I \etamorphic rocks (N=29)| |

tions of their formation. Fig. 8.19
illustrates this effect with measure-

ments performed parallel (A) and 20
perpendicular (A,) to the apparent
direction of layering or foliation.
Notwithstanding the relatively low
number of measurements it can be
seen that the histograms in Fig. 8.19 10
are skewed and do not follow a nor-

mal distribution. The factor of aniso-

tropy, the ratio A / Ay, is generally

between 1 — 2. In Fig. 8.19 the 54

and 29 individual values are plotted (&
for sedimentary and metamorphic
rocks, respectively. While for sedi-
mentary rocks there is a general
trend of decreasing A, with factor of
anisotropy A / A;, the data indicate
no such trend for metamorphic
rocks.

I Sedimentary rocks (N=54)
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Fig. 8.19 Coefficient of anisotropy A; / A, for a suite of
metamorphic and sedimentary rocks (plot by courtesy
of Andreas Hartmann, RWTH Aachen University).

Robertson [1988Rob] discusses an empirical approach which permits to account for the combined effects
of porosity ¢, saturating fluid, and dominant mineral phase. Plotting measured thermal conductivities of
various rocks versus (1-¢), the square of solidity, he finds linear relationships whose slopes vary with the
percent content in a specific mineral (e.g. quartz, olivine, etc). He proposes an interpolation formula that
accounts for the effects of both water- or air-filled porosity and variable mineral content:

A=A +(1-0)" ((A,+pS]-A; ), (8.40)

where A; is pore the fluid thermal conductivity intercept at (1-¢)° = 0, A the solid rock thermal
conductivity intercept at (1-0)* = 1 for zero percent specific mineral content, p the actual percentage of
the specific mineral, and S a slope constant equal to the change of A with the specific mineral content,
determined from intercept values obtained from experimental data at (1-¢)* = 1.

Table 8.15a-c lists some of the data reported by Robertson [1988Rob] which may be inserted into eq.
(8.40) to obtain estimates of thermal conductivity as function of porosity, pore-fluid, and mineral content
for mafic and felsic igneous rocks, and for sandstones (note that variations in air and water thermal
conductivity in Table 8.15a-c result from linear interpolations of different data sets).
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Fig. 8.20 Variation of thermal conductivity normal to bedding of foliation, A, with factor of aniso-
tropy Ay / A, for (a) sedimentary and (b) metamorphic rocks (plots by courtesy of Andreas Hart-
mann, RWTH Aachen University).
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Table 8.15a. Constants A, A, and S from eq. (8.40) for mafic igneous rocks (after [1988Rob]; deter-
mined on tholeitic basalt samples with 0 % — 40 % olivine content; data: [1974Rob]).

solidity (1-9) () pore fluid olivine content p (%) A(Wm' K" SWm'K"'%™

0 air 0 A =0.188

1 air 0 As = 1.51

1 air 30 As =1.96 0.015
0 water 0 A=0.75

1 water 0 As=1.84

1 water 30 As =2.60 0.025

Table 8.15b. Constants A, A, and S from eq. (8.40) for felsic igneous rocks (after [1988Rob]; deter-
mined on samples with 0 % — 45 % quartz content; data: [1940Bir"; 1940Bir"; 1958Bec]).

solidity (1-¢) (-) pore fluid quartz content p (%) L (Wm' K" SWm'K'%™
0 air 0 A =0.026
1 air 0 As =1.47
1 air 100 As =5.23 0.038

Table 8.15¢. Constants A, A, and S from eq. (8.40) for sandstone (after [1988Rob]; determined on
samples with 0 % — 100 % quartz content; data: [1939Bul; 1940Bir"; 1940Bir"; 1941Cla; 1951Bul;
1955Asa; 1956Zie; 1968Hut; 1961Kun; 1961Sug; 1961Woo; 1962Sug; 1970Suk; 1973Anal).

solidity (1-¢) (-) pore fluid  quartz content p (%) L (Wm' K" SWm'K!'%™
0 air 0 A =0.026
1 air 0 As =1.47
1 air 100 As =5.23 0.038
0 water 0 M =0.62
1 water 0 As =1.52
1 water 100 As =8.10 0.038
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8.1.5.3 Heat Advection

Non-isothermal flow is always associated with advective heat transport. For laminar flow in a porous
medium, Darcy’s equation [1856Dar]| describes the linear relationship between the specific fluid
discharge v and the pressure gradient VP over a wide range of pressure gradients:

k
V:_E(VP-'_pngZ) (8.41)

where p; and p are the density and dynamic viscosity of the water and g is gravity. The relationship
between pressure gradient and Darcy velocity is described by the hydraulic permeability tensor k. The
first term accounts for hydrostatic pressure P and the second one for the weight of the water column. The
equation of continuity follows from the law of mass conservation:

0=@+ V(p,v)+p W (8.42)

where W is a source or sink term and p* the corresponding fluid density. The transient flow equation is
then obtained by rewriting the first term on the right side [see e.g. 1986Mar] and substituting for v:

pf(a+ﬁ¢)%—f=V(%(Vp+pfgvzj+p*w. (8.43)

Here, o and P are the compressibilities of rock and fluid (i.e. the reciprocals of their elastic bulk moduli).
An alternative form of the flow equation can be obtained by the following substitutions:

P
Pr =Py (1+(p; =Py )/Py) =po(1+p,) and hy=z+—,
f 0 f p 0]/ Po 0 0 Do g (8.44)
where ho is a constant density hydraulic head at reference conditions with respect to temperature T, pres-

sure P, and solute concentration C (i.e., p(To, Po, Co) = po), and p.=(ps-po)/po is relative fluid density. With

P h
VP=p,g(Vh,—Vz) and P®_ Po gh (8.45)
ot ot
Darcy’s equation (8.41) finally reads:
—p,; gk
v :prg(Vho +p.Vz). (8.46)
Then the flow equation (8.43) becomes:
g I _ V(M (Vh, +prVZ)j+p—W, (8.47)
ot p Po

where S = pr g (a+p ¢) is the specific storage coefficient. In this form, the terms on the right side of eq.
(8.47) correspond to the different driving forces for fluid flow (from left to right): (1) forced convection
due to hydraulic gradients; (2) free convection resulting from differences in density; (3) sources/sinks.

The equation for heat transport in a porous medium follows, in an analogous way as the flow equation,
from the law of conservation of energy. It is obtained from the thermal energy balance in a unit volume:

@:V(x VT—(pc), Tv)+A, (8.48)

where A is a heat generation rate, and pc and (pc); are the thermal capacities of the saturated medium and
the fluid, respectively. The terms on the right side of the heat transport equation (8.48) can again be
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correlated with the different heat transport mechanisms (from left to right): diffusion resulting from a

temperature gradient (corresponding to conduction in the steady state), advection of heat in a flow field,
and sources and sinks.

The Darcy equation (8.41), the flow equation (8.43), and the heat transport equation (8.48) are the basis
for numerical modeling of fluid flow and heat transport [e.g. 2003Cla"]. To fully describe the
interdependence of these equations, equations of state are required for the rock and fluid properties as a
function of temperature, pressure, and solute concentration.

Heat advection does not require large flow velocities to become as efficient or even dominate steady-state
heat conduction or transient heat diffusion. The non-dimensional Péclet and Nusselt numbers, Pe and Nu,
quantify the efficiency of advective heat transport versus heat conduction. For instance, for flow over a
distance L across a temperature difference T,-T, one obtains:

Pe — (p C)f vL — (p C)f v (Tl _TO) — qadvcction — qadvcction +qconducti0n _ qconduction — Nu -1 .

A AT -T,)L (8:49)

q conduction q conduction qconduction

7.6 20

o (mPa s)
7.0

0.5

Fig. 8.21 Variation of water dynamic viscosity p with pressure P and temperature T; data:
[1998Wag].

In almost all heat production technologies heat advection is the principal transport mechanism: It forms
the base in hydrothermal heat production and can improve the efficiency of Earth heat exchangers
significantly. Thus, insight into coupled flow and heat transport processes is important for most heat
production strategies. In many cases this requires numerical simulation. A more detailed treatment of this
topic is well beyond the scope of this review. Interested readers are encouraged to consult the pertinent
literature [e.g. 1986Mar; 1998Ing; 2002Kol; 2003Cla”]. As heat advection scales linearly with the specific
discharge rate v (eq. (8.46)), it varies linearly with permeability and relative fluid density and inversely
with fluid viscosity. Fig. 8.21 and Fig. 8.22 illustrate the variation of the dynamic viscosity and relative
density of (pure) water with pressure and temperature.
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g

0.8 -0.6 0.4 D2 00

Fig. 8.22 Variation of relative water density p, (eq. (8.44)) (with respect to P=0.1 MPa and T=293.15
K=20 °C) with pressure P and temperature T; data: [1998Wag|.

In contrast, the variation of permeability is much larger and much less well defined. For any given type of
rock, permeability varies within several orders of magnitude. Actually, rock type defines permeability
rather poorly. In fact, it depends on porosity but also on the rock’s diagenesis in a highly non-linear way.
Therefore it varies also with the internal surface area of the rock’s void spaces and the tortuosity of the
network of pores and fractures.

For unconsolidated and sedimentary rocks a number of empirical relationships allow to derive permeabili-
ty from porosity and other quantities, such as specific surface, average or median pore and grain size, and
shale content [1972Bea; 1986Mar; 2003Cla’]. The best known of these relationships, the Kozeny-Carman
equation, relates permeability to porosity and specific surface S,, the surface area exposed to the fluid per
unit volume of solid material (given in m™) [1972Bea; 1986Mar]:

¢3
=C 57 (8.50)
" S; (1-0y
Values used for the constant ¢, vary between 1/6 < ¢, < 1/2 [1972Bea], the most frequently used values
being c,=1/5 [1972Bea; 1986Mar] and cy=1/2 [e.g. 1999Pap]. If the mean grain radius r, is given by
r=3/So [1972Bea] and c,=1/5, eq. (8.50) can be expressed by:

2 3

0 (8.51)
45 (1-¢)’

For unconsolidated sediments permeability may be expressed in terms of the particle size distribution.

With d,¢=2r), the “effective grain diameter” which is larger or smaller for 10 or 90 weight % of a sample,

respectively, permeability can be expressed by [1986Mar]:

k =d?% /1000 =12 /250 . (8.52)

For unconsolidated sand Bretjinski’s formula [1986Mar] gives hydraulic conductivity K =p, gk/u as
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Fig. 8.23 Log-log plot of permeability k versus porosity ¢ for different consolidated and unconsoli-
dated clean and shaly sandstones from the Northern German sedimentary basin. The colored
curves, calibrated by several hundred data points, correspond to different clean to shaly sandstones
(top to bottom), and are validated by independent data (symbols); details: see [2003Cla®|. The
broken red line corresponds to average North German sandstone (eq. (8.55)), the straight dotted
line to the frequently employed cubic relationship between permeability and porosity, and the bent,
straight line characterizes French Fontainebleau sandstone [1985Boul].

K=3.332x10° ¢’ (Kinmd"') or: K=38.564¢’ (Kinms™). (8.53)

For consolidated porous and fractured rocks Pape et al. [1999Pap; 2000Pap; 2005Pap] derived a three-
term power series in porosity ¢ for permeability k from a petrophysical model in which the internal
surface’s roughness is expressed by its fractal dimension which defines the different exponents:

K=A 0" +Bo™: +C(10¢°™). (8.54)

The coefficients A, B, and C and the exponents exp;, exp,, and exp; need to be calibrated for each type of
(clean to shaly) sandstone. They express the different types of compaction and cementation sandstones
may have experienced during diagenesis. For average sandstone from the Northern German sedimentary
basin Pape et al. [1999Pap] derived the following coefficients and exponents:

k=310+7463¢> +191(10¢'") . (8.55)

Fig. 8.23 gives an example for shaly to clean sandstones which illustrates the strong non-linearity,
involving exponents of porosity as large as 10.
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8.1.5.4 Heat Radiation and Thermal Conductivity in the Earth’s Mantle

In the Earth, heat radiation becomes a relevant heat transfer mechanism only for temperatures above
about 600 °C (see [1988Cla] for a review). Thus, in the context of this review, it may become relevant
only in exceptional cases involving temperatures which are unusually high for crustal conditions.
Examples might involve, for instance, lava lakes, underground fires in coal seams, and burning coal and
waste piles.

In an absorbing and scattering medium the radiative contribution to the total heat transport is due to
repeated absorption and re-emission of energy. If the mean free path of radiation is small compared to the
distance to material discontinuities (such as grain boundaries) and for moderate temperature gradients (no
large anisotropy in the intensity of radiation), the total specific heat flow propagated through the medium
can be approximated by:

aT
q; = _(Xp,ij + Xr’ij) a— .
.

Xj

(8.56)

ij

In eq. (8.56) the radiative contribution is expressed by a “radiative” thermal conductivity A,, much in the
same way as the diffusive contribution is expressed by the phonon thermal conductivity A, in Fourier’s
law, eq. (8.22). Various expressions can be given for A, under different assumptions. The transmitted
intensity I, is related to the incident intensity Iy, the radiation path, x, and the opacity, €: I = I exp(-€x).
Opacity is defined as ¢ = 1/ €, with € the mean free path of radiation (i.e. the average distance a photon
travels until it interacts with matter). The so-called gray body approximation requires a medium’s opacity
to be finite, constant, and independent of the radiation’s wavelength while, in general, opacity is a
function of the radiation wavelength. Opacity in an absorbing and scattering medium is the sum of
contributions from these two processes: € =y + ¢, where ) and ¢ are the absorption and scattering
coefficients, respectively.

All materials have a complex index of refraction m defined by:
m=n-iK, (8.57)

where n=cy/c (the ratio of the speed of light in vacuum and in the substance) is the real part of the index
of refraction and K is its imaginary part, sometimes also called extinction coefficient. The absorption
coefficient i is related to the complex index of refraction K by:

xX=4TK/A, (8.58)

where A is the wavelength of radiation [see e.g. 1970Aro].

If the real part of the index of refraction and the spectral radiance are also independent of wavelength and
temperature T, A, can be expressed by [1952Van; 1988Cla]:

=E(Sn2 5

A, T, (8.59)
3 ¢

where 6 = 5,6704x10®* W m? K™ is the Stefan-Boltzmann constant. As an example of magnitude, when
opacity is identified with the absorption coefficient (neglecting contributions from scattering) and taking
typical silicate values of n = 1.7 (Table 8.16) and values of the olivine (Fog,Fagg) absorption coefficient
at 1700 K of 1000 m™ <y < 1500 m™ [1979Sha], this yields a range for radiative thermal conductivity at
1700 K of 2.86 Wm' K" <ir<429 Wm' K"

Phonon and radiative conductivity jointly form the effective thermal conductivity (eq. (8.56)). Effective
thermal conductivity is the property measured in experiments at elevated temperatures. Thus, with the
exception of some low-opacity minerals, such as obsidian, and particularly at temperatures below about
600 °C, A, need not be accounted for separately.
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Table 8.16 Index of refraction n of some substances

A more detailed analysis of heat transport based

. o . substance n=cy/c

on an analysis of phonon lifetimes obtained from o
infrared reflectivity has been provided by air 1.000272
Hofmeister [1999Hof]. It accounts for the vari- water 1.333
ation of the phonon contribution A, to thermal rock salt (NaCl) 1544
conductivity with both temperature and pressure

.. glass 1.5-1.6
as well as for the pressure dependent radiative o
contribution A, to thermal conductivity. It repli- carbon disulfide (CS;) 1.628
cates experimental data at ambient conditions silicates 1.7
and is therefore particularly attractive for calcu- diamond 2417

lating mantle geotherms. Under the following
assumptions thermal conductivity can be approximated for mantle conditions: (1) K’j, the pressure
derivative of the isothermal bulk modulus Kr, is constant: K’;=dK1/dP=const; (2) the variations of the
bulk modulus as a function of temperature and pressure are mutually independent; (3) the pressure
derivative of the thermodynamic Griineisen parameter ¥ (cf. section 8.1.1) is constant: dy/dP=f. For
mantle substances, Y varies from 1 — 1.4, K’y from 4 — 5, and the constant vanishes approximately, f~0
[1999Hof]. Within the uncertainty of these parameters, thermal conductivity under mantle condition is
given by Hofmeister [1999Hof] as:

298 T K, P
MT,P) = Raog i 1 am (—?Sj exp{—(4y+1/3) [ o(6) dGHH K° JM" (8.60)
298

T

where Ayos i, 1 am 18 the thermal conductivity at ambient conditions, o(T) the volume coefficient of thermal
expansion as a function of temperature. The radiative contribution A, may be approximated by eq. (8.59).
Alternatively, Hofmeister [1999Hof] provides expressions for A, (in W m™ K™) for ferrous minerals or
dense silicates and oxides (Fig. 8.24):

A, =0.01753-1.0365 x107*T+2.2451x107 T> =3.407x107"" T* (ferrous minerals)

_ —11 3 e . (8.61)
A, =8.5x107" T (dense silicates and oxides).
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Fig. 8.24 Variation of radiative thermal conductivity A, of ferrous minerals, dense silicates, and
oxides with temperature according to eq. (8.61) [1999Hof].
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8.2 Geothermal Energy Resources

Geothermal energy is generally defined as the heat stored in the Earth (and its internal fluids) [e.g.
2000Ano; 2000Rog]. This comprises the heat stored both in the solid rock and in the fluids of its voids,
and distinguishes it from heat stored in surface water bodies such as rivers, lakes and oceans. This
definition disregards whether the heat stored in the Earth is generated by internal or external sources.
While such a distinction is sometimes proposed for various reasons (mostly with regard to solar heat
stored at shallow depth), the origin of the geothermal resource is of no importance at all to its use: It is
where the heat is stored which defines how it can be mined and used. Apart from this, the overwhelming
part of geothermal heat is of internal origin anyway, as discussed in section 8.1.2.

