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Abstract 

The change in climate as a consequence of anthropogenic activities is a subject of 
major concerns. In order to reduce the amount of greenhouse gas emissions in the 
atmosphere, the utilization of renewable, fossil-free power generation applications 
becomes inevitable. Geothermal and solar energy play a major role in covering the 
increased demand for renewable energy sources of today’s and future’s society. A 
special focus hereby lies on the Concentrating Solar Power technologies and 
different geothermal concepts. The costs for producing electricity through 
Concentrating Solar Power and therefore Parabolic Trough Collectors as well as 
geothermal conversion technologies are still comparatively high. In order to minimize 
these expenses and maximize the cycle’s efficiency, the possible synergies of a 
hybridization of these two technologies become apparent. This thesis therefore 
investigates the thermodynamic and economic benefits and drawbacks of this 
combination from a global perspective. For that, a Parabolic Trough Collector system 
is combined with the geothermal conversion concepts of Direct Steam, Single and 
Double Flash, Organic Rankine as well as Kalina Cycles. The solar integrations 
under investigation are Superheat, Preheat and Superheat & Reheat of the 
geothermal fluid. The thermodynamic analysis focuses on the thermal and utilization 
efficiencies, as well as the required Parabolic Trough Collector area. The results 
indicate that in the case of the Superheat and Superheat & Reheat setup, the 
thermal efficiency can be improved for all geothermal concepts in comparison to their 
corresponding geothermal stand-alone case. The Preheat cases, with the major 
contribution from solar energy, are not able to improve the cycle’s thermal efficiency 
relative to the reference setup. From an exergy perspective the findings vary 
significantly depending on the applied boundary conditions. Still, almost all cases 
were able to improve the cycle’s performance compared to the reference case. For 
the economic evaluation, the capital investment costs and the levelized costs of 
electricity are studied. The capital costs increase significantly when adding solar 
energy to the geothermal cycle. The levelized electricity costs could not be lowered 
for any hybridization case compared to the reference only-geothermal configurations. 
The prices vary between 20.04 €/MWh and 373.42 €/MWh. When conducting a 
sensitivity analysis on the solar system price and the annual mean irradiance, the 
Kalina Superheat and Superheat & Reheat, as well as the Organic Rankine Preheat 
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hybridizations become cost competitive relative to the reference cases. Concluding, it 
is important to remark, that even if the hybridization of the Parabolic Trough and the 
different geothermal concepts makes sense from a thermodynamic perspective, the 
decisive levelized costs of electricity could not be improved. It is, however, possible 
that these costs can be further reduced under special local conditions, making the 
addition of Parabolic Trough solar heat to specific geothermal concepts favorable.  
 
 

Keywords: Geothermal Power Generation, Concentrating Solar Power, 
Parabolic Trough, Hybridization, Aspen Plus Simulation, Thermodynamic 
Evaluation, Exergy Analysis, Economic Assessment, Levelized Costs of 
Electricity 
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1 Introduction 

Global warming is one of the most complex, but at the same time urgent issues that 
needs to be addressed on a global scale. In the scientific community there is a strong 
consensus that climate change is impacted by the production of anthropogenic 
greenhouse gas (GHG) emissions. There is the need to reduce their concentration in 
the atmosphere to sustainable levels in order to prevent dangerous climate change. 
These concerns push towards finding clean alternatives that can lower the emissions 
of greenhouse gasses and displace carbon-intensive fossil fuels. Renewable energy 
sources, therefore, play a major role to cover this increasing demand of today’s and 
future societies. Among the renewable sources, especially in the electricity 
generation sector, ground stored geothermal heat and solar radiation are high 
potential resources displaying several positive features. 
Geothermal energy, being heat stored in the Earth’s crust, can be utilized to generate 
electricity for a continuous operation. Depending on the underground fluid’s 
temperature levels and properties different concepts can be used for the energy 
conversion process. Nowadays, geothermal technologies include open systems, 
such as Direct Steam utilization and Flash processes (Single and Double), as well as 
closed systems, like the Organic-Rankine Cycle (ORC) and the Kalina Process. 
The utilization of solar energy, on the other hand, has experienced a rapid growth 
over the recent years. Not only for Photovoltaic electricity production, but also for 
solar thermal energy conversion systems, major improvements occurred over the 
past decades. The sun’s availability and the resultant intermittency of solar related 
technologies is a major drawback. State-of-the-art technologies for concentrating 
solar power (CSP) include Parabolic Trough Power Plants, Linear Fresnel Trough 
Power Systems, Solar Tower Power Plants and Dish/Stirling Systems. 
With rare exceptions, both geothermal and solar energy conversion systems still 
experience relatively low overall thermal efficiencies and relatively high investment 
costs if compared to conventional fossil-based means of electricity production. In 
order to minimize the costs and maximize the overall plant efficiency the advantages 
of a hybridization of the two technologies becomes apparent. By integrating solar 
concentrating thermal energy into geothermal cycles, the material costs can be 
reduced and the energy output increased in relation to the corresponding stand-
alone geothermal power generation technology. 

 Objectives  1.1

This thesis therefore focuses on investigating the integration of one of these solar 
concentrating power technologies into the above-mentioned geothermal power 
generation concepts. The solar technology under investigation in this study is the 
most technologically advanced system of Parabolic Trough Collectors. In this 
analysis different forms of hybridization will be determined and evaluated by 
comparing them to the equivalent non-hybridized reference cycles. On the one hand, 
the comparison will highlight the technical feasibility of a hybridization by comparing 
different thermodynamic efficiencies and the cycles power output. A steady-state 
thermodynamic model of the cycles will be created and optimized by using Aspen 
Plus simulation software. On the other hand, the economical benefits or drawbacks 
of this technology integration will be examined and discussed by determining the 
levelized costs of electricity. 
Possible hybridization concepts include using the Parabolic Trough concept for 
superheating, preheating and reheating or any combined use with a geothermal 
underground heat source. Optionally, a sensitivity analysis can be conducted to 
investigate the impact of certain parameters on the overall outcomes. Finally, a 
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suggestion of the most promising hybridization forms of solar integrated geothermal 
technology from both a thermodynamic and economic point of view will be presented. 

 Scope and Limitations 1.2

The study will focus on determining the optimum hybridization concept for the 
selected geothermal conversion technologies Direct Steam, Single Flash & Double 
Flash, Organic-Rankine Cycle (ORC) and the Kalina Cycle. The solar technology 
under investigation is limited to the Parabolic Trough technology. From a steady-
state perspective, generalized geothermal conditions will be simulated for each 
technology concept. The solar integration will be examined considering an average 
global solar irradiance. The goal is to identify the optimum configuration of integrating 
the Parabolic Trough technology into the geothermal concepts from a 
thermodynamic and economic perspective. At this moment no dynamic investigation 
will be taken into account.  
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2 Background 

In the Background chapter the fundamentals of the two energy sources treated in this 
study are presented. A special focus is given to the power generation concepts for 
geothermal and concentrating solar energy. Finally, an evaluation of the global 
resource availability of these two renewable sources is conducted to determine 
favorable locations for the application of a solar-geothermal hybrid power plant. 

 Literature review 2.1

Although hybridizations of geothermal energy or solar thermal energy with other 
technologies are a very common and often analyzed topic, the combination of 
geothermal and solar thermal power generation has not been the subject of 
extensive research in the past. Only very few studies have, over the past 10 years, 
started to investigate the possibility of a solar-geothermal hybrid system. 
In two papers from 2005 and 2006 the possibility of increasing the steam flow to 
expand the electricity production during peak hours in an existing Flash type 
geothermal power plant in Mexico was analyzed. Two alternative setups were 
examined by adding solar Parabolic Trough concentrators. In the first arrangement 
the solar field was added in series after the geothermal well and before the Flash 
separator, while in the second, the solar field was placed between the two Flash 
separators. In both cases it was possible to increase the steam flow rate, power 
output and capacity factor. An identified limiting factor for the power boost 
hybridization was the underground brine salt concentration and scaling effects. No 
cost evaluation was performed in these studies. [1,2] 
A similar analysis was performed in 2010 on a Chilean site. Under the given 
conditions it was found that the geothermal energy output can be increased by nearly 
12 % or the geothermal brine consumption can be reduced up to 10 % with a solar 
augmented hybrid geothermal plant. Especially in the first case the net present value 
of the project can be increased, making the hybridization more cost competitive 
compared to a stand-alone geothermal plant. [3] 
In 2009, a study focusing on the hybrid configuration that results in the highest 
annual electricity generation was conducted. It was found that for binary cycles and 
single Flash geothermal plants, the addition of solar thermal energy by Parabolic 
Trough Collectors increases the costs per kW capacity when excluding the well 
costs. The research revealed as well that the low-exergy geothermal heat source 
should be utilized to a maximum extent and the high-exergy solar heat should only 
be applied to increase the maximum temperature of the geothermal cycle. [4] 
In 2011, the combination of a binary Kalina low temperature geothermal cycle with 
high temperature solar source was examined. This hybrid configuration was then 
compared to a stand-alone Organic Rankine Cycles together with a solar stand-alone 
steam cycle. It is found that no thermodynamic synergies arise, with the hybrid cycle 
producing up to 30 % less power. Economic synergies were not examined. The 
results however showed an increased thermal efficiency of the hybrid plant 
compared to a stand-alone Kalina Cycle demonstrating the benefits of this setup. [5] 
In the same year the hybridization between a high temperature Parabolic Trough 
field and a binary medium-temperature geothermal Organic Rankine Cycle (ORC) to 
increase power output was analyzed. An hour-by-hour analysis concluded in average 
efficiencies laying between 8,5 % and 9,4 % below those of today’s advanced solar 
plants and in the level of solar ORC plants. Further, an economic evaluation was 
performed resulting in levelized costs of electricity between 145 and 280 € per MWh 
depending on the site-specific conditions. It was concluded that the potential to 
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integrate low-enthalpy geothermal sources with solar energy increased their overall 
attractiveness. [6] 
An Organic Rankine Cycle was also used in the analysis of a micro combined heat 
and power (CHP) application. Using a low-enthalpy geothermal heat source coupled 
with, in one case an evacuated tube solar collectors, and in the other case an 
evacuated tube solar collectors as well as a Parabolic Trough Collector field. 
Different working fluids were analyzed and the results demonstrated that the first 
configuration working with one turbine stage instead of two has a superior 
functioning, while the later has a better of-design performance. In CHP mode it was 
possible to provide the heat load for 30 apartments generating 50 kW of electricity 
and 400 kW of heat. [7] 
Other studies focused primarily on highlighting possible hybrid arrangements and 
configurations without analyzing these in detail. The following concepts were 
obtained combining geothermal heat sources and concentrating solar technologies:  
• In a binary geothermal application, concentrating solar power can be used to 

elevate the working fluid’s temperature to a higher level, to increase the 
efficiency and boost the power output. [8] 

• When operating in direct steam or Flash geothermal plants, concentrating solar 
power can be used to preheat the geothermal brine and reduce the required 
amount of geothermal fluid. [9] 

• For binary plants, direct steam or Flash applications the geothermal brine is 
reheated by concentrating solar power technology to increase the steam flow 
through the turbine and thereby the power output. [8] 

• In binary and Flash geothermal plants the concentrating solar power unit can be 
used to cover the internal electricity demand for auxiliary equipment and thereby 
equalizing the parasitic loads. [8] 

Currently several projects are under development in El Salvador, Chile, Mexico, 
Turkey and the United States of America (USA). In Nevada, USA, the first Hybrid 
Geothermal Solar Power Plant was commissioned in 2011, although utilizing solar 
PV as additional source. The project owner Enel Green Power is however developing 
a similar plant using CSP technologies for the hybridization. [10] 

 Basics of Geothermal Energy 2.2

In general, geothermal energy characterizes the thermal energy stored in the earth’s 
crust. The average heat flow density that is released through the earth’s crust is 
estimated to 65 mW per m2 resulting in an energy provision of 1000 EJ per year from 
the underground to the atmosphere [11]. Energy in the form of heat stored in the 
earth’s crust essentially arises due to three reasons:  
The first heat source is the gravitational energy released since the planet’s origins. 
This energy has almost entirely been converted into heat and radiates constantly 
from the core to the surface. The heat transfer is enabled by the high temperatures in 
the core of about 3000 °C to 5000 °C and in the mantle of around 1000 °C to 
3000 °C [12,13]. This heat source however is only responsible for a small fraction of 
the stored thermal energy. The majority of the heat has already been released 
through the earth’s surface to the cosmos [11]. 
The origin warmth existent before the birth of the earth gives another energy source. 
The thermal energy is stored in the earth’s core until today and radiates to the 
different layers in the earth’s structure [11]. 
The last source of stored underground thermal energy originates from the decay of 
radioactive isotopes with very long half-life periods [13]. These elements are mainly 
the isotopes of uranium U238 and U235, thorium Th232 and potassium K40 [13]. The 
heat is released to the ground during the decay in the earth’s crust. This heat source 
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represents the main contributor and is dependent on the geological composition of 
the underground and can thereby vary significantly depending on the location [13]. 
The temperatures within the earth increase with depth. Within the outer crust, a 
normal gradient of 30 K per km depth can be observed [11]. Depending on the 
geologic structures however, the temperature gradients can deviate significantly from 
the average value. In platform areas, mainly found in Europe and Eurasia, a 
geothermal gradient of 30 K/km to 60 K/km is observed [13]. In shield crust regions, 
as for example Canada, India and South Africa, lower temperature gradients of 
10 K/km to 20 K/km are present [13]. In contrast, significantly higher temperature 
gradients of more than 100 K/km are found in tectonically active, volcanic young 
crust areas, as it is the case at lithosphere plate boundaries and in rift regions [11,13].  
Depending on the utilization purpose, shallow geothermal energy and deep 
geothermal energy can be distinguished [11]. Both the heat radiating from the earth 
and the solar energy penetrating the earth’s surface influence shallow geothermal 
energy. Power production from geothermal resources is however only derived from 
deep geothermal sources. This thesis will therefore focus on the latter in the following 
sections.  
In order to exploit deep geothermal energy sources, several different types of 
geothermal reservoirs can be differentiated. These include hydrothermal low-
pressure reservoir, hydrothermal high-pressure reservoir, hot dry rocks and magma 
deposits [11]. 
• Hydrothermal low-pressure reservoirs can be found in regions where the 

geothermal heat energy is transferred to rock formations that contain water or 
steam [11]. These reservoirs can be further subdivided into a liquid-dominated 
resource, where water is the continuous phase and a vapor-dominated resource, 
where vapor is dominant and usually dry- or superheated steam is produced [13]. 

