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Abstract
Three geothermal projects in the region of Alsace are currently being developed
and executed by the companies Fonroche Géothermie and L’Electricié de
Strasbourg (ES). With the aim of exploiting the thermal energy stored at 5000 m
below the surface of the earth, these projects foresee the implementation of one
binary power plant, and two cogenerating units that will be integrated to the local
grid, and benefit from European and national incentives for sustainable energy
production. This research focuses on the utilization of the geothermal energy
available in Vendenheim, Eckbolsheim, and Illkirch. Special emphasis is made on
the first and largest project in the city of Vendenheim, where an industrial
ecosystem is also defined, next to the proposed geothermal binary power plant. The
research is structured in three main sections, two of which (Thermodynamics and
Economics) constitute the main pillars of the thesis. The first chapter provides
preliminary information, current operations, and data leading to the proposed
cascading applications fit for the region such as beet sugar production, beer
production, hop drying, microalgae production and drying, wine distillation, and
two power production scenarios. The second chapter focuses on the
thermodynamic analysis of a binary power plant and a Combined Heat and Power
Plant in Vendenheim, analyzing the second law efficiency and exergy flow through
the system, and providing insight on the proposed direct applications. Comparing
the real efficiencies of a Combined Heat and Power system shows that the
efficiencies decrease considerably when introducing a cascading scenario, 44,43%
for a full power only subcritical binary plant and 24,43% for a Combined Heat and
Power system. The full power production proposal is thus selected for a
thermoeconomic analysis to review the feasibility of using the geothermal resource
for power production only. In the third chapter, the thermoeconomic analysis is
computed for the full power production scenario, analyzing balancing costs and
exergoeconomic factors of the components resulting from the exergy flow through
the system. The proposed subcritical power plant in Vendenheim produces 7,5 MW
of work at the turbine, showing the project to be feasible at the current electricity
selling rates in Alsace (200 – 246 €/MWh for projects under 12 MWe of capacity).
The research presents cost flow analyses associated with irreversibilities, providing
insight on potential improvements of the system. Irreversibilities within power
plant could be reduced and optimized, making alternative or advanced binary
plants additionally feasible than the proposed subcritical system.
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Introduction
The Eurometropole of Strasbourg, is the organization responsible for the management of 33
communities around the region of Alsace, France. Created in 1967, the Bas-Rhin city hall
takes part in the management of the economic and environmental infrastructure of the region
and has overseen the management of different energy resources in the region.
In 2010, the Eurometropole granted the Bureau of Geological and Mining Research (BRGM,
French initials), the company Electricité de Strasbourg (ES), and Fonroche Geothermie,
three permits for the research of deep geothermal potential and thermal gradient of the basrhin. Such studies have effectively confirmed the existing geothermal potential around the
region, and in view of the existing geothermal resource, the Prefecture of the Bas-Rhin has
issued two “exclusive high temperature research permits” on the territory. One permit has
been granted to Fonroche Geothermie and the second has been granted to the company ES.
These two companies are currently in the process of developing three geothermal power
stations in Alsace, located in the cities of Vendenheim, Eckbolsheim, and Illkirch. Today,
the projects foresee the construction and implementation of three power stations that will
produce energy from binary cycles and integrated into the local grid benefitting from
European and national incentives for electrical energy production.
Thermodynamic and exergoeconomic analyses for the implementation of a binary unit and
the use of thermal energy for direct applications in Vendenheim, will be explored. Casestudy scenarios will be performed for all three geothermal projects and special emphasis will
be made on the first and largest project, in the city of Vendenheim, where an industrial
ecosystem is proposed next to the geothermal power station, and to which the mathematical
model in this research, corresponds to. The Eco-Park Rhénan will benefit directly from the
waste heat from the binary plant, by making use of the electricity from ORC unit, as well as
the thermal energy for cascading uses that fit the economic and socio-cultural context of the
region of Alsace.
This research is an update of the current state of deep geothermal energy/ enhanced
geothermal systems (EGS) in France, and as a reference for countries that could benefit from
a medium thermal gradient (up to 70°/ km) (Lemale, 2012). To address this, it is important
to understand that geothermal energy – Earth’s heat – can be found anywhere in the world.
But the high-temperature energy that is needed to drive electric generation is found in
relatively few places (DiPippo, 2015). This makes geothermal energy highly feasible in
places where the thermal energy is readily available within reachable depths, and where high
porosity governs the geological structure of the hydrothermal reservoir. And it can,
therefore, be challenging to benefit from the subsurface temperatures in places where the

