566 8.4 Technological and economical aspects of geothermal energy [Ref. p. 595

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 mar-
ket 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.

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

- Itis 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 re-
source 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.

8.4.1 Direct use

Direct geothermal heat use of some sort is possible almost anywhere on the continents, with few excep-
tions. 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 pro-
duction 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. [03Eli].
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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
800000 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 fol-
lowing 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.

8.4.1.1.1 Ground-source heat pump systems

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 7. 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 heat-
ing of the compressor goes to waste. In the cooling mode, the coefficient of performance is accordingly
lower. Thus, in general we have COPy,> COP,.. The maximum efficiencies 77, max OF 7], max Of @ 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 7, q (Fig. 8.37):

nh,max = Twarm /AT = l/nCamot > nc,max = Tcold /AT H AT = Twarm - Tcold (862)

where Ncamo=AT/Tyum 18 the efficiency of an ideal thermodynamic Carnot process.
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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 re-
quired to drive the pumps for the primary circulation, to name just a few. Therefore, the effective effi-
ciency 77, or 7). of a heat pump in heating or cooling modes, respectively, is determined by the theoretical
maximum efficiency 7y max O 7, max diminished by the so-called exergy factor &:

T =& Mmex (e = EMepney); With 04 < e= X/E<0.5, (8.63)

where exergy X = E-A is the fraction of energy £ which can be freely converted into other forms of en-
ergy. 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 A4 of the energy £ which cannot be converted into
useful work is sometimes called anergy. Figure 8.37 shows the variation of the effective efficiency n,
with the temperature difference AT for an exergy factor of ¢ = 0.5.

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 7.4 equals about 10 °C in moder-
ate latitudes; in lower or higher latitudes 7., will be accordingly higher or lower, respectively. In con-
trast, 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 7., 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 7, of the secondary circuit is defined by the requirements of the
specific application, for instance the domestic space or water heating system, the efficiency 7" of water-
water heat pumps is therefore always superior to that of brine-water heat pumps, 77°, at the same output
temperature Ty,m (cf. Fig. 8.37).

In the heating and cooling modes, the maximum coefficients of performance of modern brine-water
heat pumps vary between 4 < COPy, < 5 and 3 < COP, < 4, respectively. For water-water heat pumps the
corresponding ranges are 5 < COPy, < 6 and 4 < COP,, < 5. This means that more primary energy is pro-
duced than used as input, given a thermodynamic efficiency 7 between 0.3 < 17<0.4 (e.g. [97Die]) 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 de-
fined by the requirements of the application. For groundwater heat pumps the input temperature 7.4 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 subsur-
face: 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.

The effect of various rock properties and technical parameters on mean thermal power and output
temperature can be studied comprehensively by detailed numerical simulations of the borehole heat ex-
changer system using appropriate software (e.g. [02Koh; 03Clal; 03Cla2]). As an illustration, Fig. 3.38
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 of 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
Sect. 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 tempera-
ture 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.

Landolt-Bérnstein
New Series VIII/3C



Ref. p. 595] 8 Geothermal energy 569

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. [02Geh] 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 # and radius r
from the line source. For long times, i.e. for large ratios x #/ 17, the temperature at the borehole wall
(r = r,) can be approximated by [S9Car]

T(rb,t)z4fz In(4xt/r})-y +QR,+T,, (8.64)

where « is the thermal rock diffusivity, R, the borehole thermal resistance, 7}, the undisturbed tempera-
ture, and y =~ 0.5772 Euler’s constant. The maximum error of (8.64) is 2.5% and 10% for x#/ 7> 20 and
5, respectively. Collecting terms this yields an expression for the average fluid temperature T :

2 —_—
T(t)=aln(t)+b, with a=—2— and b=0 Rb+w . (8.65)
'y 7 4rd

The temperatures recorded in a thermal response test follow the linear relation of (8.65) in the steady-state
approximation, i.e. for long times, commonly several hours. The average thermal conductivity A can then
be calculated from the slope of a linear regression of T versus the logarithm of time 7. With A known,
the thermal resistance Ry, can be calculated from the intercept value b, provided the thermal diffusivity is
known independently. In the quasi steady-state regime described by (8.65), the storage effect of thermal
capacity included in thermal diffusivity x is not felt any more. Therefore, thermal conductivity and ther-

mal capacity (and hence thermal diffusivity) cannot be determined simultaneously from this type of ex-
periment.
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Fig. 8.38. Variation of the mean thermal power P, (0) Fig. 8.39. Variation of mean thermal power P, (0)
of a coaxial borehole heat exchanger (at a given volume and mean output temperature 7, (+) of a coaxial
flow rate of 1.8 m® h™! at a constant inflow temperature borehole heat exchanger with volume flow rate QO
of 0 °C) with rock thermal conductivity A (length: (length: 100 m; rock th. conductivity 2 =2 W m™ K;
100 m; operation over 10 years: 12 h per day for 6 inflow temperature: 0°C; operation over 10 years:
months — recovery during the following 6 months; after 12 h per day for 6 months — thermal recovery during
Geophysica Beratungsgesellschaft mbH, Stolberg). the following 6 months; source: see Fig. 8.38).
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[02Geh]).

Several factors must be considered when interpreting the results of thermal response tests [see e.g.
02Koh; 02Geh; 03Cla2; 04Sigl]:

Ais 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 ad-
vective heat transport to and from borehole heat exchangers. This, however, is frequently ob-
served with respect to both natural flow systems and free convection around the borehole in-
duced by the test itself [cf. 02Geh 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. 01Pah];

Heat losses between the heating or cooling unit and the borehole (cf. Fig. 8.40) may lead to sig-
nificant 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. 96Anol; 97Hub; 01Anol; 01Ano3;
04Anol], heat storage systems [01Ano2], and direct uses [04Ano2]. Also, commercial software is avail-
able for the planning of heat pump systems (e.g. TRNSYS”, YUM [89Afi], WPcalc [94Nan]), the layout of
systems consisting of one or several borehole heat exchangers (e.g. EED*, EWS”) or heat exchanger piles
(PILESIM® [99Pah]). As these codes are based on different simplifying assumptions (e.g. constant tem-
perature 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 ex-
changers, they should not, as a rule, be applied to deep borehole heat exchangers.