Four types of geothermal resources are usually distinguished [1997Moc; 2000Rog]:

- hydrothermal: hot water or steam at moderate depth (i. e. 1 km — 4 km) with temperatures of up to
350 °C in a permeable region of porous rock with active free or forced convection systems;

- geopressured: hot, high-pressure reservoir brines containing dissolved natural gas (methane). Their
energy content is about 58 % thermal, 32 % hydrocarbon chemical, and 10 % hydraulic, at best;

- hot dry rock (HDR): systems where fluids are not produced spontaneously. Therefore these systems
require stimulation before energy can be extracted. They may occur within or at the margins of
active hydrothermal reservoirs or may be associated only with an elevated heat flow in a conduc-
tion-dominated geologic setting. The term kot wet rock was suggested for cases where significant
porosity and natural water are present in open fractures or permeable rock. More recently the term
enhanced geothermal systems (EGS) was introduced to describe all different types of low-permeabi-
lity reservoirs which require permeability enhancement prior to heat production;

- magma: molten rock at temperatures of 700 °C — 1200 °C at accessible depth (about < 7 km).

It is customary to classify energy resources according to the scheme proposed initially by McKelvey
[1967McK] for mineral resources (Fig. 8.25). It accounts for the varying degrees of geological assurance
and economic feasibility (or time prior to a commercial production).

Fig. 8.25 McKelvey-diagram [1967McK] for classifying resources (modified after [2000Rog]).
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Thus, geothermal resources are defined as the fraction of the accessible resource base or “heat in place”
which could be produced at a price which will become competitive with other types of energy within a
reasonable period of time [1978Muf]. Geothermal reserves, in contrast, are the fraction of the resources
which will become economical in a much nearer future. Table 8.17 shows a classification of geothermal
resources and an estimate of their global potential.

Table 8.17 Definition of geothermal resource categories and their estimated global potential (after
[2000Rog)).

Resource category Energy (EJ)
Accessible resource base

(heat in place: amount of heat which can be produced theoretically from the topmost 5 km) 140,000,000
Useful accessible resource base 600,000
Resources

(fraction of the accessible resource base which is expected to become economical within 5,000
40-50 years)

Reserves

(fraction of the accessible resource base which is expected to become economical within 500

10-20 years)

Different recent estimates of the accessible geothermal resource base vary between 140,000,000 EJ
[2000Rog] and about 117,000,000 EJ [1997Moc], i.e. by less than 20 %. Table 8.18 shows that it is
available world-wide. Only about 4 % of this huge resource base is considered as useful and accessible,
and of this again only about 1 % are considered as resources. Finally, 10 % of the resources, i.e. their
most accessible part, are considered as reserves. Tiny as this might appear, this amount exceeds the global
annual primary energy consumption of 420 EJ in the year 2001 [2003IEA]. Therefore, and for its
widespread availability on our planet at any time of the day and the year, “the technological ability to use
geothermal energy, not its quantity, will determine its future share” [2000Rog].

Table 8.18 Accessible geothermal resource base by region (after [2000Rog]).

Region Energy (EJ) Percentage of world total
North America 26,000,000 18.6
Latin America and Caribbean 26,000,000 18.6
Western Europe 7,000,000 5.0
Eastern Europe and former Soviet Union 23,000,000 16.4
Middle East and North Africa 6,000,000 4.2
Sub-Saharan Africa 17,000,000 121
Pacific Asia (excl. China) 11,000,000 7.9
China 11,000,000 7.9
Central and South Asia 13,000,000 9.3
Total 140,000,000 100.0
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8.3 Types of Geothermal Energy Use

Geothermal energy can be used directly, i. e. without any further conversion, as heat. The direct
application of geothermal heat is referred to as direct use. Alternatively, geothermal heat can be converted
into other types of energy at the expense of some energy for the conversion. Electric power generation
requires conversion into electricity. Direct use exploits the resource more efficiently than power
generation as no energy is lost during conversion of heat into electricity. However, heat cannot be
transmitted over distances of more than some kilometers at most without a notable reduction of efficiency
due to inevitable heat losses. There has been a long tradition of direct use of geothermal heat in various
human cultures over several millennia, mostly associated with (but not restricted to) hot springs.
Although there is no exact starting date for the direct use of geothermal heat, it is well known when
geothermal heat was supplied to a large-scale municipal district heating system for the first time: in
Iceland in the year 1930 [2001Fri]. Since then, Iceland has become independent of fossil fuels for heating,
eliminating the serious prior pollution problems related to the burning of black coal in winter. In contrast
to direct use, it is exactly known where and when geothermal heat was first converted into electric power:
in Lardarello, Italy, in the year 1904, a century ago when the engineer Count Piero Ginori Conti
succeeded in producing sufficient electricity from geothermal steam to power five electric light bulbs.

Different technologies are used to produce geothermal heat. They are based on either heat conduction or
advection: (1) In conductive heat production, heat diffuses into an isolated underground heat exchange
system without any exchange of substance (see sections 8.3.1.1.1 and 8.4.1.1). This technique is
employed in direct use, predominantly for shallow heat production systems. (2) Advective heat
production is based on the production of hot fluids, mostly brines, from underground reservoirs at
appropriate depths (see sections 8.3.1.1.2 and 8.3.2). This technique is used both for direct use (see
section 8.4.1.2) and power generation in low enthalpy' and medium or high enthalpy fields (see section
8.4.2.1), respectively, depending on the temperature of the produced fluids (Table 8.19).

Table 8.19 Classification of geothermal reservoirs (after [2002Bar]).

Type Resource Temperature range (°C) Energy content
. Warm water <100 Low enthalpy

Water dominated Wet steam 100 - 150 Medium enthalpy

Vapor dominated Dry steam > 150 High enthalpy

Of approximately 100 hydrothermal systems studied worldwide, less than 10 % are vapor dominated dry
steam fields, 60 % are water dominated wet steam fields, and 30 % produce hot water [2002Bar].

8.3.1 Direct Use

In direct use geothermal energy is employed directly as heat without further conversion in other types of
energy. By the year 2005, the global annual production of direct use geothermal energy amounted to
72,622 GW h or 261 PJ [2005Lun]. Large as this figure may appear, it amounts to just about one percent
of the primary energy consumption of 14,319 PJ in a medium sized, developed industrial country like
Germany in the year 2002 [2004BMW]. Fig. 8.26 shows, on a logarithmic scale, the contribution of the
top 55 countries to the global production of direct use geothermal heat. As direct use is most attractive in
moderate to cold climates, the territory of most of these countries lies in this region, at least in part. It is
notable that the Peoples Republic of China, a developing and emerging industrial country, is the top
producer ahead of the USA, Iceland (where nationwide heat production is almost exclusively
geothermal), and a dynamically developing Turkey. More than half of the global direct geothermal heat in
the year 2000 was produced in these four countries alone.

"Enthalpy H=E + PV, where E is internal energy, P pressure and V volume, see Sect. 8.1.4.
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The extent to which the available installed geothermal capacity is being used to its full potential is
expressed by the capacity factor, the ratio of energy produced per year versus maximum possible annual
production. With regard to this capacity factor Fig. 8.26 and

Table 8.20 illustrate that the top five producers of direct use geothermal heat, the People’s Republic of
China, Sweden, the USA, Iceland, and Turkey used between just 13 % and 53 % of the capacity installed
in the year 2005. These numbers suggest that an increase in direct use would be possible here without
installation of any new capacity. Whether this can be really implemented, however, cannot be predicted
without a detailed analysis of the reasons for the comparatively low capacity factors. However, as these
five countries comprise 60 % of the global direct geothermal heat production, an increased use of their
installed capacity would increase the
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Fig. 8.26 National contributions to the global annual production of about 261 PJ (72.6 TW h) of
direct use geothermal heat (big red bars) and capacity factors (energy produced vs. year-round
energy production at full capacity; slim blue bars) by the year 2005 (data: see
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Table 8.20).

Table 8.20 Installed capacity and direct use geothermal heat production in 71 countries (data:
[2005Lun]; for Germany: [2005Sch] and own calculations, see Table 8.21).

Capacity Direct Use Heat production Capacity Factor

Countr

y (MW)) (T¥a™)  (GWha") ©
Albania 9.6 8.5 2.4 0.03
Algeria 152.3 2,417.0 671.4 0.50
Argentina 149.9 609.1 169.2 0.13
Armenia 1.0 15.0 4.2 0.48
Australia 109.5 2,968.0 824.5 0.86
Austria 352.0 352.0 2,229.9 0.20
Belarus 1.0 13.3 3.7 0.42
Belgium 63.9 431.2 119.8 0.21
Brazil 360.1 6,622.4 1,839.7 0.58
Bulgaria 109.6 1,671.5 464.3 0.48
Canada 461.0 2,546.0 707.3 0.18
Caribbean Islands 0.1 2.8 0.8 0.89
Chile 8.7 131.1 36.4 0.48
China 3,687.0 45,373.0 12,604.6 0.39
Columbia 14.4 287.0 79.7 0.63
Costa Rica 1.0 21.0 5.8 0.67
Croatia 114.0 681.7 189.4 0.19
Czech Republic 204.5 1,220.0 338.9 0.19
Denmark 821.2 4,360.0 1,211.2 0.17
Ecuador 5.2 102.4 28.4 0.62
Egypt 1.0 15.0 4.2 0.48
Ethiopia 1.0 15.0 4.2 0.48
Finland 260.0 1,950.0 541.7 0.24
France 308.0 5,195.7 1,443.4 0.53
Georgia 250.0 6,307.0 1,752.1 0.80
Germany 884.6 4,922.0 1,368.3 0.18
Greece 74.8 567.2 157.6 0.24
Guatemala 21 52.5 14.6 0.79
Honduras 0.7 17.0 4.7 0.77
Hungary 694.2 7,939.8 2,205.7 0.36
Iceland 1,791.0 23,813.0 6,615.3 0.42
India 203.0 1,606.3 446.2 0.25
Indonesia 2.3 42.6 11.8 0.59
Iran 30.1 752.3 209.0 0.79
Ireland 20.0 104.1 28.9 0.17
Israel 82.4 2,193.0 609.2 0.84
Italy 606.6 7,554.0 2,098.5 0.39
Japan 413.4 5,161.1 1,433.8 0.40
Jordan 153.3 1,540.0 427.8 0.32
Kenya 10.0 79.1 22.0 0.25
S. Korea 16.9 175.2 48.7 0.33
Lithuania 21.3 458.0 127.2 0.68
Macedonia 62.3 598.6 166.3 0.30
Mexico 164.7 1,931.8 536.7 0.37
Mongolia 6.8 213.2 59.2 0.99
Nepal 21 51.4 14.3 0.78
Netherlands 253.5 685.0 190.3 0.09
New Zealand 308.1 7,086.0 1,968.5 0.73
Norway 450.0 2,314.0 642.8 0.16
Papua-New Guinea 0.1 1.0 0.3 0.32
Peru 2.4 49.0 13.6 0.65
Philippines 3.3 39.5 11.0 0.38
Poland 170.9 838.3 232.9 0.16
Portugal 30.6 385.3 107.0 0.40
Romania 145.1 2,841.0 789.2 0.62
Russia 308.2 6,143.5 1,706.7 0.63
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Countr Capacity Direct Use Heat production Capacity Factor

y (MW,) (TIa')  (GWha) )
Serbia 88.8 2,375.0 659.8 0.85
Slovak Republic 187.7 3,034.0 842.8 0.51
Slovenia 48.6 712.5 197.9 0.46
Spain 22.3 347.2 96.5 0.49
Sweden 3,840.0 36,000.0 10,000.8 0.30
Switzerland 581.6 4,229.3 1,174.9 0.23
Thailand 1.7 28.7 8.0 0.54
Tunisia 25.4 219.1 60.9 0.27
Turkey 1,177.0 19,623.1 5,451.3 0.53
Ukraine 10.9 118.8 33.0 0.35
United Kingdom 10.2 45.6 12.7 0.14
USA 7,817.4 31,239.0 8,678.2 0.13
Venezuela 0.7 14.0 3.9 0.63
Vietnam 30.7 80.5 224 0.08
Yemen 1.0 15.0 4.2 0.48
TOTAL 27,824.8 261,418.0 72,621.9 0.30

global production significantly. In contrast, in countries with comparatively large capacity factors, a sig-
nificant increase in direct use geothermal heat production requires new facilities.

8.3.1.1 Space Heating

In moderate and cold climates most of the national final energy is consumed as heat. As an example, we
find that in Germany in the year 2002 about 58 % of the national final energy was consumed for space
heating, process heat, and hot water (Fig. 8.27). Thus it appears that a huge market should be available for
direct use geothermal heat. However, two main obstacles may prevent the use of geothermal heat: (1) In
many places heat is available as abundant waste heat, e.g. from thermal power stations. This limits the
price that can be obtained on the market. Also, market penetration for geothermal heat may be difficult if
the current demand is already satisfied by existing sources. (2) Heat cannot be transported over long
distances from the point of production to the end-user, unless a grid of well insulated pipelines is in place
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Fig. 8.27 Consumption of final energy in Germany in 2002; Data: [2003VDE; 2004BMW].
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which can be fed with geothermal heat. Installing a grid exclusively for direct use geothermal heat often
turns out to be prohibitively expensive. If, in contrast, heat supply systems are planned for new buildings
they can be optimized for direct geothermal use. In these cases geothermal heat may be supplied at a
competitive price based on proven and reliable technology: ground-source heat pumps, used primarily for
heating (and cooling) of individual buildings, and hydrothermal heating plants for providing heat to
municipal district heating systems.

8.3.1.1.1 Earth Coupled Heat Extraction Systems

There is variety of different Earth coupled heat extraction systems. All have in common that they extract
heat by diffusion only — there is no need to produce groundwater or fluids from deeper reservoirs. There
are shallow and deep systems of this kind, consisting of one or several shallow or deep pipe systems in
which a heat exchange fluid is circulated which is not in direct contact with the ground or rock. Heat
diffuses into these systems across the pipe system from the outside ground or rock [2001Dic; 2003Lun?].

Horizontal Earth coupled heat exchangers (Fig. 8.28) are pipe systems buried in the ground below the
freezing depth. They can be used wherever there is sufficient surface area available for their installation.
Therefore they are more rarely installed for space heating and cooling of buildings than vertical borehole
heat exchangers.