2
predominant geology consists mostly of crystalline non-permeable rocks or “Hot Dry Rock”
(HDR). These aspects will be briefly discussed in the first chapters of the research, where
the general structure of different geothermal systems will be explained, as well as the
description and characterization of the Upper-Rhine Graben. The success of these projects,
located in the north-eastern region of France, will open the doors for the utilization of new
enhanced reservoirs or Engineered Geothermal Systems (EGS) in places with scarce to nonexistent volcanic activity, and a low to moderate geological activity with the presence of a
useful thermal gradient. The present document serves as a scientific reference for the
companies currently developing the projects, as well to the Eurométropole de Strasbourg in
the proposal of viable options to exploit and efficiently implement a cascading usage of the
Upper Rhine Graben’s deep geothermal resource in Alsace, France.

1.1 Geothermal systems
“Geothermal energy is the use of earth’s natural heat as a local, competitive, sustainable
and acceptable energy source, from the ecological and social perspective, to produce
electricity and for direct applications.” – (see UNESCO world summit, Paris 1993)
(Armstead & UNESCO, 1977).
Geothermal activity is commonly associated with two natural phenomenon: radioactive
decay of isotope elements (Lemale, 2012) and/or high geological activity projects (DiPippo,
2015). The former is commonly associated with low to medium thermal gradients, that is,
gradients up to 70°C/km, whereas the latter can be linked to high thermal gradients
(>70°C/km).
Subsurface rocks may present varying quantities of radioactive elements. These isotopes
are characterized by their half-life, and their nature and content can be evaluated to a lesser
extent from the upper mantle (Lemale, 2012). Table 1.1 serves as a reference for the main
elements that play a role in the increase of subsurface temperatures.
Table 1.1: List of radioactive elements that play a key role
in earth’s thermal gradient, adapted from (Lemale, 2012)
Element

Thermal energy release
(W/kg)

Half life
(109 years)

Uranium 235 (235U)

5,69 (10-4)

0,70

238

Uranium 238 ( U)
233

Thorium 233 ( Th)
40

Potassium 40 ( Th)

-5

4,47

-5

14,0

-5

1,27

9,37 (10 )
2,69 (10 )
2,79 (10 )

Because of the low factor of energy release from radioactivity, these reservoirs may need
very large concentrations of the unstable isotopes in question to compare to reservoirs in
active geological regions. Therefore, these geothermal systems may only present useful
temperatures at greater depths than geothermal resources governed by geological activity
2500 – 6000 m. For example, a geothermal resource that presents a thermal gradient of
30°C/km may have temperatures between 120 – 140 °C at 4000 m, which can be considered
as a low to moderate geothermal resource. Tapping these resources can be considerably more
expensive than shallower wells, and without good incentives from governments, private
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investors may be hesitant to engage these projects (DiPippo, 2015).
Most geothermal resources with a high thermal gradient, currently used for electricity
production, result from the intrusion of magma (molten rock) at great depths (>30 km) or
near tectonic plate boundaries, while others can be associated with recent volcanism (Tester,
Drake, Driscoll, Golay, & Peters, 2012), as seen in Figure 1.1. Systems that naturally
produce hot fluids are defined as hydrothermal or convection dominated (Tester et al., 2012).
Reservoirs with abundant water and high temperature gradient are considered the golden
grail of geothermal. Although it is true that one of the most important parameters (if not the
most important) is the heat source, the extraction of energy from a geothermal system is
done with the use of water. These systems require rock formations with sufficient
permeability to allow the flow of fluid as well as heat transfer.

Figure 1.1: Magma and geothermal gradient origin from
geological activity. Adapted from (“Geothermal Gradient,”
n.d.).
Having the right geological conditions (good permeability) but low thermal gradient can
render a reservoir non-useful. Because of this, geothermal energy is mostly exploited in
places with high geological activity, most commonly in magmatic zones that offer ample
heat sources, often in regions of high precipitation creating many potential hydrothermal
geothermal reservoirs (DiPippo, 2015). In comparison with most naturally occurring
renewable sources of energy, geothermal energy offers possibility of using the thermal
energy directly and/or as a heat engine1. This can be easily explained in terms of
thermodynamics,2 where we see that energy of the system in question can be analyzed in
terms of two different variables, work and/or energy transferred as heat. Modestly put,
geothermal energy can be used for direct applications and/or electricity production. When
referring to geothermal energy utilization, it is commonly used to visualize all the
applications what is known as the Lindal diagram, Figure 1.2. Here we can separate and
easily identify the cascading applications depending on the temperature of the resource.