3) http://sel.me.wisc.edw/trnsys/default.htm

*) http://www.buildingphysics.com/index.htm
%) http://www.igjzh.com/huber/index.htm

%) daniel.pahud@geothermal-energy.ch
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Ground-source heat pump systems for heating or combined heating and cooling are a mature technol-
ogy. Designed, laid-out, and installed properly, they have a proven life time equal to comparable invest-
ment goods, on the order of 30 years and more. With COP values between 4 and 5, modern brine-water
heat pumps deliver between 4/3 and 5/3 more heat than primary energy used for generating the electric
energy (at a thermodynamic efficiency of # = 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 gen-
eration of electric energy by burning of fossil fuels, ground-source heat pumps do not generate any pollu-
tion, 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 13000 €, roughly
1000 € or 4000 € 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%. How-
ever, 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 sys-
tem.

8.4.1.1.2 Deep borehole heat exchangers

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. 02Gas; 03Rafl; 04Ano6].

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 [02Schl; 02Sch2] pro-
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vides some general orientation. In this analysis drilling cost amounted to about 47% of the total invest-
ment 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™ and 700 € m™ drilling depth. The
associated gas heat pump accounts for another 34%. In this study, specific drilling cost did not vary ex-
tremely 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
[02Sch1; 02Sch2], with different boundary condition with respect to depth (2500 m - 2800 m), rock ther-
mal 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 € and
39 € per MW h, depending on location. However, economic feasibility will be reached as gas prices in-
crease with an increasing oil price and if the produced heat can be used during summer as driving power
for adsorption or adsorption space cooling systems.

Additionally, present and anticipated future financial incentives for CO, reductions will further in-
crease 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 allow-
ances 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 ha™ -
8000 h a' considered in the scenarios of this study [02Sch1; 02Sch2] 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
350t - 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.
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Fig. 8.42. Relative cost factors for deep borehole heat
exchanger systems (depth 2500 m, German year 2002
prices) [02Sch1].

™) http://www.eex.de

Fig. 8.43. Mean and standard deviations of average
cost for deep borehole heat exchanger systems based
on German year 2002 prices and four different sce-
narios considered [02Sch1].
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Fig. 8.44. (a) Trading prices (€ per ton CO,) for EU CO, emission allowances (EUA) from 2 April — 24 June 2005
(Data: EEX"). (b) Typical annual time-variation curve of heating power P versus time (one year equals 8760 h): Peak
load is required for much shorter times than base load.

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 distribu-
tion 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 hydro-
thermal 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 eco-
nomically more attractive if, additional to space heating of apartments and houses, it can be used to pro-
vide a significant thermal base load, such as 2000 h - 4000 h per year, to major customers of space heat-
ing or commercial and industrial process heat (cf. Sect. 8.3.1.2).

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 [02Sch1; 02Sch2]. 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 sec-
ond 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

Landolt-Bérnstein
New Series VIII/3C



574 8.4 Technological and economical aspects of geothermal energy [Ref. p. 595

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 [02Sch1; 02Sch2] was prepared in May 2002, the price of natural gas was about
20 € per MW h. In contrast, it varies between 34 € and 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 MWh,. At 4000 h a” cumulative heat-
ing time, the 11.4 MW fossil fuel heating plant discussed above ([02Schl; 02Sch2]; Fig. 8.45) produces
approximately 53000 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 emis-
sion 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 cor-
responds to a financial bonus of about 115000 € per year if geothermal heat replaces a gas furnace.

100

Natural gas

—— 6000h/a
80 —O— 4000 h/a
—o— 2000 h/a

Fig. 8.45. Cost comparison for heating
plants using natural gas (11.2 MW
black 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 grey lines,
respectively)®. Solid and broken light
B gray arrows indicate break-even cost for

Geothermal geothermal heat with respect to fossil
I 6000 h/a fuel for heat pumps with and without
—O— 4000 h/a direct heat exchange, respectively. The
—9— 2000 h/a shaded area indicates German year 2004
large-consumer price range for natural
| | . | gas. Symbols correspond to different
20 30 40 50 60 70 annual cumulative heating times (one

Fuel cost [€/MWHh] year equals 8760 h). Data: [02Sch1].
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¥) 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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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 Sect. 8.3.2 and Sect. 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). Geo-
thermal 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 geother-
mal 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 ex-
ternal factors such as seasonal variations in rainfall, since meteoric water has a long residence time in
geothermal reservoirs [02Bar].

8.4.2.1 Natural steam power plants

8.4.2.1.1 Dry 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 practi-
cally constant throughout the reservoir [02Bar]. 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 trans
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fer 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 [02Bar]. 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 [02Bar].

F @ HEPLL g

Fig. 8.47. Dry steam geothermal power plants (top left to bottom right): Lardarello, Italy; The Geysers, USA; Matsu-
kawa, Japan; Kamojang, Indonesia [01 Ano4; 03Sat; 04Lunl; 04WOB].
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Fig. 8.48. Direct-intake, non-condensing single flash geo-
thermal power plant at Pico Vermelho (Sao Miguel Island,
Azores) exhausting steam to the atmosphere [04Lun2].
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Fig. 8.49. Direct-intake, condens-
ing power plant for heat production
from dry steam fields (modified
after [04Tri]).

Dry steam reservoir

In condensing plants steam is condensed at the outlet of the turbine and cooled in conventional cool-
ing 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 [04Lun2]. 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 con-
tain 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 pres-
sures it becomes much larger [02Bar]. 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, com-
mercially 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 [02Bar].

8.4.2.1.2 Flash steam power plants

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
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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 Sect. 8.2). The water produced often contains a
large load of dissolved minerals (107 - 107 Kgmineral PET Kgauig, in some fields up to 0.35 kg kg'l), mainly
chlorides, bicarbonates, sulfates, borates, fluorides, and silica [02Bar]. 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 [02Bar].

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 depres-
surized 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 [02Bar]. 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).

Steam

Turbine Turbine

Steam

pressure | pressure

steam | steam | |—

> Directuse —>

Fig. 8.50. Double flash, condensing
power plant for heat production
from wet steam fields (modified

Wet steam reservoir after [04Tri]).

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 [01Ano4; 02Ano].
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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 me-
dium-temperature resources into electricity more efficiently than other technologies.

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™, Fri-
genw), propane (C;Hg), isobutane (C4H;), pentane (CsHi,), ammonia (NHj3). 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 pro-
vided 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) [02Bar]. The
cooled brine can be discharged or reinjected into the reservoir without flashing, which minimizes scaling
problems. A typical unit size is 1 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 geo-
thermal 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
MW,, 30 MW,, 15 MW,, 5 MW, or smaller [02Bar].