• Hydrothermal high-pressure reservoirs, also known as geopressurized fluids, 
represent aquifers containing a mixture of hot water and dissolved gases [11]. 
They are formed in sedimentary formations and reach pressures of up to 
100 MPa [13].  

• Hot dry rocks are regarded as having the largest geothermal potential that can 
be developed under current available technologies [11]. As the name implies hot 
dry rocks represent hot rock formations naturally not having sufficient available 
water [11]. To exploit this heat source, high-pressure water is pumped through 
an injection well causing hydraulic fracturing. The water penetrates the artificial 
fractures and absorbs heat from the surrounding hot rock formations. At a later 
point the heated water from the non-natural reservoir can be extracted through a 
second well. [13] 

• Magma deposits can essentially be found in regions with high tectonic activity. 
Magma represents partially liquefied melted rocks at temperatures of over 
700 °C. Under current technological conditions exploiting these systems is not 
feasible. [11] 

 Geothermal Power Generation Concepts 2.3

There are several approaches of energy conversion systems to produce electricity 
from geothermal fluids. Traditional plants are either open systems that utilize the 
geothermal fluid directly within the power plant or closed systems where the heat is 
transferred from the geothermal fluid to a secondary working fluid used in the power 
plant. Open systems mainly exploit high temperature geothermal reservoirs with the 
help of Direct Steam Power Plants as well as Single and Double Flash Power Plants. 
Closed systems on the other hand mainly extract energy from low temperature 
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geothermal sources by means of the Organic Rankine Cycle (ORC) and the Kalina 
Cycle principles. [11] 
 

2.3.1 Open Systems 
Direct Steam. The Direct Steam process utilizes the rare existence of superheated 
steam extracted from geothermal reservoirs. These kinds of vapor-dominated 
reservoirs are only available under specific circumstances. These include a heat 
source relatively close to the earth’s surface, appropriate permeability above the 
reservoir to lower the liquid level, sufficient interconnectedness of fractures and 
fissures for circulation purposes, lateral impermeability for flood prevention and 
largely impermeable uppermost levels of formation [12]. These very specific 
conditions are only to be found in two main parts of the world, namely the Larderello 
in Italy and the Geysers in the United States of America, as well as limited regions in 
Japan, Indonesia and New Zealand [12]. Typical steam conditions are found between 
180 °C and 225 °C and 40 bar to 80 bar [13]. After the steam is extracted through the 
pressure well (PW) it is cleaned by means of filtering, purification and droplet 
separation application (F) [11]. The steam pressure can now be directly transmitted to 
a turbine (T) to transform the energy into mechanical and later electrical energy in 
the generator (G). Afterwards the expanded working fluid is guided through a 
condenser (C) before it is re-injected to the underground through the injection well 
(IW). The simplified schematics of such a plant can be seen in Figure 2-1.  

 
Figure 2-1: Simplified Schematics of Direct Steam Power Plant 

 
Single Flash. The Single Flash concept is used for the exploitation of liquid-
dominated geothermal reservoirs. About 29 % of all geothermal power plants and 
43 % of the total installed geothermal capacity is of the Single Flash type [12]. Typical 
steam conditions are found between 155 °C and 165 °C and 5 bar to 6 bar [13]. The 
underground reservoir consists of a pressurized hot water or water-steam mixture 
that partially evaporates due to a slight drop in pressure [11]. This can occur in the 
permeable underground formation, in the production well (PW) due to friction or in 
the inlet to the Flash separator (FS) with the help of a throttle [12]. The reduced 
pressure results in an increased proportion of steam that can, in the next step, be 
separated in the Flash separator (FS) from the liquid phase. The waste brine can 
amount to up to 80 % of the geothermal fluid and is directly re-injected into the 
ground without being otherwise energetically exploited. The produced steam on the 
other hand is transported through a turbine (T) to extract work in a generator (G) 
before it is condensed (C), filtered (F) and also re-injected to the underground 
through the injection well (IW). The simplified schematics of this configuration are 
given in Figure 2-2. 
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Figure 2-2: Simplified Schematics of Single Flash Power Plant 

Double Flash. In order to increase the amount of geothermal fluid that can be 
utilized for power generation purposes, the simple addition of a second Flash 
separator is considered for the Double Flash concept. This improved design can 
increase the power production by up to 25 % compared to the Single Flash concept, 
while still exploiting the same geothermal reservoir [12]. Today around 10 % of all 
geothermal plants follow the Double Flash principle [12]. The typical steam conditions 
are the same as for the previous concept and lie between 155 °C and 165 °C and 
5 bar to 6 bar [13]. Also the plant configurations are very similar for Single and 
Double Flash Power Plants. The steam removed in the first Flash separator (FS1) is 
conducted through the high-pressure turbine (T1) to produce work. However, instead 
of the wasted geothermal brine from the first Flash separator (FS1) being re-injected 
directly into the underground, it is directed to a second Flash separator tank (FS2). 
There, another pressure drop allows an additional fraction of the geothermal fluid to 
be evaporated and extracted. The additional steam mass flow gained at a lower 
pressure level, compared to the steam from the first Flash separator, can be 
transformed into electricity in the low-pressure turbine (T2) and generator. The 
simplified schematics are presented in Figure 2-3 below. 

 
Figure 2-3: Simplified Schematics of Double Flash Power Plant 

2.3.2 Closed Systems 
Organic Rankine Cycle. When the ground heat sources do not allow to raise the 
geothermal fluid’s temperature above 150 °C the utilization of an open system 
concept becomes limited [14]. In order to still be able to extract energy from the 
geothermal fluid and generate electricity, a working fluid with a boiling point 
significantly lower than water is required [14]. This and the correlated fluid properties 
are the only difference between a conventional power plant Rankine Cycle and the 
Organic Rankine Cycle. As the name implies, in the case of the Organic Rankine 
Cycle, organic substances, in from of hydrocarbons, are typically used. During the 
selection procedure, apart from thermodynamic properties, safety and environmental 
considerations are taken into account [12]. To allow the utilization of these 
substances, the working fluid cycle is isolated and only connected to the geothermal 
brine cycle through heat exchangers (HEX). The working fluid is thereby preheated 
and evaporated before it is expanded in the turbine (T) to extract the energy with the 
help of a generator (G). If the medium is still superheated after the expansion, a 
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recuperative heat exchanger (R) might be applied to preheat the working fluid after 
the condenser (C) and the feedwater pump (P) [11]. The simplified schematics of this 
concept are shown in Figure 2-4.  

 
Figure 2-4: Simplified Schematics of Organic Rankine Cycle Power Plant 

Kalina Cycle. Compared to the Organic Rankine Cycle, the Kalina cycle is also of 
closed type. What distinguishes the Kalina Cycle from other binary cycles is the use 
of a mixture of water and ammonia as working fluid. This mixture allows the 
evaporation process to occur at non-isothermal conditions, enabling an improved 
thermodynamic performance [11]. The variable evaporation temperatures exist due to 
the different boiling points of the two substances. Following the heat supply from the 
geothermal fluid (HEX), an ammonia-rich vapor can be separated from an ammonia-
weak fluid (S). In the next step the vapor is expanded in the turbine (T) and, with the 
assistance of a generator (G), electricity can be produced. Afterwards, both the weak 
and rich ammonia flows are mixed again before being directed to the condenser (C). 
After elevating the pressure to evaporation pressure (P), the cycle is concluded. As 
in the case of the Organic Rankine Cycle, a recuperative heat exchanger (R) might 
be added to reduce the condenser heat loads [12]. A schematic layout is presented in 
the Figure below (Figure 2-5). 

 
Figure 2-5: Simplified Schematics of Organic Rankine Cycle Power Plant 

There is also another configuration using the Kalina Cycle. For this, the water-
ammonia mixture is not separated into a rich and weak solution. Instead the entire 
fluid mixture is evaporated and expanded in the turbine (cf. Figure 2-4). This 
expansion would however end in the two-phase region and therefore a reheater is 
applied to reduce the damaging wetness at the turbine outlet [12].  

 Basics of Solar Energy 2.4

From all renewable energy sources, the incident radiation from the sun is by far the 
most dominant source on earth. It’s share amounts to more than 99.9 % of all the 
converted energy [11].  
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The energy output from the sun amounts to 63,000,000 W per m2 of solar surface 
[15]. This radiation is emitted in all directions and therefore only a very small fraction 
reaches the top rim of the earth’s atmosphere. At this point, an irradiance of 1370 W 
per m2 is measured [11]. This specific quantity is known as the solar constant. 
Because of the earth’s elliptic orbit around the sun, this value varies by ±3.3 % 
throughout the year [15]. From the amount of solar radiation that reaches the outside 
of the atmosphere, approximately 30 % are however absorbed or reflected in the 
atmosphere and only the remaining irradiance of around 1000 W per m2 reaches the 
earth’s surface [11]. This quantity is again affected by a variety of factors. Apart from 
the daily and yearly variations, the latitude and, most importantly, weather conditions 
impact the amount of solar radiation reaching the earth’s surface. 
As a result of atmospheric attenuation of solar radiation caused by diffusion 
mechanisms, a part of the incident rays are scattered. This diffuse radiation is the 
radiation component that indirectly reaches the earth’s surface [15]. In contrast, direct 
or beam radiation accounts for the radiation component that has traveled a straight 
path from the sun to the earth’s surface [11]. The angle between the beam radiation 
and the intercepting surface orientation highly affects the intensity of the incoming 
solar flux. For a given surface, the sum of both diffuse and direct radiation is referred 
to as global irradiation [11].  
Solar thermal power plants convert the incoming solar radiation into heat. This 
resulting thermal energy is, in the next step, transmitted to a power generating cycle 
to produce electricity. High temperatures are necessary to elevate the 
thermodynamic performance. In order to achieve these high temperatures and 
reduce heat losses, the density of the energy flux can be increased through 
concentration mechanisms. This optical device (concentrator) is placed between the 
incident solar radiation and the absorbing receiver. This arrangement is also used in 
Concentrating Solar Power (CSP) generation systems. These applications can, due 
to the aforementioned reasons, only collect the direct radiation component from the 
global irradiance.  
Concentrating systems are described by the concentration ratio C and can be 
classified into line focusing systems (2D) and point focusing systems (3D). For line 
focusing systems the solar radiation is concentrated along a focal line and for point 
focusing systems all solar radiation is focused to a single point [15].  
The concentration ratio C is defined as the ratio of the solar aperture area Aa to the 
absorber-receiver surface Ar. The ideal maximum concentration ratio for a line 
focusing single-axis tracking device is calculated to Cmax,2D = 216 suns and for a point 
focusing full tracking device is given with Cmax,3D = 46,747 suns [15]. In practice 
however, due to numerous errors regarding irregularities of the reflecting surface, 
tracking errors and atmospheric scattering, the concentration ratios are considerably 
inferior to their ideal values [11]. 

 Concentrating Solar Power Generation Concepts 2.5

Concentrating solar power configuration systems are usually distinguished by the 
type of concentrator. Currently, four major technologies have emerged. 
Concentrating systems using the point focusing system include Solar Tower Power 
Plants and Dish/Stirling concentrators, cf. Figure 2-6 (a) & (b) respectively.  
Power plant designs following the concept of line focusing systems are the Parabolic 
Trough and the Linear Fresnel Collectors, cf. Figure 2-6 (c) & (d) respectively. These 
concepts will be presented in more detail in the next sections. 
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(a)   (b)         (c)           (d) 

 

Figure 2-6: Schematic Representations of the Four Major CSP Technologies (mod. after [16]) 

2.5.1 Point Focusing Systems 
Solar Tower Power Plant. The Solar Tower Power Plant is a concept also known as 
central receiver or heliostat power plant. It uses an array of two-axis tracking flat 
mirrors (heliostats) that focus the incoming solar radiation to a central receiver at the 
top of a tower. This focusing system usually reaches concentration ratios between 
300 and 1000 suns [15], enabling temperatures of up to 1200 °C [17]. In the receiver, 
a heat-transfer fluid absorbs the solar energy, converts it into thermal energy and 
transfers this energy to a power block at the bottom of the tower. In this block, either 
a conventional Rankine Steam Cycle or a Brayton Gas Turbine Cycle are applied to 
produce electricity.  
Within the Solar Tower Power Plants no optimal concept has emerged in the past 
leaving four different technology concepts. 
• The Direct Solar Steam was the first concept to be developed in the early 1980’s 

[17]. For this concept, the receiver, functioning as a heat exchanger, delivers the 
solar heat to the working fluid water. In this receiver, the water is evaporated and 
partially superheated. Most of the operational plants today work only with 
saturated steam leading to comparatively low thermodynamic efficiencies [11]. 

