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1 Introduction

1.1 Current status of the worlds energy supply

Since industrialization, energy consumption of mankind has increased more rapidly than ever. Without

the burning of fossil fuels the evolution of the last centuries would have been impossible. But it also led

to the global warming due to the increase of greenhouse gases, mainly CO2. Mankind has realized the

threat produced by global warming and started to act. As a result the percentage of renewable energy

us is increasing steadily. However fossil fuels account for about 80% of the global primary energy con-

sumption (REN21, 2010; BP, 2010). Alternatives to fossil fuels are to be made up, not only because of

environmental issues. The reserves of fossil fuels are meeting their end. According to the BP Statistical

Review coal may su�ce for 119 years, oil for about 50 years and natural gas for about 60 years (BP,

2010). One has to consider that these organic compounds are not only used for energy supply. They are

also very important for the production of plastics and other synthetic materials. It is a waste to just

burn them.

The actual energy consumption of mankind is di�cult to evaluate. The shares of the di�erent sources

vary depending on the reference. The share of nuclear power is somewhere between 2,8% and 5,5%

whereas hydropower varies between 3,2% and 6,6% (BP, 2010; REN21, 2010). 1

Variations are also created depending on the di�erences in the total consumption.

Both hydropower and nuclear power are good transition solutions since they do not emit CO2. Their

fuel is more or less abundant. But nuclear power plants produce waste which cannot be stored safely.

Furthermore these power plants are security risks due to the radioactivity. Hydropower needs a lot of

space even though it is renewable, and it is not as climate neutral as often referred to. A lot of biomass

is trapped under the water of a newly dammed lake and starts to rot. Thereby greenhouse gases such

as CO2 and especially the very much more e�ective CH4 are produced and emitted into the atmosphere.

Recent studies show that the amount of released carbon per installed electric capacity in some cases even

equals the release of a comparable thermal power plant. That is especially the case in densely vegetated

areas. That shows that an endless energy supply through hydropower is not something to strive for

(Farrèr, 2007).

The other renewable energies such as wind power, solar power, geothermal energy as well as biomass

and biofuels share about 2,7% of the world energy consumption (REN21, 2010). Both solar energy and

wind energy are highly dependent on the geographical position, on weather conditions as well as daytime.

Thus electricity often has to be stored to be available when required. That is di�cult to integrate into the

established energy grid. In that grid so called base load plants � nuclear or coal �red power plants with

a high e�ciency � are running all year round. Intermediate load plants can provide the additional power

required during daytime. They are mostly combined cycle units which are �red by expensive natural gas.

The peak loads are met with gas turbine power plants which are running only for a few hundred hours a

year. Solar and wind energy are maybe reasonable for peak or possibly intermediate load (Kaplan, 2008).

But what happens on a cloudy day, when everybody switches on the lights? Due to the clouds solar

power plants do not produce enough electricity to cope with this increased demand.

About 7500 times the worldwide annual primary energy consumption is delivered to the earth by solar

radiation (Goswami, 2010). There are projects using local solar energy for cooling in summer to decrease

the peak load of the grid in the early afternoon (Ziegler, 2002). Other highly anticipated projects like

Desertec are planned to produce electricity from solar energy in northern Africa and deliver it via a

gigantic electric grid to Europe (Straub, 2010). Critics claim that such a huge project is an easy target

for terrorist action. In addition the politically unstable situation in the producing countries are criticized

1Citations at the end of a paragraph indicate that a source accounts for the whole paragraph.
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(Rzhevskiy, 2009).

The revolutions in North African countries taking place in early 2011 are once more pointing out the

fragility of this area.

1.2 Hot Dry Rock for base load electrical power

As indicated above, an eco-friendly solution for base load capacity has yet to be found and established

to replace coal �ring and on the long run nuclear energy. At this point geothermal energy comes into

the picture. In particular hot dry rock systems may be able to provide electrical base load capacity, even

though in 2009 only 24 countries operated geothermal power plants with a combined installed capacity

of about 10.7 GW out of estimated 4800 GW worldwide installed capacity (Kaplan, 2008; REN21, 2010).

Hydrothermal system will not be considered in this thesis.

Warm water emerging from the earth in hot springs or stored at a depth of 1 to 2 km only occurs

in nearly every area of the world. But this water only has a temperature of about 100◦C which is not

su�cient for electricity generation at a�ordable cost. Warmer water is only found in certain regions

which are volcanologically active. These areas are indicated by a heat �ow of more than the average

1, 84 ∗ 103kJcm−2a−1. These places are concentrated at converging plate boundaries or where the crust

is thin at diverging plate boundaries. This provides accessible reservoirs with water temperatures of

150◦C to 350◦ which is favourable for the generation of electricity (Ellis and Mahon, 1977).

But even if these conditions are not available due to low permeability or the lack of water it is possible

to access and exploit earths heat. Therefore hot dry rock systems (HDR), also known as enhanced or

engineered geothermal systems (EGS), are created. Permeability is created and �uid is injected which is

heated underground and brought back to the surface. There it is used for district heating, generation of

electricity or both. (Rybach, 2010)

Solely in the 48 lower states of the United States about 100.000 EJ (1018J) of thermal energy could be

produced only in sedimentary HDR systems. That is more than 1.000 times the annual primary energy

consumption of the United States (Rybach, 2010). Including basement HDR systems even more energy

could be gained. These �gures do not take the accessibility into account. Depending on the area, between

1% and 5% of the sources cannot be accessed (Tester et al., 2006).