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 CO,-
emission energy production technologies. For instance, as a result of Germany’s renewable energy act
[04Ano4], 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

" registered trade marks of DuPont and Hoechst.
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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 Northern German Sedimentary Basin
in November 2003 (0.2 MW,, 98°C [03Ano2]). 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 in-
stallation went into operation in Altheim in 2000 with 0.7 MW, at 106 °C [02Per]) 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
[84Kal; 89Wal]. Here, a mixture of water and ammonia (NH;) is evaporated over a finite temperature

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 [99Nic;
01Ano4; 04Ano3].
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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 ther-
modynamic 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% [89Wal].

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 [04AnoS]. This provides an improved effi-
ciency of at least 10% of the Kalina cycle over the conventional Organic Rankine Cycle [§89Wal]. At
present, however, there is just one geothermal Kalina cycle power plant in operation in Husavik, Iceland
and available for comparisons [04DiP]; 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 [04DiP].

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 to 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 ex-
changer. 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 ex-

Landolt-Bérnstein
New Series VIII/3C



582 8.4 Technological and economical aspects of geothermal energy [Ref. p. 595

changers have been proposed and studied, and various combinations of these three basic types are possi-
ble as well:

- Single and multiple coin-shaped vertical cracks, such as the first HDR system at Fenton Hill, NM
[99Bro] or the system created at Falkenberg, Germany [89Jun] (Fig. 8.56a);

- Networks of micro-cracks, fissures and fractures, such as the systems at Rosemanowes, UK
[99Par], Hijiori, Japan [99Kur], and Ogachi, Japan [99Hor] (Fig. 8.56b);

- Systems of reactivated, interconnected large-scale fractures and faults, such as Soultz-sous-
Foréts, France [92Bre; 99Bar], and Fjéllbacka, Sweden [99Wal] (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 [98Nar] and Germany [03Ano2]. Systems such as the one
shown in Fig. 8.56c, sometimes referred to as “hot wet rock”, fall in between a closed HDR system
(Fig. 8.56a) and open, permeable hydrothermal systems [99Abe]. These enhanced geothermal systems are
engineered in high-temperature, low-permeability fracture systems or on the margins of productive geo-
thermal 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 sand-
stones 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.

A
\

\ ' \ Fig. 8.56. Different kinds of sub-
\ 0 \ surface heat exchanger systems in
: HDR and enhanced geothermal
systems [03Jun]. (a) Coin-shaped
vertical cracks. (b) Network of
micro-cracks, fissures and frac-
tures. (c¢) Interconnected large-
¢ scale fractures and faults.
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For the key parameters of a HDR installation, Barbier [02Bar] and Jung et al. [03Jun] specify the fol-
lowing minimum requirements for a commercial success:

- Production flow rate: 50 Ls' - 100 L s™';

- Flow losses: < 10% of injection flow or < 10 L s™';

- Flow resistance, i.e. (injection pressure — prod. pressure)/ production flow rate: < 100 kPas L™;
- Effective heat exchange surface: > 5 km?” - 10 km?;

- Accessed rock volume: > 0.2 km’.

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 [03Jun].

The creation of a sufficiently large and permeable underground heat exchanger can be verified by ei-
ther 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. 8.56¢, be-
cause ancient, large-scale fractures were reactivated by the hydraulic fracturing. Once created, these frac-
tures 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  is on the order of 10™"° m? or less [02Bar].
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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 [03Hud] discusses technical features of various plant options as well as eco-
nomic aspects of well-head generating units, Bloomquist and Knapp [03Blo] economic and financial
aspects, and Brown and Webster-Brown [03Bro] environmental impacts and mitigation. Case studies of
various geothermal projects are discussed by Grant [96Gra] 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 [96Gra] 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.

8.4.2.4.1 Efficiency

Geothermal steam from natural and HDR systems is converted into electric energy with a thermal effi-
ciency, the ratio of net electric power output to heat input rate, ranging from 10% to 17%, depending on
the type of steam and its temperature [99Del; 02Bar; 03Jun]. 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;, CH,y, N; and H; in concentrations varying from 1 g to 50 g per kg of fluid. Extracting
these aggressive gases from the condensers of power plants additionally reduces the efficiency of electric-
ity generation [02Bar]. However, geothermal steam power plants possess quite impressive utilization
efficiencies, the ratio of net electric power output to exergy input rate (exergy: see Sect. 8.4.1.1.1), rang-
ing from about 40% to 65% [97DiP]. This demonstrates that particularly direct steam power plants typi-
cally 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 var-
ies with the resource temperature: values reported for installations commissioned within the last decade
range from about 5% to 14% (Fig. 8.58). Again, the utilization efficiency is larger, ranging from about
16% to 54% [97DiP; 04DiP].
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Frequently, binary units are also combined with direct steam, single- or multiple flash systems in or-
der 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 attrac-
tive 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 effi-
ciency of the surface installations, but in creating an adequately sized reservoir with sufficient perme-
ability for sustaining sufficient flow rates at a high temperature.

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 opera-
tion 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 geother-
mal fields, both vapor and water dominated, can be operated economically over a century. Prudent rein-
jection 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 unfortu-
nately the last survey of investments made in the main geothermal countries in the world in the period
1973-1992 dates back already 10 years [94FTri]. It indicated a total investment of around 22,000 million
USS$. Of these, 7,600 M$ were invested between 1973 and 1982, and 14,300 M$ between 1983 and 1992.
This corresponds to an increase in total investments of 89% in the second decade analyzed. In detail,
17,600 M$ (80%) were invested in industrialized countries, 3,500 M$ (16%) in developing countries, and
800 MS$ (4%) in Eastern European countries.

As for oil and gas, much of this money is spent for technological research and development, geother-
mal 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 (41800 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 [02Bar].