• In the Molten-Salt Tower concept, molten-salt is used as working fluid, offering 
excellent heat transfer properties. Commonly sodium and or potassium nitrate 
are used [11]. Also the integration of high temperature heat storage is facilitated 
by this concept, enabling an increased availability and reducing the otherwise 
high intermittency of direct solar beam radiation. This is however also necessary 
due to the fact that the salt must be kept liquid at all times, even when no solar 
radiation is available [11]. The heat from the molten salt is transferred to a 
conventional Rankine Steam Cycle, where power can be produced. 

• For Volumetric Air receivers, air is used as heat transfer medium. In a volumetric 
absorber, usually made of steel wire or porous ceramics, air is sucked in from 
the surrounding ambient and heated by the absorber material. Due to the 
utilization of ambient pressure air, high volume flows and large surface areas are 
required to deliver the necessary amount of heat [11]. This hot air is then used to 
produce steam that is connected to a conventional power generating steam 
cycle. 

• For the Pressurized Volumetric Air receiver concept, instead of ambient pressure 
air, the working medium is pressurized before entering the receiver [11]. The 
pressurized air is sealed from the surroundings by a glazed surface in front of 
the receiver [11]. The heated pressurized air can, in this case, be utilized in a 
Brayton Gas Turbine Cycle to generate electricity. 

Dish/Stirling Systems. The Dish/Stirling concept consists of a hemispheric shaped 
reflector that collects the incoming beam radiation and concentrates the energy to a 
receiver positioned at the focal point of the dish. The parabolic concentrator tracks 
the suns position in two axes to enable an ideal alignment of the focal point and the 
receiver. In the receiver, the radiation is converted into heat and used in a Stirling 
engine to generate electricity with the help of a generator. This focusing system 
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usually reaches concentration ratios between 600 and 4000 suns [15,11] and allows 
temperatures of up to 750 °C [17]. With up to 40 %, this concept achieves the highest 
thermal energy conversion efficiencies of all available CSP technologies [11]. It is a 
very modular technology mostly applied for decentralized power generation. 

2.5.2 Line Focusing Systems 
Parabolic Trough Power Plant. The Parabolic Trough Collectors consist of a 
parabolic shaped reflecting surface that redirects the incoming solar radiation to a 
focal line. On this line, a stainless steel tube with a selective coating is placed that 
transforms the incoming solar radiation into thermal energy. This heat is transferred 
to a heat transfer medium that circulates through the receiver. To reduce the heat 
losses and protect the selective materials, an evacuated glass tube encloses the 
absorber [11].  
A plant usually consists of many parallel rows of such single-tracking modules. This 
one-axis tracking system leads to much lower concentration ratios and consequently 
operation temperatures if compared to point focusing dual-axis tracking systems 
described above. With this focusing system, concentration ratios between 30 and 
100 suns can be reached, enabling temperatures of up to 600 °C [17]. To date, 
however, synthetic thermal oils have most commonly been used as heat transfer 
fluid, limiting the upper temperature due to their thermal stability [11]. The maximum 
temperature is for these cases limited to 400 °C and a pressure of 10 bar to 16 bar is 
required [11]. In practice, the plants are being operated at maximum temperatures of 
around 390 °C [15]. 
The heat transfer fluid from the collector delivers the heat to another working fluid; 
usually water, through a heat exchanger. As in a conventional Rankine Cycle, this 
water is evaporated and superheated at high pressures and the resultant steam is, in 
the next step, expanded in a turbine that drives a generator to produce electricity.  
An alternative to using thermal oils as heat transfer fluid, either molten salts or 
directly water can be applied in the absorber tubes in order to raise the operation 
temperatures up to 600 °C. The utilization of these heat transfer fluids however still 
poses some major challenges that need to be solved. 
Linear Fresnel Reflectors. The concept used for Linear Fresnel Collectors is very 
similar to the one for Parabolic Trough systems. However, instead of using a 
parabolic shaped curved mirror, several parallel flat arrays of reflecting surfaces track 
the sun’s position and redirect the incident radiation to a common focal line [11]. Due 
to this design consisting of several segments, the elements can shadow each other, 
lowering the optical characteristics of this construction. The concentration ratios 
therefore lie between 15 and 60 suns, permitting temperatures of up to 500 °C [17]. 
An absorbing receiver is placed in the non-movable focal line containing a heat 
transfer fluid.  
For this design the same fluids as for Parabolic Trough Collectors can be used. 
Because this concept uses flat instead of curved mirrors the production costs are 
much lower. The space between the mirror segments also reduces the wind loads. 
Most commonly, water/steam is directly generated in the focal line eliminating the 
need for a separate steam generator and heat transfer fluid. [11] 

2.5.3 Thermal Energy Storage Options 
The availability of solar radiation is not only a function of the earth’s rotation around 
the sun and the connected day and night shifts, but also dependent on 
meteorological influences from, among others, clouds and aerosols [11]. The 
integration of Thermal Energy Storage can compensate these intermittencies and 
has therefore the potential to add significant value to the concentrating solar power 
technologies. Instead of the power plant delivering the energy when solar radiation is 
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available, this integration allows to dispatch the energy when needed. While 
concentrating solar power technologies without storage capacities usually reach full 
load hours of maximum 2 500, the addition of a thermal storage can almost triple the 
operating hours [18]. Currently, several different approaches exist using the concepts 
of heat transfer medium storage, mass storage and latent heat storage in the form of 
phase-change materials [11].  
• When considering the heat transfer medium storage concept, the heat transfer 

fluid from the solar receivers is stored in thermally insulated tanks. Most 
commonly, thermal oils are used as heat transfer fluids. The integration of this 
type of storage can either be direct, when the fluid in the solar receiver is 
identical with the storage medium, or indirect, when the heat is exchanged with 
the aid of heat exchangers to another fluid’s cycle. Because of the limited 
thermal stability, most thermal oils can only be heated to their maximum 
allowable temperature of 390 °C to 400°C. [11] 

• In case of the mass storage concept, the heat transfer fluid heats up a high heat 
capacity material. This concept has the advantage of enabling the utilization of 
very inexpensive materials. Increasing the materials surface area and selecting 
materials with high heat transfer coefficients lead to an enhanced effectiveness. 
Common materials used for this concept are sand, concrete and ceramics also 
allowing the operation at very high temperature levels. [19] 

• The phase-change material storage concept takes advantage of the isothermal 
heat transfer during the solidification and melting of the storage material. For this 
approach different salts can be used depending on their melting points and the 
heat transfer fluid’s temperature. [11] 

 Resource Availability 2.6

When examining the availability of natural resources on Earth, it becomes apparent 
that many regions are suitable for both solar and geothermal power generation. 
Especially in regions where a high potential for Direct Normal Irradiance (DNI) 
coincides with hot geothermal zones, hybrid solar-geothermal solutions become of 
significant interest. The regions providing the highest potential for solar concentrating 
and geothermal energy can be seen in Figure 2-7 below. 
Favorable geothermal zones are mostly found at junctions of earth plates, where the 
magma is closer to the surface. Thereby a shortcut for underground heat to reach the 
surface is created, enabling much higher temperature gradients compared to the 
global average of 30 Kelvin per km. Especially at the edges of the pacific plate, at the 
so-called ‘Ring of Fire’, the potential is very high. In addition to the geothermal hot 
spots in Hawaii and Iceland, other promising regions are found around the 
Mediterranean, in eastern Africa and in the Middle East. 
Suitable locations providing the largest potential for the production of heat from 
concentrating solar power are mainly located around the equator at the so-called 
‘Sun Belt’. Additionally, favorable conditions can also be found in the western part of 
South America, to a small extent in southern Africa and in Australia.  
The regions where both direct solar and geothermal resources have a very high 
potential and are therefore most suited for hybrid applications are consequently 
found at the west coast of the United States of America, in Chile, in western 
Argentina as well as in the Middle East. 
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Figure 2-7: Resource Potential for CSP and Geothermal Energy (mod. after [20]) 
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3 Methodology 

In this chapter the methodological approach of this study is presented. First, the 
hybridization advantages and optimization options are explained. Next, all the 
systems involved are highlighted and their parameters and boundary conditions 
defined. At last, the thermodynamic and economic approaches for the evaluation of 
the results are shown. 

 Hybridization 3.1

3.1.1 Hybridization Synergies 
The motivation for installing a solar-geothermal hybrid plant is to achieve synergies 
that outperform the outcome of two individual power plants using solar and 
geothermal resources separately. These synergies are often very site-specific and 
could include the following:  
• Power Boosting: The geothermal power plant is often limited by the availability of 

underground heat. Solar concentrating thermal energy can in this case be used 
to boost the performance of an existing plant by integrating additional heat to the 
power cycle. Thereby more power can be extracted from the plant using the 
same transmission infrastructure. 

• Equipment Sharing: Because both the geothermal and the Parabolic Trough 
technologies have similar energy conversion methods, there is a potential to 
share common equipment. Instead of two power-generating cycles, only one 
cycle is needed to extract energy from the two heat sources and convert it into 
electrical power. 

• Leveling Fluctuations: The high intermittency of solar power does not allow a 
continuous and steady power plant operation. By integrating solar energy into a 
geothermal cycle these fluctuations can be reduced. In warm regions, where the 
power demand peaks during daytime, the augmentation of a geothermal plant by 
solar energy can be considered to meet this increased demand. 

• Financial Mitigation: A solar-geothermal hybrid plant can mitigate some costs 
that would otherwise arise from two individual solar and geothermal power 
plants. This may lead to faster technological advances for both systems. Also 
the ability of combining two renewable resources can lead to an improved 
economic support from different incentives. 

3.1.2 Optimization Configurations 
The high-enthalpy heat generated by the Parabolic Trough Cycle will be integrated 
into the different geothermal concepts considered in this study. The possible 
configuration options are selected in coherence with the optimization options for the 
different thermodynamic cycles under investigation. These include the Rankine 
Cycle, the Organic Rankine Cycle and the Kalina Cycle. For all of these processes it 
is possible to increase the cycle’s thermal efficiency by increasing the mean 
temperature of the heat delivery or reducing the mean temperature of the heat 
rejection.  
The integration of a high temperature heat source, as it is the case for the Parabolic 
Trough CSP technology, has a direct impact on the mean temperature of the heat 
addition. In the following chapters, the possible methods to improve the geothermal 
reference cycles by the integration of an additional high temperature level heat 
source are examined. 
The first measure to raise the thermal efficiency can be achieved by increasing the 
live vapor parameters pressure and temperature. This method enables an increased 
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mean temperature of the heat input. Only the material durability, the working fluid 
thermal stability and the temperature level of the heat source limit this measure. 
Today, most Rankine Steam Cycles run under supercritical conditions, meaning that 
the pressure at which the heat is delivered to the system processes above the critical 
point [21]. The geothermal conditions under investigation however can only reach 
much lower temperature levels, restricting the use of supercritical conditions. Tests 
have also been conducted examining the potentials of supercritical geothermal 
Organic Rankine Cycles [4,5]. The utilized organic and mixed fluids for these cycles 
however limit the augmentation of the live vapor parameters due to the substance’s 
chemical decomposition above certain temperatures. 
The second method is to superheat the vapor after the working fluid’s evaporation. 
For this, additional heat is added to the saturated vapor in an additional heat 
exchanger. This measure again raises the mean temperature of the heat input and 
therefore the thermal efficiency of the cycle. For wet fluids, such as Water or 
Propane, this concept additionally helps to avoid the two-phase region after the 
fluid’s expansion to improve the lifetime of the turbine [21]. For dry fluids on the other 
hand, an improvement of the thermal efficiency is not always guaranteed. Due to the 
elevated turbine output temperatures, less work can be extracted from the cycle and 
the thermal efficiency is lowered. 
The third optimization method to raise the thermal efficiency of a cycle is achieved by 
reheating the working fluid after the first expansion in a turbine. The fluid is thereby 
extracted from the turbine at an intermediate pressure stage and recirculated through 
the heat supplying heat exchangers, allowing the addition of extra heat to the 
working fluid. This measure also helps to avoid the two-phase region in the turbine 
and elevates the mean temperature of the heat addition [21]. 
The last method to increase the thermal efficiency is to preheat the working fluid. 
Due to the higher temperature level of the solar heat source compared to the 
geothermal heat sources being investigated in this study, this method, however, has 
just a very limited applicability. When using solar energy to preheat the working fluid, 
the lower temperature geothermal energy extraction would be reduced. This 
measure would consequently only lead to an exchange of heat sources form a low-
enthalpy geothermal to a high-enthalpy solar resource. The available geothermal 
resource should however be exploited to a maximum, while the amount of heat 
delivered from Parabolic Trough Concentrators can be varied by the size of the solar 
field. 
Additionally to the above-mentioned more general improvement methods there are 
other more concept specific measures. 
There is also another way of interpreting the method of preheating. By using the 
Parabolic Trough solar energy to heat the geothermal fluid before delivering the heat 
to the working fluid. For closed geothermal systems, the solar heat would be added 
between the geothermal well and the heat exchangers that deliver the heat to the 
power generating cycle’s working fluid. By doing so, no additional heat exchanger is 
added to the power cycle. Instead it can be placed outside of the secondary cycle, 
possibly lowering the material constraints. These methods increase the mean 
temperature of the heat delivery and therefore allow an elevation of the thermal 
efficiency. For open systems on the other hand, the geothermal fluid and the power 
cycle’s working fluid are the same. For a Direct Steam Cycle the geothermal fluid 
exits the well already being saturated or as superheated steam. For a Single or 
Double Flash concept however, adding the solar heat between the geothermal well 
and the first Flash separator can be used to preheat the geothermal fluid. This 
measure can subsequently lead to an increased amount of vapor that can be 
extracted in the Flash separator and delivered to the turbine. 
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For Organic Rankine and Kalina Cycles, a regenerator is often used to extract the 
remaining heat from the superheated fluid after the turbine’s expansion to preheat 
the working fluid before entering the heat exchangers being supplied by an external 
heat source [12]. This measure reduces the heat that is required to be added by the 
external heat source and thereby elevating the mean temperature of the heat input 
and thus the thermal efficiency.  
For closed cycles, also a partial evaporation by the solar concentrating heat source 
can improve the cycle’s performance. Usually, the mass flow for a maximum power 
output is optimized according to the evaporation temperature. With the help of an 
additional heat source the maximum power output point can however be altered. Two 
alternatives can be distinguished. The first consists in maintaining the evaporation 
temperature, but increasing the working fluid’s mass flow and thereby the heat that 
can be extracted from geothermal resource. Alternatively, the heat extraction from 
the geothermal cycle can be maintained and the temperature increased in order to 
elevate the pressure. This last measure can however lead to an increased 
temperature at the turbine outlet and consequently counteract an improvement of the 
thermal efficiency. 