Even if one assumes that these numbers are still much to small, a gigantic energy resource is potentially

available. However these �gures show that the primary electrical power supply, at least for the United

States, could be provided by HDR systems. The main advantage of HDR systems, compared to other

renewables, is the constant availability of the energy source. Therefore it is a perfect base load power

supplier which is able to replace coal �red base load power plants. In addition it is possible to construct

HDR power plants which can provide peak load.

Hot dry rock systems have some advantages and include some challenges when compared with hy-

drothermal systems. For example, the fractures have to be created by injecting �uid under a high

pressure. The orientation of the fractures is highly dependent on the local stress �eld � the fracturing

occurs perpendicular to the minimal stress �eld. After the injection microseismic activity may occur

which already led to earthquakes with up to M=3,4 in some cases (Baisch and Vörös, 2010).

In HDR systems the �uid can be chosen and not only water needs to be considered, which can be a

huge advantage. The option this thesis deals with, is the future use of CO2 as a production �uid. The

thermophysical properties of CO2 compared to water, the behaviour of the reservoir, and safety aspects

have to be considered for evaluating CO2 as a production �uid. This includes the possibilities of �uid-

rock interactions which are investigated to a very small extent only by now (Xu and Pruess, 2010). In
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addition microseismic activity has to be considered as a possible risk (Baisch and Vörös, 2010). Likewise,

the behaviour of CO2 which may get lost in the reservoir has to be studied as the risk of this is unknown

(Orr, 2009).
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2 The production �uid

2.1 Comparison of the properties of production �uids

In the following section the properties of CO2, H2O, and Isopentane are compared to gain a better un-

derstanding of the advantages and disadvantages of each �uid in a HDR system. Isopentane (C5H12,

(CH3)2-CH-CH2-CH3) is also called 2-Methyl butane or Ethyl dimethyl methane. It is already used in

binary power generation systems as a secondary �uid (Yamada and Oyama, 2005). Since Isopentane is

considered harmful to aquatic organisms it is not possible to allow an open circulation through a system.

It is only applicable in closed systems like the single-well-systems considered in 3.2. Its chemical proper-

ties are a danger too, for it is easily in�ammable so it has to be handled with care. Therefore only some

thermophysical properties are discussed in this thesis. Comparisons in heat extraction etc. are omitted

(IPCS, 2011; Wang et al., 2010).

Carbon dioxide is an uncharged linear molecule which consists of two oxygen atoms connected to one

carbon atom via double bonds. Isopentane is a hydrocarbon consisting of 5 carbon atoms and 12 hydrogen

atoms which has got a dipole moment, but it is only very small, compared to water. In comparison H2O

consists of two partly positively charged hydrogen atoms connected to a partly negatively charged oxygen

atom via single bonds (see table 1). This charging is the reason for the hydrogen bonds. Thereby the δ+

hydrogen atoms are pulled towards the δ− oxygen atoms of another H2O molecule. A weak network of

molecules forms which results in special thermophysical features of the water, including the high surface

tension.

Assuming that a reservoir consists of very small pores (in molecular size), these may be clogged by H2O

molecules which are connecting to each other and the walls of the pore. Such pores would not allow

extraction of heat by liquid water. Assuming that the �uid in the same system would be uncharged CO2,

it would be able to �ow through the pores and extract heat.

Table 1: Comparison between H2O, CO2 and C5H12 at standard conditions (T =

20◦C, P = 0,101 MPa) and the critical point. (Lemmon et al., 2011)

H2O CO2 C5H12

Molecular formula

Dipole moment 1,855 Debye 0,0 Debye 0,1 Debye

phase liquid vapour liquid

Density (in kg/m3) 998,24 1,8161 620,43

kinematic viscosity (in µPa*s) 1005,3 14,682 �2

speci�c heat capacity (in J/mol*K) 75,379 37,224 162,19

critical temperature 647 K 304 K 460,35 K

critical pressure 22,06 MPa 7,38 MPa 3,3957 MPa
2 unde�ned according to Lemmon et. al. 2011

As indicated in table 1 the critical point of CO2 lies de�nitely lower than the one of water, both con-

cerning pressure and temperature. Calculating the lithostatic pressure with the assumption of an average

continental crust with a density of 2,7 g/cm3 CO2 could become supercritical at a depth of only 279 m

and appropriate temperatures. Employing the same assumptions, water on the contrary would become

supercritical at a depth of 833 m and the appropriate temperature and Isopentane already at 128 m.

While the necessary critical temperature of 373,85◦C for water is typically not reached in geothermal

systems, CO2 is very likely to become supercritical since temperatures higher than 30,85◦C are reached

easily. Isopentane may become supercritical in high temperature areas (Ellis and Mahon, 1977).
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Supercritical �uids have the mixed properties of gases and liquids. Comparing the values for carbon

dioxide in table 1 and table 2, density, viscosity and heat capacity in supercritical state are between the

values for vapour and liquids. It is therefore a good compromise between gas and liquid.