8.4.2.4.2.1 Natural steam systems

A time of about 3 years is required to develop new geothermal dry or wet steam fields and to install cor-
responding power plants [96Ano2; 96Gra; 02Ste]. This is reasonably short and in keeping with the con-
struction times of power stations based on other fuels ([96Ano2; 00Tur]; Fig. 8.59). Available numbers
for the specific investment required for large geothermal steam power plants vary little and are consis-
tently on the order of 1 million US$ per installed MW (Fig. 8.59) or 1 million € per installed MW
[96An02; 99Del; 03Kal; 03Pas] (Fig. 8.60). Depending on plant type and size, costs range from
0.8 M$ MW to 3.0 M$ MW [96Ano2; 00Tur] and 0.6 ME MW to 2.4 ME MW [99Del; 03Kal;
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03Pas]. Corresponding production costs of 0.045 € kW' h™' - 0.091 € kW™ h' [96Ano2; 99Del] 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 con-
centrating solar or photovoltaic, respectively (Fig. 8.60).
In a comparison based on five geothermal power plants built in Iceland between 1994 and 1999, Ste-
fansson [02Ste] 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:

Type of power plant

Type of power plant

Nuclear

Hydro -

Steam turbine

Large geothermal -

Capital cost [10% MW ']
00 05 10 1.5

20

25
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Clean coal |—#

Combined cycle (oil, gas)
Simple cycle (oil, gas)
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Diesel 7|

Capital cost [e kW]
SOIOO 100|00

15(300

Small hydro
Natural gas -
Biomass
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Large geothermal
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Concentrating solar -
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surface cost [M$]=-0.9%4.6 + (1.0£0.1) X capacity [MW]. (8.66)

Fig. 8.59. Turnkey investment in
US$ (black bars) and average time
required for power plant construction
(grey bars) based on various kinds of
conventional and renewable energy.
Data: [96Ano2; 00Tur].

Fig. 8.60. Cost range for electricity
produced from various fossil and
renewable sources of energy (grey
bars) and specific investment cost
range for various fossil and renew-
able power plants (black bars).
“Large geothermal” and ‘“small
geothermal” refers to steam power
plants exploiting natural fields and
HDR or enhanced geothermal sys-
tems with binary power plants, re-
spectively. Data: [96Ano2; 99Del;
03Jun; 03Kal; 03Pas].
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Table 8.24. Characteristics of steam fields [92Ste2].

Average yield per well ~ Average yield per drilled km  Average number of wells for
[MW,] [MW,] achieving maximum yield

42+22 34+14 9.3+6.1

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$]=-09+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 MS$, Stefansson [02Ste] arrives at an expression for the total capital cost for an unknown geo-
thermal field:

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

8.4.2.4.2.2 HDR and enhanced systems

HDR or enhanced geothermal systems differ from conventional reservoirs in so far as they require addi-
tional 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 in-
volves 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 [02Bar]. 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. [03Jun] 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 produc-
tion 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 [99Del] 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 un-
realistic” [99Del] scenario, Delacroix [99Del] 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 reason-
able agreement with that of Jung et al. [03Jun], 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 ap-
pears 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
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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
[02Bar] discusses all these aspects in detail. Where not stated differently, the following discussion in this
paragraph summarizes his synopsis. Further aspects are discussed in [98Ren; 00Hun; 03Dic].

8.4.2.4.3.1 Air pollution

Steam from major geothermal fields contains an amount of non-condensable gases, CO,, H,S, NH;, CHy,
N, and H,, ranging from 1.0 g to 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 CO, emissions for various industries provide significant incen-
tives for CO, reduction and for low CO, energy production and emission. Geothermal emissions of car-
bon 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 [97Bar; 98Ren; 02Bar]. 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 yield a reduction of an order 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 En-
ergy 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'l, 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 (NHj;), traces of mer-
cury (Hg), boron vapors (B), hydrocarbons such as methane (CH,), 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-
ing is also reported as a significant source of plant damage within about 50 m - 350 m from the well heads
[05Tuy]. 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 ug kW' h™! and 900 pg kW' h™', comparable to those from coal-fired power plants. Ammonia
is discharged into the atmosphere in concentrations between 57 mg kW™ h' and 1938 mg kW™ h”', but
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Fig. 8.61. Emission of carbon dioxide (CO,, circles) and hydrogen sulfide (H,S, diamonds) per kW h produced elec-
tric 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 Philippines). Data: [97Bar; 98Ren; 02Bar].

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 between 3700 Bq kW™ h™" and 78000 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™. Al-
though 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 geother-
mal 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 European Union consist in a combination of
penalties and incentives for the production and reduction of CO, emissions to the atmosphere, respec-
tively. In combination with the long-term trend of increasing prices for hydrocarbon fuels (Fig. 8.36), this
will make geothermal power production increasingly competitive. Additional national legislation can
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support this process. For instance, in Germany grid operators are required to 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 reimbursement is diminished annually by one per cent 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 environmentally
more benign technologies. The effect of both factors is to make low emission technologies more eco-
nomical. In this context, the interrelation between pollution and cost has been analyzed using the so-
called “eco-efficiency analysis” [00Kic]. Developed by BASF, the world’s largest producer of base
chemicals, for analyzing jointly the economic and ecologic characteristics of products and industrial pro-
cedures, it has recently been applied by Siemens, a leading producer of equipment for generating electric

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

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

Table 8.26. Reimbursement for geothermal electric energy according to the German Renewable Energy
Act [04Ano4].

Installed capacity [MW] Reimbursement [€ kW™ h']

0 -5 0.1500
5 -10 0.1400
10 -20 0.0895

>20 0.0716

%) http://unfcec.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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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 [04Len2]. The result summa-
rized in Fig. 8.62 illustrates that geothermal energy is attractive in both respects and well ahead of all
kinds of fossil and nuclear 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 pro-
duction — 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 coun-
tries) there are few or no sites for new hydropower dams, and similarly, all of the optimum loca-
tions 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 ecologi-
cal safeguarding. In contrast, geothermal energy in countries without natural steam reservoirs is
just at the beginning of its development.

8.4.2.4.3.2 Water pollution

As a rule, 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 [05Sim]. 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
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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 (wind: 5.5 m s at 50 m above land surface; biomass:
wood). Modified after [04Len2].
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of carbonates, silica, sulfates and chlorides (see e.g. [05Mro] 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 reservoir pressure (in order to
prevent an unwanted, premature pressure decline) and to extract additional heat from the rock, thus help-
ing 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, calcu-
lated over the entire lifetime of a geothermal project, normally helps to save cost compared to a scenario
without reinjection.

8.4.2.4.3.3 Land subsidence

As fluids are produced from a reservoir, pore pressure declines causing the ground to subside. Less subsi-
dence 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 [00ALll]. 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 pre-
vented by the reinjection of spent fluids. On the other hand, reinjection may give rise to micro-seismicity.

8.4.2.4.3.4 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 geody-
namic 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 ac-
cumulated 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) [68Hea; 81Her]. 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.
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8.4.2.4.3.5 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. Testing of the wells is associated with
noise levels of between 70 dBA and 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 fre-
quency 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
[98Ren].

