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ABSTRACT 

The implementation of renewable energy sources, 
and geothermal energy in particular, is becoming 
increasingly important in Germany. However, 
geothermal power generation is a high risk, capital 
intensive technology and its future use will depend 
on how successfully it can be integrated within the 
German power grid infrastructure. For this to 
happen, its inherent operational risks must be 
reduced to a level that will guarantee a safe, 
available and affordable geothermal energy 
production over a plant’s lifetime.  
 
To operate successfully in the deep, hot, saline 
conditions that are associated with the Northern 
German Basin, a geothermal power plant will need 
to incorporate an Enhanced Geothermal System 
(EGS). The objective of this study is to identify and 
statistically model the main causes of failure in the 
primary cycle of an EGS and how likely they were 
to occur. In so doing, it is hoped to reduce the 
probability of downtime in such geothermal power 
systems in order to achieve higher plant online 
availability. 

INTRODUCTION 

A research project was set up at the Clausthal 
University of Technology to investigate the 
damage to equipment and subsequent system 
failures observed during the operation of deep 
geothermal power plants in Germany.  
 
There are three potential regions for geothermal 
energy production in Germany, namely the Upper 
Rhine Graben area, the Bavarian Molasse Basin 
and the Northern German Basin (Figure 1). The 
latter area is the main focus of this study, where the 
relatively deep geothermal reservoirs are 
characterized by high temperatures and saline 
formation waters. 
 
 

 
 
 

 
Figure 1: Regions of potential for hydro-
geothermal exploitation within Germany (Pester et 
al. 2010). 

A theoretical system analysis of a survey of 
geothermal power plant operators in Europe was 
carried out in order to define the main causes of 
failure in their geothermal systems.  
 
Due to the hot, high salinity operating environment, 
the most common causes of equipment failure are 
corrosion, scaling, erosion and fatigue. The 
resulting damage to plant means high maintenance 
and repair costs are incurred with a corresponding 
increase in plant downtime and a subsequent loss 
of power generation revenue. In order to cope with 
the harsh operating conditions, the materials used 
throughout the EGS must be designed to meet the 
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challenges outlined above (Fichter et al. 2009, 
2010-1; Schröder & Hesshaus 2009). 
 
Experimental datasets from investigations into 
fluid-rock wash out were used (Bai et al. 2010) to 
define the fluid composition in the Northern 
German Basin and to characterize the various fluid-
material surface interactions in an EGS. These 
interactions were described probabilistically as 
rates of corrosion, scaling, erosion and fatigue of 
the different material surfaces, such as carbon steel, 
stainless steel, etc. The downtime of a geothermal 
power plant will depend on the speed and 
magnitude of these fluid-material interactions. To 
estimate the downtime probability of each single 
aggregate, as a function of the surface materials 
and the circumfluent milieu, the rates were varied 
in a Monte Carlo simulation. The results of the 
probabilistic modeling were implemented in a 
decision tree to visualize which fluid-material 
interactions had the most influence.  
 
Finally, a sensitivity analysis was performed to 
characterize plant downtime as a function of the 
fluid-material surface interactions (Fichter et al. 
2009, 2010-1, 2010-2; Schuyler 2001; Stapelberg 
2009). 

TYPICAL DEEP GEOTHERMAL SYSTEM 

The typical deep geothermal system consists of 
three loops: primary, secondary and tertiary (Figure 
1). 
 
The role of the primary loop is that of carrying the 
hot geothermal fluid from subsurface to surface and 
transferring the heat to the secondary loop (power 
plant) and the tertiary loop (district heating and 
cooling system). The present paper focuses on the 
primary loop. 
 
A simplified primary loop consists of the 
production well, the electrical submersible pump, 
the separator, the heat exchanger and the injection 
well. The circulating fluid recovers the heat from 
the hot reservoir. High production rates, high 
temperatures, significant mineralization and 
possibly high solids loading are to be expected 
from deep geothermal systems.  
 