1

In thermodynamics, a Heat engine or Carnot heat engine is a system that takes advantage of the spontaneous
flow of heat (e.g. the flow of heat from a Hot reservoir to a Cold reservoir) to produce work.
2
The 1st law of thermodynamics, the law of conservation of energy, tells us that the change of the system’s
internal energy is equal to the difference between the rate of heat transfer and the work done by the system,
∆𝑈 = 𝑄- − 𝑊0 .
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Figure 1.2: Líndal diagram for geothermal industrial
applications. Adapted from (Armstead & UNESCO, 1977).

1.1.1 Enhanced Geothermal Systems (EGS) – Hot Dry Rock (HDR)
Geothermal active regions may present what is considered as a moderate geothermal
gradient. That is, a geothermal gradient up to 70°C/km. In these cases of the thermal energy
is most commonly reserved to produce electricity in binary units, or the direct application of
the thermal energy for district heating and/or industrial activities, given that the reservoir
has abundant water. It is important to address that in some cases these two activities may not
be able to match3, especially when dealing with a thermal gradient that doesn’t exceed
certain temperatures. This means that the further lower from 70°C/km the gradient is, the
less common it is to see a cogenerating unit benefitting from the geothermal resource.
The same can happen in the other way around. Many geothermal prospects have high
temperature but lack fluid in the formation, or the permeability of the rock is too low to
support commercial development. These systems can be “enhanced” by engineering the
reservoirs through hydraulic fracturing (DiPippo, 2015). The process of hydrothermal
alteration consists of injecting high pressure water to enhance the natural network of
3

A cogeneration power station from an EGS with medium temperature gradient may be less feasible than a
simple binary power plant when government incentives come in the form of feed-in-tariffs or a Cap & trade
system, which can cause very large differences in the prices of heat and electricity, making investors opt for an
easier, compact, with all-year-round demand power plant. This research makes special emphasis in the case of
Vendenheim and the Thermo-economics of both scenarios, production of electricity and direct usage.
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fractures in the reservoir as per Figure 1.3.

Figure 1.3: EGS - Natural fracture enhancement of nonporous reservoir with high pressure hydraulic injection
fracturing
A second well is then drilled, connected to the newly formed network of fractures,
intercepting the newly formed “reservoir” (DiPippo, 2015). A closed loop is likely to be
formed in which the cold water is pumped down the injection well; the hot rock at
sufficiently high pressure would give heat to the water, and prevent it from boiling before
its returned to the surface through the production well (M. C. Smith, 1983). Figure 1.4,
adapted from (DiPippo, 2015) shows a concept of the ideal HDR.

Figure 1.4: Ideal HDR production scheme. Adapted from
(DiPippo, 2015)
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Research is constantly being done to improve the methods of hydraulic and thermal
stimulation of reservoirs (reservoir enhancement/EGS) to obtain the maximum energy
extraction from the reservoir and reduce the induced seismicity from hydraulic fracturing.
Hydraulic fracturing also makes use of chemical mixtures and compounds to increase the
efficiency of the process and enhance the low initial permeability, as done between 2000
and 2007, in Soultz-sous-forêts (Genter et al., 2010). Similarly, stimulants and
biodegradable acids are expected to be used throughout the hydraulic fracturing process in
the EGS project in Vendenheim, Alsace (Fonroche, 2016).
The HDR concept has been present since the early ‘70s, but the technology of hydraulic
fracturing has been present since mid XX century, used by the oil industry to enhance
productivity of wells for oil and gas extraction. Before this, artesian wells4 where stimulated
by dropping torpedoes into the reservoirs, close to the oil, then exploding 7 – 9 kg of powder.
This method was invented by Edward Roberts in 1865, who then received his patent n°
59,936 in 1866. This extraction method increased well productivity by 1200 % (“The Real
History Of Fracking,” n.d.).

1.2 Geothermal Binary plants
A geothermal binary cycle, also referred to as Organic Rankine Cycle, is a
thermodynamic cycle in which a secondary working fluid with lower boiling point than
water/vapor is used to extract the thermal energy from the geothermal brine, and it is then
used to drive a turbine, undergoing all the necessary processes present in a conventional
Rankine cycle5. An example of a basic binary cycle is shown in Figure 1.6 (a). Organic
Rankine Cycle6 geothermal power plants are the closest in thermodynamic principle to a
conventional fossil or nuclear power plant, in which the working fluid undergoes an actual
closed cycle (DiPippo, 2015).