Summary

Geothermal heat flows to the surface of the Earth from great depth. In order to use this source for provid-
ing 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 litera-
ture 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
produced 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 in-
deed 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 fol-
lows:

+  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 re-
spect 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 reser-
VOirs;

'y 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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— HDR and enhanced geothermal technology not yet industry standard; further research in generat-
ing 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 par-
ticularly 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 coun-
tries 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 en-

ergy.

Acknowledgements

Klaus Heinloth (Bonn University) for entrusting this chapter to me and for his kind encouragement and
patience until its completion; Enrico Barbier (Institute of Geosciences and Earth Resources CNR, Pisa);
Michael Baumann (Landesinitiative Zukunftsenergien NRW, Diisseldorf); Ingvar B. Fridleiffson and
Valgardur Stefansson (Orkustofnun, Reykjavik); Darrell L. Gallup (Unocal Geothermal Technology &
Services, Santa Rosa, CA); Andreas Hartmann (Angewandte Geophysik, RWTH Aachen University);
Ernst Huenges (Geoforschungszentrum, Potsdam); Thomas Kohl (Geowatt AG, Ziirich), Edgar Laube
and Thomas Mathews (ECOS Umwelt GmbH, Aachen); Uwe Lenk (Siemens AG, Erlangen); John Lund
and Tonya Boyd (GeoHeat Center, Klamath Falls); Renate Pechnig and Roland Wagner (Geophysica
Beratungsgesellschaft mbH, Stolberg); Yuri Popov (Moscow State Geological Prospecting Academy);
Gunter Schaumann and Christian Pohl (Transferstelle fiir rationelle und regenerative Energienutzung, FH
Bingen); Riidiger Schellschmidt (Leibniz Institute for Applied Geosciences, Hannover) for active support
and sharing of published and unpublished information and data with me; J6rn Bartels (Geothermie Neu-
brandenburg GmbH), Daniel Pribnow (Shell Research, Rijswijk), Heiner Villinger (Universitit Bremen)
for critical reading of the manuscript; and finally, but certainly not least, my wife Karin and my children
Johanna and Simon for their kind support and willingness to do without me on countless weekends while
this manuscript was written.

Landolt-Bérnstein
New Series VIII/3C



8 Geothermal Energy i

8.4.3 References for 8.4

59Car
68Hea
81Her
84Kal
86Cul
89Af]

89Jun
89Wal

92Bre
92Ste2
94Fri
94Nan
96Anol
96Ano2
96Gra
97Bar
97Die
97DiP
97Hub
98Nar

98Ren

99Abe
99Bar

99Bro
99Del

99Hor
99Kur
99Nic

99Pah

Carlsaw, H.S., Jaeger, J.C.: Conduction of heat in solids, 2nd Ed, Oxford: Clarendon, 1959,
p- 387 - 389.

Healy, J.H., Rubey, W.W., Griggs, D.T., Raleigh, C.B.: Science 161 (1968) 1301 - 1310.
Herrmann, R.B., Park, S.K., Wang, C.Y.: Bull. Seismol. Soc. Am. 71 (1981) 731 - 745.
Kalina, A.L.: ASME J. Eng. Gas Turbines Power 106 (4) (1984) 737 - 742.

Culver, G.: Performance evaluation of the ORMAT generator at Wabuska, Nevada, Geo Heat
Center, Klamath Falls, OR: Oregon Inst. of Techn., 1986; ( http://geoheat.oit.edu/pdf/bel.pdf).
Afjei, T.: YUM - A Yearly Utilisation Model for calculating the seasonal performance factor
of electric driven heat pump heating systems, Technical Form, IET-LES, Zirich: ETH
Ziirich, 1989.

Jung, R.: Int. J. Rock Mech. Mining Sci. Geomech. Abstr. 26 (3/4) (1989) 301 - 308.

Wall, G., Chuang, C.-C., Ishida, M., in: Bajura, R.A., von Spakovsky, M.R., Geskin, E.S.
(eds): Analysis and design of energy systems: Analysis of industrial processes, AES-Vol. 10-
3; Am. Soc. Mech. Engrs. (ASME) (1989) 73 - 77.

Breesee, J.C. (ed.): The Soultz hot dry rock project, Philadelphia: Gordon and Breach, 1992.
Stefansson, V.: Geothermics 21 (5/6) (1992) 823 - 834.

Fridleifsson, I.B., Freeston, D.H.: Geothermics 23 (1994) 175 - 214.

Nani, M., Stalder, M., Schweizer, A., Baumgartner, T.: WPcalc. Rechenprogramm zur Ausle-
gung von WP-Anlagen, Bern: Bundesamt fiir Energiewirtschaft, 1994.

Anonymous: Anforderungen an Wérmepumpenanlagen fir die Nutzung von Wirme aus
Grundwasser, Oberfldchenwasser, Erdwéarmesonden, Erdregister, Wasser- und Energiewirt-
schaftsamt & Amt fiir Gewésserschutz und Abfallwirtschaft des Kantons Bern, Bern, 1996.
Anonymous: Electricity generation today, ABB Asea Brown Boveri Ltd, Ziirich, 1996.

Grant, M.A.: Geothermal resource management, Auckland: Geothermal Energy New Zealand
Ltd (GENZL), 1996.

Barbier, E.: Renewable Sustainable Energy Rev. 1 (1/2) (1997) 1 - 69.

Diekmann, B., Heinloth, K.: Energie, 2nd Ed, Stuttgart: B. G. Teubner, 1997.

DiPippo, R., in: Elliott, T.C., Chen, K., Swanckamp, R.C. (eds): Standard handbook of
powerplant engineering, 2nd Ed, New York: McGraw-Hill, 1997, 8.27 - 8.60.

Huber, A., Schuler O.: Berechnungsmodul fiir Erdwarmesonden, Bundesamt fiir Energiewirt-
schaft, Bern, 1997, ENET Nr. 9658807.

Narayan, S.P., Dumbrell, R., Rahman, S.S.: Geothermische Energie 22/23 (2/3) (1998);
( www.geothermie.de/gte/gte22-23/artikel 5/artikel 5.htm ).

Renewable energy working party: Benign energy: The environmental implications of renew-
ables - Appendix G: Geothermal, Paris: International Energy Agency (IEA), 1998;

( http://www.iea.org/textbase/nppdf/free/1990/benign1998.pdf ).

Abé, H., Niitsuma, H., Baria, R. (eds): Hot dry rock/hot wet rock academic review; Geother-
mics 28 (4/5) (1999).