 System Definition 3.2

3.2.1 Definition of Geothermal Underground Conditions 
The boundary conditions for the geothermal reference cases and their hybridizations 
are dependent on the utilized concepts. Each concept is, as described before, suited 
to generate power from different underground geothermal conditions. A review of the 
existing geothermal power plants was conducted and the most significant parameters 
were considered to estimate average values for the underground temperature and 
pressure, well depth and flow rate [4,5,12,13]. The parameters for the Direct Steam, 
Single and Double Flash as well as the binary Organic Rankine and Kalina Cycles 
are listed in Table 3-1 below.  

Table 3-1: Parameters for Underground Geothermal Conditions for Different Concepts 

Parameter Unit Cycles 
  Direct Steam Single- & 

Double Flash Binary 

Well depth [m] 1 000 1 750 1 625 
Flow rate [kg/s] 100.0 500.0 100.0 
Underground temperature [°C] 220.0 165.0 120.0 
Underground pressure [bar] 20.0 7.0 10.0 

 
Additionally to the concept specific geothermal conditions, some more general 
parameters are required. An underground distance of 1000 m is required to minimize 
the risks of overcooling the underground and allow an exploitation of the geothermal 
resource over a period of 20 to 30 years in a regenerative manner. In order to reduce 
the aboveground distance to a single location, the production and injection wells can 
be drilled as divergent boreholes. This reduces the aboveground distance to about 
only 50 m. 
In case of the underground reservoir not containing enough pressure to lift the 
geothermal fluid to the surface, a mechanical down-hole pump is installed at a depth 
of 400 m.  
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3.2.2 Definition of Solar Parabolic Trough Conditions 
The boundary conditions for the solar part of the hybridization concepts depend on 
the utilized concept and the weather conditions. In this study, one weather 
configuration representing an average global day is simulated. Because of the 
general approach and the consequent globalized parameters, a sensitivity analysis 
will consequently be performed. A variation of the irradiance parameter can be used 
to determine the threshold for a profitable and favorable application of the 
hybridization concept for the different cases under investigation. The parameters for 
ambient temperature and pressure as well as the solar irradiance are listed in Table 
3-2 [22]. 

Table 3-2: General Parameters for Power Generating Cycles 

Parameter Unit Average Day 

Temperature [°C] 20.0 
Pressure [bar] 1.01325 
Irradiance [W/m2] 170.0 

 
Collectors of type Parabolic Trough are used as integration technology into the 
different geothermal concepts. In these Parabolic Trough Collectors the solar energy 
is converted and extracted through a thermal oil that delivers the heat to the power 
generating cycle at different positions. The necessary constraints for the collectors 
include the optical and thermal efficiency and are presented in Table 3-3 [5].  

Table 3-3: Parameters for Parabolic Trough Collectors 

Parameter Unit Value 

Optical Efficiency [%] 75 
Thermal Efficiency [%] 75 

 
The necessary parameters for the thermal oil cycle are the fluid’s flow rate, pressure, 
temperature after the collectors and the heat transfer fluid itself [4]. These 
parameters are defined in Table 3-4.  

Table 3-4: Parameters for Thermal Oil 

Parameter Unit Value 
Heat transfer fluid - Therminol-VP1 
Pressure [bar] 10.0 
Outlet Temperature [°C] 390.0 
Fluid Flow [kg/s] 105.0 

 

3.2.3 Definition of Thermal Energy Storage Conditions 
A two-tank indirect phase change molten salt storage approach is used for the 
evaluation of the cycle’s performance. These systems are most economically 
feasible for the applications under investigation [18]. For the thermodynamic 
evaluation, however, a direct heat transfer medium storage concept will be applied to 
reduce the model’s complexity. From a thermodynamic perspective both approaches 
are interchangeable without limitations [4]. The application of a 15-hour Thermal 
Energy Storage will result in an increase of the full-load hours up to 7 500 [18].  
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3.2.4 Definition of Power Generating Cycle Conditions 
Further, it is of high importance to specify all common parameters for the power 
generating cycle. These are the same regardless of the power-generating concept as 
well as for the reference and hybrid cases. The most important figures for the 
different cycle’s components - condenser, pumps, turbine and heat exchangers - can 
be viewed in Table 3-5. 

Table 3-5: General Parameters for Power Generating Cycles 

Components Parameter Unit Value 
Condenser Inlet Temperature [°C] 20.0 
 Cooling Medium [-] Air 
 Inlet Pressure [bar] 1.01325 
 Outlet Temperature [°C] 30.0 
 Inlet Vapor Fraction [-] 0.88-0.90 
 Outlet Vapor Fraction [-] 0.00 
Pumps Mechanical Efficiency [%] 80 
Turbine Isentropic Efficiency [%] 75-85 
 Mechanical Efficiency [%] 98 
Heat Exchangers MITA [°C] 5.0 
 Pressure Drop [bar] 0.0 

 

 Thermodynamic Analysis 3.3

For the investigation and comparison of the different cycles for both the reference 
and hybrid configurations presented in this study, apart from the resulting collector 
area, several efficiencies can be used. Due to the complex relation between the 
thermodynamic and economic assessment, the approach of this research is to first 
identify the design that maximizes the thermodynamic performance, before 
evaluating the economic aspects for these conditions. The most important criteria for 
the thermodynamic evaluation, including the solar collector area as well as the 
thermal and utilization efficiencies, are listed below. 

3.3.1 Solar Collector Area 

The area for the installation of Parabolic Trough Collectors 𝐴𝑆,𝑃𝑇  in [m2] is an 
important parameter in the evaluation of the thermodynamic and economic behavior 
of each cycle. The required area is a function of the heat transferred to the power 
generating cycle 𝑄𝑡𝑟𝑎𝑛𝑠 in [W], the solar insolation 𝐼𝑠𝑜𝑙 in [W/m2] as well as the optical 
𝜂𝑜  and thermal 𝜂𝑡ℎ  efficiencies of the Parabolic Trough Collector-Receiver System 
and thermal loops.  

 𝐴𝑆,𝑃𝑇 = 𝑄𝑡𝑟𝑎𝑛𝑠
𝐼𝑠𝑜𝑙∙𝜂𝑜∙𝜂𝑡ℎ

       (Eq. 1) 

As the available solar energy 𝑄𝑠𝑜𝑙 in [W] is also a function of the heat transferred to 
the power generating cycle 𝑄𝑡𝑟𝑎𝑛𝑠  in [W] and the optical 𝜂𝑜  and thermal 𝜂𝑡ℎ 
efficiencies, the above-listed equation for the Parabolic Trough Collector area 𝐴𝑆,𝑃𝑇  
can be simplified to the following. 

 𝐴𝑆,𝑃𝑇 = 𝑄𝑠𝑜𝑙
𝐼𝑠𝑜𝑙

        (Eq. 2) 
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3.3.2 Thermal Efficiencies 

As first efficiency, the thermal efficiency 𝜂𝑡ℎ is considered. For the reference cases, 
using solely geothermal heat as energy source, the thermal efficiency is defined as 
the ratio of useful net electric power output 𝑃𝑛𝑒𝑡 in [kW] to the amount of raw energy 
added to the cycle in form of geothermal heat flow 𝑄𝑔𝑒𝑜 in [kW]. It is therefore defined 
as presented below. 

 𝜂𝑡ℎ,𝑟𝑒𝑓 = 𝑃𝑛𝑒𝑡
𝑄𝑔𝑒𝑜

        (Eq. 3) 

For the hybrid configurations, on the other hand, two input energy sources have to be 
considered. The amount of raw energy added to the power generating cycle is 
consequently the sum of the solar heat source 𝑄𝑠𝑜𝑙 and the geothermal heat source 
𝑄𝑔𝑒𝑜. 

 𝜂𝑡ℎ,ℎ𝑦𝑏 = 𝑃𝑛𝑒𝑡
𝑄𝑔𝑒𝑜+𝑄𝑠𝑜𝑙

       (Eq. 4) 

For the geothermal cycles under investigation the energy delivered from the ground 
source 𝑄𝑔𝑒𝑜 can be defined by the mass flow of the geothermal fluid 𝑚𝑔𝑒𝑜 in [kg/s] 
and the enthalpy difference ∆ℎ𝑔𝑒𝑜  between the production well ℎ𝑔𝑒𝑜,𝑖𝑛  and the 
injection well ℎ𝑔𝑒𝑜,𝑜𝑢𝑡, all in [kJ/kg]. 
 𝑄𝑔𝑒𝑜 = 𝑚𝑔𝑒𝑜 ∙ ∆ℎ𝑔𝑒𝑜 = 𝑚𝑔𝑒𝑜 ∙ (ℎ𝑔𝑒𝑜,𝑖𝑛 − ℎ𝑔𝑒𝑜,𝑜𝑢𝑡)    (Eq. 5) 
The addition of solar heat 𝑄𝑠𝑜𝑙 to the geothermal cycle can also be described by the 
mass flow of the thermal oil heat transfer fluid 𝑚𝑠𝑜𝑙 , again in [kg/s] and the fluids 
enthalpy change over the heat exchanger ∆ℎ𝑠𝑜𝑙 in [kJ/kg]. Additionally, the optical 𝜂𝑜 
and thermal 𝜂𝑡ℎ efficiencies are needed to determine the true solar addition. 

 𝑄𝑠𝑜𝑙 = 𝑚𝑠𝑜𝑙∙∆ℎ𝑠𝑜𝑙
𝜂𝑜∙𝜂𝑡ℎ

= 𝑚𝑠𝑜𝑙∙(ℎ𝑠𝑜𝑙,𝑖𝑛−ℎ𝑠𝑜𝑙,𝑜𝑢𝑡)
𝜂𝑜∙𝜂𝑡ℎ

      (Eq. 6) 

 

3.3.3 Utilization Efficiencies 
Another method applied to determine the plant’s performance is to utilize the Second 
Law of Thermodynamics. Thereby a comparison between the actual and the 
maximum theoretically achievable power can be drawn. Examining the exergy flows 
of the different fluid streams is the key to this approach. In the following, three 
different methods of interpretation of the utilization efficiency 𝜂𝑢 are presented. 
The general approach of describing the exergy of a geothermal flow under steady 
state, open conditions is found by the aid of the geothermal mass flow rate 𝑚𝑔𝑒𝑜 in 
[kg/s], the dead-state temperature 𝑇0 in [K] as well as the enthalpy ℎ and entropy 𝑠 at 
the inlet and dead-state conditions in [kJ/kg] and [kJ/kg⋅K] respectively. 
 𝐸𝑔𝑒𝑜,1 = 𝑚𝑔𝑒𝑜 ∙ �∆ℎ𝑔𝑒𝑜,1 − 𝑇0 ∙ �∆𝑠𝑔𝑒𝑜,1�� 
             = 𝑚𝑔𝑒𝑜 ∙ �ℎ𝑔𝑒𝑜,𝑖𝑛 − ℎ0 − 𝑇0 ∙ (𝑠𝑔𝑒𝑜,𝑖𝑛 − 𝑠0)�   (Eq. 7) 
For the reference geothermal-only cases, the utilization efficiency 𝜂𝑢,1/2,𝑟𝑒𝑓  is 
considered as the ratio of the useful net electric energy output 𝑃𝑛𝑒𝑡 in [kW] to the 
exergy of the geothermal fluid 𝐸𝑔𝑒𝑜,1 in [kW] when considering the ambient dead-
state conditions 0.   