Table 2: Thermophysical properties of CO2, H2O and C5H12 at di�erent temperatures

and pressures. (Lemmon et al., 2011)

Temperature 20◦C, Pressure 10 MPa CO2 H2O C5H12

Phase liquid liquid liquid

Density (in kg/m3) 857,39 1002,7 632,85

Viscosity (in µPa*s) 81,716 1001,3 �3

speci�c heat capacity (in J/mol*K) 115,12 74,841 159,69

Expansivity α (in ◦C−1) 8,538 x 10−3 2,206 x 10−4 1,456 x 10−3

Compressibility βT (in Pa−1) 1,374 x 10−8 4,515 x 10−10 1,582 x 10−9

Temperature 20◦C, Pressure 50 MPa CO2 H2O C5H12

Phase liquid liquid liquid

Density (in kg/m3) 1048,8 1020,0 668,37

Viscosity (in µPa*s) 141,41 991,77 �3

speci�c heat capacity (in J/mol*K) 77,04 73,046 155,45

Expansivity α (in ◦C−1) 2,702 x 10−3 2,754 x 10−4 1,002 x 10−3

Compressibility βT (in Pa−1) 2,464 x 10−9 3,570 x 10−10 1,002 x 10−9

Temperature 200◦C, pressure 10 MPa CO2 H2O C5H12

Phase supercritical liquid supercritical

Density (in kg/m3) 122,19 871,11 426,04

Viscosity (in µPa*s) 24,452 136,51 �3

speci�c heat capacity (in J/mol*K) 51,86 80,14 232,87

Expansivity α (in ◦C−1) 3,059 x 10−3 1,308 x 10−3 3,756 x 10−3

Compressibility βT (in Pa−1) 1,068 x 10−7 8,712 x 10−10 1,942 x 10−8

Temperature 200◦C, pressure 50 MPa CO2 H2O C5H12

Phase supercritical liquid supercritical

Density (in kg/m3) 580,66 897,12 547,85

Viscosity (in µPa*s) 49,924 145,71 �3

speci�c heat capacity (in J/mol*K) 69,028 77,146 206,79

Expansivity α (in ◦C−1) 3,199 x 10−3 1,167 x 10−3 1,151 x 10−3

Compressibility βT (in Pa−1) 1,275 x 10−8 4,485 x 10−10 3,012 x 10−9

3 unde�ned according to Lemmon et. al. 2011

Thermophysical properties are of high importance too. In table 2 some properties dependent on tem-

perature and pressure are listed for the three competitors. At every listed condition the viscosity of the

CO2 is lower than that of H2O. That means less energy is needed for pumping. In addition it is easier to

access small pores. With increasing P-T-conditions these di�erences are getting smaller, but they prevail.

Especially at high temperatures the density of CO2 is lower than the density of H2O. That is mainly

due to the intermediate state of CO2 between gas and liquid as a supercritical �uid.

As a negative result for carbon dioxide the speci�c heat capacity is decreasing with the change of the

aggregate state from liquid to supercritical. But the di�erence with water is only small, so other advan-

tages of CO2 can compensate this e�ect. On the other hand the speci�c heat capacity of Isopentane is

under every listed condition clearly the highest and even increasing by becoming supercritical.
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The expansivity and compressibility of carbon dioxide is much larger than that of water. These two prop-

erties of Isopentane are larger than that of water too. Still CO2 has got, compared in these properties,

the most suitable properties. The expansivity and compressibility is decreasing the power consumption

for the circulation system. That is due to a di�erence in density between the injection well and the

production well. The temperature at the injection well is lower, therefore the density is higher, than at

the production well. The result is that a natural �ow from the injection well to the production well is

created. For CO2 that �ow is even more e�ective compared to the �ow of H2O due to its lower viscosity

(Pruess and Spycher, 2010).

2.2 Fluid � rock interaction

The interaction between �uids and rocks is very important for the operation of geothermal power plants.

On one hand dissolving reactions can enhance the porosity and permeability. On the other hand pre-

cipitation, for example due to depressurizing and changes in �uid temperature, can decrease porosity

and block pipes. Dissolved minerals may a�ect the chemical behaviour of the water, e.g. the pH value.

That demands special requirements of the piping. While the interaction of water and rock is quite well

understood the reactions between supercritical CO2 and rock are only the topic of latest researches (Xu

and Pruess, 2010).

Isopentane is not considered here, for it should not be circulated through the pores due to environmental

issues. Therefore it is not getting in contact with the rock and no reactions take place.

Due to the non-ionic behaviour of carbon dioxide, dissolution and precipitation of minerals were ex-

pected to be rather unlikely. At the same time small amounts of water which are dissolved by carbon

dioxide can become chemically active. That could lead to dehydration of minerals which would increase

porosity (Xu and Pruess, 2010).

However these expectations were not completely right. Xu and Pruess (2010) investigated a model of a

HDR CO2 system with 3 di�erent zones. The inner zone contains exclusively supercritical carbon dioxide.

The intermediate zone contains two �uid phases � H2O and CO2 � and the outer zone is composed of

water with dissolved CO2. The simulated model is located in the outer zone, the mineralogy is taken from

the European Hot Dry Rock research site in Soultz-Sous-Forêts, France. It is an altered Granite. The

simulated model showed dissolving of mainly Calcite, K-feldspar and Chlorite. Dolomite, Siderite and

Ankerite as well as Na- and Ca-smectite and Illite were precipitated. The negative impact of precipitation

is emphasized for capturing CO2 since a quite high amount of the CO2 was trapped by precipitation of

carbonates. The maximum was 50 kg per m3 of medium. At the same time this mineral observation

indicates a decrease in porosity. In the simulation, porosity decreased from 0,1 to 0,087. This can be

explained by the extent of secondary mineral formation of lower density and by the capture of CO2 to

form carbonates. (Xu and Pruess, 2010)

Experimental studies involving the interaction of rock with supercritical CO2 and a mixture of super-

Table 3: The results from the experiments conducted by Regnault et. al. concerning the chemical be-
haviour of supercritical CO2 in HDR systems (2005).