Baria, R., Baumgirtner, J., Gérard, A., Jung, R., Garnish, J.: Geothermics 28 (4/5) (1999)
655 - 669.

Brown, D.W., Duchane, R.H.: Geothermics 28 (4/5) (1999) 591 - 601.

Delacroix, S.: Cahiers CLIP 10 (1999) 29 - 63;

( www.iddri.org/iddri/telecharge/cahier-du-clip/clip_10 ).

Hori, Y., Kitano, K., Kaieda, H., Kiho, K.: Geothermics 28 (4/5) (1999) 637 - 645.
Kuriyagawa, M., Tenma, N.: Geothermics 28 (4/5) (1999) 627 - 636.

Nichols, K.: Case histories Barber-Nichols small geothermal power plants, Arvada CO, USA:
Barber Nichols, 1999 ( www.barber-nichols.com/library/geothermal_case_histories.pdf).
Pahud, D., Fromentin, M, Hibbuch, M.: Heat exchanger pile system of the dock midfiled
at the Zirich Airport - detailed simulation and optimisation of the installation,
final report, Bern, Switzerland: Swiss Federal Office of Energy, 1999; ( www.leee.supsi.ch :
LEEE-Reports, “Geothermia”).

Landolt-Bornstein
New Series VIII/3C


http://geoheat.oit.edu/pdf/be1.pdf
http://www.geothermie.de/gte/gte22-23/artikel 5/artikel 5.htm
http://www.iea.org/textbase/nppdf/free/1990/benign1998.pdf
http://www.iddri.org/iddri/telecharge/cahier-du-clip/clip_10
http://www.barber-nichols.com/library/geothermal_case_histories.pdf
http://www.leee.supsi.ch

i

8 Geothermal Energy

99Par
99Wal
00All
00Bur
00Hun

00Kic

00Low

00Tur

00Ura

01Anol
01Ano2
01Ano3
01Ano4
01Pah
02Ano
02Bar

02Gas
02Geh

02Koh

02Per

02Schl

02Sch2
02Ste
02Wei

03Ano2

03Blo

Parker, R.: Geothermics 28 (4/5) (1999) 603 - 615.

Wallroth, T., Eliasson, T., Sundquist, U.: Geothermics 28 (4/5) (1999) 617 - 6625.

Allis, R.G.: Geothermics 29 (4/5) (2000) 455 - 478.

Burns, K.L., Weber, C., Perry, J., Harrington, H.J., in: Iglesias, E., Blackwell, D., Hunt, T.,
Lund, J., Tamanyu, S., Kimbara, K. (eds): Proc. World Geothermal Congress 2000, Auck-
land: Int. Geothermal Association, 2000, p. 99 - 108.

Hunt, T. (ed): Environmental aspects of geothermal development; Geothermics 29 (4/5)
(2000)

Kicherer. A., Pfisterer, H.E., Staudacher, R.: The BASF ecoefficiency analysis, BASF in
dialogue, November 2000, Ludwigshafen, 2000;

( www.basf.de/basf/img/position/effizienz_e.pdf?id=6FPPY6S16bsf39c ).

Low, P., Morris, G., in: Iglesias, E., Blackwell, D., Hunt, T., Lund, J., Tamanyu, S., Kimbara,
K. (eds): Proc. World Geothermal Congress 2000, Auckland: Int. Geothermal Association,
2000, p. 3217 - 3222.

Turkenburg, W.C., in: Goldemberg, J., Baker, J.W., Ba-N’Daw, S., Khatib, H., Popescu, A.,
Viray, F.L. (eds): World Energy Assessment, New York NY: UN Development Programme,
2000, p. 219 - 272; ( http://www.undp.org/energy/activities/wea/drafts-frame.html ).

Ura, K., Saitou, S., in: Iglesias, E., Blackwell, D., Hunt, T., Lund, J., Tamanyu, S., Kimbara,
K. (eds), Proc. World Geothermal Congress 2000, Auckland: Int. Geothermal Association,
2000, p. 3327 - 3333.

Anonymous: Thermal use of the underground; Part 2: Ground source heat pump systems,
VDI-Richtlinien VDI 4640/11, Diisseldorf: Verein deutscher Ingenieure (VDI), 2001.
Anonymous: Utilization of the subsurface for thermal purposes; Part 3: Underground thermal
energy storage, VDI-Richtlinien VDI 4640/111, Diisseldorf: Verein dt. Ingenieure (VDI), 2001.
Anonymous: Leitfaden zur Nutzung von Erdwérme mit Erdwérmesonden, 3rd Ed, Ministeri-
um fiir Umwelt und Verkehr Baden-Wiirttemberg, Stuttgart, 2001.

Anonymous: Geothermal energy slide show, Tiburon USA: Geothermal Education Office,
2001; ( www.geothermal.marin.org/GEOpresentation/ ).

Pahud, D., Matthey, B.: Energy Buildings 33 (1999) 503 - 507.

Aniwanina 19 2002; ( http://www.niwa.co.nz/pubs/an/19/Waikato ).

Barbier, E.: Renewable Sustainable Energy Rev. 6 (2002) 3 - 65.

Gassel, A.: Erneuerbare Energie 2 (2002) 23; ( www.energytech.at/pdf/ee_gassel.pdf’).
Gehlin, S.: Thermal response test - method development and evaluation, Doctoral Disserta-
tion, Luled, Sweden: Luled University of Technology, Department of Environmental Engi-
neering, 2000.

Kohl, T., Brenni, R., Eugster, W.: Geothermics 31 (6) (2002) 687 - 708.

Pernecker, G.: Geothermische Energie 36/37 (3/4) (2002);

( www.geothermie.de/gte/gte36-37/altheim_pernecker.htm ).

Schaumann, G.: Untersuchung der Wirtschaftlichkeit der geothermischen Warmegewinnung
in Deutschland im Vergleich zu konventionellen Verfahren sowie die Beurteilung der Er-
folgsaussichten fiir die Geothermie bei heutigen Energiepreisen, Abschlussbericht zum For-
schungsvorhaben 0327114, Bingen: Transferstelle fiir rationelle und regenerative Energienut-
zung (TSB), 2002; ( www.tsb-energie.de/service/publikationen/2002/tsb_geobericht.pdf).
Schaumann, G.: Brennstoff Warme Kraft (BWK) 54 (10) (2002) 53 - 58.