The chemical equilibrium of the highly mineralized 
geothermal fluid can be altered by pressure and 
temperature changes, and also by changes in 
material surface properties encountered by the fluid 
along its path to surface. Changes in mineral 
content of the reservoir over time, depending on the 
initial condition of the circulated fluid composition 
and the washed out zone will lead to continuous 
mineralization of the re-circulated fluid. 

 
 
Figure 2: Schematic of a deep geothermal system, 
showing its primary, secondary and tertiary loops. 

Changes in the chemical composition of the 
geothermal fluid over time can lead to scaling and 
corrosion of various components of the geothermal 
plant. These phenomena are enhanced by frequent 
plant start-ups and shut-downs, which also cause 
temperature cycling within the system that has a 
negative impact on the integrity of the well 
completions. To counteract these mechanisms and 
to ensure minimum system downtime, suitable 
hardware components and materials should be 
selected.  
 
The economic feasibility of geothermal power 
production strongly depends on system reliability 
(Gedzius et al. 2010; GeoHyBe 2009; Fichter et al. 
2009, 2010-1, 2010-2; Schröder & Hesshaus 2009; 
Paschen et al. 2003). 

DATABASE USED FOR THIS STUDY 

The data used in this study were sourced from 
worldwide literature, from European plant 
operators, experimental data sets, and from the 
E&P service industry. Analysis of the data helped 
to define the type and origin of plant failure and 
damage, the fluid composition at the plant and the 
interaction of this fluid with the plant’s material 
surfaces (Table 1) (Bäßler et al. 2009; 
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Ellis et al. 1981; GeoHyBe 2009; ExxonMobil 
2010; Fichter et al. 2010-1, 2010-2; Huser & 
Kvernvold 1998; Kiefner & Kolovich 2007; Miller 
1976; National Science Foundation 1978; 
Nicholson 1993; Phillips et al. 1981; Russel et al. 
2004; Schröder & Hesshaus 2009; Stapelberg 
2009; Teodoriu & Falcone 2009; Yanik 2009). 
 
Table 1: Data and corresponding sources 

No. Data Source 
(a) Failure and damage 

of the different 
geothermal loops, 
e.g. pump shut-off 

• Worldwide literature search 
• European geothermal plant 

operator survey 

(b) Genesis of failure, 
e.g. corrosion 

• Worldwide literature search 

(c) Definition of the site 
specific fluid  

• Experimental tests in a 
permeability cell 

• Fluid data from literature 
• Fluid data from 

ExxonMobil 
(d) Description of the 

interaction of 
geothermal fluid with 
material surfaces, 
e.g. casing, pumps 

• Worldwide literature search 
• Data from Vallourec & 

Mannesmann Tubes 
• Data from European 

geothermal plant operators 

 

FLUID COMPOSITION  

Because of the hot and highly mineralized fluids, 
the system’s materials are exposed to significant 
thermal, mechanical and chemical stresses.  
 
The in situ fluid composition used in the study 
were either obtained from fluid analyses available 
in a regional database and provided by an operator 
or experimentally defined. 
 
The geothermal fluids from the Northern German 
Basin NB (Schröder & Hesshaus 2009) and two 
fluid analyses provided by an operator, referred to 
here as ITE 1 and 2 (ExxonMobil 2010), were 
investigated (Table 2 and Figure 3). The typical 
amount of total dissolved solids in the produced 
fluids from the NB area is over 200 g/l (Schröder & 
Hesshaus 2009). 
 
Table 2: Formation and depth for fluids ITE 1, ITE 
2 and NB. 

Name Formation Depth [m] 

ITE 1 Unterrotliegend-Vulkanit 4710 
ITE 2 Oberrotliegend-Hauptsandstein 4920 

NB 
Average of Northern  

German Basin n/a 
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Figure 3: Composition of fluids ITE 1 / 2 and NB. 
 