1.2.1 Advanced Binary Systems
In this section we will discuss two common advanced binary cycles implemented in lowmedium temperature geothermal fields Transcritical & Dual-pressure binary plants. This is
mainly since the mentioned cycles where explored throughout the analysis of the geothermal
resource in question.
Before addressing the two advanced binary cycles in question, it is important to
acknowledge why in some cases it can be more feasible to consider an advanced cycle. Basic
binary power plants present very low thermal efficiencies7 mainly due to the small
temperature difference between the heat source and the cold sink (DiPippo, 2015).
4

Artesian well/aquifer is referred to as the a/an well/aquifer in which the contained geo-fluid is forced out of
the reservoir by the positive pressure, until the it reaches the hydrostatic level (Lemale, 2012).
5
Rankine cycle is the ideal cycle for vapor power cycles. Water/vapor undergoes several steps in order to
complete a cyclic process as efficiently as possible, and as close as the Carnot cycle (Most efficient thermal
cycle operated between two specified temperature limits) as possible. The ideal Rankine cycle consists of the
following processes: 1-2 Isentropic compression in a pump, 2-3 Constant-pressure heat addition in a boiler, 3-4
Isentropic expansion in a turbine, 4-5 Constant-pressure heat rejection in a condenser (Cengel & Boles, 2014).
6
The word “Organic” in ORC refers to the use of an organic (Carbon based - Hydrocarbon) working fluid.
7
Thermal efficiency: The rate of work produced per rate of energy transferred as heat (𝜂23 = 𝑊/𝑄).
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For any given cycle working between infinitely large heat reservoirs a maximum thermal
efficiency is computed through the Carnot cycle efficiency (Cengel & Boles, 2014), and is
given by equation

𝜂567802 = 𝜂96: = 1 −

<=
<>

(1.1)

Where,
TL = Temperature of the Cold reservoir in kelvins or degree Rankine
TH = Temperature of the Heat source in kelvins or degree Rankine.
This however, is a bit difficult to assess to a certain degree of accuracy in a binary cycle,
mainly because we know that the geothermal brine is not an isothermal source of heat (the
brine cools down as it gives heat to the working fluid). This makes us consider that a more
realistic cycle efficiency would look like the triangular cycle8 (DiPippo, 2015), given by
equation

𝜂 <@A = 𝜂96: =

<> B <=
<> C <=

(1.2)

We can then see that for a geothermal brine with a temperature of 200°C (473.15 K), and
a heat sink of 30°C (303.15 K), the Carnot efficiency (theoretical maximum efficiency) is
equal to approximately 36%. Computing the same numbers for the ideal maximum for a
binary plant (ηTRI) yields 21%. Figure 1.5 shows the basic principle behind the two ideal
thermodynamic cycles. Theoretically, both cycles achieve the highest thermal efficiency
yielding the maximum work that can be converted from a heat engine.

Figure 1.5: Carnot and Triangular cycle, both cycles
produce the maximum possible work from a heat engine
working between two constant temperatures, and variable
temperatures, respectively. Adapted from (DiPippo, 2015).
Because of the large differences between a regular thermal power plant and a binary power
8

The processes in a Triangular cycle with the maximum possible efficiency behave as follows: 1-2 Isobaric
heat addition in a vaporizer, 2-3 Isentropic expansion in a turbine, 3-4 Isothermal heat rejection; in a Carnot
Cycle, the processes with the maximum efficiency are known to be: 1-2 Isothermal heat addition, 2-3 Isentropic
expansion, 3-4 Isothermal heat rejection, 4-1 Isentropic compression.
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plant, small improvements in a binary cycle may lead to considerable differences in the
overall power cycle. An example of this is given in (DiPippo, 2015), where we see that for
a given efficiency of 10%, an improvement of one percentage point represents a 10%.
1.2.1.1 Transcritical Binary systems
Transcritical binary power plants have the particularity of working within very large
pressure differences in the binary loop side of the system. The high pressure (HP) side of
the binary loop (starting at the pump exit and ending at the turbine outlet) works with
pressures higher than the critical pressure of the working fluid. The condenser works
similarly as in a basic binary power plant, working at lower pressures than the critical
pressure of the working fluid. The system is that operates within two thermodynamic states
“Supercritical” and “Subcritical”, is therefore known as “Transcritical” (Valdimarsson,
2014). These advanced geothermal binary systems are also commonly referred to as
“Supercritical”. For the purpose of this study, we will refer to any binary system working
with Supercritical and Subcritical pressures as a Transcritical binary system.
The implementation of a Transcritical binary system, as opposed to a basic binary
system, could be reasoned through several arguments. One important factor to consider is
the previously mentioned non-isothermal heat source; as the geothermal brine gives energy
to the working fluid, the brine cools down and the maximum thermal efficiency of the system
start to look more like a Triangular cycle, and less like a Carnot cycle. Because of this, we
can confidently say that as the working fluid approximates the temperature of the heat
source, the thermal efficiency of the cycle increases and approaches the maximum
theoretical efficiency for a binary cycle (Triangular efficiency). We use Figure 1.6 to
demonstrate this idea.