Shallow borehole heat exchangers (Fig. 8.29) commonly consist of one or several U-pipes (Fig. 8.30)
installed and backfilled in a borehole, the most frequent configuration consisting of two U-pipes arranged
at an angle of 90°. Alternatively, coaxial pipe arrangements are also used, but more frequently for deeper
boreholes (Fig. 8.30). Shallow borehole heat exchangers are installed in boreholes with depths varying
between about 50 m — 250 m. In all shallow systems, heat exchangers extract heat from the isolated
primary circulation within the U-pipes or horizontal pipe systems and transmit it into a secondary circuit.
As a rule, shallow systems additionally require a heat pump to obtain suitable input temperatures.
Depending on the type of domestic heating system, input temperatures vary between about 40 °C — 70 °C
for surface heating elements (floor, wall, ceiling) or conventional radiators, respectively. Per unit length,
shallow borehole heat exchangers typically possess a specific power of about 40 W m™” — 55 W m’'
+16 W m™ [1999Kal; 2001 Ano*; 2003Cla"].

Fig. 8.28 Horizontal Earth coupled heat Fig. 8.29 Vertical borehole heat exchanger
exchanger system (after [1999Ano”; yel- system (after [1999Ano”; yellow box in
low box in building basement: heat pump). building basement: heat pump).
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The uncertainty of + 30 % is primarily due
to the natural variability of thermal rock
properties, mainly of thermal conductivity
or diffusivity. Since these systems are
coupled to a heat pump, they can be used
for both heating and cooling of buildings,
depending on whether the Earth or the
building is the heat source. Cooling build-
ings with ground-source heat pumps in the
summer, while heating the same building
with the same systems in winter is becom-
ing increasingly attractive. This can be
achieved if heat from the building can be
fed into the cooler subsurface during the
warm season, i.e. if the underground tempe-
rature is lower than that of the fluid cir-
culation. This way, the economical perfor-
mance of the system may be significantly improved. At the same time, the underground geothermal
regime can recover more quickly during the warm season when no heating is required. Heating and
cooling with Earth coupled heat pumps requires appropriate large-surface heat distribution systems in the
buildings or structures because of the low supply temperature level. Although shallow borehole heat
exchangers can be installed in nearly any type of subsurface, soft (sedimentary) rocks are generally more
easy (and less expensive) to drill than hard (basement) rocks, from a technical point of view. Also, in
porous and fractured rocks heat may flow to the borehole not only by diffusion but also by advection in a
regional groundwater flow field. This can improve the thermal yield of a ground-source heat pump
significantly.

Fig. 8.30 Two common basic pipe arrangements
used in Dborehole heat exchangers (after
[2002Geh]).

Since they do not require any particular thermal anomaly, ground-source heat pumps represent a
geothermal heat production technology which is suitable even for regions with altogether ordinary
geothermal conditions. This is illustrated by the examples of Sweden, Switzerland, and Austria, three
countries without significant geothermal anomalies in cold to moderate climate, but with an impressive
annual per capita heat production from ground-source heat pumps (Table 8.21). The corresponding
installed thermal power puts Sweden, after Iceland, on rank 2 in the list of per capita installed direct use
geothermal power, and Switzerland, Austria, and Germany on ranks 4, 5, and 9.

Table 8.21 Top producers of geothermal heat by ground-source heat pumps (data: [2003Lun’;
2004Sig"; 2004BWP] and own calculations).

Country, Number of ground- Annual heat Installed power Per capita annual heat
population (10°) source heat pumps production (TJ) (MWy,) production (MJ)
Sweden, 9 200,000 28,800 2,000 3200
USA, 294 500,000 13,392 3,720 46
Germany, 82 51,000 4,212 780 51
Canada, 32 36,000 1,080 435 34
Switzerland, 7 27,500 2,268 420 324
Austria, 8 23,000 1,332 275 167

Heat exchanger piles (Fig. 8.31) are relatively recent developments: Heat exchanger pipe systems inte-
grated directly into the concrete foundations of buildings and other constructions for heating and cooling.
If properly designed and integrated into a combined heating and cooling system right from the beginning,
these systems can be a useful part of modern low-energy, low CO,-emission buildings and constructions.
Depending on the size of the buildings or structures, the installed power may range from 10 kW — 800
kW for small houses and large industrial buildings, respectively [2002Vua®]. These integrated systems are
usually connected to a heat pump. Like for other Earth coupled heat exchangers, their specific power de-
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pends on the flow rate, the temperature differ-
ence between inflow and outflow of the heat
exchange fluid (a function of the flow rate as
well), the thermal properties of the ground, and
the amount of heat advection due to ground-
water flow. Depending on local conditions and
pile diameters, values reported for specific
power per meter of foundation pile range bet-
ween 20 W m™ — 75 W m™ [2004Von"].

Similar types of heat exchangers can also be
integrated in other concrete constructions, such
as concrete floors, ceilings and walls. A com-
bined use of these different types of heat ex-
changers was recently realized in Vienna for
heating and cooling of the “Schottenring” sub-
way station [2004Von®] where they were inte-
grated in concrete floors and foundation piles.
Here, the maximum specific power per square
meter of heat exchange surface of all systems
exceeds 40 W m™. The annual average specific
power of about 13 W m™ is accordingly lower
than this maximum value, corresponding to an
average annual heating and cooling energy of
about 170 MW h and 120 MW h, respectively.
A large new terminal building of the airport in
Ziirich is heated in winter and cooled in summer using heat exchanger piles integrated in 315 foundation
pillars of 30 m length and diameters of 0.9 m — 1.5 m. The associated heating and cooling energy is 470
MW h and 1,100 MW h, respectively.

Fig. 8.31 Heat exchanger piles: Earth coupled
heat exchanger pipe systems integrated in
building foundation piles (after [2004Von"]).

While statistical data on this type of direct use is scarce — for instance 7 MW of installed power are
reported for Switzerland by the year 2004 [2004Sig] — its potential is significant. By the end of the year
2002, more than 380 such systems were reported to have been in operation in Austria, Germany, and
Switzerland [2002Vua®]. Many more applications are conceivable for all kinds of buildings with deep
foundations, in particular high-rise buildings and towers, bridges etc.. Obviously, an intensified use of
these integrated systems for modern low-energy, low-carbon dioxide emission buildings requires both an
increased awareness of the available technological options on the part of planners, architects, and
developers, and a close cooperation between construction companies and specialists in space heating and
cooling systems on the one hand and in Earth coupled heat production systems on the other hand.

Deep borehole heat exchangers have been installed to depths of about 1500 m — 3000 m and maximum
temperatures of about 60 °C — 110 °C [e.g. 1999Wet; 2002Koh]. In contrast to shallow borehole heat
exchangers, U-pipes cannot be used here anymore due to the much greater depth of the boreholes.
Instead, these systems consist of a coaxial arrangement of an inner production pipe inserted into an outer
borehole casing. Water flows down the annulus of this coaxial system and up again in a central produc-
tion pipe. In order to minimize heat losses, the production pipe needs to be insulated where the production
temperature exceeds the ambient rock temperature. The available operational data from the small number
of currently operating deep borehole heat exchangers indicate a specific power of about 20 W m™ — 54 W
m™, similar to that of shallow systems [1999Wet; 2002Koh]. However, recent studies suggest that
currently operating deep borehole heat exchangers may be under-exploiting the available resource
significantly [2002Koh]: Based on detailed numerical simulations calibrated on operational data from an
existing system they conclude that a specific power of at least 85 W m™ can be reached for a system with
a depth of 2300 m, corresponding to an installed power of about 200 kW.
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As with shallow systems, the heat of the primary circulation within the deep borehole is transferred to a
secondary circuit by a heat exchanger. Deep systems often do not require a heat pump due to their higher
output temperature. Heat can be fed directly into the building’s space heating system or into a local heat
distribution system via the heat exchanger. Sometimes, however, a heat pump is used additionally. With-
out additional shallow boreholes, cooling cannot be provided by most deep borehole heat exchangers:
Their elevated production temperatures preclude their use for space cooling.

8.3.1.1.2 Hydrothermal Heating Systems

Hydrothermal heating systems consist of one or several, usually deep, boreholes for producing (and
injecting) water from aquifers or deep reservoirs. Shallow systems are referred to as groundwater heat
pumps (Fig. 8.32), deep systems as hydrothermal heating plants (Fig. 8.33). While there is a variety of
different configurations for hydrothermal heating plants, all have in common that hot water or brine is
produced and cooled at the surface. Unless it can be further used or discharged into surface waters, the
cooled water is injected back into a subsurface reservoir or aquifer. In some countries there are legal
thresholds with respect to the permitted heating of the affected aquifer. In the surface unit, heat is
extracted from the produced hot water or brine in a heat exchanger and fed into a secondary distribution
circuit. Sometimes a heat pump is also switched into the secondary circuit at an appropriate position. In
groundwater heat pump installations this is the rule. There are systems which use one single well for fluid
production and injection from a deep and into a shallower reservoir, respectively, but most are doublet
installations consisting of two boreholes, one for production and one for injection (Fig. 8.32, Fig. 8.33). A
sufficient minimum offset between the two well bottoms prevents a thermal short circuit during the
installation’s life time, commonly 20 — 30 years. For hydrothermal heating plants, this offset is often on
the order of 10° m. Frequently the two wellheads are equally offset. However, sometimes it may be
attractive or even necessary to drill both boreholes from the same platform and deviate one or both of
them.

In contrast to conductive heat production by ground-source heat pumps, advective heat production by
hydrothermal heating systems requires producing large volumes of hot fluid. Therefore, the most critical
properties are hydraulic permeability, reservoir porosity and thickness (see sections 8.1.5.3 and 8.4.1.2;

Fig. 8.32 Groundwater heat pump system Fig. 8.33 Hydrothermal heating plant
(after [1999Ano”; yellow box in building (doublet installation; after Geothermie
basement: heat pump). Neubrandenburg GmbH).
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sometimes transmissivity, the product of reservoir thickness and hydraulic conductivity, is used as a
lumped property to characterize reservoirs). Accordingly, almost all hydrothermal heating systems are
placed in sedimentary rocks, often in sedimentary basins. Sedimentary basins, such as the Pannonian and
Paris basins or the Rhine Graben in Europe, frequently display geothermal anomalies (see e.g.
[2002Hur]). Placing these systems into geothermal anomalies can help to reduce drilling depth to the
desired temperature. This ranges usually from about 60 °C — 100 °C for these low enthalpy heat
production systems (cf. Table 8.19). A reduced drilling depth can be crucial for the economic feasibility
of hydrothermal heating plants as drilling cost amounts to at least half of the final turnkey investment cost
[1999Kay] (see also section 8.4.1.2).

8.3.1.2 Commercial and Industrial Applications

Direct use geothermal energy may be both cost effective and reliable in industrial applications. Some in-
dustries use steam or superheated water, while agriculture and aquaculture require lower temperature geo-
thermal fluids. At present, the largest industrial applications are in pulp, paper and wood processing. Ex-
amples include timber processing in New Zealand, a diatomaceous earth plant in Iceland, a vegetable
dehydration plant in the United States, and industrial water in Romania [2004Wor]. Other applications
currently operating or studied for feasibility include [1992Ste®; 2000Rag; 2001Fri; 2001Lun; 2002Bar;
2003Lie; 2003Lun"; 2003Raf’; 2004Wor]:

- Hydrogen production by high-temperature steam hydrolysis operating at 800 °C — 1000 °C;

- hot-dip galvanizing of metals (a chemical process used to coat steel or iron with zinc by passing the

steel through a molten bath of zinc at a temperature of around 450 °C);

- diatomite (kieselguhr) production (requiring steam for heating and drying);
- salt production from seawater (requiring steam for evaporation and drying);
- timber drying;

- seaweed and kelp processing (requiring hot water at about 110 °C);

- fat-liquoring and drying in the tanning process of leather; fat-liquoring is introducing oil into the
skin prior to drying to replace the natural oils lost during processing (usually performed at
temperatures of 60 °C — 66 °C);

- thermal distillation desalination driven by low enthalpy (52°C — 76 °C) geothermal resources;
- geothermal water (48 °C — 79 °C) used for washing in wool mills and for dyeing cloth;
- production of chemicals as a by-product of heat production from geothermal brines.

Next to process heat, direct use geothermal heat is also successfully used for [2003Pop®; 2003Raf"]:
- heating of swimming pools;

- heating of greenhouses;

- heating of fish and turtle aquaculture pools to increase productivity;

- melting of snow and ice on sports fields, bridges, and roads;

- air conditioning and refrigeration by absorption or adsorption cooling.

Table 8.22 summarizes a variety of geothermal direct use applications and the associated temperatures. In
applications which require high conversion efficiencies to reach economic feasibility, the concept of
cascaded use has been introduced, i. e. the serial connection of several direct use applications on
successively lower temperature levels. This way the resource can be exploited much more effectively and
therefore the efficiency can be increased significantly.

To what extent these commercial and industrial applications can contribute to the national energy supply
may be illustrated using the example of Iceland. There geothermal energy provides 50 % of the country’s
annual primary energy consumption of about 120 PJ, corresponding to 434 GJ per capita — higher than in
any other country [2000Rag]. A total of 20 PJ, nearly 17 % of this energy, is provided by direct use geo-
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thermal heat. While about % of this are consumed for space heating, the remaining % is used in industrial
and commercial applications. Traditionally, their energy demand would have been satisfied by fossil
fuels. Therefore, substituting these with direct use geothermal heat helps not only to reduce the need to
import hydrocarbons, but also to reduce the emission of the greenhouse gas carbon dioxide to the
atmosphere.

Table 8.22 Commercial and industrial applications of geothermal direct use and associated
temperatures (after [2002Bar; 2004Wor]).

T (°C) Process

evaporation of highly concentrated solutions
180 refrigeration by ammonia absorption

digestion in paper pulp

heavy water via hydrogen sulfide process
170 drying of diatomaceous earth

digestion of paper pulp
160 drying of fish meal
drying of timber

150 alumina via Bayer's process

drying farm products at high rates

140 canning of food

evaporation in sugar refining
130 extraction of salts by evaporation and crystallization
fresh water by distillation

most multi-effect evaporation
120 . : )
concentration of saline solution

110 drying and curing of light aggregate cement slabs

drying of organic materials (seaweed, grass, vegetables, etc.)

100 washing and drying of wool

drying of stock fish

90 . o .

intense de-icing operations

80 space-heating (buildings and greenhouses)

70 refrigeration (lower temperature limit)

animal husbandry

60 greenhouses by combined space and hotbed heating

mushroom growing

50 balneology

soil warming
swimming pools, biodegradation. fermentations

warm water for year-round mining in cold climates
30 de-icing
hatching of fish or turtles

40

20 fish farming
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8.3.2 Power Generation

Geothermal power generation requires vapor to drive turbines. It can be derived as either wet or dry steam
from natural reservoirs. In absence of natural steam reservoirs, steam can be also generated in hot dry
rock (HDR) or enhanced geothermal systems (EGS) engineered in the subsurface. At a lower temperature
level, vapor for driving turbines can be obtained alternatively by evaporating fluids with a lower boiling
point than water. This process is known as Organic Rankine Cycle (ORC) because initially it involved
organic compounds, such as toluol (C;Hg), pentane (CsH,), propane (C;Hg) or halogenated hydrocarbons.
More recently, the so-called Kalina Cycle technology [1984Kal; 1989Wal] improves the efficiency of this
process further by evaporating a mixture of water and ammonia (NH;) over a finite temperature range
rather than a pure fluid at a definite boiling point (see also section 8.4.2.2).

Wet and dry steam reservoirs are water and vapor dominated, respectively (Table 8.19). Wet steam fields
contain pressurized water at temperatures above 100 °C and a smaller amount of steam in the shallower,
lower-pressure parts of the reservoir. Hot, pressurized water is the dominant phase inside the reservoir.
Vapor dominated, dry steam fields produce dry saturated or slightly super-heated steam at pressures
above atmospheric. This steam has the highest enthalpy (energy content), generally close to 2.8 MJ kg™
Dry steam fields are less common than wet steam fields, but about half of the geothermal electric energy
produced worldwide is generated in the six vapor dominated fields at Lardarello and Monte Amiata in
Italy; The Geysers (California) in the US4; Matsukawa in Japan; and Kamojang and Darajat in [ndonesia
[2002Bar].