Test 1 Test 2 Test 3
Pressure 160 bar 105 bar 160 bar
Temperature 200◦C 200◦C 200◦C
Duration 45 days 60 days 45 days
Initial �uid CO2 + H2O CO2 CO2

Reactions CO2 + H2O + Ca(OH)2 CO2 + Ca(OH)2 → some small reactions of
→ CaCO3 CaCO3 + H2O anorthite were detected.

calcite and aragonite are formed
Anorthite partly dissolutes and precipitates as clayish

smectites and calcites
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critical CO2 and H2O have been carried out by Regnault et. al. (2005). They were performed at 200◦C

and 160 bar (=16 MPa) and 105 bar (=10,5 MPa). They showed surprisingly high reactivity, even in the

short period of 45 and 60 days. In particular the behaviour of the minerals of Anorthite and Portlandite

were studied. The latter was a replacement for cement.

In the �rst experiment a �uid mixture of CO2 and H2O completely reacted with the Portlandite. Anor-

thite was partly dissolved and precipitated mainly as Smectite and Calcite. In the next experiment

supercritical CO2 reacted with almost all the Portlandite (Ca(OH)2) to form H2O and Calcite as well

as Aragonite. Water was produced, so Anorthite could be dissolved and form Smectite and Calcite as

in experiment 1. The last experiment contained no Portlandite, hence no water was formed. Yet, minor

dissolutions of the Anorthite were detected. (see table 3) (Regnault et al., 2005)

The studies of Xu and Pruess and Regnault et. al. showed similarities with respect to the mineral

reactivities. This opens a wide �eld for future studies. The di�erent chemical reactions taking place

in reservoirs of di�erent mineralogies have to be understood and tested or simulated. As water is often

present, the di�erent production �uids and mixtures of �uids have to be considered.

2.3 Bimodal reservoirs

As indicated above the type of the production �uid has a huge impact on the reservoir. As an approx-

imation one may assume one type of �uid for the whole life of a reservoir. In reality it is more likely,

however, for the �uid to change composition with time. With respect to mass �ow and heat extraction

rate simulations were carried out by Pruess and Spycher (2010). It was found that in the �rst month

only water was emerging from the production well. After about 2,5 month more gas and CO2 than water

was produced. After one year nearly no water was produced any more. Three years after initiation the

mass �ow and heat production reached its base capacity. Subsequently the heat production decreased

very slightly while the mass �ow increased somewhat. The installed capacity for a production would be

about 75 MW thermal energy or about 13 MW electricity.

Until then the production capacity is changing due to changes in the composition of the �uid. That is

not only a challenge for engineering and economy but also for the piping and power generation. They

have to manage the chemical changes of the �uid which includes for example changes in pH and dissolved

constituents.

2.4 Loss and storage of �uid

Since the geothermal reservoir is not limited and the permeable layers may extend over a huge area it is

likely that �uid gets lost in the reservoir. Long term circulation tests showed that about 5% of the �uid

is expected to be lost (Pruess and Spycher, 2010). Either that happens due to the �lling of empty pores,

or chemical interaction with the rock (see 2.2). Only in systems with CO2 as production �uid this loss

of �uid is not a problem but even a bene�t. For other systems which employ for example water, the loss

of �uid leads to a steady consumption of the �uid. In every case other than CO2 this is an additional

expense whereas the storage of carbon dioxide may even be a source of income. Companies are expected

to pay for the storage of their CO2 emissions.

For the simulation which is mentioned in 2.3 the amount of CO2 in the circulation system was derived.

When the production �uid is only CO2 there would be 3,14 Mt in the cycle. The �ow rate is estimated

with 22 kg/s per MW of electric energy. Assuming that and the above mentioned loss of 5%, the stored

CO2 would be about 1 kg/s per installed MW of electric power. Since a 1000 MW capacity coal �red

power plant emits about 10 Mt CO2 per year, as a rough estimate of CO2 storage for HDR power plant

with an electric capacity of 1000 MW is about the amount of emission of a 3000 MW electric capacity

coal �red power plant. (Pruess and Spycher, 2010)
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3 Economic aspects

Even though geothermal energy is considered as a renewable energy source, it is not as abundant as solar

energy or wind energy. Yet, it can be considered as a nearly endless source when comparing its capacity

to the current world energy consumption. Anyhow the exploration and erection of geothermal power

plants is risky and involves big investments compared to other renewables. It is very cheap to measure

wind speed or insolation in a certain time period compared to the drilling of a test well. So variables

like the duration of an economic extraction period as well as the drilling costs need to be studied. The

costs have to be minimized in order to lead to an economic production. Decreasing costs will increase

the willingness to invest in geothermal energy.

3.1 Life expectancy

The earth's heat �ux results from decay of radioactive elements in the interior of the earth. There are

di�erent estimations of the earth's heat �ux in total. Hofmeister and Criss (2005) propose a total heat

�ux of 31 ± 1 TW. Davies and Davies (2010) prefer the value of 47 ± 2 TW. The overall average heat

�ux is estimated by the latter to be 91,6 mW m−2. If only the thicker continental crust is considered the

heat �ux is 70,9 mW m−2. The thinner oceanic crust provides on average a higher heat �ux (Davies and

Davies, 2010). In this thesis the most recent estimations, provided by Davies and Davies, will be used.

To maintain sustainable production it is not possible to have a thermal capacity of more than 70 kW

when assuming the use of a geothermal heat extractor on the continental crust in an area of 1km2. Of

course this is only a rough estimation and local anomalies have to be considered, for they widely occur

as shown by Davies and Davies (2010).