For the experimentally defined fluid data, core 
samples from the Texas Z1 well, located 18 km 
north of Hannover in Germany, were flushed with 
distilled water in a Hassler Cell (Bai et al. 2010). 
The horizon and depth from which the core 
samples were taken are listed in Table 2. 
 
Table 2: Cores samples tested in the Hassler Cell. 

Core Horizon Lithology Depth [m] 
C1 Rotliegend Sandstone 4680 
C2 n/a Sandstone 5089 
C3 n/a Sandstone 3076 

 
Distilled water was re-circulated at an injection 
pressure of 70 bar through the core samples to 
investigate the interactions between fluid and core 
surface and to measure the liquid mineralization. 
Two sets of experiments were carried out (Table 3). 
 
Table 3: Core flushing test parameters. 

Test 
Series 

Circulation 
Time [d] 

Temperature 
[°C] 

Injection 
Pressure [bar] 

1 10 50-60 70 
2 60 130 70 

 
Cations (e.g. Na+), anions (e.g. Cl-) and stable 
molecules (e.g. NH3) can be identified in 
geothermal fluids. Figure 4 shows the fluid analysis 
recorded from the experimental analysis. 
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injection at 70 bar & 130°C. 
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Because of the short test time and small sample 
volume, only a limited accumulation of minerals 
was detected in the fluid. Wash out trends, which 
are identified by increasing fluid mineralization 
over time, were observed, but at several orders of 
magnitude less than seen in the actual fluid 
compositions in the NB area. However, they 
provided confidence in the trends of the fluid 
compositions available for this study. 

DAMAGE MECHANISMS AND FAILURES 

The highly mineralized in situ geothermal fluid can 
be assumed to be in thermodynamic equilibrium 
prior to production start-up. Gibbs’ equilibrium 
principle (equation (1)) is disturbed by pressure, 
temperature and fluid composition changes, and by 
changes in material surface properties encountered 
by the fluid along its path to surface. This causes 
corrosion and scaling. (Brantley 2009; Casper 
1979). 
 
 

0)θdAθγθ
idn

i

θ
iµ

θdpθV
θ

θdTθS(θ
θ

dG ∑∑∑ =+++=
 

(1) 

 
Corrosion and erosion cause material losses, which 
may lead to leaking or collapsing of the wells. 
Scaling leads to higher pressure drops along the 
system and associated extra pump power 
requirement. Scaling also impairs heat transfer 
efficiency (Ellis et al. 1981; GeoHyBe 2009; Miller 
1976; National Science Foundation 1978; 
Nicholson 1993; Phillips et al. 1981; Russel et al. 
2004; Schröder & Hesshaus 2009). 
 
Thermal cycling induces a premature failure of the 
wells, if the wells are frequently shut down in a 
short period of time (Teodoriu & Falcone 2009). 
 
All failure mechanisms are a function of time (t) 
and can therefore be described by rates: corrosion 
rate, Cr, erosion rate, Er , scaling rate, Sr and 
thermal cycling, Tc (equations (2) to (5)). 
Corrosion, erosion and scaling rates are defined in 
mm/a. Thermal cycling is characterized by the 
number of shut offs per year (frequency of shut off 
- 1/a). 
 
corrosion 
rate t

c
rC =  (2) 

erosion 
rate  t

e
rE =  (3) 

      

scaling 
rate t

s
rS =  (4) 

thermal 
cycling t

ct
cT =  (5) 

MODELING SYSTEM DOWNTIME 

The reported causes of plant damage and failure 
were extracted from a worldwide literature search 
(Fichter et al. 2009, 2010-1, 2010-2).  
 