 𝜂𝑢,1,𝑟𝑒𝑓 = 𝜂𝑢,2,𝑟𝑒𝑓 = 𝑃𝑛𝑒𝑡
𝐸𝑔𝑒𝑜,1

      (Eq. 8) 

In case of the hybrid configurations, in addition to the exergy from the geothermal 
part 𝐸𝑔𝑒𝑜,1 , there also is a change in exergy from the solar integration 𝐸𝑠𝑜𝑙 . The 
easiest way to determine the exergy from the solar addition is to evaluate the thermal 
oil circulating through the Parabolic Trough Collector loop when leaving the solar 
field. On the one hand it can be done by referring the exergy change to the dead 
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state conditions 𝐸𝑠𝑜𝑙,1 . On the other hand it is also possible to consider only the 
change in exergy through the solar-geothermal heat exchanger 𝐸𝑠𝑜𝑙,2. This method 
considers only the exergy amount that is transferred to the power cycle, while 
disregarding the remaining exergy being used for storage and other purposes. For 
both solar exergy definitions again the mass flow of the thermal oil 𝑚𝑠𝑜𝑙 in [kg/s], the 
enthalpies ℎ in [kJ/kg] and entropies 𝑠 in [kJ/kg⋅K] at the heat exchanger inlet and 
outlet or dead state as well as the ambient temperature 𝑇0  in [K] are needed. 
Additionally, the optical 𝜂𝑜 and thermal 𝜂𝑡ℎ efficiencies are required to determine the 
true solar exergy additions. 

 𝐸𝑠𝑜𝑙,1 = 𝑚𝑠𝑜𝑙∙�∆ℎ𝑠𝑜𝑙,1−𝑇0∙�∆𝑠𝑠𝑜𝑙,1��
𝜂𝑜∙𝜂𝑡ℎ

 

             = 𝑚𝑠𝑜𝑙∙�ℎ𝑠𝑜𝑙,𝑖𝑛−ℎ0−𝑇0∙(𝑠𝑠𝑜𝑙,𝑖𝑛−𝑠0)�
𝜂𝑜∙𝜂𝑡ℎ

     (Eq. 9) 

 𝐸𝑠𝑜𝑙,2 = 𝑚𝑠𝑜𝑙∙�∆ℎ𝑠𝑜𝑙,2−𝑇0∙�∆𝑠𝑠𝑜𝑙,2��
𝜂𝑜∙𝜂𝑡ℎ

 

             = 𝑚𝑠𝑜𝑙∙�ℎ𝑠𝑜𝑙,𝑖𝑛−ℎ𝑠𝑜𝑙,𝑜𝑢𝑡−𝑇0∙(𝑠𝑠𝑜𝑙,𝑖𝑛−𝑠𝑠𝑜𝑙,𝑜𝑢𝑡)�
𝜂𝑜∙𝜂𝑡ℎ

    (Eq. 10) 

The resulting utilization efficiencies for the hybrid cases 𝜂𝑢,1,ℎ𝑦𝑏 and 𝜂𝑢,2,ℎ𝑦𝑏 can now 
be defined by adding the two exergy inputs from geothermal and solar sources in the 
denominator. 

 𝜂𝑢,1,ℎ𝑦𝑏 = 𝑃𝑛𝑒𝑡
𝐸𝑔𝑒𝑜,1+𝐸𝑠𝑜𝑙,1

       (Eq. 11) 

 𝜂𝑢,2,ℎ𝑦𝑏 = 𝑃𝑛𝑒𝑡
𝐸𝑔𝑒𝑜,1+𝐸𝑠𝑜𝑙,2

       (Eq. 12) 

At last, there is also the possibility to consider only the change in exergy of the 
geothermal fluid from inlet conditions after the production well to the outlet conditions 
before the injection well 𝐸𝑔𝑒𝑜,2 in [kW].  
 𝐸𝑔𝑒𝑜,2 = 𝑚𝑔𝑒𝑜 ∙ �∆ℎ𝑔𝑒𝑜,2 − 𝑇0 ∙ �∆𝑠𝑔𝑒𝑜,2�� 
             = 𝑚𝑔𝑒𝑜 ∙ �ℎ𝑔𝑒𝑜,𝑖𝑛 − ℎ𝑔𝑒𝑜,𝑜𝑢𝑡 − 𝑇0 ∙ (𝑠𝑔𝑒𝑜,𝑖𝑛 − 𝑠𝑔𝑒𝑜,𝑜𝑢𝑡)�  (Eq. 13) 
The reference utilization efficiency 𝜂𝑢,3,𝑟𝑒𝑓 can again be calculated by the ratio of the 
useful net electric energy output 𝑃𝑛𝑒𝑡 to the change in exergy of the geothermal fluid 
in the conversion plant 𝐸𝑔𝑒𝑜,2, both in [kW]. 

 𝜂𝑢,3,𝑟𝑒𝑓 = 𝑃𝑛𝑒𝑡
𝐸𝑔𝑒𝑜,2

        (Eq. 14) 

For the hybrid case, only the combination between the above-mentioned exergy 
variations from the geothermal cycle 𝐸𝑔𝑒𝑜,2 and the solar cycle 𝐸𝑠𝑜𝑙,2 will be studied. 
This is done to only consider the exergy changes from inlet to outlet conditions for 
both renewable resources. 

 𝜂𝑢,3,ℎ𝑦𝑏 = 𝑃𝑛𝑒𝑡
𝐸𝑔𝑒𝑜,2+𝐸𝑠𝑜𝑙,2

       (Eq. 15) 

The results obtained from conducting this thermodynamic analysis will be the basis 
for the economic evaluation in order to finally evaluate the thermo-economic 
performance of each project being reviewed in this study. 

 Economic Analysis 3.4

In order not to only consider the best alternative from a technical, but also from a 
financial perspective, an economic evaluation is necessary. This can best be 
achieved by evaluating the levelized costs of electricity (LCOE). The LCOE are 
determined with help of the annuity method. The overall costs can be divided into 
capital and operating costs. These will be further treated in the next sections. All 
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common financial parameters required for a comparison of the different 
configurations and concepts can be seen in Table 3-6 below. 
 

Table 3-6: Basic Financial Parameters 

Parameter Unit Value 
Review period [a] 30 
Nominal interest rate [%] 6.5 
Full load hours Geothermal [h/a] 7 500 
Full load hours Solar (with Storage) [h/a] 7 500 

 

3.4.1 Capital costs 
The capital costs are an important factor to determine the levelized costs of electricity 
for a specific project. In order to determine all the involved expenses, the cost 
functions, the depreciation periods and the maintenance, repair and overhaul (MRO) 
factors for each cost element are needed. The parameters for the depreciation period 
and the MRO factor are given in Table 3-7 [23,24] and the cost functions are 
explained in more detail in the paragraphs below [25,4,26].  
 

Table 3-7: Capital Cost Parameters 

Parameter Unit Value 
General   
 Maintenance, Repair and Overhaul factor [%] 2 
Depreciation periods   
 Borehole [a] 30 
 Down-hole pump [a] 4 
 Slop and filter system [a] 11 
 Geothermal fluid cycle [a] 25 
 Conversion plant [a] 15 
 Grid connection [a] 30 
 Buildings [a] 30 
 Parabolic Trough Collector system [a] 25 

 
The largest shares from capital costs in a hybrid geothermal-solar project typically 
originate from the borehole implementation and the Parabolic Trough Collector 
system.  
First, the below ground cost functions will be treated, before considering all the 
above ground expenditure elements. The below ground costs embody everything 
around the borehole and the potential down-well pumping system. 
The total borehole costs 𝐶𝐵𝐻 can be split into the sub-categories drilling 𝐶𝐵𝐻,𝐷, site 
management 𝐶𝐵𝐻,𝑆, measurement 𝐶𝐵𝐻,𝑀 and production test 𝐶𝐵𝐻,𝑃𝑇. The functions for 
these expenditures are mainly dependent on the borehole well depth ℎ𝐵𝐻 in [m] and 
presented in (Eq. 14) to (Eq. 17) beneath. It is important to mention that the borehole 
costs are independent of the underground conditions. Only one borehole set per 
conversion plant site having one straight and one divergent well will be considered in 
this study. This setup enables a balance between the occurring costs and the above 
ground well distance 𝑙𝐵𝐻 in [m]. 
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The costs for the borehole drilling 𝐶𝐵𝐻,𝐷  include the drilling process itself together 
with the casing and cementing process as well as the wellhead construction [25].  

 𝐶𝐵𝐻,𝐷 = 1.5 ∙ (649 951𝑒0.0005∙ℎ𝐵𝐻 + 741 888𝑒0.0005∙ℎ𝐵𝐻) €  (Eq. 16) 

The next cost factor represents the costs from the borehole siting 𝐶𝐵𝐻,𝑆 including the 
property costs, rig cellar construction and underground stabilization [25].  

 𝐶𝐵𝐻,𝑆 = 179 295 ∙ ln(ℎ𝐵𝐻) € − 1 062 503 €    (Eq. 17) 

Another cost function is required to represent the expenses derived from 
measurements while and after the drilling process 𝐶𝐵𝐻,𝑀 [25]. 

 𝐶𝐵𝐻,𝑀 = 156 363𝑒0.0002∙ℎ𝐵𝐻  €     (Eq. 18) 

Further a production test determining the actual productivity of the well is required. 
The involved costs 𝐶𝐵𝐻,𝑃𝑇 can be determined as follows [25]. 

 𝐶𝐵𝐻,𝑃𝑇 = 33 110𝑒0.0004∙ℎ𝐵𝐻  €      (Eq. 19) 

Summarizing, all cost factors for the borehole implementation can be added to 
determine the total borehole costs 𝐶𝐵𝐻. Here a surcharge of 15 % will be added to 
the final costs in order to account for any unforeseeable events [4]. 

 𝐶𝐵𝐻 = 1.15 ∙ (𝐶𝐵𝐻,𝐷 + 𝐶𝐵𝐻,𝑆 + 𝐶𝐵𝐻,𝑀 + 𝐶𝐵𝐻,𝑃𝑇)    (Eq. 20) 

Additionally, in some cases a pump is required to transport the geothermal from the 
underground reservoir fluid to the surface. The cost function for a down-well pump 𝐶𝑃 
is mainly dependent on the geothermal fluid flow rate �̇�𝑔𝑒𝑜 in [kg/s] [25]. 

 𝐶𝑃 = 1 404.3 ∙ �̇�𝑔𝑒𝑜
0.7999 €      (Eq. 21) 

After having considered all below ground expenditures, in the next paragraphs the 
above ground cost factors will be attended to. These can be split into the geothermal, 
solar and combined parts. 
The geothermal part can further be split into the costs for the slope and filter system 
and the geothermal fluid cycle. The costs derived from the slope and filter system 𝐶𝑆𝐹 
are dependent on the geothermal heat flow 𝑄𝑔𝑒𝑜 in [kW] [25]. 

 𝐶𝑆𝐹 = 25 ∙ 𝑄𝑔𝑒𝑜 €       (Eq. 22) 

The geothermal fluid cycle expenses 𝐶𝐺𝐹 include all the costs for the piping system 
and the connections between the production well, the injection well and the 
conversion plant. It is a function of the above ground borehole distance 𝑙𝐵𝐻 in [m] 
[25]. 

 𝐶𝐺𝐹 = 300 ∙ 𝑙𝐵𝐻 €       (Eq. 23) 

The costs for the solar system 𝐶𝑆,𝑃𝑇 have been simplified with an equation dependent 
only on the area available for the Parabolic Trough Collectors 𝐴𝑆,𝑃𝑇. In this function, 
all the necessary connections and the entire equipment are included [4]. 

 𝐶𝑆,𝑃𝑇 = 180 ∙ 𝐴𝑆,𝑃𝑇  €      (Eq. 24) 

Additionally, it is estimated that the two-tank indirect phase change molten salt 
Thermal Energy Storage unit considered in this thesis accounts for 15 % of the costs 
arising during the installation of the Parabolic Trough Collectors 𝐶𝑆,𝑃𝑇 [4]. 
At last, all components that are being used by both renewable technologies and 
consequently lead to the favorable synergies of a hybrid project are presented. A 
very important part is the conversion plant with the significant components such as 
the heat exchangers, the pumps, the condenser and the turbine. Here, the 
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conversion plant costs 𝐶𝐶𝑃 depend on the net electrical generation capacity 𝑃𝑒𝑙 of the 
power plant [25]. 

 𝐶𝐶𝑃 = 1
𝑃𝑒𝑙0.4 ∙ 20 000 ∙ 𝑃𝑒𝑙 €      (Eq. 25) 

Another important synergy factor represents the grid connection. Instead of having 
two different grid connections from two separate solar and geothermal plants, in this 
scenario the hybrid plant requires only one connection. The grid connection costs 𝐶𝐺𝐶 
are again a function of the net electrical generation capacity 𝑃𝑒𝑙 [25]. 

 𝐶𝐺𝐶 = 64.786 ∙ 𝑃𝑒𝑙  € + 251 711 €     (Eq. 26) 

Taking advantage of common equipment and component usage can also reduce all 
the project building costs 𝐶𝐵 [25]. 

 𝐶𝐵 = 250 000 €       (Eq. 27) 

Finally, if additional heat exchangers are required in a hybrid project compared to the 
reference concepts, these need to be taken into account. The costs for an extra heat 
exchanger 𝐶𝐻𝐸𝑋 can be estimated by the area of the heat transferring surface 𝐴𝐻𝐸𝑋 in 
the way demonstrated below [26,27]. 

 𝐶𝐻𝐸𝑋 = 71 347.5 ∙ �𝐴𝐻𝐸𝑋
100

�
0.71

 €     (Eq. 28) 

From all the above-presented capital costs, the total investment costs of any 
reference and hybrid solar-geothermal project can be estimated. Only the costs 
arising from the project planning 𝐶𝑃𝑙𝑎𝑛 have not yet been considered. These costs 
can be estimated by a surcharge of 3 % of the total investment [4]. 