Of course 70 kW for such an area is a quite small amount of heat �ow. It is possible to produce more

than the sustainable amount. This seems to be more economical because the produced amount per well

is bigger, however it will lead to depletion of the reservoir and needs to recover (as discussed later). This

may indicate a future clash between reservoir management and economic interests. In every scenario

intermediate production rates are favoured. With a lower production rate, the energy consumption of the

circulation system itself is lower too. Altogether the overall amount of extracted energy is very similar

whether the heat is extracted at a high or a lower rate (Rybach, 2007).

In a simulation of a CO2 HDR system (see 2.3), di�erent behaviours of a 305m thick reservoir were

tested. The reservoir was divided into 6 layers (each ∼50m thick). In two simulations the mass �ow

and the heat extraction rate were recorded. In the �rst run the extraction was from all layers, in the

second run only from the uppermost layer. Consequently in the �rst case the heat extraction rate in the

beginning was twice the rate of the second test. But it started to decrease rapidly after 5 years. The

mass �ow started small, culminated and decreased again. In the second test the heat extraction rate and

mass �ow remained constant for about 20 years and then started to decrease very slightly. After 35 years

both heat extraction rates were at about the same height. But the rate from the �rst run was in a much

stronger descend, so it is likely that this test will stop extracting sooner than the second one. So life

expectancy depends also on the vertical position and the height of the extraction. (Pruess and Spycher,

2010)

Besides the lower life expectancy for the �rst run, the higher production rate at the beginning challenges

the surface installations. The variability in mass �ow and heat extraction rate are leading to an unstable

production. Either the power plant has to have big reserves in production capacity or energy has to be

dumped in the beginning. So it is de�nitely more economic to extract slower. In this case it is possible

to have a customized power plant which provides the best e�ciency for the available heat. Thereby it is

possible to constantly produce a �xed amount of energy over some decades.
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Once a HDR system reaches a certain minimum heat extraction rate, it is not at the end of its life.

The well has to be shut down but it is regenerating itself slowly. Normally, this is taking place in an

asymptotic way, so that feasible properties are reached within the lifetime of production systems. So

wells can be reactivated after a certain amount of time (Rybach, 2007).

As pointed out in section 1.2 HDR power plants could be constructed in a way that they provide addi-

tional peak load power. Are there any e�ects on the reservoir due to the sudden increase and decrease

in capacity? If they exist, do they a�ect the life expectancy and quality of the reservoir? For peak load

power is much more expensive than base load, studies concerning this matter should be carried out.

Another important factor is the life expectancy of the piping and power generators. Water as a produc-

tion �uid corrodes and scales the piping and the turbine blades, especially if it is saturated with minerals.

Isopentane on the other hand is non-corrosive to metals (Yamada and Oyama, 2005). That means the

life expectancy of the piping is increasing and less cleaning is needed. As long as CO2 is dry, there is

no corrosion either. But in the presence of water, corrosive carbon acid forms. Especially, in bimodal

systems or in bimodal states of systems precautions needs to be exercised.

The actual life expectancy is highly dependent on the geological circumstances. As a �rst example the

world's oldest geothermal power plant in Larderello in Italy should be mentioned. Production began with

a capacity to light a few light bulbs. In 1905 the capacity was already 20 kW and by the beginning of

World War II the installed capacity was 132 MW. Today, in total 790 MW are installed. Various single

power plants of a capacity between 15 and 25 MW are used (Lund, 2004). The steam pressure declined

slowly about 30% compared to its maximum in the 1950's (reuk.co.uk, 2007).

Another example is the second oldest geothermal power plant, the Wairakei plant in New Zealand. In

1952 the �rst 20 MW of electric capacity was installed. Today 162 MW of capacity are installed at

Wairakei power plant. But there was also a steam pressure drop which led to the abandonment of the

high pressure plants. Recently work began to build a new 220 MW power plant to gradually replace the

old Wairakei plant (contactenergy.co.nz, 2008). So the geothermal system is still providing energy (Lund,

2004).

Nevertheless these power plants using hydrothermal systems show that a long term production is possible.

In HDR systems circumstances are likely to be di�erent from natural hydrothermal systems since no initial

�ow in fractures is existent. The productivity and quality is not only dependent on the type of system

but also on the properties.

3.2 Drilling costs

Up to 60% of the costs to build a geothermal power plant involves drilling. For a depth of 2 - 3 km about

3 to 10 million US$ had to be taken into account in 2004. Deeper wells are only slightly more expensive.

Of course the drilling costs are highly dependent on the geology (Tester et al., 2006).

Since a power plant is normally not run by one production well alone the costs are multiplied. For ex-

ample �ve-well systems consisting of four production wells and one injection well, investment of 15 to 50

million US$ is required before actual production can start (Pruess and Spycher, 2010). There is a certain

risk involved, that the reservoir is not as rich as predicted. Then the �nancial loss is very high. With the

increasing interest and commissioning of geothermal power plants more competing drilling companies will

share the market. Therefore the drilling costs will decrease. But a signi�cant decrease in the costs can

only be attained by decreasing the number of wells. Therefore studies of single-well-system are carried

out.

In a constantly operating single well HDR system, the well contains two coaxial pipes. The inner pipe is

in most cases for the up�ow, while the outer pipe contains down �owing �uid. Di�erent designs of the

inlet of the heat at the bottom of the well were tested. One option allows the circulation of the production

10



�uid through the fractures. On the other hand a downhole heat exchanger has the advantage to create

a thermosiphon. A thermosiphon creates a natural circulation, so that in the best case no pumps are

needed to circulate the �uid down the hole, through the heat exchanger and back to the surface. A

pump is another energy consumer. In addition in closed systems the variety of usable production �uids

is greater. No or fewer environmental aspects have to be considered as the �uid is in a closed system.