 
 

To compliment the results of the search, a survey 
of European geothermal power plant operators was 
carried out to confirm typical failure modes. The 
survey consisted of general information on power 
production, drilling, hardware and materials, and 
plant failures in each of the three loops of the 
geothermal system and maintenance performed 
(Fichter et al. 2010-2). The survey highlighted that 
most of the failures occurred in the primary cycle 
of the plant operation, within the wells and the 
submersible pump, and within the surface 
separators and heat exchangers (Fichter et al. 2009, 
2010-1). 
 
As typical fluid compositions and plant materials 
were known, the rates of corrosion, scaling and 
erosion were characterized by probability 
functions. Thermal cycling, which is enhanced by 
cyclic plant start-up and shut-down, was also 
described by a probability function. 
 
The combined adverse effects of corrosion, 
erosion, scaling and thermal cycling impact on 
various elements of the plant leads to their failure 
and subsequent shut down of the plant itself. The 
study considered the individual impact of these 
failure mechanisms in order to assess their effect 
on plant downtime. For example, the potential plant 
downtime was calculated by considering the 
debilitating effect of corrosion on a pump’s 
performance by subsequently reducing the assumed 
power and efficiency of the pump. The various 
possible failures and their associated effects that 
can impair plant performance such that it has to be 
taken offline or work at a reduced efficiency are 
listed in Table 4.  
 
Table 4: Failures & their associated effects from 
fluid-material surface interaction & their potential 
impact on geothermal plant performance. 

Failure Associated Effect Potential Impact 
Corrosion Material loss Plant shut-down 
Erosion Material loss Plant shut-down 

Scale build-up Reduced heat transfer Scaling 
Block aggregates Plant shut-down 

Thermal 
cycling 

Thermal stress Plant shut-down 

 
 
The probability distribution of likely plant 
downtime was calculated with a Monte Carlo 
simulation. Through a decision tree, the probability 
of the downtime was linked to the sensitivities of 
each aggregate failure in order to optimize the 
plant’s design and operation. 
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SYSTEM ANALYSIS 

The analysis, which was limited to the primary 
loop of the geothermal system, used the plant’s 
gross energy output production (Egross), which is 
defined as the sum of the plant’s power (Pel,gross) 
and heat (Qth) production over time (θavailability), as 
the optimization target (Figure 5).  
 

 
Figure 5. Simplified optimization target for a 
geothermal system. 

The plant’s availability is a function of the 
downtime of each aggregate (equations (6) and (7)) 
and it is proportional to corrosion rate (Cr), erosion 
rate, (Er), scaling rate, (Sr) and thermal cycling (Tc) 
(Stapelberg 2009). 
 

totalt
offttotalt

tyavailabiliθ −
=  (6) 

∑
=

=
n

1a
ia,offtofft  (7) 

 
Neglecting the effects of corrosion and erosion on 
the heat production, the latter only depends on the 
scaling rate, as shown in equations (8) - (11) 
(AGFW 2009).  
 
 

totalξ*inQ)gross,elPthQ(~)t(grossE && =+   (8) 

  

lnT∆*A*kinQ =&  (9) 
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1

scaleλ
scales

wallλ
walls

iα
1

k
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sscale ~ Sr (11) 

FAILURE PROBABILITY DISTRIBUTION  

Failure data for different materials (e.g. due to 
corrosion) were correlated with different fluids (ci, 
pH, T, v) to describe the main failure modes. The 
Gaussian distribution equation was used (equation 
(12)) (Kiefner & Kolovich 2007; Robert 2004; 
Schuyler 2001). 
 

⎟
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e
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Figure 6 shows an example of probabilistic 
distributions of the corrosion rate for carbon-steel 
and stainless steel materials, the scaling rate and 
the erosion rate. 
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Figure 6: Probable rates of corrosion, scaling and 
erosion for Nickel-based and Titanium materials. 

The novel approach was to simulate the described 
four failure mechanisms in parallel. By defining the 
mechanisms of damage and failure, and the fluid 
composition, a workflow was built (Figure 7).  
 