Examples of electric power producing wet steam fields are: Cerro Prieto, Los Azufres, and Los Humeros
in Mexico; Momotombo in Nicaragua; Ahuachapan-Chipilapa in El Salvador; Miravalles in Costa Rica;
Zunil in Guatemala; Wairakei, Ohaki, and Kawerau in New Zealand; Salton Sea, Coso, and Casa Diablo
(California), Puna (Hawaii), Soda Lake, Steamboat Springs and Brady Hot Springs (Nevada), Cove Fort
(Utah) in the USA; Dieng and Salak in /ndonesia; Mak-Ban, Tiwi, Tongonan, Palinpinon, and Bac Man in
the Philippines; Pauzhetskaya and Mutnovsky in Russia; Fang in Thailand; Kakkonda, Hatchobaru, and
Mori in Japan; Olkaria in Kenya; Krafla in Iceland; Azores in Portugal; Kizildere in Turkey; Latera in
Italy; Milos in Greece.

While geothermal power has been produced for a century, its development has been rather slow in the
first half of this period: The first geothermal power plant was commissioned in 1913 in Larderello, Italy
with an installed capacity of 250 kW.. Only about half a century later the next geothermal power plants
were commissioned at Wairakei, New Zealand in 1958, an experimental plant at Pathe, Mexico in 1959,
and The Geysers in the USA in 1960. Today, the Tuscan region around Lardarello is still the center of the
Italian geothermal power production with an installed capacity of about 790 MW, and a production of
5340 GW h, in the year 2003 [2005Ber]. But new centers have emerged since, in particular in Asia and
Central America (Table 8.23), so that by the year 2005 the total global installed capacity for geothermal
electric energy production had reached a level of 8912 MW, [2005Ber]. While this is just about the
equivalent of 9 — 15 nuclear or large thermal power stations, the growth of geothermal power has been
steady over the last decade at an impressive rate of 24 % or roughly 2 %2 % per year. Fig. 8.34 shows the
capacity for geothermal electric energy production installed in 24 countries world-wide. The top two
countries in this list, the USA and the Philippines, represent already half of the total installed capacity, the
next three, Mexico, Indonesia, and Italy, another 29 % (see also Table 8.23).

In contrast to direct use, electric power production is not concentrated in countries of moderate to cold
climates, but follows the availability of natural steam reservoirs. The next six countries on this list, Japan,
New Zealand, Iceland, Costa Rica, El Salvador, and Kenya, contribute another 17 % to the global total
installed capacity. The following 13 countries with less than 100 MW, installed capacity each make up
the remaining 4 %. However, Fig. 8.34 clearly shows that geothermal power production will become ever
important both in some of the most important emerging economies, such as the Philippines, Mexico, and
Indonesia, and in developing countries such as El Salvador, Costa Rica, Nicaragua, and Kenya. In
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developed countries as well, such as Iceland, New Zealand, Italy, and the USA, geothermal production of
electric energy has reached and maintained a level between 16 % — 0.5 % relative to the total national
production (Fig. 8.35 and Table 8.23). Remarkable increases of 244 % and 182 % have been achieved
since the year 2000 in Russia and Kenya, respectively, if only from an admittedly low level [2005Ber].

In emerging economies and developing countries geothermal electric power production is boosting the
industrial development already today. Fig. 8.35 shows the geothermal contributions to the production of
electric energy and the installed capacity for electric energy production [2005Ber] by the year 2005 for
the same 24 countries as in Fig. 8.34: Here, Iceland is the only developed country among the top five with
respect to both criteria, the others being developing or emerging economies. In these five countries, more
than 10 % of the produced electricity is geothermal. It cannot be over-estimated how beneficial an
increased independence from imported hydrocarbons is on the national budgets of developing or
emerging economies in countries which are in general not among the oil or gas producers. Additionally,
due to low emission of greenhouse gases during geothermal energy production, geothermal electric
energy is a serious alternative to consider with respect to a reduction of greenhouse-gas emissions to the
atmosphere (see section 8.4.2.4.3 for more details).

Table 8.23 Geothermal electric capacity and energy production in 24 countries, as well as
corresponding fractions of the total national capacity and energy production, and the world
geothermal electric capacity and energy production of 8912 MW, and 56.8 TW h (204.5 PJ),
respectively, in the year 2005 (data: [2005Ber]); highlighted in color: major contributions to
national (green) and world (blue) capacity and energy.

Installed Running - Energy Number , 'y o/ world % Natl. % World

Countr Capacity Capacity Produced of . .

y (li)’IW)y (DI/)IW)y (GW ha) Units Capacity Capacity Energy Energy
Australia 0.2 0.1 0.5 1 negligible negligible negligible  0.001
Austria 1 1 3.2 2 negligible negligible  negligible  0.006
China (Tibet) 28 19 95.7 13 30.0 0.314 30.0 0.168
Costa Rica 163 163 1145.0 5 8.4 1.829 15.0 2.016
El Salvador 151 119 967.0 5 14.0 1.694 24.0 1.703
Ethiopia 7 7 - 1 1.0 0.078 - -
France . 15 15 102.0 2 9.0 0.168 9.0 0.180
(Guadeloupe isl.)
Germany 0.2 0.2 1.5 1 negligible negligible  negligible  0.003
Guatemala 33 29 212.0 8 1.7 0.370 3.0 0.373
Iceland 202 202 1406.0 19 13.7 2.267 16.0 2475
Indonesia 797 838 6085.0 15 2.2 8.943 6.7 10.713
Italy 790 699 5340.0 32 1.0 8.864 1.9 9.402
Japan 535 530 3467.0 19 0.2 6.003 0.3 6.104
Kenya 127 127 1088.0 8 11.2 1.425 19.0 1.916
Mexico 953 953 6282.0 36 2.2 10.693 3.1 11.060
New Zealand 435 403 2774.0 33 55 4.881 71 4.884
Nicaragua 77 38 270.7 3 11.2 0.864 9.8 0.477
Papua-New Guinea (Lihir isl.) 6 6 17.0 1 10.9 0.067 - 0.0299
Philippines 1931 1838 9419.0 57 12.7 21.667 19.1 16.58
Portugal 16 13 90.0 5 250 0.179 - 0158
(San Miguel isl.) ’ ’ ’ '
Russia 79 79 85.0 11 negligible 0.886 negligible  0.150
Thailand 0.3 0.3 1.8 1 negligible 0.003 negligible  0.003
Turkey 20 18 105.0 1 negligible 0.224 negligible  0.185
USA 2544 1914 17840.0 189 0.3 28.546 0.5 31.410
TOTAL 8912 8010 56798.0 468 - 100.000 - 100.000

The HDR technology has been developed since the early 1970s in the US, Japan, France, Germany, the
UK, and Sweden [1999Abe]. While current HDR research projects in Europe and Japan are being
transformed into commercial demonstration installations, commercial projects are under way in Australia.
In contrast to preceding scientific experimentation and demonstration installations, this new phase
involves local and international power producers at a significant level. Although at present no HDR-
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produced electricity is marketed yet, several commercial HDR installations are currently being planned
and drilled, for instance in the Central European Rhine Graben and in Australia. They are expected to
start producing electric power with an installed capacity of 3 MW — 15 MW within the period 2005 —
2010 [1999An0b; 2002Vua®; 2003Ano’; 2003 Ano‘]. If successful, this technology has a great potential for
producing geothermal electric energy in regions without natural steam reservoirs.
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Fig. 8.34 Geothermal electric capacity installed worldwide in the years 1990 — 2005 (see also Table
8.23; data: [2005Ber]).
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Fig. 8.35 Geothermal contribution to the national electric capacity (blue) and the electric energy
production (red) of 24 countries; National contributions to the world geothermal electric capacity
of 8912 MW, (cyan) and the world geothermal energy production of 56800 MW h (magenta) by the
year 2005 (see also Table 8.23; data: [2005Ber]).
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8.4 Technological and Economical Aspects of Geothermal Energy

Geothermal energy, like other types of non-fossil, low carbon dioxide, renewable energies, will supply a
greater and even more significant share of the future global electric power and heat demand only if it can
be offered at a reasonable, if not competitive price. As a rule, competitiveness is defined with respect to
the energy prices based on fossil fuels, i. e. oil, gas, and coal, but commonly the price of oil is used as a
reference. This is an extremely volatile quantity. It adjusts itself not to demand and supply in a free
market but is determined also by political boundary conditions. Over the past 35 years it has fluctuated to
a great extent, by more than 120 % around its 35-year average of 18.95 US § (Fig. 8.36). As a
consequence, the competitiveness of geothermal energy varied accordingly, becoming more or less
attractive in times of high or low oil prices, respectively.
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Fig. 8.36 Variation of the monthly average price of a barrel of crude oil in the period 1970 — 2004
(data: U.S. Energy Information Administration (EIA) [2004EIA] and International Energy Agency
(IEA) [20051EA]).

In spite and independently of these external circumstances, geothermal energy has experienced
considerable growth in these 35 years (c.f. section 8.3). This is due to its attractive features:

- it is available everywhere;

- unlike some other forms of renewable energy, its supply does not vary with weather conditions,
season or time of the day and is more or less constant over a long period of time, provided the
resource is managed reasonably;

- it can be used for heat and power supply, depending on the subsurface geothermal conditions.

Its use is likely to increase further when new technologies for developing, production, and transformation
of geothermal energy presently being developed and tested will become available commercially. These
will contribute to a further increase in efficiency and cost reduction.
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8.4.1 Direct Use

Direct geothermal heat use of some sort is possible almost anywhere on the continents, with few
exceptions. Requirements with respect to temperature or physical rock properties are less stringent than
for electric power generation. However, different technological and economical aspects apply to the
different types of direct geothermal energy use, i.e. shallow ground-source heat pump systems, deep
borehole heat exchangers, and hydrothermal heating systems. This is owed to the fact that the
corresponding heat production installations differ significantly in type, size, and both technological and
economic expenditure. Various aspects of space and district heating with regard to building types, pipe
systems, equipment and economics are discussed in Eliasson et al. [2003Eli].

8.4.1.1 Earth Coupled Heat Extraction Systems

A great number of Earth coupled heat extraction systems are currently in operation worldwide, more than
800.000 at minimum (Table 8.21). Many of these systems have been operating for one or even several
decades. Most of them are shallow borehole heat exchangers coupled to a heat pump. Therefore the
following discussion is focused on shallow borehole heat exchangers. With the exception of the
underground pipe system, most aspects also apply to horizontal Earth coupled heat exchangers. Deep
borehole heat exchangers are discussed separately.

Ground-source heat pump systems consist of surface and subsurface installations (Fig. 8.28, Fig. 8.29).
The surface installation consists of a heat pump which is connected at one end to the heat distribution
system and on the other end to the sub-surface installation, i.e. the Earth coupled heat exchanger. The
sub-surface installation consists of a horizontal heat exchanger (Fig. 8.28) or one or several borehole heat
exchangers (Fig. 8.29). The components of the surface installation, i. e. heat pump and heat distribution
system, are industry standard. The same components are used for geothermal heat production as for other
heat pump and heat distribution applications. The effectiveness of heat pumps is characterized by their
coefficients of performance (COP) and efficiency 1. The COP is defined as the ratio of output energy
(heat) to input energy (for instance electricity for the compressor). The COP of a heat pump is different in
the heating and cooling modes (COP,, and COP,, respectively). In the heating mode the total heating
power is composed of the geothermal power and the electric power of the compressor. In the cooling
mode, in contrast, the cooling power is simply the cooling power of the heat pump, and the electric
heating of the compressor goes to waste. In the cooling mode, the coefficient of performance is
accordingly lower. Thus, in general we have COP,> COP,. The maximum efficiencies My, max OF Ne, max Of
a heat pump in heating or cooling modes, respectively, is defined as the ratio of heating or cooling power,
respectively, and input power (commonly electric). It decreases in general with the temperature difference
AT between output temperature Ty, and input temperature T.qq (Fig. 8.37):

T]h,max = Twarm /AT = 1/nCamot 5 nc,max = Tcold /AT’ AT = Twarm - Tcold (T in K) ’ (862)

where Ncamo=AT/Tywam is the efficiency of an ideal thermodynamic Carnot process. In practice, however,
heat pumps - like thermal power stations - cannot operate at maximum theoretical thermodynamic
efficiency. This is inevitable and due to various factors, such as heat losses, energy required to drive the
pumps for the primary circulation, to name just a few. Therefore, the effective efficiency n, or 1. of a
heat pump in heating or cooling modes, respectively, is determined by the theoretical maximum
efficiency My, max OF Ne, max diminished by the so-called exergy factor &:

My =€ Mppae (e =€MNe ey ); With 0.4<e=X/E<0.5,, (8.63)

where exergy X = E-A is the fraction of energy E which can be freely converted into other forms of
energy. This follows directly from the second law of thermodynamics which states that not all available
heat energy can be converted into useful work. The fraction A of the energy E which cannot be converted
into useful work is sometimes called anergy. Fig. 8.37 shows the variation of the effective efficiency
with the temperature difference AT for an exergy factor of € = 0.5.
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Fig. 8.37 Variation of heat pump efficiency 1, with temperature difference AT between input and
output temperatures T.q (see legend) and Ty, respectively (cf. eqs. (8.62) and (8.63)); &: exergy
factor).

Heat pumps differ with respect to the fluids in the primary and secondary circuits. Groundwater heat
pumps usually use water in both circuits. Thus their input temperature T4 equals about 10 °C in moder-
ate latitudes; in lower or higher latitudes T.,q will be accordingly higher or lower, respectively. In
contrast, heat pumps coupled to borehole heat exchangers usually are brine-water heat pumps which use
some sort of brine in the primary, ground-coupled circuit, and water in the secondary one. Often the input
temperature T4 is chosen at or slightly above the freezing temperature of pure water. In this situation the
use of brines instead of water in the primary circuit prevents the freezing of the borehole heat extraction
system. Since the output temperature T, of the secondary circuit is defined by the requirements of the
specific application, for instance the domestic space or water heating system, the efficiency n™" of water-
water heat pumps is therefore always superior to that of brine-water heat pumps, n°, at the same output
temperature Ty, (cf. Fig. 8.37).

In the heating and cooling modes, the maximum coefficients of performance of modern brine-water heat
pumps vary between 4 < COP, < 5 and 3 < COP, < 4, respectively. For water-water heat pumps the
corresponding ranges are 5 < COP, < 6 and 4 < COP, < 5. This means that more primary energy is
produced than used as input, given a thermodynamic efficiency 1 between 0.3 <m < 0.4 (e.g. [1997Die])
for the conversion of primary energy (e.g. coal, hydrocarbons) into electricity. The greater the efficiency,
the greater is also the COP. An optimization, however, cannot be performed with respect to efficiency and
COP alone, as some data cannot be chosen freely, such as the output temperature. This is generally
defined by the requirements of the application. For groundwater heat pumps the input temperature T4 is
equal to the local groundwater temperature and more or less constant. With borehole heat exchangers, in
contrast, T.,q must be optimized with respect to both COP and maximum heat extraction from the
subsurface: While the COP decreases with temperature difference AT, the heat extraction increases with
AT. The efficiency of the heat transfer between the sub-surface and the primary circuit in the borehole is
governed mainly by the thermal properties of the subsurface, groundwater flow in the subsurface, and the
volume flow rate in the primary circuit. Important rock thermal properties are both thermal conductivity
and thermal diffusivity, since ground-source heat exchangers are commonly operated in a strongly
transient fashion with respect to daily and seasonal operation cycles.
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The effect of various rock properties and technical parameters on mean thermal power and output temper-
ature can be studied comprehensively by detailed numerical simulations of the borehole heat exchanger
system using appropriate software (e.g. [2002Koh; 2003Cla?*; 2003Cla’]). As an illustration, Fig. 8.38
shows the effect of thermal conductivity on the mean thermal power of a shallow coaxial borehole heat
exchanger: A 50 % increase in thermal conductivity in the range 2 W m™ K' =3 W m™ K corresponds
to an equal increase in mean thermal power. This illustrates the importance of good control of the thermal
rock properties for an adequate design and dimensioning of ground-source heat pump systems (see
section 8.1.5.2). In contrast, if thermal properties are unknown or can only be estimated from literature
data, this uncertainty is usually accommodated by the use of safety margins. A common result of this is
an over-sizing of the system, i.e. the borehole is drilled to an unnecessarily great depth. As a
consequence, the system will be unnecessarily expensive. The most critical technical parameter which can
be optimized is the volume flow rate: Its variation affects both the mean thermal power and the mean
output temperature of the borehole heat exchanger, but in opposite direction (Fig. 8.39). Thus an optimum
flow rate can be defined for obtaining the required output temperature at an optimum thermal power.