For the downhole heat exchanger two di�erent designs were tested: The non crossover and the crossover

heat exchanger. In the latter case the down �ow crosses the up�ow and absorbs the heat when rising

again in the more e�cient counter-�ow (see �gure 1)

Figure 1: The non-crossover (upper) and the

crossover (lower) downhole heat ex-

changer. In both cases the pro-

duction �uid is in a closed circuit.

The lined hatchures indicate the

cold production �uid, the crossed

hatchures the hot �uid. (Accord-

ing to Wang et. al., 2010)

The two working �uids Isopentane and CO2 were

compared and the latter showed more advantages.

Isopentane allowed only about 60% of the produc-

tion of electricity and 95% of the thermal energy

production of CO2. As mentioned above, Isopen-

tane, like other hydrocarbons, should not be cir-

culated directly through the fractures. It would

contaminate the reservoir. On the contrary CO2

can be used in the fractures and its sequestra-

tion would even be a bene�t for the environ-

ment.

Single-well systems with a downhole heat exchanger

were found to be limited in their production capacity.

But a single-well system with circulation of the �uid

through the fractures can be compared with a tradi-

tional two-well system of the same �ow rate. They are

quite equal in the production of thermal energy. Com-

paring a single-well system, a two well system, and a

system of an in�nite number of well pairs at the same

wellhead pressure the �rst and the latter are nearly

equal in the production of thermal energy. If the pro-

duction is measured per well the single-well system has

got de�nite advantages (Wang et al., 2010).

A problem which occurs is that the double well sys-

tem itself is acting as a heat exchanger. So the �uid

arriving downhole already has absorbed some energy

(depending on the insulation) from the upwards �owing

�uid. The temperature at the surface therefore is much

lower than it could be. That problem can of course

be solved by a very good insulation, for example a vac-

uum insulation, but that increases costs (Tischner et al.,

2010).

Another possibility is to use just one singular well for production and injection. It is the so called

hu�-pu� system. It is a batch cycle in which driving �uid is �rst injected and heated up in the fractures.

Then the �ow is reversed and heat is extracted and used. That all happens in the same well. For instance,

an o�ce building can be heated quite easily by such system. Production �uid is injected on weekends,

when no one is working and thus no heating is necessary. During the week the �uid is extracted and used

for heating.
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A weekly cycle stresses the well piping due to fast changes in temperature and pressure. So a yearly cycle

could be an alternative which spares the system. Injection and recovery would be in summer, production

in winter. If this is exercised the reservoir has to be much bigger of course (Tischner et al., 2010).

So at least for local applications with known characteristics it is possible to decrease the cost by using a

single-well-setup. Issues with the insulation can be avoided by applying the hu�-pu� system. However in

most cases a conventional backup heating system should be considered to cope with a very cold summer

or faster depletion of the resources in a very cold winter. Obviously this system is not applicable to base

load solutions, at least not without some adjustments. Therefore a system with two coaxial pipes should

be considered.
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4 Side e�ects of Hot Dry Rock systems

4.1 Induced seismicity

To enhance HDR systems large amounts of �uid are injected. This process is called stimulation of a

reservoir. The �uid decreases the shear strength of the rock and thereby fractures the rock. Obviously

that leads to arti�cial earthquakes which are called induced seismicity. Mostly they are quite small; at

some occasions events up to M=3,7 (Cooper Basin/Australia) have been recorded. During a stimulation

for 20 days, the number of induced earthquakes can be in the order of 15.000.

Studies show that the seismicity not only occurs during the injection. On the contrary, the highest mag-

nitudes are recorded about 6 days after injections stopped. During the injection period, seismicity occurs

near the well where the pressure is constantly increasing. The occurrence of seismicity is following the

front of increasing pressure (see �gure 2). Due to a steep pressure gradient, the area which is exposed to

the same pressure is small. Therefore the slip area is small which results in small magnitudes of seismicity.

Once the injection stops, seismicity stops at the well and within the circle of maximum pressure around

Figure 2: The migration of epicenters during and after a stimulation. The x are indicating a seismic event
regardless of which magnitude. The events are mapped related to their time of occurrence
in days from the start of injection (abscissa) and the distance from the well-head in meters
(ordinate). Indicated on top of the diagram is the current amount of injected water. (Baisch
and Vörös, 2010)

the well. The only seismicity recorded afterwards is following the front of the pressure. This can be seen

in �gure 2. The �gure also shows the constant seismicity during the injection near the wellhead which

stops suddenly 6 days after the start of injection. This is because the injection was stopped and then

the pressure is not increasing any more, but decreasing. Afterwards all seismicity is concentrated farther

than 400 m from the wellhead. It follows quite a clear line. The pore pressure gradient is leveling because

no more pressure is applied. Because a larger area is exposed to the same pressure, that larger area can

slip. This is why the magnitude increases after the injection stopped. This e�ect is called Kaiser-e�ect.

This delayed occurrence of the highest magnitude is a problem. It is not possible to stop the injection,

once a critical magnitude is reached, since the magnitudes still are going to increase after the injection

stopped. The expected magnitudes have to be simulated or estimated before the actual stimulation. Some

stimulated earthquakes are felt by humans and the bigger ones may even cause some damage (Baisch and

Vörös, 2010).