To simplify the workflow, the main damage 
mechanisms Cr, Er, Sr, Tc are described by the 
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parameter, α (general damage mechanism), while 
the fluid parameters (ci, pH, T, v) are described by 
the parameter, β. The former’s dependency on the 
latter was described by the parameter, Ψi,p (where 
Ψi,p = α/β), which was then input to the Monte 
Carlo simulator. The new probability distributions 
generated (equation 13) were combined with the 
fluid compositions for the cases NB, ITE 1 and ITE 
2 (equation 14) to calculate the average failure 
rates, xk,α (equation 15). 
 
 

Data collection 
Germany and 

worldwide

Damage 
mechanism α

Composition
β

Relation Ψi,p

Monte Carlo 
Simulation

Inversion normal 
distribution F-1(Xk)

Average damage
meachanism α,kx

Coupled with
aggregates

Calculated
off time toff,a

Calculated heat
transfer k

Decision Tree  
Figure 7: Workflow. 

 
The average failure rates are combined with the 
aggregates (ai) in equation (16) to calculate the 
plant downtime, and with equation (17) to calculate 
the heat transfer. 
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The results of the probabilistic modeling were 
implemented in a decision tree to visualize which 
fluid-material interactions had the biggest influence 
on the performance of the plant. With the results 
from the decision tree, the NPV was calculated. For 
that, the total heat and power production was 
calculated as a function of heat transfer:  
 

totalξ*inQ)gross,elPthQ( && =+
 

(18) 

 
From the plant availability, θavailability, the gross 
energy output, Egross,  was calculated as: 
 

totalt*tyavailabiliθ                     

*)grossel,PthQ((t) grossE += &
 (19) 

 
To calculate the earnings, E(t), the energy price pr 
from the German EEG was used:  
 

rp*(t) grossEE(t) =  (20) 

 
The revenue was then calculated as: 
 

OPEX(t)-E(t))t(R =  (21) 
 
From the revenue, the NPV was calculated for 
different materials, neglecting the CAPEX (under 
the assumption of total investment made in the first 
year):  
 

t)i1(*
T

1t
))t(R(INPV −+

=
+−= ∑  (22) 

)material(f
n

1i iaggregateII =
=

= ∑  (23) 

 
Finally, a sensitivity analysis was performed to 
characterize plant downtime and the heat transfer 
efficiency as a function of the fluid-material 
interactions, with the goal of identifying the best 
material combination to guarantee a cost-effective 
plant operation with an optimum cost point. 

RESULTS 

In what follows, an example is given to illustrate 
the effect of corrosion on a production well. The 
results of the simulations show that the production 
well has the greatest impact on the total system. 
The materials listed in Table 5 were used for the 
simulations.  
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Table 5: Steel and coating classification (Vallourec 
& Mannesmann Tubes 2010, Tuboscope 2010). 

Material Company classification 
Carbon Steel C-90 
Stainless Steel VM 90 13CR 
Super Austenitic VM 28 110 
Nickel Base VM 825 110 
Coating TK 236  

 
A reservoir depth of 3484 m depth was specified. 
The well was modeled as being completed with a 
9 5/8´´ casing from 0 – 3275 m and a 7´´ liner from 
3175 to 3484 m. 
 
The local corrosion rates were determined by the 
Monte Carlo simulation results and the fluid 
composition of ITE 1. 
 
For this example, a corrosion rate of 1.05 mm/a 
was obtained for carbon steel. The injection of 
inhibitors reduces the corrosion rate to 0.11 mm/a. 
Coated pipes showed virtually no corrosion. In all 
cases, only uniform corrosion was considered. 
 
The results of corrosion, which causes weakening 
of the casing over time, are illustrated in Figure 8. 
The casing collapse pressure equation was used to 
calculate the casing’s lifetime at local conditions by 
combining it with the pore pressure pressure profile 
at 100 m intervals along the well. Figure 9 shows 
how long the system could run before the casing 
collapses. The assumed total plant lifetime was 30 
years. 
 