Stefansson, V.: Geothermics 31 (2) (2002) 263 - 272.

Weidler, R., Gerard, A., Baria, R., Baumgaertner, J., Jung, R.: Hydraulic and micro-seismic
results of a massive stimulation test at 5 km depth at the European hot-dry-rock test site
Soultz, France, Proc. 27th Workshop on Geothermal Reservoir Engineering, Stanford Univer-
sity, CA, 2002; ( http://geothermal.stanford.edu/pdf/SGW/2002/Weidler.pdf).

Anonymous: Geothermal Electricity Generation in Neustadt-Glewe, Projekt-Info 9/03, BINE In-
formationsdienst, Karlsruhe, 2003; ( www.bine.info/pdf/publikation/bi0903eninternetx.pdf).
Bloomquist, R.G., Knapp, G., in: Dickson, M.H., Fanelli, M. (eds): Geothermal Energy:
Utilization and Technology, UNESCO, Paris, 2003, p. 175 - 201.

Landolt-Bérnstein
New Series VIII/3C


http://www.basf.de/basf/img/position/effizienz_e.pdf?id=6FPPY6SI6bsf39c
http://www.undp.org/energy/activities/wea/drafts-frame.html
http://www.geothermal.marin.org/GEOpresentation/
http://www.niwa.co.nz/pubs/an/19/waikato
http://www.energytech.at/pdf/ee_gassel.pdf
http://www.geothermie.de/gte/gte36-37/altheim_pernecker.htm
http://www.tsb-energie.de/service/publikationen/2002/tsb_geobericht.pdf
http://geothermal.stanford.edu/pdf/SGW/2002/Weidler.pdf
http://www.bine.info/pdf/publikation/bi0903eninternetx.pdf

8 Geothermal Energy iii

03Bro
03Clal
03Cla2
03Dic

03Eli

03Hud
03Jun
03Kal

03Pas

03Rafl
03Sat
04Anol
04Ano2
04Ano3

04Ano4

04Ano5
04Ano6

04DiP
04EIA

04Lenl

04Len2

04Lunl
04Lun2

04Sig1

Brown, K., Webster-Brown, J., in: Dickson, M.H., Fanelli, M. (eds): Geothermal energy:
Utilization and technology, Paris: UNESCO, 2003, p. 155 - 173.

Clauser, C. (ed): Numerical simulation of reactive flow in hot aquifers using SHE-
MAT/Processing Shemat, Berlin: Springer-Verlag, 2003.

Clauser, C., Kleiner, S., Wagner, R., Mathews, T.: Brennstoff, Wéarme, Kraft (BWK) 55 (9) (2003)
29 - 30.

Dickson, M.H., Fanelli, M. (eds): Geothermal energy: Utilization and technology, Paris:
UNESCO, 2003.

Eliasson, E.T., Armansson, H., Thorhallsson, S., Gunnarsdottir, M.J., Bjo6rnsson, O.B., Karls-
son, T., in: Dickson, M.H., Fanelli, M. (eds): Geothermal energy: Utilization and technology,
Paris: UNESCO, 2003, p. 53 - 79.

Hudson, R.B., in: Dickson, M.H., Fanelli, M. (eds): Geothermal energy: Utilization and tech-
nology, Paris: UNESCO, 2003, p. 29 - 52.

Jung, R., Kabus, F., Kaltschmitt, M., Nill, M., Schroder, G., Rogge, S., in: Kaltschmitt, M.,
Wiese, A., Streicher, W. (eds): Erneuerbare Energien, Berlin: Springer, 2003, p. 489 - 517.
Kaltschmitt, M., Streicher, W., in: Kaltschmitt, M., Wiese, A., Streicher, W. (eds): Erneuerba-
re Energien, Berlin: Springer-Verlag, 2003, p. 519 - 574.

Paschen, H., Oertel, D., Griinwald, R.: Moglichkeiten geothermischer Stromerzeugung in
Deutschland, Biiro fiir Technikfolgenabschitzung beim Deutschen Bundestag, Arbeitsbericht
Nr. 84, 2003; ( www.tab.fzk.de/de/projekt/zusammenfassung/ab84.pdf).

Rafferty, K.D., in: Dickson, M.H., Fanelli, M. (eds): Geothermal energy: Utilization and tech-
nology, Paris: UNESCO, 2003, p. 81 - 90.

Satoshi, M.: Nipponia 26 (2003);

( http://web-japan.org/nipponia/nipponia26/en/feature/feature08.html ).

Anonymous: Geothermie - Daten zur Nutzung des oberfldchennahen geothermischen
Potenzials, Geologischer Dienst NRW, Krefeld, 2004; ( http://www.gla.nrw.de/g_cdgtl.htm ).
Anonymous: Thermal use of the underground; Part 4: Direct uses, VDI-Richtlinien VDI
4640/1V, Disseldorf: Verein deutscher Ingenieure (VDI), 2004.

Anonymous: Selected geothermal power plants, Sparks NV, USA: ORMAT Technologies
Inc., 2004; ( www.ormat.com/index_projects.htm ).

Anonymous: Gesetz zur Neuregelung des Rechts des erncuerbaren Energien im
Strombereich, Bundesgesetzblatt, Teil I, Nr. 40, 1918, Bonn, 2004;

( http://217.160.60.235/BGBL/bgbl1{/bgbl104s1918.pdf ).

Anonymous: Heat Engines, Washington: U.S. Dept. of Energy, 2004;

( www.eere.energy.gov/consumerinfo/factsheets/ba9d.html ).

Anonymous: Absorption Cooling, Washington: U.S. Dept. of Energy, 2004;

( www.eere.energy.gov/buildings/info/components/hvac/cooling/absorption.html ).

DiPippo, R.: Geothermics 33 (5) (2004) 565 - 586.

EIA: U.S. Energy Information Administration: World oil market and oil price chronologies,
1970-2003, Washington, D.C.: EIA, 2004; ( www.eia.doe.gov/emeu/cabs/chron.html ).

Lenk, U.: Umwandlung geothermischer Energie in Strom mit dem Kalina Cycle,
RENEXPO 2004, Augsburg, 2004;

( http://www.muc.zae-bayern.de/zae/a4/deutsch/pub/renexpo/Geothermie%20Renexpo%
2021-10-2004-2_Lenk-U%20Kalina-Cycle.pdf).

Lenk, U.: Welche Technologien nutzen die Kraftwerke der Zukunft? 42. Fachtagung der
Osterreichischen Gesellschaft fiir Energietechnik, Graz, 2004;

( www.ove.at/veranstaltungen/OGE 2004/ppt/Lenk.pdf).