The average thermal conductivity A from the surface to the maximum depth of the borehole heat ex-
changer can be estimated from a thermal response test, a long-term in situ heat extraction or injection ex-
periment involving the borehole heat exchanger (Fig. 8.40). Different analytical and numerical methods
are available for the analysis of response test data (see e.g. [2002Geh] for a discussion).

The infinite line source is one popular model for approximating the heat source (or sink) of a borehole
heat exchanger with a constant cooling (or heating) rate Q (in W m™") as a function of time t and radius r
from the line source. For long times, i.e. for large ratios k t/17%, the temperature at the borehole wall (r=ry)
can be approximated by [1959Car]:
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Fig. 8.38 Variation of the mean thermal power Fig. 8.39 Variation of the mean thermal
P, (©) of a coaxial borehole heat exchanger power P, (0) and mean output temperature
(at a given volume flow rate of 1.8 m’ h' ata T (+) of a coaxial borehole heat exchanger
constant inflow temperature of 0 °C) with with volume flow rate Q; (length: 100 m;
rock thermal conductivity A (length: 100 m; rock thermal conductivity A= 2 W m™ K;
operation over 10 years: 12 h per day for 6 inflow temperature: 0 °C; operation over 10
months — recovery during the following 6 years: 12 h per day for 6 months — thermal
months; after Geophysica Beratungsgesell- recovery during the following 6 months;
schaft mbH, Stolberg). source: see Fig. 8.38).
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T(x,. ) z%[‘n(““/ff)-ﬂ*(? Rot o> (3.64)

where « is the thermal rock diffusivity, R, the
borehole thermal resistance, T, the undisturbed
temperature, and y=0.5772 Euler’s constant. The
maximum error of eq. (8.64) is 2.5 % and 10 % for
Kt/r>>20 and 5, respectively. Collecting terms this
yields an expression for the average fluid temper-
ature T :

T(t)=a In(t)+b, where a= &_, and
4Tt

~ ln(4 K/I‘bz)—Y (8.65)

The temperatures recorded in a thermal response
test follow the linear relation of eq. (8.65) in the
steady-state approximation, i.e. for long times, com-
monly several hours. The average thermal conducti-

vity A can then be calculated from the slope of a

Fig. 8.40 Typical experimental set-up for a
thermal response test in a borehole heat ex-

changer (after [2002Geh]). _
ger ( ) linear regression of T versus the logarithm of time

t. With X known, the thermal resistance R, can be calculated from the intercept value b, provided the
thermal diffusivity is known independently. In the quasi steady-state regime described by equation (8.65),
the storage effect of thermal capacity included in thermal diffusivity « is not felt any more. Therefore,
thermal conductivity and thermal capacity (and hence thermal diffusivity) cannot be determined
simultaneously from this type of experiment.

Several factors must be considered when interpreting the results of thermal response tests [see e.g.
2002Koh; 2002Geh; 2003Cla®; 2004Sig"]: |

~ A is an average for the entire depth of the borehole and cannot account for contrasts in thermal
conductivity, for instance due to layering;

— The analytical line- and cylindrical-source solutions cannot account for groundwater driven
advective heat transport to and from borehole heat exchangers. This, however, is frequently
observed with respect to both natural flow systems and free convection around the borehole induced
by the test itself [cf. 2002Geh for a discussion]. This yields unrealistically high values for thermal
conductivity, if not accounted for properly. Thermal response tests run in the cooling mode seem to
be less influenced by free convection induced due to the test itself than those in the heating mode;

— The thermal resistance of borehole heat exchangers depends critically on the technical quality of the
backfilling and the thermal properties of the backfill material [see e.g. 2001Pah];

- Heat losses between the heating or cooling unit and the borehole (cf. Fig. 8.40) may lead to signifi-
cant errors in the analysis.

A number of technical recommendations are available for the design and layout of ground-source heat
pump systems and borehole heat exchangers in particular [e.g. 1996Ano”; 1997Hub; 2001Ano",
2001 Ano°; 2004Ano"], heat storage systems [2001Ano’], and direct uses [2004Ano’]. Also, commercial
software is available for the planning of heat pump systems (e.g. TRNSYS?, YUM [1989Afj], WPcalc
[1994Nan]), the layout of systems consisting of one or several borehole heat exchangers (e.g. EED”,
EWS?) or heat exchanger piles (PILESIM’ [1999Pah]). As these codes are based on different simplifying

2 http://sel.me.wisc.edu/trnsys/default.htm

3 http://www.buildingphysics.com/index.htm

4 http://www.igjzh.com/huber/index.htm
* daniel.pahud@geothermal-energy.ch
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assumptions (e.g. constant temperature gradient, constant thermal properties, etc.) they must be applied
with appropriate care. While they can be very useful for the layout and design of individual and groups of
shallow borehole heat exchangers, they should not, as a rule, be applied to deep borehole heat exchangers.
Ground-source heat pump systems for heating or combined heating and cooling are a mature technology.
Designed, laid-out, and installed properly, they have a proven life time equal to comparable investment
goods, on the order of 30 years and more. With COP values between 4-5, modern brine-water heat pumps
deliver between 4/3 — 5/3 more heat than primary energy used for generating the electric energy (at a
thermodynamic efficiency of n=1/3) required as input. This relation becomes even better if gas heat
pumps are used instead of electric heat pumps. Except for the pollution associated with the generation of
electric energy by burning of fossil fuels, ground-source heat pumps do not generate any pollution, unless
their isolated circuits are damaged. Once they are installed, however, this is not very likely.

The cost of a ground-source heat pump system depends on its size. For a typical single-family home in
Germany the investment for a borehole heat exchanger in soft or hard rock, is about 13.000 €, roughly
1.000 € or 4.000 € more than what is required for a conventional oil or gas furnace, respectively. This
relation will vary from country to country, but indicates an extra cost on the order of 10 % — 40 %.
However, unlike ground-source heat pumps, oil and gas furnaces cannot provide any cooling during the
warm season. Depending on summer temperatures, this option for cooling alone may well be worth the
extra investment. Moreover, the higher investment cost for a ground-source heat pump system is balanced
within a few years by the much lower annual cost (energy consumption, maintenance, and mortgage)
compared to an oil furnace. An example based on German year 2004 prices illustrates that electrical
ground-source heat pumps start saving money already after three years of operation compared to an oil
furnace. At current German gas prices, however, the difference in annual cost of about 26 € between a gas
furnace and an electrical ground-source heat pump is insufficient to offset the difference in investment
cost within reasonable time (Fig. 8.41). This difference, however, is only about 1 % of the total cost of a
house. And beyond doubt, oil and gas prices will increase further in coming years. Therefore it can be
expected that this relation will become even more favorable for ground-source heat pumps in the future.

In the long run, i.e. with respect to 20 years of operation in the example calculation of (Fig. 8.41), ground-

source heat pumps may help to cut down heating cost significantly, by about 15.000 € compared to an oil
furnace. This is as much as the initial hardware investment for a ground-source heat pump system.
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Fig. 8.41 Example for heating cost comparison of a typical single family home (150 m?) based on oil
and gas furnaces or borehole heat exchangers (BHE) in hard or soft rock (German year 2004
prices; data courtesy of ECOS Umwelt GmbH, Aachen).
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Deep borehole heat exchangers can be designed for direct heat exchange in combination with a heat
pump or without. The extracted heat can be used for space heating or, if used to drive adsorption or
absorption cooling systems, for space cooling. Roughly speaking, temperatures below or above 75 °C are

best suited to drive adsorption or absorption cooling systems, respectively [e.g. 2002Gas; 2003Raf*;
2004Ano.

The cost of deep borehole heat exchangers is dominated by the drilling cost. While drilling costs vary
from country to country, a detailed recent cost analysis based on German prices [2002Sch™"] provides
some general orientation. In this analysis drilling cost amounted to about 47 % of the total investment for
a borehole heat exchanger system to a depth of 2500 m (Fig. 8.42). Depending on different cases
considered this corresponds to a specific cost for the borehole heat exchanger (excluding engineering,
measurement and control systems, and heat pump) of between 550 € m™ — 700 € m™ drilling depth. The
associated gas heat pump accounts for another 34 %. In this study, specific drilling cost did not vary
extremely up to a depth of 2500 m. A significant increase occurs for greater depths which require hydro-
carbon special deep drilling technology. A total of four different scenarios was considered in this study
[2002Sch™"], with different boundary condition with respect to depth (2500 m — 2800 m), rock thermal
conductivity (3.0 W m” K' —4.5 W m™ K™), temperature gradient (30 K km™ —35 K km™), bottom hole
temperature (85 °C — 108 °C), and thermal power of the installed gas heat pump (310 kW, — 790 kW,).
The resulting average heat cost and its variation is shown in Fig. 8.43. This demonstrates that deep
borehole heat exchangers, even if operated almost year round (i.e. at 6000 h a” — 8000 h a™), deliver heat
at a cost equal to or above the cost of a corresponding gas heating furnace. For instance, at the end of the
year 2004 the corresponding gas price for the required amount varies in Germany between 34 € — 39 €
per MW h, depending on location. However, economic feasibility will be reached as gas prices increase
with an increasing oil price and if the heat produced can be used during the summer as driving power for
adsorption or adsorption space cooling systems.
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Additionally, present and anticipated future financial incentives for CO, reductions will further increase
the economic feasibility of deep borehole heat exchangers systems. For instance, since the end of the year
2004, the European Energy Exchange AG (EEX)® is publishing with its European Carbon Index a daily
market price for CO, emission allowances. Since the official beginning of trading of EU allowances on 17
December 2004, prices rose from initial 8.45 € per ton of CO, to 23 € per ton of CO, on 26 June 2005
(Fig. 8.44a).

The range of installed thermal power of 310 kW, — 790 kW, and annual operation times of 6000 h a™" —
8000 h a™' considered in the scenarios of this study [2002Sch™®] corresponds to maximum ranges of
annual CO, reductions on the order of 250 t — 1260 t if geothermal heat replaces a gas furnace, and of
350 t— 1770 t if geothermal heat replaces an oil furnace. Based on the above price of 23 € per ton of CO,
this corresponds to a financial bonus of about 5700 € — 29000 € if geothermal heat replaces a gas furnace,
and about 8000 € — 40100 € if geothermal heat replaces an oil furnace.

8.4.1.2 Hydrothermal Heating Systems

Unlike local, Earth coupled heat extraction systems, hydrothermal heating systems are large installations
with two or more boreholes deeper than 1000 m. While there are cases where they provide process heat
mainly to one client, more often their heat is distributed to a large number of end users through a
distribution grid. New grids require an additional major investment while existing grids already have a
provider of heat, often excess heat from fossil power production. Therefore, market access is difficult for
hydrothermal heat and often requires crowding out current heat providers. This will only occur if
geothermal heat use is more attractive.

One clear advantage of geothermal heat is its unlimited availability, regardless of weather, time of day or
time of year. This makes it an excellent choice for providing large base loads and less attractive for more
transient systems requiring high peak loads (Fig. 8.44b). Therefore, geothermal heat becomes economi-
cally more attractive if, additional to space heating of apartments and houses, it can be used to provide a
significant thermal base load, such as 2000 h — 4000 h per year, to major customers of space heating or
commercial and industrial process heat (cf. section 8.3.1.2).
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Fig. 8.45 Cost comparison for heating plants using natural gas (11.2 MW, : dark gray lines) and
geothermal heat with heat pumps of 11.2 MW, and 11.4 MW, with and without direct heat
exchange of 2.1 MW, (full and broken green lines, respectively) (data: [2002Sch?])’. Solid and
broken light gray arrows indicate break-even cost for geothermal heat with respect to fossil fuel for
heat pumps with and without direct heat exchange, respectively. Brown shading indicates German
year 2004 large-consumer price range for natural gas. Symbols correspond to different annual
cumulative heating times (one year equals 8760 hours).

Crowding-out of current heat providers usually requires a financial reward, i.e. geothermal heat must be
less expensive. In existing, well developed heat markets, such as in the industrial world, cheap excess
heat is often available from fossil and nuclear power production. In such an economic environment sel-
ling of geothermal heat is difficult and depends strongly on fuel prices, in particular for oil and gas.
Therefore, conditions may vary between countries and even regions. As an example based on conditions
in Germany, Fig. 8.45 shows results of a recent heat cost comparison for stations using natural gas and
geothermal heat [2002Sch?; ZOOZSchb]. The stations considered have an installed power of 11.4 MW,
either based on burning natural gas or by producing geothermal heat using a gas motor heat pump or, in a
second scenario, by an additional direct heat exchange providing an additional power of 2.1 MW,.

It is evident that cumulative heating times of 4000 h a and more are required for geothermal heat to
become competitive if geothermal heat is produced by a gas motor heat pump alone. With the additional
direct heat exchange the break even cost is considerably lower, making geothermal heat attractive for
cumulative heating times as low as about 3000 h a”'. This conclusion is based on Germany year 2004
large-consumer gas prices. In the past, the price of natural gas generally varied parallel to the oil price
(see Fig. 8.36) which increased on average over the years with large fluctuations. When a detailed study
based on German prices [2002Sch?®; 2002Sch®] was prepared in May 2002, the price of natural gas was

7 Not shown: Heating cost for a 13.5 MW, natural gas plant which is only slightly more than for a 11.2 MW, plant.
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about 20 € per MW h. In contrast, it varies between 34 € — 39 € per MW h in November 2004. As a result,
geothermal heat was too expensive in 2002, while at the end of 2004 it does appear attractive. There is a
clear long-term trend of increasing oil and gas prices (Fig. 8.36), and both financial incentives for CO,
reductions and additional taxation of CO, producing technologies can be anticipated in several industrial
countries for the near future. In view of this it may be expected that, in the long run, the cost advantage of
geothermal heat produced in hydrothermal plants will become stable or even larger. However, extending
this conclusion based on German year 2005 conditions to other countries requires an appraisal of the local
cost, mainly of drilling and natural gas. Since German energy prices are neither extremely high nor low it
may be expected that results will be similar for a number of countries, and favor geothermal heat even
more wherever fossil fuels are more expensive or the burning of fossil fuels is discouraged.

Burning of natural gas produces about 200 kg CO, per thermal MW h,. At 4000 h a' cumulative heating
time, the 11.4 MW fossil fuel heating plant discussed above ([2002Sch?; 2002Sch®]; Fig. 8.45) produces
approximately 53,000 MW h heat per year. This corresponds to an emission of about 10.6 kt of CO,.
Based on a cumulative heating time of 4000 h a” and a thermal COP, = 1.6 for the gas fired adsorption
heat pump, 28000 MW h a” are required to drive the gas motor heat pump. This corresponds to an
emission of 5.6 kt of CO,. Replacing gas by geothermal heat thus saves about half of the CO, emissions
of a natural gas heating plant. Even for one single heating plant of 11.2 MW, this amounts to 5 kt of CO,
which are prevented from being emitted into the atmosphere. Based on the aforementioned allowance of
23 € per ton of CO, emission fixed at the European Energy Exchange AG (EEX)® in June 2005, this
corresponds to a financial bonus of about 115000 € per year if geothermal heat replaces a gas furnace.

8.4.2 Power Generation

Vapor is required to drive turbines for generating electric power. In general, this is natural dry or wet,
medium to high enthalpy steam at temperatures above 150 °C (cf. Table 8.19). For some time, binary
systems employing substances with a lower boiling point than water in a secondary circuit have been used
to generate vapor for driving turbines at a lower temperature level. This process is known as Organic
Rankine Cycle (ORC) or Kalina Cycle (see sections 8.3.2 and 8.4.2.2). Binary systems are used in
combination with low to moderate temperature, water dominated reservoirs. In absence of natural steam
or hot water reservoirs or in case of insufficiently permeable reservoirs, hydraulic fracturing provides
additional permeability in engineered hot dry rock (HDR) or enhanced geothermal systems (EGS).
Geothermal power production has more stringent requirements with respect to temperature or physical
rock properties than direct use. However, different technological and economical aspects apply to the
different types of geothermal power production, depending on whether they are natural or engineered
systems, involve dry or wet steam or ORC or Kalina Cycle technology. One of the advantages of
geothermal power plants is that they can be built economically in much smaller units than e.g.
hydropower stations. Geothermal power plant units range from less than 1 MW, up to 30 MW.. Thus, the
capacity of geothermal power plants can be adjusted more easily to the growing demand for electric
power in developing countries with their relatively small electricity markets than hydropower plants
which come in units of 100 MW, — 200 MW, (Fig. 8.46). Geothermal power plants are very reliable: Both
the annual load and availability factors are commonly around 90 %. Additionally, geothermal fields are
little affected by external factors, such as seasonal variations in rainfall, since meteoric water has a long
residence time in geothermal reservoirs [2002Bar].