Because of the harsh milieu, the carbon steel casing 
collapsed after only 2 years. The case of carbon 
steel casing with inhibitor injection also collapsed 
before reaching the planned lifetime. Only the 
system with the coated casings could be operated 
for the entire planned lifetime. 
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Figure 8: Corrosion in 9 5/8´´ casing and 7´´ liner 
(9 5/8´´ from surface to 3175 m, 7´´ from 3175 to 
3484 m) for carbon steel (black), coated pipe (red), 
carbon steel with inhibitor (purple). 

 
 

Figure 9 shows the cases of carbon steel versus 13 
Cr stainless steel and indicates that due to the lower 
corrosion rates the 13 Cr well operates for the 
entire lifetime of the plant. 
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Figure 9: Corrosion in 9 5/8´´ casing and 7´´ liner 
(9 5/8´´ from surface to 3175 m, 7´´ from 3175 to 
3484 m) for carbon steel (black), 13 Cr (green). 

These calculated plant lifetimes were used in 
economic models to compute the corresponding 
NPV for different materials used: carbon steel with 
coating, carbon steel with inhibitor, and 13 Cr 
stainless steel. The case of carbon steel without 
inhibitors was not considered. The calculation basis 
for NPV assumed a geothermal fluid flow rate of 
100 l/s. The calculation was based on the German 
EEG 2009 for EGS with 14.5 €cent/kWh. Typical 
investment costs (subsurface and surface facilities 
including ORC plant) are listed in Table 6. 
 
Table 6: Investment for different materials. 

Material  Total Invest 
Carbon Steel with Coating 28.5 Million € 
Carbon Steel with Inhibitor 28.2 Million € 
Stainless Steel (13 Cr) 30.6 Million € 

 
From the ORC plant, it was assumed that 2.5 MWel 
was generated and 7.8 MWth heat transferred to a 
district heating system. The economic calculations 
used a discounted rate of 5%. The example was 
calculated for 8000 and 7000 operating hours per 
year. The results are illustrated in Figures 10 and 
11. 
 
The systems with the coated well casing and the 
system with the 13 Cr stainless well casing were 
shown to be economic, but the system with the 
inhibitors did not break even. The system with the 
coated casing exceeded the economic breakeven 
point in the 19th year of operation, while that with 
13 Cr stainless casing needed four more years of 
operation to break even. 
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Figure 10: NPV with 8000 operating hours for 
carbon steel with coating, 13 Cr stainless steel and 
carbon steel with inhibitor. 
 
The economic viability of the systems is highly 
sensitive to the assumed operating hours as shown 
in Figure 11, where uptime was reduced to 7000 
operating hours per year. 
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Figure 11: NPV with 7000  operating hours per 
year, for carbon steel with coating, 13 Cr stainless 
steel and carbon steel with inhibitor. 
 
Hence, on economic grounds, carbon steel casing is 
not recommended for the use in geothermal 
systems that operate under harsh conditions. A 
better alternative is to employ coated casing or 
inject of inhibitors. 

CONCLUSION 

Research of published data and surveys of 
geothermal plant operators in Europe highlighted 
the majority of damage and subsequent hardware 
failures occurred in the primary loop of enhanced 
geothermal systems. The reported leaching of 
reservoir particles by the geothermal fluid causes 
significant erosion, which renders hardware 
protective coatings ineffective. It was observed by 
operators that the use of inhibitors and preventive 
maintenance reduces plant downtime. 
 
The study reviewed the primary causes and effects 
of geothermal plant failures in the Northern 
German Basin.  
 
By identifying the major failure modes within the 
primary cycle, the study investigated their impact 
on plant performance and their likelihood of 

occurrence. By understanding the latter, operators 
will be able to plan for, and hopefully avoid, plant 
shut-downs and associated losses in energy 
production efficiency. 
 