Not only stimulation of reservoirs may cause microseismic activity. Circulation tests in Soultz-Sous-

Forêts induced seismic activity too. But the number of registered earthquakes was far below the number
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of 15.000 indicated above. In 4 months about 600 events occurred. When the �ow was increased the

intensity and frequency of activity also increased. The highest magnitude was 2,3. Again during the later

stages of the test larger events occurred. Probably this was because of water-rock interactions which

decreased the friction and shear resistance (Cuenot et al., 2010).

Trying to prevent induced seismicity, some recent studies focused on enhancement through treating the

reservoir rock with acidic solutions. Tests at Groÿ Schönebeck in Germany showed an increase in produc-

tivity between 30% and 50%. The enhanced productivity was mainly caused by dissolution of residual

drilling mud in the area around the well. But it was also shown that hydraulic stimulation multiplied the

productivity by more than 4. Despite the risk, hydraulic stimulation is much more e�ective than acidic

stimulation (Zimmermann et al., 2010).

Simulations showed that an increase in porosity and permeability depends on the temperature of the

injection �uid. It was found that increase in temperature of the acidic �uid increased porosity further.

But the extent of the increase in porosity is shrinking with increasing temperature (Rose et al., 2010).

Like most other processes the induced seismicity is very much dependent on the geological properties

of the reservoir. Since there are no alternatives, there is no way to avoid small earthquakes. Experience

and a good knowledge of the geological formation is necessary. Then it might be possible to halt the

injection before a certain amount of �uid is injected that later causes an increase in the magnitude of the

earthquakes.

4.2 Storage of CO2

As described in 2.2 and 2.4, the use of carbon dioxide as a production �uid may lead to a loss of the

�uid in the reservoir. That is due to precipitation of carbonate minerals as a consequence of �uid-rock

interaction. Of course some gas might just �get lost� in the reservoir. The storage of the greenhouse gas

CO2 is highly bene�cial especially if it is a secondary product of using geothermal heat.

Projects to inject CO2 into the earth already exist. The �rst carbon dioxide was injected in the 1970s

in Texas. That was not a storage experiment but an experiment to increase the pro�tability of the gas

�eld. About 95% of gas but only about 15 to 60 % of oil are recovered by traditional exploitation of the

�elds. Injecting water or CO2 increases recovery from the oil and gas resources.

Exploited oil and gas �elds are the �rst choice to store carbon dioxide. In addition, saline formations are

used, like the Sleipner formation in the North Sea, which is expected to be able to store 20 Mt of CO2 in

total. Other possibilities include coal formations, basalt, abandoned mines, salt caverns and oil and gas

rich shales (Benson et al., 2005).

Success in storing CO2 underground cannot be taken for granted. There are risks which have to be

examined. The low density of supercritical carbon dioxide leads to buoyancy and the CO2 may thereby

reach the cap rock and alter its porosity by chemical reactions (Xu and Pruess, 2010). As shown by

Regnault et. al. (2005) (see section 2.2), reactions of supercritical carbon dioxide with rock forming

minerals are to be expected. For safety reasons, it is inalienable to carry out studies on the di�erent

reactions which can take place. These may be very di�erent depending on the type of reservoir and cap

rocks, which require speci�c evaluation for every reservoir.

4.3 Resistance of residents

Both above mentioned side e�ects of HDR system development causes concern from residents. This

complicates the process of the development, both for a geothermal power plant or district heating. In ad-

dition, some recent accidents occurred, like in the city of Staufen in southern Germany, where the historic

city center is badly damaged by the lifting of the ground due to an error in the geologic assessment before

the geothermal drilling was carried out (Zeit, 2009). In Wiesbaden large amounts of mud emerged from
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a geothermal borehole (FAZ, 2009). Events like these harm the image of geothermal energy production

and related companies.

The induced seismicity (see section 4.1) appears not only as microseismic activity. One of the most

prominent examples comes from Basel. In 2006 seismicity was induced by the stimulation of a reservoir

for a HDR system directly under the city. Earthquakes with a local magnitude of up to M=3,4 shook the

city and caused a damage of about 9 million US$, but no people were harmed. Basel is located near the

southern end of the lower Rhine Graben. A major intra plate earthquake with an estimated magnitude

between 6,2 and 6,3 hit Basel in 1356. So, after the induced seismicity was felt, residents began to fear

the induction of another major earthquake and the reactivation of the fault. In 2009 the project was

�nally abandoned and the chairman of the project was sued (Baisch and Vörös, 2010; RMS, 2006; Glanz,

2009).

Projects to store CO2 in geological formations are already running, like in Ketzin/Germany. There

about 60.000 tons of CO2 were planned to be stored at a depth of more than 600 m. (Ossing, 2008)

But these projects receive huge resistance from residents. The main points of criticism are unexplored

interactions of the CO2 with the rock, the possible contamination of aquifers which are used for the

freshwater supply, a harmed image of the region, the ongoing burning of fossil fuels as well as some

other environmental and safety issues. (Schulze, 2011) Mostly the same arguments can be used for CO2

as a production �uid. Only the further extension of fossil fuel burning is not applicable in this case.

Nonetheless resistance will occur against CO2 HDR systems. The release of CO2, whether natural or

arti�cial, concerns people. The incident in August 1986 at lake Nyos, where a volcanic release of CO2

killed at least 1.700 people, justi�es this concern. Therefore it demonstrates the danger of a leakage in a

reservoir. (USGS, 2001)

Isopentane is extremely in�ammable, toxic, and explosive (msds.chem.ox.ac.uk, 2010). So, if Isopentane

is used in HDR systems there may be a certain resistance too. But in the �rst place the system is

closed which guarantees a certain safety. In addition, Isopentane is not such a familiar quotation like the

common �enemy� CO2. So protest is likely to be smaller.
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5 Perspective & Conclusion

The result of a comparison between the three production �uids CO2, water, and Isopentane is very much

dependent on the actual design of the HDR system. Every production �uid has got its advantages. Table

4 provides a summary of the major parameters to be considered. Even though it shows only some major

points and is not universally applicable this information is still considered to be of value. However, when

it comes down to a certain case the production �uid has to be considered based on the speci�c needs and

properties.