8.4.2.1 Natural Steam Power Plants

Dry Steam Power Plants use dry saturated or superheated steam at pressures above atmospheric from
vapor dominated reservoirs, an excellent resource that can be fed directly into turbines for electric power
production. Permeability is generally lower in dry than in wet steam fields, and the reservoir requires a
tight cap rock. Steam is the predominant continuous phase in control of reservoir pressure which is practic-
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Fig. 8.46 Power range and characteristic reservoir temperatures for generation of electric power by

direct-intake dry steam plants, single or multiple flash wet steam plants, ORC and Kalina cycle hot
water plants (modified after [2004Len"]).

Fig. 8.47 Dry steam geothermal power plants (top left to bottom right): Lardarello, Italy; The
Geysers, USA; Matsukawa, Japan; Kamojang, Indonesia (source: [2001Ano?; 2003Sat; 2004Lun®;
2004Wor]).
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ally constant throughout the reservoir [2002Bar]. On the surface, these fields may be indicated by boiling
springs and geysers. In general, the produced steam is superheated, containing only small quantities of
other gases, mainly CO, and H,S. Superheating in dry steam reservoirs is caused by a transient heat
transfer between the reservoir rock and the steam phase: When production begins in a well penetrating
such a reservoir, a low-pressure zone forms around the well screen, and nearby liquid water starts boiling
and evaporates. This creates a zone void of liquid water through which steam flows towards the well. In
this dry region the steam expands into the voids and cools. However, heat originally stored in the
reservoir rock maintains a steam temperature above the local evaporation point, thus generating
superheated steam. Superheating of up to 100 K results, for instance, for steam production temperatures
hotter than 200 °C and well head pressures of 0.5 MPa — 1 MPa [2002Bar]. Thus, superheating allows
mining more heat from dry than from wet steam reservoirs. As a consequence, about half the global
geothermal electric energy is produced from only six dry steam power plants: Lardarello (since 1904) and
Monte Amiata in Italy; The Geysers, the only source of geothermal dry steam in the USA (since 1960);
Matsukawa in Japan (since 1966); Kamojang (since 1983) and Darajat in Indonesia (see Fig. 8.47). With
less than 10 %, however, vapor dominated reservoirs are much less frequent than water dominated
reservoirs which make up 60 %, while the remaining 30 % produce hot water [2002Bar].

In power plants exploiting dry steam fields, steam
can be fed directly from the production wells into
the turbine and exhausted to the atmosphere. This
direct non-condensing cycle is the simplest and
cheapest option for generating geothermal electrici-
ty. Steam from the geothermal well is simply passed
through a turbine and exhausted to the atmosphere:
there are no condensers at the outlet of the turbine
(Fig. 8.48). Direct non-condensing cycle plants
require about 15 kg — 25 kg of steam per kW h,
generated electricity [2002Bar]. Non-condensing
systems must be used if the steam contains more
than 50 weight % of non-condensable gases. They
are generally preferred over condensing cycles if the Fig. 8.48 Direct-intake,
steam contains more than 15 weight % non-
condensable gases, because their removal from the
condenser consumes power and reduces plant

non-condensing
single flash geothermal power plant at Pico
Vermelho (Sdo Miguel Island, Azores) ex-
A hausting steam to the atmosphere. (source:
efﬁmency. [2004Lllllh]).

In condensing plants steam is condensed at the outlet of the turbine and cooled in conventional cooling
towers (Fig. 8.49). Condensing the steam at the turbine exhaust creates a vacuum of about 150 hPa (less
than 15 % atmospheric pressure), thus maximizing the pressure drop across the turbine and hence the
power output [2004Lun"]. Thus, condensing plants require substantially (i.e. about 50 %) less steam than
non-condensing ones, only 6 kg — 10 kg of steam per kW h,. generated. However, the steam may not
contain more than 15 % of non-condensable gases. The specific steam consumption of these units largely
depends on the turbine inlet pressure: At pressures of 1.5 MPa — 2.0 MPa the consumption is close to 6 kg
of steam per kW h; at 0.5 MPa — 1.5 MPa it is 9 kg — 7 kg of steam per kW h,, and for even lower
pressures it becomes much larger [2002Bar]. In power plants based on a direct-intake condensing cycle,
dry or superheated steam is piped directly from the wells into the steam turbine. This is a well developed,
commercially available technology. Capacities of typical turbine units range between 20 MW, and 120
MW,, but modular standard generating units of 20 MW, are also available [2002Bar].
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Fig. 8.49 Direct-intake, condensing power plant for heat production from dry steam fields
(modified after [2004Tri]).

Flash Steam Power Plants exploit water dominated, wet steam reservoirs in which most of the high-
temperature geothermal resource is provided by pressurized water. These fields are much more common
than vapor dominated ones. On the surface, they are often indicated by boiling springs and geysers.

When a well penetrates into such a reservoir, the pressurized water flows into the well because well
pressure, in general, is lower than reservoir pressure. As a result of the pressure drop, a certain fraction of
the liquid water evaporates and the well co-produces hot water and steam, with water as the dominant
phase. Therefore, these fields are also called wet steam fields. The actual water-steam ratio varies from
field to field and even among wells within the same field. The heat source is large, generally of magmatic
origin, forming a resource of the hydrothermal type (see section 8.2). The water produced often contains a
large load of dissolved minerals (10~ — 10" Kgpyinera per kgguig» in some fields up to 0.35 kg kg™'), mainly
chlorides, bicarbonates, sulfates, borates, fluorides, and silica [2002Bar]. This can cause severe scaling in
pipelines and plants. An important economic aspect in exploiting wet steam fields is the large quantity of
brines produced with the steam (e.g. 6600 t h™" at Cerro Prieto, Mexico): Owing to their large load of
dissolved minerals, they need to be reinjected, preferably at the margins of the reservoir [2002Bar].

Wet steam cannot be fed to standard turbines without risk of damage to the turbine blades. Therefore,
separators are used in all installations exploiting wet steam reservoirs for separating steam from water.
Single or multiple flash steam plants are used to produce energy from these fields by evaporating
depressurized liquid water into steam in one or several separators at the surface. Single, double-, and
triple flash systems are used (Fig. 8.50). Commercially available turbo-generator units are commonly in
the range 10 MW, — 55 MW,, but modular standard generating units of 20 MW, are also used [2002Bar].
Examples for triple and dual flash cycle wet steam geothermal power plants are, among many others,
Wairakei, New Zealand, and Imperial Valley, USA, respectively (Fig. 8.51).
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Fig. 8.50 Double flash, condensing power plant for heat production from wet steam fields
(modified after [2004Tri]).

Fig. 8.51 Wet steam geothermal power plants with triple and dual flash cycles (left to right):
Wairakei, New Zealand (with prawn pond in foreground) and Imperial Valley, USA, respectively
(source: [2001Ano®; 2002Ano]).

8.4.2.2  Binary Power Plants

Binary power plants allow converting geothermal heat from low enthalpy, water dominated hot water
reservoirs into electricity, provided reservoir temperatures exceed 85 °C. In addition to hot water reser-
voirs, this technology is also well suited to exploit medium enthalpy wet steam resources with high water-
to-steam ratios at temperatures lower than practical for flash steam systems. Binary plants convert
medium-temperature resources into electricity more efficiently than other technologies.
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Fig. 8.52 Binary power plant (water-cooled) for heat production from hot water or low enthalpy wet
steam fields (modified after [2004Tri]).

In binary plants a heat exchanger transfers heat from the produced hot brine in a primary loop to a low
boiling-point working fluid in a secondary loop, such as halogenated hydrocarbons (e.g. Freon™,
Frigen™), propane (C;Hs), isobutane (C4H,), pentane (CsH,,), ammonia (NH;). This thermodynamic
cycle is known as Organic Rankine Cycle (ORC) because initially organic compounds were used as
working fluid. The working fluid in the secondary loop is evaporated in the vaporizer by the geothermal
heat provided in the primary loop. The vapor expands as it passes through the organic vapor turbine
which is coupled to the generator. The exhaust vapor is condensed in a water-cooled condenser or air
cooler and is recycled to the vaporizer by the motive fluid cycle pump (Fig. 8.52). Binary cycle plants
require 400 kg kW™ h' of hot water from low-to-medium enthalpy resources (85 °C —150 °C) [2002Bar].
The cooled brine can be discharged or reinjected into the reservoir without flashing, which minimizes
scaling problems. A typical unit size is | MW, — 3 MW,. However, the binary power plant technology has
emerged as the most cost-effective and reliable way to convert large amounts of low temperature
geothermal resources into electricity, and it is now well known that large low-temperature reservoirs exist
at accessible depths almost anywhere in the world. The power rating of geothermal turbine/generator
units tends to be smaller than in conventional thermal power stations. The most common unit capacities
are 55, 30, 15, 5 MW, or smaller [2002Bar].

ORC systems have been installed in significant numbers within the past 30 years because binary plants
convert low enthalpy geothermal resources more efficiently into electricity than other technologies. This
widens the spectrum of locations suitable for geothermal power production significantly. It makes
decentralized geothermal power production feasible with unit sizes varying on the order of 0.1 MW, —
100 MW, (Fig. 8.53) and economically attractive in many remote or less developed regions of the world,
but also in low enthalpy regions of developed countries where financial incentives promote low

™ registered trade marks of DuPont and Hoechst
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Wendel Hot Springs Power Plant, Barber-Nichols

Fig. 8.53 Binary (top) and combined cycle (bottom) geothermal power plants (top left to bottom
right): Wendel Hot Springs CA., USA (700 kW,.); Bad Blumau, Austria (250 kW,); Puna District,
Big Island HI, USA (30 MW,); Leyte, The Philippines (125 MW,), both the largest air-cooled and
largest combined cycle power plant in the world (source: [1999Nic; 2001Ano®; 2004Ano"]).

CO,-emission energy production technologies. For instance, as a result of Germany’s renewable energy
act [2004Ano®], which requires grid operators to feed geothermal electric energy into their grids at a
certified price of up to 0.15 € kW™ h™', low- to medium-enthalpy hot water resources are being developed
in this country which is lacking natural steam reservoirs. As a result, the first geothermal power
production in Germany went into commercial operation at Neustadt-Glewe in the North-German
Sedimentary Basin in November 2003 (0.2 MW,, 98 °C [2003Ano"]). More projects are being developed
in the upper Rhine Graben in France, Germany, and Switzerland, and the pre-Alpine Molasse Basin in
Austria (the first installation went into operation in Altheim in 2000 with 0.7 MW, at 106 °C [2002Per])
and Germany with projected capacities of up to 5 MW...

Recently, the efficiency of binary power plants is further improved by the Kalina Cycle technology
[1984Kal; 1989Wal]. Here, a mixture of water and ammonia (NHj3) is evaporated over a finite temper-
ature range (Fig. 8.54), producing a two-component vapor (70 % ammonia and 30 % water) in contrast to
the ORC process which is based on pure fluids evaporating at specific boiling temperatures. The main
thermodynamic advantage of the Kalina over the Organic Rankine cycle is owed to the fact that the
water-ammonia mixture, unlike pure fluids, boils at a variable temperature (Fig. 8.55). Therefore the
working fluid temperature remains closer to that of the hot brine in the primary circuit which improves
the exergy efficiency by 10 % — 20 % [1989Wal].

While this fact has been known for some time, it is the Kalina cycle which, for the first time, provides a
practical and efficient way to condense the mixture back to the liquid state for recycling. In particular, in
the Kalina cycle the working fluid is circulated in different parts of the cycle at different compositions: A
low ammonia concentration (40 % ammonia and 60 % water) is used during condensation (stages 1-3 in
Fig. 8.55), while evaporation (stages 4-5 in Fig. 8.55) occurs at higher ammonia concentrations (70 %
ammonia and 30 % water) for optimum cycle performance [2004Ano°®]. This provides an improved effi-
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Fig. 8.54 Evaporation
curves of working fluids in
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versus enthalpy H (modi-
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ciency of at least 10 % of the Kalina cycle over the conventional Organic Rankine Cycle [1989Wal]. At
present, however, there is just one geothermal Kalina cycle power plant in operation in Husavik, Iceland
and available for comparisons [2004DiP]; several more are under construction. In contrast, the ORC is a
mature technology with hundreds of megawatts of various kinds of cycles installed throughout the world.
A recent comparison based on simulated identical conditions observed a difference in performance of
about 3 % in favor of the Kalina cycle [2004DiP].

8.4.2.3  Power Plants for Hot Dry Rock or Enhanced Geothermal Systems

Hot dry rock (HDR) or enhanced geothermal reservoirs are engineered systems in contrast to natural
geothermal hot or wet steam reservoirs. While natural systems are restricted to regions with geodynamic
activity (plate boundaries, mid-ocean ridges, subduction zones, active volcanoes), engineered systems are
not limited in distribution: In principle, they can be established in all places with sufficiently high rock
temperature because lacking or insufficient hydraulic permeability is created artificially by hydraulic
fracturing of the rock at depth. This way, any convenient volume of hot dry rock in the Earth’s crust, at
accessible (and affordable) depth, may become an engineered HDR or enhanced geothermal reservoir.

A number of wells, usually 2 — 3, are drilled into the rock, terminating several hundred meters apart.
Water is circulated down the injection well(s) and through the HDR reservoir, which acts as a heat
exchanger. The fluid then returns to the surface through the production well, and thus transfers heat to the
surface as steam or hot water. Various concepts for generating different kinds of sub-surface heat
exchangers have been proposed and studied, and various combinations of these three basic types are
possible as well:
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Fig. 8.56 Different kinds of
sub-surface heat exchanger
systems in HDR and en-
hanced geothermal systems
(after [2003Jun]).

- single and multiple coin-shaped, vertical cracks, such as the first HDR system at Fenton Hill, NM
[1999Bro] or the system created at Falkenberg, Germany [1989Jun] (Fig. 8.56a);

- networks of micro-cracks, fissures and fractures, such as the systems at Rosemanowes, UK
[1999Par], Hijiori, Japan [1999Kur], and Ogachi, Japan [1999Hor] (Fig. 8.56b);

- systems of reactivated, interconnected large-scale fractures and faults, such as Soultz-sous-Foréts,
France [1992Bre; 1999Bar], and Fjéllbacka, Sweden [1999Wal] (Fig. 8.56¢).

At present, a number of commercial projects based on the different approaches for engineering HDR
systems (Fig. 8.56 or modifications and combinations of these types) are under way in countries without
natural steam reservoirs, such as Australia [1998Nar] and Germany [2003Ano®]. Systems such as the one
shown in Fig. 8.56¢c, sometimes referred to as “hot wet rock”, fall in between a closed HDR system (Fig.
8.56a) and open, permeable hydrothermal systems [1999Abe]. These enhanced geothermal systems are
engineered in high-temperature, low-permeability fracture systems or on the margins of productive
geothermal fields. They are currently the new frontier and may offer a way for economic geothermal
power generation in places where heat is provided by nature not jointly with permeable reservoirs and
sufficient suitable fluids.