The main failure modes are corrosion, erosion, 
scaling and thermal cycling during start-up and 
shut-down. These modes can be described by the 
interaction between the geothermal fluid and plant 
material surfaces.  
 
The character of published fluid compositions in 
the Northern German Basin were validated by 
experiments on core plugs using a Hassler cell. By 
combining failure modes and fluid properties for 
different projects, relations were established for the 
geothermal systems in the Northern German Basin.  
 
Monte Carlo simulation was used to generate 
probability distributions of plant downtime which 
were then combined in decision tree analysis to 
visualize their impact on plant. 
 
Finally, an economic sensitivity analysis was 
performed to calculate the optimum cost point. 
 
Knowledge of the local fluid composition is of vital 
importance when planning and designing against 
premature failures of components. Simulations 
showed that carbon steels are unsuitable for the 
harsh operating conditions of the Northern German 
Basin. A more favorable alternative is to use coated 
carbon steel casing or to inject inhibitors. However, 
if washed out sand particles from reservoir are 
present, the risk of erosion would significantly 
increase, and the coating layer on the casing could 
be rapidly destroyed. 
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NOMENCLATURE, SYMBOLS 

Symbol Description Unit 
A Aggregate - 
A Surface m² 
C Corrosion mm 
C1-C3 Core samples, 18 km from Hannover - 
ci Concentration g/l 
Cl- Chloride - 
Cr Corrosion rate  mm/a 
EEG German Renewable Energy Law - 
E Erosion mm 
Egross Production (power and heat) MWh 
Er Corrosion rate  mm/a 
E(t) Earnings € 
F-1(Xk) Inversion Gauß distribution - 
Gθ Gibbs free energy  kJ 
I Discount rate % 
I Invest € 
Iaggregate,i Invest Aggregate i € 
ITE1/2 Well 70 km away from Hannover - 
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Symbol Description Unit 
K Overall heat transfer coefficient W/(m2K) 
Na+ Sodium - 
NH3 Ammonia - 
ni
θ Amount of substance kmole 

OPEX(t) Operational expenditure € 
OPEXvariable Variable operational expenditure € 
OPEXfixed Fixed operational expenditure € 
pθ Standard pressure Pa 
Pel,gross Gross electric Power MW 
pH pH Value  - 
pr Price electricity and district heating € 
Qin  Heat Input MW 
Qth  Heat output (district heating, cooling) W 
R(t) Revenue € 
S Scaling mm 
Sr Scaling rate mm/a 
sscale Scaling thickness mm/a 
swall Thickness wall mm 
Sθ Entropy at standard condition  kJ/K 
t,T Time h, a 
T Temperature K 
tc Thermal cycling - 
Tc Thermal cycling rate 1/a 
toff Off Time H 
toff,a Off time aggregate H 
ttotal Hours per year  8760 h/a 
Tθ Standard temperature K 
Vθ Standard volume m³ 
xk,α Mean damage rate  specific 
Xk Random number - 
αa Heat transfer coefficient fluid W/(m2K) 
αi Heat transfer coefficient geo fluid W/(m2K) 
αk,NB Related average damage rate  mm/a 
Α Damage mechanism f (Cr, Er, Sr, Tc) specific 
Β Composition (ci, pH, T, v) specific 
γθ Surface Energy kJ/m² 
∆Tln Logarithmic temperature difference K 
θavailability availability % 
λscale Thermal conductivity scale W/(m K) 
λwall Thermal conductivity wall W/(m K) 
µi
θ Stoichiometry - 
µ Mean - 
ξtotal Efficiency power plant (electrical and 

thermal)  
% 

σ Standard deviation - 
Ψi,p Relation (damage mechanism α and 

composition β) Ψi,p = α/β 
specific 

   
Indices   
NB North German Basin - 
a,i, n, k, Numbers - 
ln Logarithmic - 
p Plant - 
r Rate - 
t Time - 
θ Standard condition - 

 