Lund, J.W.: Renewable Energy World 7 (4) (2004) 218 - 227.

Lund, J.W., Dipippo, R., Boyd, T.L.: The basics of geothermal power conversion, Klamath
Falls: Geo-Heat Center, Oregon Institute Of Technology, 2004;

( www.bgr.de/veransta/mewables 2004/presentations DGP/BlocklIntroduction pdf’3 Lund.pdf).
Signorelli, S.: Geoscientific investigations for the use of shallow low-enthalpy systems, Doc-
toral Dissertation, Ziirich: Swiss Federal Institute of Technology (ETH), 2004.

Landolt-Bornstein
New Series VIII/3C


http://www.tab.fzk.de/de/projekt/zusammenfassung/ab84.pdf
http://web-japan.org/nipponia/nipponia26/en/feature/feature08.html
http://www.gla.nrw.de/g_cdgt1.htm
http://www.ormat.com/index_projects.htm
http://217.160.60.235/BGBL/bgbl1f/bgbl104s1918.pdf
http://www.eere.energy.gov/consumerinfo/factsheets/ba9.html
http://www.eere.energy.gov/buildings/info/components/hvac/cooling/absorption.html
http://www.eia.doe.gov/emeu/cabs/chron.html
http://www.ove.at/veranstaltungen/OGE%202004/ppt/Lenk.pdf
http://www.bgr.de/veransta/rnewables_2004/presentations_DGP/Block1Introduction_pdf/3_Lund.pdf

iv 8 Geothermal Energy

04Tri Trinnaman, J., Clarke, A. (eds): Survey of energy resources, London: World Energy Council,
2004; ( www.worldenergy.org/wec-geis/publications/reports/ser/foreword.asp ).

04WOB World Bank: Geothermal Energy, 2004;
( www.worldbank.org/html/fpd/energy/geothermal/applications.htm ).

05IEA IEA (International Energy Agency): End-user petroleum product prices and average crude oil
import costs, Paris: IEA, 2004; ( www.iea.org/Textbase/stats/surveys/mps.pdf).

05Mro  Mroczek, E.K., in: Hunt, T. (ed): Environmental aspects of geothermal energy; Geothermics
34 (2) (2005) 218 - 233.

05Sim Simsek, S., Yildirim, N., Giilgor, A., in: Hunt, T. (ed): Environmental aspects of geothermal
energy; Geothermics 34 (2) (2005) 234 - 251.

05Tuy Tuyor, J.B., de Jesus, A.C., Medrano, R.S., Garcia, J.R.D., Salinio, S.M., Santos, L.S., in:
Hunt, T. (ed): Environmental aspects of geothermal energy; Geothermics 34 (2) (2005)
252 - 265.

Landolt-Bérnstein
New Series VIII/3C


http://www.worldenergy.org/wec-geis/publications/reports/ser/foreword.asp
http://www.worldbank.org/html/fpd/energy/geothermal/applications.htm
http://www.iea.org/Textbase/stats/surveys/mps.pdf

	PREVIOUS DOCUMENT
	NEXT DOCUMENT
	 
	LB-Home
	Contents Vol. VIII/3C
	Book Front Matter
	Title pages
	Contributors
	Preface
	Table of contents

	1 Survey of renewable energy
	1.1 Introduction: Renewable energy in the past, at present and in the future
	1.2 Worldwide demand on energy and potential of renewable energy
	1.3 Technologies to convert renewable primary energy
	1.4 Possible utilization of the different kinds of renewable energy
	1.5 Synergy effects of extensive use of renewable energy
	1.6 References for 1

	2 Hydroelectric power
	2.1 Introduction to hydroelectric power
	2.2 River power plants
	2.3 High pressure power plants
	2.4 Mechanical and electrical design of the TGP
	2.5 Tidal power plants (TPP)
	2.6 Pumped storage power plants
	2.7 Turbines for hydroelectric power

	3 Wind energy conversion
	3.1 History
	3.2 Different converter types: an overview
	3.3 Physical basics
	3.4 Technical design of converters
	3.5 Connection to the electrical grid
	3.6 Use of wind energy
	3.7 Economical and environmental aspects
	3.8 Outlook
	3.9 References for 3

	4 Solar power
	4.1 Solar thermal power plants
	4.2 Photovoltaic power generation
	4.3 Nonfocusing solar heat collection (incl. seasonal heat storage)

	5 Biomass
	5.1 Biomass energy - An overview
	5.2 Conversion of biomass to heat and electricity

	6 Renewable carbon-based transportation fuels
	6.1 Introduction
	6.2 Renewable fuels
	6.3 Technical pathways for renewable fuel generation
	6.4 Efficiency of fuel generation
	6.5 Resources for the production of renewable fuels
	6.6 Conclusions / Outlook
	6.7 Additional tables
	6.8 Glossary and abbreviations
	6.9 References for 6 and internet references

	7 Hydrogen production
	7.1 Introduction
	7.2 Hydrogen generation by electrolysis
	7.3 Hydrogen from fossil energy carriers
	7.4 Hydrogen from renewable energy sources
	7.5 Conclusion
	7.6 References for 7

	8 Geothermal energy
	8.1 The Earth's thermal regime
	8.2 Geothermal energy resources
	8.3 Types of geothermal energy use
	8.4 Technological and economical aspects of geothermal energy
	Direct use
	Earth coupled heat extraction systems
	Ground-source heat pump systems
	Deep borehole heat exchangers

	Hydrothermal heating systems

	Power generation
	Natural steam power plants
	Dry steam power plants
	Flash steam power plants

	Binary power plants
	Power plants for hot dry rock or enhanced geothermal systems
	Technical, economic and ecological aspects of geothermal power production
	Efficiency
	Cost and life time
	Natural steam systems
	HDR and enhanced systems

	Pollution
	Air pollution
	Water pollution
	Land subsidence
	Induced seismicity
	Noise



	References for 8.4


	9 Heat pumps
	9.1 Introduction
	9.2 Historical development
	9.3 Basic principles
	9.4 Heat pump technology
	9.5 Heat sources
	9.6 Heat pump working fluids
	9.7 Heat pumps in residential and commercial buildings
	9.8 Heat pumps in industry
	9.9 Energy-efficiency and environmental aspects
	9.10 Economical aspects
	9.11 Conclusion
	9.12 References for 9



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