Stimulation is generally related to rock permeability and well connectivity and aimed at creating highly
conductive fractures. Stimulation techniques developed for HDR creating heat exchangers draw on
experience from the hydrocarbon industry for enhancing reservoir permeability. The most common stimu-
lation techniques are:

~  hydraulic fracturing: massive fluid injection (10 L s — 100 L s™) at pressures of up to 100 MPa;

- chemical stimulation: both fracture acidizing and matrix acidizing;

- explosive fracturing: controlled underground explosions.
However, there are important differences between HDR systems and hydrocarbon reservoirs, the most
significant ones being due to the different kinds of rock. While hydrocarbon reservoirs are mostly
sandstones and limestones, HDR systems are often placed in basement or plutonic rocks, such as granite,
gneiss, and basalt. These rocks differ significantly in their mechanical properties. Hydraulic fracturing in
hydrocarbon reservoirs may create new fractures of several hundred meters in length. In contrast, new
fractures in basement rock seem to be created more rarely, while existing and ancient, closed fractures are
more often found to be widened and reactivated, respectively. Additionally, HDR systems require much
larger fracture areas for heat exchange than required in hydrocarbon applications.
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Fig. 8.57 Hypocenters of micro-seismicity generated by four massive hydraulic stimulations in 1993
(green), 1995 (blue), 1996 (cyan), and 2000 (red) in the boreholes GPK-1 and GPK-2 (yellow lines)
of the European HDR experimental site at Soultz-sous-Foréts, France (modified after [2002Wei]).

For the key parameters of a HDR installation, Barbier [2002Bar] and Jung et al. [2003Jun] specify the
following minimum requirements for a commercial success:
— production flow rate: 50 L s" — 100 L s™;
~ flow losses: < 10 % of injection flow or < 10 L s™';
- flow resistance, i.e.: (injection pressure - production pressure)/ production flow rate: < 100 kPas L™;
- effective heat exchange surface: > 5 km® — 10 km?;
- rock volume accessed: > 0.2 km’.

Clauser, C., 2006. Geothermal Energy, In: K. Heinloth (Ed), Landolt-Bérnstein, Group VIII: “Advanced Materials and Technologies”, Vol. 3 “Energy Technologies”, Subvol. C
“Renewable Energies”, 480 — 595, Springer Verlag, Heidelberg-Berlin.



PRE-PRINT 93

Systems with these characteristics, developed by two 5 km deep boreholes about 1 km apart, aim for a
thermal power of 50 MW, — 100 MW, corresponding to an electric power of 5 MW, — 10 MW, delivered
over an operation time of 20 years at minimum [2003Jun].

The creation of a sufficiently large and permeable underground heat exchanger can be verified by either
active seismic tomography or passive monitoring of micro-seismicity. Results of the last method are
illustrated in Fig. 8.57 which shows the effect of hydraulic fracturing performed at the European HDR
experimental site at Soultz-sous-Foréts, France on four different occasions. Hydraulic overpressure causes
the rock to crack at many places, indicated by the corresponding micro-seismic hypocenters. Connectivity
between boreholes is indicated by a corresponding overlap of hypocenter locations. At Soultz-sous-
Foréts, the stimulations do not result in a system as in Fig. 8.56b, but rather in one as in Fig. 8.56c,
because ancient, large-scale fractures were reactivated by the hydraulic fracturing. Once created, these
fractures and new pathways are prevented from closing again by the natural displacement of the fracture
walls with respect to each other due to the natural stress field or, additionally, by injecting proppants. In
enhanced geothermal systems, increasing the productivity of dry wells on the margins of existing produc-
tive geothermal fields by stimulation may turn these fields more profitable. It is assumed that dry wells
exist where flow-paths are restricted and permeability k is on the order of 10" m” or less [2002Bar].

8.4.2.4  Technical, Economic, and Ecological Aspects of Geothermal Power Production

Efficiency, life time, and pollution all differ among the technologies used for converting geothermal heat
into electric energy. Hudson [2003Hud] discusses technical features of various plant options as well as
economic aspects of well-head generating units, Bloomquist and Knapp [2003Blo] economic and
financial aspects, and Brown and Webster-Brown [2003Bro] environmental impacts and mitigation. Case
studies of various geothermal projects are discussed by Grant [1996Gra] as an illustration for the
methodology used from the exploration of the resource to the building of the surface installations. In
particular, Grant’s study [1996Gra] includes an appraisal of the trade-offs between additional information
and corresponding cost, aspects of field management, and guidelines — a spectrum well beyond this text
but of great practical value.

8.4.24.1 Efficiency

Geothermal steam from natural and HDR systems is converted into electric energy with a thermal
efficiency, the ratio of net electric power output to heat input rate, ranging from 10 % — 17 %, depending
on the type of steam and its temperature [ 1999Del; 2002Bar; 2003Jun]. This may appear low, by about a
factor of three, compared to the efficiency of nuclear or fossil power plants, but is the result of the
comparatively low temperature of geothermal steam, generally less than 250 °C. In addition, geothermal
steam has a chemical composition different from pure water steam, containing, in general, the non-
condensable gases CO,, H,S, NH3, CHy, N, and H, in concentrations varying from 1 g — 50 g per kg of
fluid. Extracting these aggressive gases from the condensers of power plants additionally reduces the
efficiency of electricity generation [2002Bar]. However, geothermal steam power plants possess quite
impressive utilization efficiencies, the ratio of net electric power output to exergy input rate (exergy: see
section 8.4.1.1), ranging from about 40 % — 65 % [1997DiP]. This demonstrates that particularly direct
steam power plants typically convert the bulk of the maximum available thermodynamic work into
electric energy.

In general, the efficiency of binary cycle power plants is lower than that of steam power plants. It varies
with the resource temperature: values reported for installations commissioned within the last decade range
from about 5 % — 14 % (Fig. 8.58). Again, the utilization efficiency is larger, ranging from about 16 % —
54 % [1997DiP; 2004DiP].
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Frequently, binary units are also combined with direct steam, single- or multiple flash systems in order to
improve the use of the available resource. Then the additional efficiency provided by the binary units
helps to raise the overall efficiency of the combined system. The binary ORC and Kalina cycle
technologies have emerged as the most cost-effective and reliable way to convert large amounts of low
temperature geothermal resources into electricity. In spite of the low efficiency and in view of the
attractive pollution balance, this technology appears to be on the threshold to be used on a larger scale for
the conversion into electric energy in particular of the large low- to medium-enthalpy reservoirs abundant
at accessible depth at numerous locations in the world.

The same considerations as for natural systems apply to the efficiency of engineered HDR systems as far
as the surface installations are concerned. As for natural steam reservoirs, the thermal efficiency of HDR
systems critically depends on the temperature and flow rates to be realized over a long period of
operation. Thus the main challenge in engineering these systems lies not in the energy conversion
efficiency of the surface installations, but in creating an adequately sized reservoir with sufficient perme-
ability for sustaining sufficient flow rates at a high temperature.
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Fig. 8.58 Net thermal efficiency n (i. e. the ratio of output electric power to input thermal power)
versus input reservoir temperature for various binary power plants (Husavik: Kalina cycle, all
others: ORC). Full red line indicates a possible, logarithmic trend defined by the associated
nonlinear regression; broken red lines indicate 95 % confidence limits, notwithstanding the low
number of data points (A: Austria, AUS: Australia, CN: People’s Republic of China, D: Germany,
IS: Iceland, J: Japan; data: [1986Cul; 1997DiP; 2000Bur; 2000Low; 2000Ura; 2002Per; 2003Ano";
2003Jun; 2004DiP]).
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8.4.2.4.2 Cost and Life Time

Among the renewables, geothermal energy has a remarkably long and proven record of reliability, both
for direct use and electric energy production, dating back over 100 years. Indeed, the oldest geothermal
field for generation of electric energy, at Lardarello (Italy), is looking back today on a continuous
operation of over a century. Other fields, such as at The Geysers (USA) and Wairakei (New Zealand),
have been operating for more than seven and five decades, respectively. Experience thus proves that
geothermal fields, both vapor and water dominated, can be operated economically over a century. Prudent
reinjection of spent fluids will help to constrain the decline of reservoir pressure and thus flow rate and
the associated land subsidence.

Accordingly, substantial investments have been made for developing geothermal fields, but unfortunately
the last survey of investments made in the main geothermal countries in the world in the period 1973 —
1992 dates back already 10 years [1994Fri]. It indicated a total investment of around 22,000 million US $.
Of these, 7,600 M$ were invested between 1973 — 1982 and 14,300 M$ between 1983 — 1992. This
corresponds to an increase in total investments of 89 % in the second decade analyzed. In detail, 17,600
MS$ (80%) were invested in industrialized countries, 3,500 M$ (16%) in developing countries, and 800
MS (4 %) in Eastern European countries.
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Fig. 8.59 Turnkey investment in US $ (red bars) and average time required for power plant con-
struction (blue bars) based on various kinds of conventional and renewable energy (data:
[1996Ano®; 2000Tur]).
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Fig. 8.60 Cost range for electricity produced from various fossil and renewable sources of energy
(blue bars) and specific investment cost range for various fossil and renewable power plants (red
bars) (data: [1996An0h; 1999Del; 2003Jun; 2003Kal; 2003Pas). “Large geothermal” and “small
geothermal” refers to steam power plants exploiting natural fields and HDR or enhanced
geothermal systems with binary power plants, respectively.

As for oil and gas, much of this money is spent for technological research and development, geothermal
exploration based on geological, geophysical, and geochemical surveys, drilling, field development, and
surface installations for power generation or direct uses. However, geothermal projects are more closely
linked to the specific site than oil and gas projects since geothermal fluids are normally used at or near the
producing field. This is due to the cost of insulation for minimizing heat losses from pipelines which
makes pumping fluids over long distances uneconomical. This is also reflected in the more than ten-fold
larger enthalpy of oil (41,800 kJ kg™") compared to that of high-enthalpy geothermal steam (3000 kJ kg™)
or hot water (209 kJ kg™) for a production and injection temperature of 80 °C and 30 °C, respectively
[2002Bar].

Natural steam systems:

A time of about 3 years is required to develop new geothermal dry or wet steam fields and to install
corresponding power plants [1996Ano®; 1996Gra; 2002Ste]. This is reasonably short and in keeping with
the construction times of power stations based on other fuels ([1996Ano®; 2000Tur]; Fig. 8.59). Available
numbers for the specific investment required for large geothermal steam power plants vary little and are
consistently on the order of 1 million US § per installed MW (Fig. 8.59) or 1 million € per installed MW
[1996Ano”; 1999Del; 2003Kal; 2003Pas] (Fig. 8.60). Depending on plant type and size, costs range from
0.8 M$§ MW" — 3.0 MS MW" [1996Ano”; 2000Tur] and 0.6 ME MW" — 2.4 ME MW" [1999Del;
2003Kal; 2003Pas]. Corresponding production costs of 0.045 € kW™ h' —0.091 € kW™ h' [1996Ano”;
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1999Del] are not too far above the energy price of a clean coal power plant and competitive compared to
other sources of renewable energy, i.e. comparable to biomass and wind, and one or two orders of
magnitude below concentrating solar or photovoltaic, respectively (Fig. 8.60).

In a comparison based on five geothermal power plants built in Iceland between 1994 —1999, Stefansson
[2002Ste] reports that, on average, surface installations contribute about 977 + 215 $ kW™ to the capital
cost. Notwithstanding the small number of data points he finds a good correlation (R*=0.97) for a linear
trend between surface cost and installed capacity:

surface cost (M$)=-0.9£4.6 + (1.0+£0.1) X capacity (MW). (8.66)

He combines this with results of an earlier survey of data from 31 geothermal steam fields world-wide
(Table 8.24) and arrives at an expression for the total capital cost for a known geothermal field:

cost M$)=-0.9+4.6 + (1.29+0.31/-0.19) X capacity (MW). (8.67)

Assuming that exploration in an unknown field requires an additional 50 % of the average number of
wells (9.3 + 6.1, Table 8.24), i.e. 4.6 + 3.0 at a cost of 1.5 M$ each corresponding to an additional cost of
6.9 = 4.5 M$, Stefansson [2002Ste] arrives at an expression for the total capital cost for an unknown
geothermal field:

cost (M$)=6.0£9.1 + (1.29+0.31/-0.19) x capacity (MW). (8.68)

Table 8.24 Characteristics of steam fields (data: [1992Ste”]).

Average yield (MW,) Average yield (MW,) Average number of wells for
per well per drilled km achieving maximum yield
42+22 34114 9.3+6.1

HDR and enhanced systems: HDR or enhanced geothermal systems differ from conventional reservoirs in
so far as they require additional hydraulic stimulation of the reservoir’s permeability to obtain the
required flow rate of 50 L s — 100 L s In general, stimulation is accomplished by hydraulic fracturing
of the rock at depth. This involves injection of large quantities of fluid, typically several hundred cubic
meters of water, at flow rates between 10 L s — 100 L s™ and high pressures of up to 100 MPa. This
operation requires large powerful pumps, a drill rig, and miscellaneous surface installations on site which
involve an additional cost.

A pioneer HDR project at Los Alamos (USA) reached the threshold of economic feasibility at a cost of
175 million US § in 1993 [2002Bar]. However, this sum comprises much research and “learning-by
doing” in this prototype installation. Current cost can be expected to be an order of magnitude less as two
recent studies conducted for Central European conditions demonstrate:

Jung et al. [2003Jun] calculate the cost for two such installations in Germany consisting of two boreholes
each, 2.2 km and 4.6 km deep, located in the Upper Rhine Graben and in the North German Sedimentary
Basin, respectively, a production temperature of 150 °C at a volume flow rate of 100 L s™', with a binary
power plant at the surface; they arrive at total costs of roughly 8.5 M€ and 13.6 M€, respectively (cf. Fig.
8.60, “small geothermal”). The 60 % difference is mostly due to the larger borehole depth required in the
second case to secure the desired production temperature of 150 °C.

For a similar system of three 5.5 km deep boreholes in the Upper Rhine Graben and a production
temperature of 200 °C at 70 kg s™' mass flow rate, Delacroix [1999Del] discusses three cases: The first
one corresponds to verified costs in the past, the second one to current costs, and the third one to costs
which can expected for the near future, given the decrease in cost between the two previous cases and
future technical improvements. For this “optimistic but nevertheless not unrealistic” [1999Del] scenario,
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Delacroix [1999Del] arrives at a total cost of 27.5 M€. Considering the additional cost for the third
borehole and the greater borehole depth, this estimate is in reasonable agreement with that of Jung et al.
[2003Jun], particularly when considering the period of four years between these two studies.

In summary, while experience is still lacking for commercial geothermal HDR power plants, it appears
that this technology is on the verge of becoming economical. This development can certainly be
supported and accelerated by national legislation, as for instance in Germany, by allowing geothermal
electric energy to be fed into the grid at a certified price (cf. Table 8.26). If successful, this technology
will make it possible to generate electric energy from geothermal heat nearly everywhere, even in lack of
geothermal anomalies and natural steam reservoirs.

8.4.2.4.3 Pollution

Large volumes of steam (or steam and water) need to be produced in the process of generating electric
energy from geothermal heat. For instance 8000 t h™' are required at The Geysers in California, with a
current capacity of 1036 MWe, and 3000 t h™ at Larderello in Italy, with an installed capacity of 547
MWe. These geothermal fluids vary in chemical composition depending on the reservoir rocks. The
major environmental impact of geothermal power production therefore corresponds to the discharge of
various gases dissolved in the geothermal fluids into the atmosphere and of water into bodies of surface
water, such as rivers and lakes. Minor environmental impacts are connected to land subsidence, induced
seismicity, and noise. In his review on “Geothermal Energy Technology and Current Status”, Barbier
[2002Bar] discusses all these aspects in detail. Where not stated differently, the following discussion in
this paragraph summarizes his synopsis. Further aspects are discussed in [1998Ren], [2000Hun], and
[2003Dic].