3.4.2 Operating costs 
There are several cost factors that need to be considered when analyzing the 
operating costs of a project. Apart from the obvious fuel and energy costs, expenses 
may arise from salaries, maintenances, insurances and administration.  
There are no fuel costs associated with the two renewable resources of solar and 
geothermal energy. However, the power demand to operate the power plant, for all 
the equipment and the lighting cannot be ignored. For this study a specific electricity 
rate of 0.10 €/kWh will be considered to cover the auxiliary’s demand [25].  
The salaries for one employee are estimated to 40 000 € per person and year [25].  
The costs emerging from maintenances, insurances and administration are being 
considered as a percentage share of the annual investment. A summary of all 
operating cost factors can be found in Table 3-8 below [25]. 
 

Table 3-8: Operating Cost Parameters 

Parameter Unit Value 
Electricity rate [€/kWh] 0.10 
Employees [-] 3 
Maintenance [%invest./a] 3.0 
Insurance [%invest./a] 0.75 
Administration [%invest./a] 0.5 
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4 Hybridization Concepts 

Potential optimization alternatives have been described previously in Chapter 3.1.2. 
The integration options for heat from Solar Parabolic Trough Collectors being revised 
in this study can be summarized to Superheat , Preheat  as well as Superheat 
& Reheat . The geothermal concepts (a-e) together with the positions for the solar 
integration ( - ) are given in Figure 4-1. A detailed description of these options is 
presented below. 

 
Figure 4-1: Schematics of Geothermal Concepts with Solar PTC Integration Options 

Hybrid Case: Superheat. The marker  in Figure 4-1 above indicates the position 
of the Solar Parabolic Trough Collector energy addition to superheat the working fluid 
in the different geothermal concepts. In case of the Direct Steam Cycle (a) the state 
of the working fluid entering the power plant is already saturated steam. This can, in 
the next step, be superheated by solar energy to elevate the mean temperature of 
the heat delivery. For the Single Flash Cycle (b) the saturated steam extracted in the 
Flash separator can be superheated by the integration of solar heat before 
expanding it in the turbine. The same arrangement applies for the Double Flash 
Cycle (c). Here, the solar heat from the Parabolic Trough Collectors can be added 
after the extraction of saturated steam in the high-pressure (HP) and low-pressure 
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(LP) Flash separators. When looking at the Organic Rankine Cycle (d) the solar heat 
is included in the closed-loop cycle after the geothermal heat is delivered and the 
organic fluid evaporated. At last, the integration of the superheat concept into the 
Kalina Cycle (e) is comparable to the Flash Cycles. After the evaporated water-
ammonia mixture is extracted in the separator the heat form the PTC can be used to 
superheat this ammonia-rich solution before entering the turbine.  
Hybrid Case: Preheat. The integration of the Preheat concept into the given 
geothermal cycles is marked by the location of the symbol  in Figure 4-1.  The 
Direct Steam Cycle (a) does not allow the utilization of the preheat concept as the 
state of the working fluid is already saturated steam when entering the power plant. 
In case of the Single Flash Cycle (b), solar energy is added before the Flash 
separator, to increase the amount of vapor to be delivered to the turbine. The same 
method applies for preheating the working fluid for the Double Flash Cycle (c). Again, 
the heat from the Parabolic Trough Collectors can be added before the high-pressure 
(HP) and low-pressure (LP) Flash separators. For the Organic Rankine Cycle (d) the 
heat from the solar collectors can be used to elevate the conditions of the geothermal 
fluid before delivering the heat to the closed-loop working medium. The preheat 
concept in case of the Kalina Cycle (e) is completed by integrating the solar energy 
into the closed-loop cycle before the separator. This will increase the amount of 
water-ammonia vapor to be delivered to the turbine.  
Hybrid Case: Superheat & Reheat. The path between the symbols  and  in 
Figure 4-1 points to the placement of the integration of Parabolic Trough heat to both 
superheat and reheat the working medium for the different geothermal cycles (a-e). 
Instead of a one-section turbine for this hybridization concept a two-section turbine is 
required. The saturated working fluid is superheated by means of solar energy to 
elevate the mean temperature of the heat delivery. Afterwards, the fluid is partially 
expanded in the high-pressure turbine section. At an intermediate pressure the 
working medium absorbs additional heat from the Parabolic Trough Collectors after 
already having delivered heat for the superheat process. Finally, the fluid is further 
expanded in the low-pressure section of the turbine. 
It is important to emphasize that the evaluation of the thermodynamic and economic 
performance of the cycles under investigation will be conducted by always referring 
the hybrid configurations for one geothermal concept to the corresponding reference 
stand-alone geothermal case. Due to the fact that each geothermal concept is 
applied when having certain geothermal conditions (temperature, pressure), no 
comparison is to be made between the different concepts. Only the Flash concepts, 
as well as the binary cycles, operate under the same underground conditions and are 
therefore comparable (cf. Table 3-1). Nonetheless, an estimation of the most suited 
geothermal concept for the addition of solar energy from Parabolic Trough Collectors 
can be made.  
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5 Results and Discussion 

In the following sections of this chapter, the results form the thermodynamic and 
economic analyses are depicted. 

 Thermodynamic Analysis 5.1

The thermodynamic analysis will present not only the estimated collector area as well 
as the thermal and utilization efficiencies, but also examine the share of the added 
solar energy from the total energy input and the net electrical power output. The 
detailed results from the thermodynamic parameters for each configuration are 
presented in Table D-1 to Table D-22 of the Appendix D. 

5.1.1 Solar Fraction 
At first, the fraction of the added solar heat from the total heat delivery will be 
examined. In Figure 5-1 the percentage shares for each geothermal technology and 
the reviewed hybrid cases are provided. 

 
Figure 5-1: Results for the Solar Fraction from Total Energy Input 

The share of solar energy from the total energy input varies between 13.46 % and 
62.22 %. A share of more than 50 % signifies that more heat is being delivered form 
solar compared to geothermal sources. From Figure 5-1 it becomes clear that the 
Preheat cases for all geothermal technologies have a solar fraction of more than half.  
The largest shares from a geothermal cycle perspective are found for the Kalina 
Cycle followed by the Organic Rankine and Single Flash Cycle. All solar shares lie 
above 20 %. 
The solar fractions for the Double Flash and Direct Steam Cycles on the other hand 
are comparatively small. When disregarding the Preheat cases, all fractions are 
calculated to lie between 10 to 20 %. 
Summarizing, it can be said that the larger the share of the solar energy addition is, 
the more significant the solar cycles performance becomes to the overall cycle 
behavior. For underground conditions with a low power conversion performance, a 
larger share of solar addition could contribute significantly to an increase in the 
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cycle’s performance. This is the case especially for the binary cycles as the mean 
temperature of the heat delivery can be increased significantly by the high-
temperature solar source. Additionally, the effects these shares can have on the 
levelized electricity costs can be substantial and will therefore be analyzed in the 
economic evaluation.  

5.1.2 Collector Area 
Next, the resulting sizes of the collector areas in [ha] delivering the required amount 
of heat to the hybrid cycle are presented in Figure 5-2 below. 

 
Figure 5-2: Results for the Required Collector Area 

While the reference case stand-alone geothermal plants for all technologies operate 
without the aid of solar energy and therefore require no collectors, the required area 
for the hybrid cases vary significantly. As the collector area is proportional to the 
amount of heat delivered to the cycle, it is possible to deduce that the larger a 
collector area is, the more heat will be transferred to the power generating cycle.  
For the Direct Steam Cycle, the hybrid Superheat case needs an area of 36.88 ha. 
This area is reduced to 27.75 ha for the Superheat & Reheat case, meaning that less 
energy is supplied to the power cycle to generate electricity. 
For the Single Flash Cycle, the largest area is found for the Preheat case. With a 
field size of 45.45 ha, this configuration has the largest requirements. The areas 
needed for the Superheat and Superheat & Reheat cases are reduced to 11.87 and 
10.56 ha respectively. Here again, the Superheat case delivers more heat to the 
power cycle when compared to the Superheat & Reheat case.  
For both Double Flash HP and LP Cycles, the Preheat cases again demand the 
largest collector field sizes. For all three hybridization concepts, the LP cases, where 
the heat is supplied to the geothermal cycle around the low-pressure Flash 
separator, a small reduction in collector area can be observed.  
The smallest collector field is found for the hybrid Superheat Organic Rankine Cycle 
with a size of 1.31 ha. Also the Superheat & Reheat case only results in 1.52 ha of 
solar Parabolic Trough Collectors. The Preheat case, with a field size of 29.95 ha, is 
significantly larger. 
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The areas required for the Kalina Cycle hybrid cases vary between 3.51 for the 
Superheat case and 9.56 for the Preheat case. The variation here is much smaller 
compared to the other geothermal cycle hybrid cases.  
For all geothermal technologies, the hybrid case Preheat results in the largest field 
requirements. With increasing temperatures of the geothermal underground 
conditions, the collector area and therefore the amount of heat provided to the power 
cycle increase as well. While for the Direct Steam and Single Flash Cycles the 
required area for the solar collector field is larger for the Superheat compared to the 
Superheat & Reheat hybrid case, all other geothermal cycles show an opposite 
behavior.  

5.1.3 Power Output  
Before coming to the evaluation of the efficiencies, the power outputs in [MWel] for all 
cases under investigation are shown in Figure 5-3. 

 
Figure 5-3: Results for the Power Output 

This figure clearly indicates, that for all hybrid cases an increase in power output was 
obtained compared to the reference cases. The most significant jump is observed for 
the Direct Steam Cycle, where the output is more than doubled. This increase 
becomes even more extreme when relating the findings to the solar fractions in 
Figure 5-1. While increasing the energy input by roughly 20 %, the output could be 
raised by more than 100 %. Also the Organic Rankine Cycle Preheat case depicts a 
strong increase of sixfolding the energy output compared to the stand-alone case. 
For this case, the energy input was increased by around 60 %. On the other hand, 
changes were not so significant for the other Organic Rankine hybridization 
configurations.  
In general, the increase in power output was the largest for the hybrid Preheat case 
for all geothermal technologies. This increase was however realized at the expense 
of requiring a large Parabolic Trough Collector area. The consequent effects on the 
thermodynamic and economic behavior will be discussed in the next sections.  

5.1.4 Thermal Efficiency 
The results for the thermal efficiency, defined as the ratio of useful net electric energy 
output to the amount of raw energy added to the cycle, are illustrated in Figure 5-4. 
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The investigation of this efficiency allows an estimation of how successful the 
hybridization between a geothermal power generating cycle and a solar driven 
Parabolic Trough Concentrating Solar Power Plant can be.  
The highest thermal efficiency of 16.39 % for the reference cases is given for the 
Double Flash Cycle, followed by the Direct Steam Cycle with 15.19 %, the Single 
Flash Cycle with 13.59 %, the Organic Rankine Cycle with 10.87 % and finally the 
Kalina Cycle with 9.47 %.  
For all geothermal cycles the Superheat and Superheat & Reheat hybridizations led 
to an increase of the thermal efficiency compared to their corresponding reference 
cases. The Preheat hybrid configuration on the other hand resulted in a significant 
decrease of the thermal efficiency without exceptions. 

 
Figure 5-4: Results for the Thermal Efficiency 

In detail, the thermal efficiency for the Direct Steam technology could be raised from 
15.19 % for the reference case to 23.10 % and 22.90 % for the Superheat and 
Superheat & Reheat hybrid cases respectively. This roughly corresponds to a gain of 
50 % relative to the geothermal stand-alone cycle and therefore represents the 
largest increment of all geothermal cycles.  
For the Single Flash Cycle the hybrid cases led to an efficiency of 16.22 % for the 
Superheat case, 12.42 % for the Preheat case and 16.08 % for the Superheat & 
Reheat case. For the Preheat case this signifies a reduction of almost 9 % relative to 
the reference case. The other two forms of hybridization could raise the thermal 
efficiency by up to almost 20 %.  
The hybrid configurations for the Double Flash HP and LP Cycles show a similar 
behavior when reviewing the thermal efficiency. For all hybridizations however, the 
integration of solar heat around the high-pressure Flash separator led to a higher 
thermal efficiency. While a reduction of more than 20 % can be observed for the HP 
and LP Preheat cases, the Superheat and Superheat & Reheat cases resulted in 
increased thermal efficiencies of 1.4 % and 3.6 % respectively. Exploiting the same 
geothermal conditions as the Single Flash configurations, the relative improvements 
for the Double Flash Cycles are much lower. Yet, the levels of thermal efficiency 
reached through the hybridization of the Single Flash Cycle are still inferior to those 
of the Double Flash Cycle. 
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For the Organic Rankine Cycle the hybrid cases resulted in 10.87 % for the 
Superheat case, 8.02 % for the Preheat case and 10.99 % for the Superheat & 
Reheat case. This represents a reduction of more than 26 % for the Preheat case 
and an increase of around 1 % for the other two hybrid configurations.  
The improvements for the hybrid configurations Superheat and Superheat & Reheat 
of the Kalina Cycle are more significant. Here, augmentations compared to the 
reference case of 6.3 % and 5.1 % respectively can be found. On the other hand, the 
reduction in the Preheat case is even stronger with a relative thermal efficiency loss 
of almost 50 %. When comparing the two binary cycles running under the same 
geothermal conditions, a similar behavior as for the Flash Cycles can be observed. 
While the improvements are superior for the Kalina Cycle, the higher thermal 
efficiencies are reached with the Organic Rankine Cycle. 
It can be concluded, that the cycles having the largest fraction of input energy from 
solar sources suffered the most when considering the thermal efficiency. Especially 
the Preheat cases sacrificed a lot of their thermal efficiency in order to boost the 
hybrid plant’s power output. The addition of heat from the high-temperature solar 
heat source to preheat the geothermal fluid did therefore not result in an improved 
thermodynamic behavior. The efficiency improvements for the Superheat and 
Superheat & Reheat configurations look promising and will, in the next steps, be 
further evaluated with the help of the utilization efficiencies and later under an 
economic perspective. 