As indicated in this thesis, CO2 has some major advantages as a production �uid in HDR systems

compared to water or Isopentane. This is due to the thermophysical properties which create a natural

�ow as well as a high heat capacity. These properties are also existent (and in case of the heat capacity

even higher) in Isopentane. But it can't be used directly in the reservoir due to environmental reasons.

So carbon dioxide is the intermediate solution between water and Isopentane.

The chemical properties of CO2 may be more suitable than those of water. There are di�erent chemical

�uid-rock interactions taking place, which may prevent scaling of the piping. Nonetheless these interac-

tions are not fully understood yet and they vary depending on the geological situation. It is absolutely

necessary to explore every reservoir thoroughly before production. The alteration of the cap rock can

also lead to leakage which is a major safety risk.

Table 4: Summary of the advantages and disadvantages of carbon dioxide, water and Isopentane as a
production �uid in HDR systems.

H2O CO2 C5H12

Rock interaction � + (but not yet com-
pletely understood)

none

Corrosion � depends on the
composition

+ if dry, otherwise
�

+

Scaling � + +
Heat extraction + ++ (++)no contact

with the rock

Heat capacity � + ++
Energy consumption of the cir-
culation

� ++ +

cost + ++ �
Loss of �uid � ++ (Storage) � � (contamination)
Safety + � � �
Environment depends on compo-

sition and if rein-
jected or dumped

if the cap rock is
closed ++, with a
leakage � �

in case of a leakage
� �

expected resistance due to the
�uid

++ � � �

Besides the obvious gains from power and heat production if carbon dioxide is employed, secondary

incomes may arise due to the side e�ect of storing the greenhouse gas. Certi�cates to emit carbon dioxide

are already traded. It may even become a pro�table business to use CO2 as the �uid since some compa-

nies will pay money to store their emissions therefore, in contrast to present production �uids, CO2 needs

not to be bought. Considering a constant loss of �uid in the system, the cost for water or other �uids

represents a considerable amount of money. Isopentane or other hydrocarbons are not allowed to leak

into the formation. So a loss is hopefully very unlikely. Still the �uid has to be bought at the beginning

and has probably to be renewed every now and then.

The high costs of the well drilling and piping are likely to decrease slightly with increasing application.

Still the development of one-well-systems should be continued. At least the amount of wells per system

16



should be decreased for a more economic exploitation. The accessory equipment like turbines, piping and

heat exchangers will also decrease in price, but it has to be considered that this equipment has to be

compatible with more than one �uid. Probably it has to deal with water, CO2-water mixture, and CO2.

Therefore it has to be much more sophisticated to guarantee constant production.

Considering single-well-setups with a downhole heat exchanger Isopentane and CO2 are quite compara-

ble production �uids. Isopentane has a clear advantage in heat capacity while CO2 reduces the energy

consumption of the circulation system more than Isopentane. The decision has to be made upon the �nal

properties of the reservoir.

The recovery of an exploited system opens the question of connecting one power plant with up to four

systems. Only one system would be used for about 30 to 70 years while the other systems are recovering.

That would allow constant production. In addition it would be possible to build movable power produc-

tion units. As the capacity of a single system is not that big, it should be possible to set up the power

plant in some kind of containers. These can be moved to a new area once a site has been exploited and

needs to recover.

To prevent damage of property as well as the image of geothermal energy due to induced seismicity

further investigations are essential. In particular exploration of the site itself is inevitable to provide

information about seismic risk. An educational process including residents may lead to understanding

and less resistance.

The comparison of the di�erent production �uids in table 4 is not weighted. That should emphasize

that the construction of geothermal resources is not as regular as the design of a coal �red power plant,

which is basically the same all around the world. A HDR system is basically characterized by its geology,

mineralogy, and geographic features. For the strategy the presence or absence of environmental law,

protected areas, or residential buildings need to be taken into account as well. So one cannot advise a

best production �uid. The type of production �uid has to be considered separately for every single case.

Of course some general advise can be given:

• In case of a closed cap rock of known mineralogy and studied �uid-rock interaction, CO2 can be

used. Bene�ts from sequestration should be taken into account.

• Assuming leakage or unknown and unstudied cap rock, water should be used or further investigations

are necessary. From the use of CO2 should be refrained if the cap rock is known to be altered to

higher permeability or porosity by supercritical CO2.

• In case of a single well system with downhole heat exchanger Isopentane can be used, although CO2

should be also considered. No bene�ts from sequestration occur.

• Isopentane may be used in every case as a secondary production �uid to save on turbines. Only

the heat exchanger is in contact with the geothermal �uid.

Further research and exploration as well as �eld tests are needed to develop HDR systems and demon-

stration plants must be constructed. From a precipitous construction of a large quantity of HDR systems

in the next few years should be refrained. Instead the production and building of power plants should

be increased slowly. Thereby more knowledge is gained so that the e�ciency can be increased. The �rst

prolonged research step is to specify �uid and rock properties for e�cient ways to exploit this energy

source. Only in this way HDR systems with CO2 as a production �uid are able to become a reasonable

base-load solution in the future.
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