Air pollution
Steam from major geothermal fields contains an amount of non-condensable gases, CO,, H,S, NH3;, CH,,

N, and H,, ranging from 1.0 g — 50 g per kg of steam. Carbon dioxide is the major component, but much
less is discharged into the atmosphere per kW h generated from geothermal power plants than from gas-,
oil- or coal-fired ones (Fig. 8.61). Even with respect to natural gas, most existing geothermal power plants
discharge significantly less CO, into the atmosphere. Based on a price for European Emission Allowances
of 23 € per ton of CO, traded at the European Energy Exchange’, regulations within European Union
member states with respect to permissible emissions for various industries provide significant incentives
for CO, reduction and for low CO, energy production and emission. Geothermal emissions of carbon
dioxide are in the range of 0.010 kg kW™ h™" — 0.380 kg kW™ h™' with the exception of one plant on the
Azores islands where the geodynamic setting is responsible for a large CO, content in the produced steam
[1997Bar; 1998Ren; 2002Bar]. In fact, most existing plants emit clearly less than 0.200 kg kW™ h™' of
CO, (Fig. 8.61). This is significantly less than the CO, emissions of power plants based on fossil fuels
which are in the range of 0.450 kg kW™ h' — 1.040 kg kW™ h™'. Thus replacing existing oil, gas or coal
fired plants by geothermal plants will result in a reduction on the order of 0.250 kg kW™ h™', 0.700 kg
kW' h' or 0.850 kg kW™ h™', respectively. Based on the number of 23 € per ton of CO, traded at the
European Energy Exchange (EEX)® on 24 June 2005, this corresponds to minimum incentives of 0.006
€kW'h',0.016 kW' h” or 0.02 € kW™ h', if natural gas, oil or coal is replaced.

Apart from the greenhouse gas carbon dioxide, hydrogen sulfide is an air pollutant of major concern in
geothermal development. Its emissions are in the range 0.03 g kW' h™' — 6.4 g kW' h™. H,S is oxidized
to sulfur dioxide and then to sulfuric acid, the major source of acid rain. Without extraction, the specific
emissions of sulfur from geothermal power plants are about half of those from coal-fired plants (Fig.
8.61). There are no emissions of toxic nitrogen oxides from geothermal power plants, in contrast to fossil
fuel plants. However gases in geothermal steam may also contain ammonia (NHj3), traces of mercury
(Hg), boron vapors (B), hydrocarbons such as methane (CH,4), and radon (Rn). Boron, ammonia, and — to
a smaller amount — mercury are leached from the atmosphere by rain and may contaminate soil and
vegetation. Boron, in particular, can have a serious impact on vegetation. Salt water spray from well test-
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Fig. 8.61 Emission of carbon dioxide (CO,) and hydrogen sulfide (H,S) per kW h produced electric
energy reported for geothermal power plants in Asia, Europe, North America and typical fossil
power plants (I: Italy, IS: Iceland, MEX: Mexico, NZ: New Zealand, P: Portugal, RP: The Philip-
pines; data: [1997Bar; 1998Ren; 2002Bar]).

Table 8.25 Emission limitations or reduction commitments under the Kyoto protocol®°.

Percentage of emissions by the Percentage of emissions by the
Country year 2012 relative to the level Country year 2012 relative to the level
of 1990 (or the base period) of 1990 (or the base period)

Austria 87.0 Liechtenstein 92.0

Belgium 92.5 Lithuania 92.0

Bulgaria 92.0 Luxembourg 72.0

Canada 94.0 Netherlands 94.0

Czech Republic 92.0 New Zealand 100.0

Denmark 79.0 Norway 101.0

Estonia 92.0 Poland 94.0

Finland 100.0 Portugal 127.0

France 100.0 Romania 92.0

Germany 79.0 Russia 100.0

Greece 125.0 Slovakia 92.0

Hungary 94.0 Slovenia 92.0

Iceland 110.0 Spain 115.0

Ireland 113.0 Sweden 104.0

Italy 93.5 Switzerland 92.0

Japan 94.0 Ukraine 100.0

Latvia 92.0

% http://unfccc.int/essential_background/kyoto_protocol/background/items/1351.php
? http://www.bmu.de/files/pdfs/allgemein/application/pdf/kyoto_denkschr.pdf
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ing is also reported as a significant source of plant damage within about 50 m — 350 m from the well
heads [2005Tuy]. These contaminants may also affect surface waters with a corresponding negative
impact on aquatic life. Geothermal literature reports that mercury emissions from geothermal power
plants range between 45 pg kW™ h™' — 900 ug kW™ h™', comparable to those from coal-fired power plants.
Ammonia is discharged into the atmosphere in concentrations between 57 mg kW™ h™ — 1,938 mg kW'
h™', but atmospheric circulation leads to rapid dispersion and dilution. Radon (***Rn), a radioactive gas
isotope which occurs naturally in the Earth’s crust, is contained in geothermal steam and discharged into
the atmosphere in concentrations of 3,700 Bq kW™ h™" — 78,000 Bq kW' h™'. The radon concentration in
air at ground level is 5.5 Bq m™ at Larderello (Italy), and varies from mere traces up to 6.0 Bq m™ at The
Geysers (USA). By comparison, average levels of radon in air elsewhere are around 3 Bq m™. Although
its levels should be monitored, there is little evidence that radon concentrations are raised above
background level by geothermal emissions.

With respect to air and water pollution it merits mention that closed-loop installations, such as binary
plants, in which the geothermal fluid is passed through a heat exchanger and reinjected without contact
with the atmosphere, will discharge neither gas nor fluid to the environment during normal operation.

Much as stated before with respect to the direct use of geothermal energy, the economics of geothermal
power production is ultimately defined by the cost of energy from other, mainly fossil sources, in
particular by the price for oil and gas. As a result of the Kyoto protocol®’, many countries accepted
obligations for reducing their CO, emissions to the atmosphere, on average, to a level of 92 % of their
emissions in the year 1990 (Table 8.25). The Kyoto protocol went into effect by 25 February 2005 after
having been ratified by 55 countries which are responsible for at least 55 % of the global CO, emissions
in 1990. The protocol specifies no limitations for the CO, emissions of the People’s Republic of China
and other developing countries. By 25 February 2004, the Kyoto protocol had been ratified by 141
countries representing 85 % of the world population and 62 % of the current CO, emissions; notable
exceptions are Australia, Croatia, Monaco, and the USA.

Corresponding policies of other member states of the  Taple 8.26 Reimbursement for geothermal
European Union consist in a combination of penalties  gjectric energy according to the German

and incentives for the production and reduction of CO;  Renewable Energy Act (2004Ano)
emissions to the atmosphere, respectively. In combina-

tion with the long-term trend of increasing prices for Installed capacity Reimbursement
hydrocarbon fuels (Fig. 8.36), this will make geother- (MW) (€kW'h™"
mal power production increasingly competitive. Addi- 0-5 0.1500
tional national legislation can support this process. For 5-10 0.1400
instance, in Germany grid operators are required to 10;28 88??2

feed geothermal electric energy into their grids at a
certified price of up to 0.15 € kW™ h™' until the end of 2009 (Table 8.26); from 2010 onwards this reim-
bursement is diminished annually by one percent relative to the preceding year’s compensation.

Pollution is not considered a cost factor as long as its impact on the environment is small and can be
neglected. Today, this is generally no longer the case, and national legislation regularly both requires
provisions for limiting the environmental burden and provides incentives for the use of environ mentally
more benign technologies. The effect of both factors is to make low emission technologies more
economical.

In this context, the interrelation between pollution and cost has been analyzed using the so-called “eco-
efficiency analysis” [2000Kic]. Developed by BASF, the world’s largest producer of base chemicals, for
analyzing jointly the economic and ecologic characteristics of products and industrial procedures, it has
recently been applied by Siemens, a leading producer of equipment for generating electric energy from a
variety of different sources of primary energy, to determine which among the renewable energies appear
most attractive with respect to both ecology and economy [2004Len"]. The result summarized in Fig. 8.62
illustrates that geothermal energy is attractive in both respects and well ahead of all kinds of fossil and nu-
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Fig. 8.62 Environmental burden vs. cost associated with the generation of electric energy in
Germany based on different sources of fossil and renewable primary energy (modified after
[2004Len"]; wind: 5.5 m s™ at 50 m above land surface; biomass: wood).

clear energy. Among the renewables it is surpassed in this particular analysis only by hydro and wind
energy, and clearly ahead of biomass and photovoltaic energy. Needless to say that analysis requires
values to be assigned for various parameters, and Fig. 8.62 does not make their choice transparent. Still,
this is an interesting result for two reasons:

- It demonstrates that even today and even under less than optimum premises for the generation of
electric energy — in a developed economy such as Germany without natural steam reservoirs, but
with many competitors among well developed and well established technologies for energy
production — geothermal energy is attractive and competitive with respect to fossil and nuclear as
well as other renewable sources of primary energy;

- While hydro and wind energy appear more attractive at present, both have already reached or are
close to their maximum development: At least in Germany (and certainly in many other countries)
there are few or no sites for new hydropower dams, and similarly, all of the optimum locations for
wind turbines are already used. New development appears possible only off-shore, where an
additional price must be paid for enforced structures, additional grid lines and ecological
safeguarding. In contrast, geothermal energy in countries without natural steam reservoirs is just at
the beginning of its development.

Water pollution
As arule, the discharge of geothermal fluids into surface waters leads to pollution of rivers and lakes and

is a potential hazard associated with geothermal electric energy production [2005Sim]. In vapor
dominated reservoirs most of the pollutants are in the vapor state, and pollution of surface waters is
controlled easier than in water dominated reservoirs. There, waste steam condensate (20 % of the steam
supply) must be added to the waste water. The water and the condensate generally carry a variety of toxic
chemicals in suspension and solution: arsenic, mercury, lead, zinc, boron and sulfur, together with
significant amounts of carbonates, silica, sulfates and chlorides (see e.g. [2005Mro] for a field example).
In water dominated and in hot water reservoirs, water and steam (if present) are separated at the surface.
The steam is used for generating electric energy, and the volume of water to be disposed of can be as
much as 70 kg kW™ h”', more than four times the steam supply, and up to 400 kg kW' h™! in binary cycle
plants. Often this water contains large amounts of dissolved salts, even above 300 g per kg of extracted
fluid. Reinjection into the reservoir is the most common method of disposal. This also helps to control
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reservoir pressure (in order to prevent an unwanted, premature pressure decline) and to extract additional
heat from the rock, thus helping to extend the useful life of the resource. At first sight, reinjection might
seem expensive, as it requires additional wells, surface piping, and continuous pumping. But in the long
run it is very helpful and, calculated over the entire lifetime of a geothermal project, normally helps to
save cost compared to a scenario without reinjection.

Land subsidence

As fluids are produced from a reservoir, pore pressure declines causing the ground to subside. Less
subsidence occurs for harder than for softer reservoir rocks. The order at which geothermal fluids are
produced is comparable to that in large groundwater production for agriculture where land subsidence has
been a problem in some cases. Water dominated fields subside more than vapor dominated fields. For
example, the Wairakei (New Zealand) water dominated geothermal field (currently at 220 MW, running
capacity) experienced a localized subsidence of 4.5 m in the period 1964 — 1974 (corresponding to a
production of 622 Mt of fluid) and a total subsidence of 14 m at maximum in the period 1950 — 1998
[2000A1l]. In contrast, The Geysers (USA) vapor dominated field (currently at 888 MW, running
capacity) subsided only by 14 cm in the period 1973 — 1977, and Larderello (Italy) — also a vapor
dominated field (currently at 473 MW, running capacity) — subsided by 1.7 m in the period 1923 — 1986.
Subsidence can be controlled or prevented by the reinjection of spent fluids. On the other hand,
reinjection may give rise to micro-seismicity.

Induced seismicity

Many geothermal reservoirs, in particular at high temperature, are located in geologically active zones of
the Earth’s crust. These are characterized by volcanic activity, deep earthquakes, and a heat flow larger
than average resulting in a natural seismicity which is more frequent than elsewhere. In such a
geodynamic framework, water injection into a reservoir may create additional seismicity by increasing
pore pressure, reducing rock stress, thus triggering the release of accumulated tectonic stress. A study of
the correlation between seismicity and water injection into wells of the Larderello (Italy) geothermal area
suggested an increase of low-magnitude events but not an increase in the maximum value of the event
magnitudes. Reinjection of waste fluids may therefore have even a positive effect, triggering a higher
number of low intensity shocks, but favoring the progressive, non instantaneous release of the stress
accumulated in the rocks. This has been known also for some time from experience in fluid injection in
oil fields in regimes of tectonic stress and from experiments at the Rocky Mountain Arsenal, near Denver
(USA) [1968Hea; 1981Her]. Although this has not yet emerged as a technology by which seismic risk can
be managed actively, it deserves greater attention and systematic, focused research in the context of
creating and managing HDR or enhanced geothermal reservoirs. While ambitious programs are being
discussed in some countries aiming to use this technique massively for developing geothermal energy for
electric energy production, the public acceptance of an increasing number of these systems depends
critically on whether associated safety concerns of the public can be addressed adequately.

Noise

During drilling or maintenance, a noise level of 90 dBA'® — 122 dBA or 75 dBA — 90 dBA is associated
with wells at free discharge or through silencers, respectively. Well testing is associated with noise levels
of 70 dBA — 110 dBA (if silencers are used), and Diesel engines for driving drill rigs with 45 dBA — 55
dBA (if suitable muffling is used). The pain threshold lies at 120 dBA in the frequency range 2000 Hz —
4000 Hz. By comparison, at a distance of 60 m a jet takeoff corresponds to a noise level of 125 dBA, a
noisy urban environment to 80 dBA — 90 dBA, and a quiet suburban residence to 50 dBA. On a drill site
itself the noise level can be kept below 60 dBA during normal operation. At a distance of one kilometer it
should be practically indistinguishable from other background noises [1998Ren].

12 dBA: unit of sound intensity, exactly like the decibel (dB) except that prior to a measurement sounds of high and low frequencies,
heard poorly or not at all by the human ear, have been filtered out. The letter A refers to one of two customary filtering methods.
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8.5 Summary

Geothermal heat flows to the surface of the Earth from great depth. In order to use this source for
providing heat and electric energy, the governing processes must be understood and the associated
physical properties must be known. This chapter hopefully provides a sound starting point for more
detailed study and work on this subject

Geothermal energy can be used in a variety of ways: directly as industrial process heat or for space
heating (and even cooling). This chapter introduced the most important current concepts in geothermal
energy use. However, those wishing to pursue this topic further are advised to consult the special
literature much of which is referenced in this text (without claiming completeness).

Sometimes questions are raised whether geothermal is a truly renewable source of energy or whether
much of the heat stored in the Earth is not absorbed from solar radiation. While these questions have been
addressed earlier in this chapter so much only in this summary: On a human time scale, the produced heat
is normally not replaced. In general, replenishing the heat takes longer than producing it. This is why the
term “heat mining” is frequently used. However, on a geological scale the produced heat is indeed
replenished. This is why geothermal is a truly renewable form of primary energy. On a cosmological time
scale all forms of life on earth as we know it today — and thus also all forms of energy production — are
limited by the life span of our solar system. What may come after the time when the sun will have
become a white giant and subsequently a black dwarf is fortunately beyond our imagination. It certainly
poses a limit to the concept of something being renewable.

The advantages and disadvantages of geothermal energy in our present life can be summarized as follows:

+ very small CO, output;

+ comparatively small environmental burdens involved;

+ very little land use: production facilities below the Earth’s surface;

+ installations inconspicuous for direct use and comparable to conventional installations with respect
to power production;

+ well suited to provide thermal and electric base loads; does not suffer from large peaks which
require buffering when fed into grids.

- generation of electric energy currently restricted basically to regions with natural steam reservoirs;

- HDR and enhanced geothermal technology not yet industry standard; further research in generating
and localizing fractures required;

- competitiveness of direct use heat hampered by existing sources of (waste) heat with associated
difficulty in crowding out and market penetration;

- larger use in regions lacking natural steam reservoirs often hampered by inadequate information on
thermal and hydraulic rock properties.

Already today, geothermal energy is an important source of electric energy in many countries. It is
particularly valuable for many developing and emerging national economies as it is an indigenous source
of energy providing a degree of independence from the variability of the price of hydrocarbons. Even in
some of the developed economies it contributes on the order of 0.5 % - 16 % to the national production of
electric energy. In countries without natural steam reservoirs it is just at the beginning of its development.
The years to come will show whether the existing potential can be put to an economic use. Direct use of
geothermal heat is more ubiquitous. Rather than on geological and economic conditions, its use depends
on market access, penetration and, in part, crowding out of other sources of available heat. Some
countries have made considerable progress in direct use of geothermal heat, both in developed and
emerging economies. Similar to the conversion into electric energy, direct use of geothermal heat will
benefit from an increase in the price of fossil fuels, in particular hydrocarbons, which can be anticipated
for the future based on the historical development and the natural limitation of the resource base.

In summary, geothermal energy appears an attractive, promising, clean, and renewable source of energy.
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