5.1.5 Utilization Efficiencies 
Utilization Efficiency 1. The utilization efficiencies, as presented in Section 3.3.3, 
are useful when comparing the actual to the maximum theoretically achievable 
power. The first utilization efficiency refers the exergy changes of the geothermal 
fluid and the solar-heated thermal oil circulating through the Parabolic Trough 
Collectors to the dead state conditions. The dead state conditions are in this case 
found at the ambient temperature of 20 °C. The results of this consideration are 
given in Figure 5-5. 

 
Figure 5-5: Results for the Utilization Efficiency 1 

Now a fairly different picture to the above-depicted thermal efficiency considerations 
arises. While the improvements for the hybrid configurations of the Direct Steam 
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Cycle remain unchanged, the enhancements and deteriorations for the hybrid cases 
of the other geothermal cycles vary significantly. For all geothermal cycles with the 
exception of the Direct Steam Cycle, the hybrid cases Superheat and Superheat & 
Reheat have lower utilization efficiencies compared to the stand-alone geothermal 
reference cases. On the other hand, the utilization efficiencies of the Preheat hybrid 
cases for the Single and Double Flash Cycles are superior to their reference cases. 
For the binary cycles no hybridization concept led to an improvement of the utilization 
efficiency.  
The explanation for this behavior can be found when examining the denominator of 
the utilization efficiency equation. As the geothermal sources are well exploited in the 
reference cases, a large portion of the exergy input can be converted to useful power 
in the conversion cycle. For the hybrid cases showing lowered utilization efficiencies, 
the high temperature solar heat source is only partially exploited. This leaves a large 
fraction of exergy not being utilized for the power conversion process. The better 
performance of the Preheat cases, especially for the Flash Cycles can be explained 
with the fact that in these cases the solar heat sources are much better used by 
increasing the change in exergy across the solar-geothermal heat exchangers.  
Utilization Efficiency 2. Another method employed to determine the plant’s 
performance is given through the second utilization efficiency. While using the same 
method for the geothermal energy source as for the first utilization efficiency, for the 
solar exergy addition only the change in exergy through the solar-geothermal heat 
exchanger is considered. The results of this method are provided in Figure 5-6 
below.  

 
Figure 5-6: Results for the Utilization Efficiency 2 

When not considering the losses in exergy after the solar-geothermal heat exchanger 
to the dead state conditions, the exergy performance of the hybrid configurations 
almost always display an enhancement over the reference cases. For the Direct 
Steam and Flash Cycles, all hybridization configurations improve compared to the 
reference cases. The increment for the Direct Steam Cycle is given with almost 60 % 
relative to the geothermal stand-alone plant. The Single Flash Cycle can be 
improved by 28 % to 38 % with the addition of Parabolic Trough solar energy. For the 
Double Flash HP and LP configurations the improvements are situated between 8 % 
and 20 %. In case of the Organic Rankine Cycle only the Preheat hybrid 
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configuration is able to enhance the plants performance by 23.8 %. The two other 
forms of hybridization show a decrease of 6 % to 7 %. At last, the Kalina Cycle 
behaves opposed to the Organic Rankine performance. In this case, a higher 
performance is achieved for the Superheat and Superheat & Reheat hybrid cases by 
8 % and 9 % respectively. On the other hand, a reduction of more than 25 % is given 
for the hybrid Preheat Kalina Cycle. 
The improvements of most utilization efficiencies compared to the first method is 
logical when considering that the amount of exergy that is available in the solar heat 
is reduced, while the power output remains unchanged. In case of the binary cycles, 
not all forms of hybridization were able to surpass the performance of the reference 
cases. For these cases, the added amount of exergy from the Parabolic Trough 
Collectors to the geothermal cycle did not result in significant improvements of the 
power output and consequently led to a reduced performance of the exergy 
utilization.  
Utilization Efficiency 3. At last, a third utilization efficiency performance of the 
cycles under investigation will be discussed. For this, the solar part is still considered 
through the change in exergy over the solar-geothermal heat exchanger, while the 
change in exergy of the geothermal fluid is calculated from the inlet conditions after 
the production well to the outlet conditions before the injection well. Again, the results 
for this method are presented in Figure 5-7. 

 
Figure 5-7: Results for the Utilization Efficiency 3 

This method allows the investigation of the plant’s performance without considering 
the exploitation behaviors. It can be seen that for the reference cases the energy 
conversions perform best for the Double Flash, followed by the Organic Rankine, 
Single Flash, Kalina and Direct Steam Cycles. They all range between 39.5 % and 
53 %. Only the hybrid cases Superheat and Superheat & Reheat provide an 
improved behavior for the Direct Steam and Single Flash Cycles. While the 
increased performance of the Direct Steam Cycle is given with almost 50 %, the 
elevation of the Single Flash Cycle results in only 1 % relative to the reference case. 
Especially the performance reductions of the hybrid Preheat cases are significant. 
This reduction results from the significant share of the solar addition from the total 
energy input.  
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5.1.6 Summary 
Concluding, it can be said that the hybrid configurations Superheat and Superheat & 
Reheat of the Direct Steam Cycle provided the best thermodynamic performance 
and were able to increase all analyzed efficiencies significantly. Dependent on the 
efficiency considered, all other geothermal cycles were also able to provide an 
improved behavior compared to the stand-alone geothermal cases.  
The Preheat configurations require a large share of solar addition to the energy input, 
resulting in significantly larger fields and not always an improved performance. The 
economic evaluation for the Preheat configuration will determine its applicability.  
The Superheat and Superheat & Reheat setups needed much lower solar fractions 
and consequently resulted in reduced requirements for Parabolic Trough Collector 
areas. While the thermal efficiency showed enhancements of the cycle’s 
performance compared to the reference cases, not all utilization efficiencies indicated 
the same trend. Dependent on the requirement, each of the utilization efficiencies 
has its own purpose.  

 Economic Analysis 5.2

The economic analysis is performed by first examining the capital investment costs 
and afterwards evaluating the resulting Levelized Costs of Electricity. Concluding, a 
sensitivity analysis reviewing possible economic improvements of the cycles under 
investigation is performed. 

5.2.1 Capital Investment Costs 
For the capital investment costs, the shared, geothermal and solar parts are 
distinguished. The solar costs include the expenses for the Parabolic Trough 
Collector system and the Thermal Energy Storage unit. The geothermal investment 
expenses take into account all costs associated with the borehole and the 
geothermal fluid cycle. At last, the shared costs contain all components being used 
by both renewable sources, consisting of the power generating plant with all the 
components and connections. The results for the capital investment costs for all 
reference and hybrid cases under investigation are provided in Figure 5-8 below and 
in more detail listed in Table D-23 to Table D-28 of the Appendix D.  
In general, it can be observed that the investment expenditures for the shared parts 
increase for all hybrid cases compared to the corresponding reference cases. This 
elevation arises due to the increased electricity production and the consequent larger 
power plant components when adding solar energy to the geothermal cycle as well 
as the additional heat exchangers needed for this addition.  
The geothermal costs on the other hand do not vary between the reference and 
hybrid cases for any geothermal conversion technology. As for the hybrid 
configurations, no alterations were made to the underground system and the 
geothermal fluid cycle, the investment expenses remain unchanged.  
The largest variations between the reference and hybrid setups can be seen for the 
solar investment costs. As the reference cases operate without the solar addition 
through Parabolic Trough Collectors, no capital expenditures arise. The investment 
costs for the hybrid cases are dependent on the required Parabolic Trough Collector 
area. Especially in case of the Preheat hybrid configurations the capital costs are 
multiple times the expenses of the remaining investments.  
 



   5 Results and Discussion 34 

 
Figure 5-8: Results for the Capital Investment Costs 

The investment costs for the reference Direct Steam case sum up to a total of 
€ 25.59M. The hybrid cases on the other hand resulted in a total of € 113.89M and 
€ 93.54M for the Superheat and Superheat & Reheat configurations respectively. 
The solar share of these expenses alone amounts to 67.0 % and 61.4 % 
correspondingly. The high costs are a result of the large collector field requirements 
and the augmented power plant size as a consequence of the increased electricity 
output. 
In case of the Single Flash configurations, the stand-alone geothermal plant resulted 
in capital expenses of € 14.26M. For the hybrid Superheat case, these investments 
almost threefold as a consequence of adding solar energy to the power generation 
cycle. The Preheat hybridization concluded in an increase of the investment costs to 
€ 114.05M. This is equivalent to a surge of almost 800 % and the fraction of the solar 
costs of total expenses resulted in 82.5 %. The Superheat & Reheat case is similar 
to the only Superheat hybrid configuration. Here the expenses sum up to € 38.51M 
and the solar share is 56.7 %. 
For both Double Flash HP and LP cases the reference setup led to investment costs 
of € 15.02M. The increased expenses compared to the Single Flash reference case 
arise mostly due to the more complex power plant structure, having two Flash 
separators at different pressure levels. While for the Single Flash Cycle the 
Superheat & Reheat hybridization came up with the lowest capital expenditures, for 
the Double Flash Cycle the lowest costs are found for the Superheat HP case with 
€ 28.52M. These costs are more than 30 % inferior to the same Single Flash 
configuration. In case of the Superheat & Reheat HP configuration the investments 
amounted to € 34.43M, a 10 % decrease in relation to the Single Flash Cycle. The 
expenses for the Preheat HP case are in the same range of the same Single Flash 
setup and sum up to € 115.22M. The LP configurations are very similar to the HP 
setups with only another slight decrease in capital costs between 2.4 % and 6.6 %. 
The Organic Rankine Cycle reference case has, with € 8.74M, the lowest overall 
capital costs. The expenditures for the Superheat and Superheat & Reheat hybrid 
configurations are slightly elevated. These resulted in € 11.60M and € 12.06M 
respectively and represent consequently also the cycles having the lowest overall 
hybrid investment costs. The only slightly elevated hybrid costs are a consequence 
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of the relatively small shares of the solar investment costs of 23.3 % and 26.0 % 
correspondingly. The Preheat hybridization again raises the expenses significantly. 
With a solar share of more than 80 % the total costs are elevated to € 76.21M. 
When compared to the Organic Rankine Cycle the reference case costs of the Kalina 
Cycle are slightly higher and amount to a total of € 8.76M. Also the expenditures for 
the Superheat and Superheat & Reheat hybridizations are higher in relation to the 
Organic Rankine Cycle. The investments are € 16.76M and € 18.97M and the solar 
shares 43.4 % and 49.0 % respectively. The Preheat hybrid investment expenses for 
the Kalina Cycle are the lowest for this hybrid setup. With capital costs of € 29.74M 
the solar share results in only 66.6 % compared to more than 80 % for the other 
geothermal technologies.  
Concluding, it can be remarked that the financial impact of the solar Parabolic 
Trough system is significant when analyzing the capital expenditures. The Preheat 
configuration resulted in major increases of the investment costs. This is mainly a 
consequence of the large collector field sizes required for the amount of solar heat 
that needs to be delivered to the power generation cycle.  

5.2.2 Levelized Costs of Electricity 
The levelized costs of electricity were determined with help of the annuity method. 
These are illustrated in Figure 5-9 beneath and listed in Table D-29 to Table D-34 of 
the Appendix D. The total levelized costs of electricity can be subdivided into the 
categories Capital costs Shared, Capital costs Geothermal, Capital costs Solar, 
auxiliaries Energy costs, Operating & Planning costs and Maintenance costs. 

 
Figure 5-9: Results for the Levelized Costs of Electricity 

In general, the smallest overall electricity production costs are found for the Direct 
Steam Cycles, followed by the Double Flash, Single Flash, Kalina and Organic 
Rankine Cycles. For the levelized costs of electricity again, as it was the case for the 
capital investment costs, the Preheat hybrid cases resulted in the highest prices for 
each geothermal concept.  
From all configurations under investigation, the reference Direct Steam setup 
achieved the lowest levelized costs of electricity of 20.05 €/MWh. In case of the 
hybrid setups, this price could not be reduced. For the Superheat case the costs 
summed up to 35.36 €/MWh and for the Superheat & Reheat case to 31.31 €/MWh. 
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These changes correspond to an increase of the levelized costs of electricity by 
76.4 % and 56.2 % respectively. Compared to the other geothermal conversion 
technologies however, the resulting prices are still significantly lower. The solar 
shares of these costs are estimated to lie between 34.6 % and 38.4 %. 
The electricity price for the Single Flash geothermal-only cycle resulted in 
57.84 €/MWh. While the price for the Preheat case augmented by a factor of 2.76 to 
159.78 €/MWh, the increase of the other two hybridizations is not as substantial. The 
solar capital costs are responsible for 49.2 % of the total price. For the Superheat 
configuration the levelized electricity costs were 81.24 €/MWh, meaning an increase 
of 40.5 % relative to the reference setup. For the Superheat & Reheat case the total 
costs were reduced to 79.15 €/MWh. The solar investment cost fractions for the 
Superheat and Superheat & Reheat configurations amounted to 31.7 % and 30.0 % 
correspondingly.  
The levelized costs of electricity for the reference Double Flash Cycle are calculated 
with 49.20 €/MWh. They are therefore 14.9 % lower than for the Single Flash 
reference case. Also the hybrid setups resulted in significantly lower prices compared 
to the relative cases in the Single Flash Cycle. The levelized costs of electricity of the 
Superheat HP configuration amounted to 66.43 €/MWh. The solar share is, for this 
setup, reduced to 21.8 %. The Superheat & Reheat HP case could not lower the 
price even further and the costs are estimated to sum up to 71.18 €/MWh. The 
Preheat HP case again, with total costs of 139.53 €/MWh and a solar share of 
48.5 %, resulted in the highest electricity price. The levelized costs of electricity could 
be further lowered in case of the Superheat LP and Superheat & Reheat LP cases. 
The reductions of 1.4 % to 2.4 % relative to the HP cases are however only marginal. 
The opposite behavior is found for the Preheat LP case, increasing the levelized 
costs of electricity by slight 2.7 %. 
The electricity price of the reference Organic Rankine Cycle is 218.67 €/MWh. The 
costs are therefore significantly higher compared to the afore-presented geothermal 
setups. This increase is mainly a consequence of the increased share of the 
geothermal investment costs and the lower efficiencies reached for binary cycles 
under the reduced underground geothermal conditions. Toward the Superheat 
hybridization, the levelized costs of electricity are increased by 13.2 % to 
247.45 €/MWh. While the solar capital share is only of 12.9 %, the geothermal share 
of the electricity price is given with 30.7 %. A very similar performance is found for 
the Superheat & Reheat case with total costs of 251.00 €/MWh and shares of 14.5 % 
for solar capital expenses and 29.6 % for geothermal expenditures. The Preheat 
hybrid Organic Rankine Cycle concluded in the highest levelized costs of electricity 
for this geothermal technology. While the geothermal share is lowered to 5.9 % of the 
price, the solar capital share is raised to more then 50 %. The total costs sum up to 
259.23 €/MWh only lying 18.5 % above the reference price. 
The Kalina Cycle reference electricity costs are, with 221.78 €/MWh, the highest of 
all reference cases. Still, compared to the Organic Rankine Cycle, the hybrid setups 
Superheat and Superheat & Reheat concluded in lower levelized costs of electricity. 
In case of the Superheat setup, the total costs summed up to 239.28 €/MWh, an 
increase of only 7.9 % relative to the reference Kalina Cycle. This configuration 
consequently provides the lowest relative increase in levelized electricity costs 
compared to the geothermal stand-alone cases. In comparison to the Superheat 
Organic Rankine setup the electricity price is reduced by 3.3 %. The Preheat Kalina 
Cycle on the other hand did not show the same performance. Here, the levelized 
electricity price is estimated to 373.42 €/MWh. The solar share for this setup 
amounted to 40.0 %. The total electricity price for the Superheat & Reheat setup 
resulted in 242.30 €/MWh, again a reduction compared to the matching Organic 
Rankine case.  
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Concluding, it has to be noted that no hybrid configuration setup could improve the 
levelized costs of electricity compared to the reference setup under the provided 
conditions. In the next section, a sensitivity analysis is presented, providing 
estimations of the required costs for the solar system or the necessary irradiance in 
order to make the hybrid cases profitable compared to the stand-alone reference 
setups. 

5.2.3 Sensitivity Analysis 
The parameters having the most significant impact on the hybrid investment and the 
levelized electricity costs arise form the solar addition. Here, two main parameters 
influence the results. The first are the installation costs of the solar Parabolic Trough 
system of 180 €/m2 and the second the average global irradiance of 170 W/m2. 
The price trends of the Solar Concentrating Power systems indicate that the 
investment costs will, in the future, drop significantly to almost 50 % of the initial 
prices [28]. The required cost reductions in [%], to make the hybrid systems more 
profitable relative to the reference cases are illustrated in Figure 5-10. In this figure, 
also the 50 % threshold line is indicated. 

 
Figure 5-10: Results for the Required Solar System Cost Reduction 

From the above-depicted illustration, it becomes apparent that in most cases the 
solar system cost reductions required to decrease the levelized electricity costs 
compared to the geothermal stand-alone case lie above the afore-mentioned 50 % 
mark. The Superheat and Superheat & Reheat configurations of the Single Flash and 
Organic Rankine Cycles come close to this threshold but would still require a price 
reduction between 56 % and 58 %. Only the Preheat Organic Rankine and the 
Superheat and Superheat & Reheat Kalina Cycles demand for reductions lower than 
50 %. In case of the Preheat Organic Rankine Cycle a solar system cost reduction of 
20.0 % would suffice to make the hybrid system’s levelized costs of electricity more 
favorable compared to the reference case. For the Superheat and Superheat & 
Reheat Kalina setups, price drops of 28.9 % and 27.8 % respectively would be 
enough to reduce the electricity costs.  
The irradiance of 170 W/m2 considered in this thesis is to be seen as a global 
average value. As the solar flux however changes between locations, in some parts 
a much higher mean annual irradiance of up to 300 W/m2 can be found [22]. In Figure 
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5-11 below, the required solar irradiance for each hybrid configuration necessary to 
achieve the levelized costs of electricity from the reference cases are given. Again, a 
threshold at 300 W/m2 is highlighted.  

 
Figure 5-11: Results for the Required Mean Annual Irradiance 

From this sensitivity analysis it can be concluded, that the same trends as for the 
solar investment cost reduction analysis can be identified. Only the Preheat Organic 
Rankine, Superheat Kalina and Superheat & Reheat Kalina Cycles would require a 
lower mean annual irradiance compared to the 300 W/m2 threshold. These cases 
would require irradiances of 211 W/m2, 239 W/m2 and 235 W/m2 correspondingly to 
reach the same electricity costs as the reference cases. Again, the Superheat and 
Superheat & Reheat cases of the Single Flash and Organic Rankine conversion 
technologies come rather close to the increased profitability limit. Still, the required 
average irradiance lies almost 50 W/m2 above this threshold. All other cases, 
requiring an irradiance of 400 W/m2 and more, are at unrealistic levels and therefore 
not achievable. 

5.2.4 Summary 
Summarizing, it needs to be said that the hybrid cases increase the capital 
investment costs significantly, especially when the solar system plays a major role. 
The levelized costs of electricity demonstrate a similar trend. With prices between 
20.04 €/MWh and 373.42 €/MWh, the range is significant. A conducted sensitivity 
analysis of two solar factors indicated that three hybrid systems have the potential to 
reduce the levelized electricity costs compared to their reference cases. It could 
however be, that when taking into consideration not only one of the examined 
factors, but both, at least four to six other hybridizations could become favorable in 
relation to their geothermal-only setup. Additionally, possible financial incentives 
supporting hybrid plants compared to stand-alone renewable power generation 
applications could alter the results of the financial analysis. 
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6 Conclusion 

The goal of this thesis was to investigate the integration of a Parabolic Trough 
Collector System into the geothermal power generation concepts Direct Steam, 
Single and Double Flash, Organic Rankine as well as Kalina. Further, different forms 
of hybridization were determined and evaluated by relating them to the equivalent 
non-hybridized reference cycles. On the one hand, this comparison has highlighted 
the technical feasibility of hybridization by comparing different thermodynamic 
efficiencies and the cycles power output. On the other hand the economical benefits 
or drawbacks of this technology integration were examined and discussed by 
determining the levelized costs of electricity. 
The results of the thermodynamic analysis indicated that the Direct Steam hybrid 
concepts showed the largest improvements compared to the reference case for all 
reviewed efficiencies. In general, the Preheat configurations demanded for a large 
portion of solar addition to the energy input. The resultant significantly higher solar 
collector field requirements did not always provide an improved performance. The 
Superheat and Superheat & Reheat setups on the other hand needed much lower 
solar fractions and consequently resulted in reduced requirements for Parabolic 
Trough Collector areas. While the thermal efficiency showed enhancements of the 
cycle’s performance compared to the reference setups, not all utilization efficiencies 
indicated the same trend.  
From an economic perspective the hybrid cases resulted in a significant increase of 
the capital investment costs. This elevation was mainly caused by the additional 
expenditures for the solar Parabolic Trough Collector System. The estimated 
levelized costs of electricity showed a comparable trend. The Preheat cases again 
resulted in the least promising findings. The Superheat and Superheat & Reheat 
concepts on the other hand performed superior but were, however, still not able to 
reduce the electricity prices compared to the reference cases.  
The performed sensitivity analysis of two solar factors indicated that three hybrid 
systems have the potential to reduce the levelized electricity costs compared to their 
reference cases. The hybridizations Preheat Organic Rankine, Superheat Kalina and 
Superheat & Reheat Kalina were able to lower the electricity price compared to the 
reference cases under possible future and location-dependent circumstances. It has 
to be noticed that when taking into consideration not only one of the examined solar 
factors, but both or even more indicators together, at least four to six other 
hybridizations could become favorable in relation to their geothermal-only setup.  
It can therefore be concluded that even if some of the hybrid cycles under 
investigation in this study showed an enhanced performance from a thermodynamic 
perspective, no positive synergies were to be found from an economic perspective. 
Due to the holistic approach of this thesis however, site-specific conditions that could 
lower the prices significantly were not taken into account. Also the support from 
financial incentives for hybrid renewable concepts could alter the results of the 
financial analysis considerably. 

 Future Work 6.1

For future studies it is recommended to expand the conducted research to several 
globally distributed sites and investigate the outcomes under these local 
circumstances. With that, the performed steady-state analysis could be extended to a 
dynamic investigation enabling a more realistic evaluation of the solar field and 
storage conditions.  
Further, the combination of different solar additions could also be examined in future 
works. By integrating the solar system at several different locations, an enhanced 
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performance could be achieved and the solar heat could be added at different 
temperature levels. For some cases, this positive effect could already be seen in this 
thesis when combining the Superheat and the Reheat cases and relating these to the 
only Superheat configuration.  
Finally, other kinds of Solar Concentrating Power technologies could be considered 
for the hybridization with the different geothermal concepts. This way, the solar 
system temperatures could be selected according to the geothermal underground 
conditions and possibly result in even higher thermodynamic performances. From an 
economic perspective, such an investigation is also essential, as the hybrid 
combination between geothermal and other concentrating solar power technologies 
could lead to reduced investment expenditures and consequently reduced levelized 
costs of electricity.   
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D Appendix 
All simulation results are obtained by using the commercial software for steady-state thermal 

balance Aspen Plus. The major results from the simulation cases are listed here below for 
each configuration.  

 

Table D-1: Parameters of the Direct Steam Reference Case 
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Table D-2: Parameters of the Direct Steam Hybrid Case Superheat 
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Table D-3: Parameters of the Direct Steam Hybrid Case Superheat & Reheat 
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Table D-4: Parameters of the Single Flash Reference Case 
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Table D-5: Parameters of the Single Flash Hybrid Case Superheat 
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Table D-6: Parameters of the Single Flash Hybrid Case Preheat 
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Table D-7: Parameters of the Single Flash Hybrid Case Superheat & Reheat 
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Table D-8: Parameters of the Double Flash Reference Case 
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Table D-9: Parameters of the Double Flash Hybrid Case Superheat HP 
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Table D-10: Parameters of the Double Flash Hybrid Case Superheat LP 
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Table D-11: Parameters of the Double Flash Hybrid Case Preheat HP 
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Table D-12: Parameters of the Double Flash Hybrid Case Preheat LP 
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Table D-13: Parameters of the Double Flash Hybrid Case Superheat & Reheat HP 
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Table D-14: Parameters of the Double Flash Hybrid Case Superheat & Reheat LP 
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Table D-15: Parameters of the Organic Rankine Reference Case 
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Table D-16: Parameters of the Organic Rankine Hybrid Case Superheat 
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Table D-17: Parameters of the Organic Rankine Hybrid Case Preheat 
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Table D-18: Parameters of the Organic Rankine Hybrid Case Superheat & Reheat 
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Table D-19: Parameters of the Kalina Reference Case 
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Table D-20: Parameters of the Kalina Hybrid Case Superheat 
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Table D-21: Parameters of the Kalina Hybrid Case Preheat 
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Table D-22: Parameters of the Kalina Hybrid Case Superheat & Reheat 
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Table D-23: Capital Investment Costs for the Direct Steam Cycle 

 
 
 

Table D-24: Capital Investment Costs for the Single Flash Cycle 
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Table D-25: Capital Investment Costs for the Double Flash HP Cycle 

 
 
 

Table D-26: Capital Investment Costs for the Double Flash LP Cycle 
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Table D-27: Capital Investment Costs for the Organic Rankine Cycle 

 
 
 

Table D-28: Capital Investment Costs for the Kalina Cycle 
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Table D-29: Levelized Costs of Electricity for the Direct Steam Cycle 

 
 
 

Table D-30: Levelized Costs of Electricity for the Single Flash Cycle 

 
 
 

Table D-31: Levelized Costs of Electricity for the Double Flash HP Cycle 

 
 
 

Table D-32: Levelized Costs of Electricity for the Double Flash LP Cycle 
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Table D-33: Levelized Costs of Electricity for the Organic Rankine Cycle 

 
 
 

Table D-34: Levelized Costs of Electricity for the Kalina Cycle 
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