9

Figure 1.6: (a) Subcritical vs (b) Transcritical binary cycle.
The transcritical approaches the ideal (Triangular) cycle more
efficiently than the Subcritical.
We can see that the subcritical cycle has a larger temperature difference from the nonisothermal heat source, which doesn’t approach to the ideal cycle. In the transcritical binary
cycle, we can see smaller temperature differences between the heat source and the working
fluid, and a better approximation to a triangular cycle, the ideal cycle for a heat engine with
a non-isothermal heat source (as opposed to the Carnot cycle).
Another thing to consider is that in the transcritical cycle, the fluid passes from a
subcritical to a supercritical pressure in the isentropic compression process (Pumpin –
Pumpout). As the working fluid receives heat from the geothermal brine in an environment
with pressures higher than its critical pressure, it causes the fluid to “skip” the boiling9 phase,
there is no longer a two-phase fluid in the heat exchanger (HEx), and the bubble and dew
point are no longer present, see Figure 1.6 (b). The working fluid becomes less dense until
it reaches a superheated state; when the temperature is sufficiently high the expansion
process can take place (Valdimarsson, 2014) (Valdimarsson, 2011) (Augustine et al., 2009).
A good insight on the thermodynamic advantage of a transcritical cycle is offered in
(Valdimarsson, 2014): The temperature difference over which the heat is added to the
working fluid is minimized in comparison with a basic binary cycle, provided that the brine
has only sensible heat, and no latent heat. When heat is transferred over a finite temperature
difference, entropy is generated and exergy10 is lost. Transcritical cycles effectively reduce
9

As seen in Figure 1.6 (a), during the boiling phase we can see the bubble and dew point defining the fluid’s
quality at the beginning and the end of the 2-phase zone, respectively. A quality of 0% corresponding to when
the first bubble appears, and 100% when the first drop of the fluid condensates (when the first drop of dew
appears), and the fluid passes from a liquid-gaseous state to 100% gaseous state.
10
Exergy (𝑋) is the maximum useful work that can be extracted from a system at a given state in a specified
environment (Cengel & Boles, 2014). This concept will be further expanded and derived in the second chapter:
Thermodynamics.
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the effects of exergy loss by reducing temperature differences between the fluids. It is
therefore preferable when the geothermal brine is in a gaseous or liquid state, and no latent
heat is present through the heat transfer (Valdimarsson, 2014).
1.2.1.2 Dual-Pressure systems
Similar to a Transcritical binary power plant, the Dual-Pressure binary system is also
designed to reduce the thermodynamic implications that arise from the large temperature
differences between the non-isothermal heat source (i.e. geothermal brine) and the working
fluid. The Dual-Pressure system has two heating stages that allow the two fluids to achieve
smaller average temperature differences, than that of a basic binary cycle (DiPippo, 2015).
The analysis of a dual-pressure system is very similar to a basic binary cycle, considering
the extra stages and components (i.e. Low/High-Pressure pumps, L/H-P turbines, L/H-P heat
exchangers). Some studies show that the thermal efficiency resulting from a dual-pressure
system may be lower than a basic binary system; the utilization efficiency11, however, was
shown to be higher for a dual pressure system (Khalifa, Rhodes, United Technologies
Research Center, & Electric Power Research Institute, 1985), (DiPippo, 2015).
1.2.1.3 Further readings on advanced systems
We have seen that in comparison with a conventional thermal power plant (Fossil,
Nuclear), in a binary power plant heat is transferred over large temperature differences from
a secondary fluid. The process of heat transfer thus generates more entropy and
thermodynamic losses are associated with it. Ultimately an ideal binary cycle would have
no temperature difference between the heat source and the working fluid, and the shape of
the ideal cycle takes the form of a triangle, instead of a rectangular shape shown in Figure
1.5, as the ideal cycle for heat engines proposed by Nicolas Sadi Carnot in the XIX century.
Advanced binary cycles propose diverse solutions to the problematic found in the heat
addition process in binary power plants by modifying some of the design parameters, and
controlling the fluid’s thermodynamic properties (i.e. critical pressure, saturation
temperature, etc) to better match the geothermal brine’s temperature curve.
Advanced cycles may also make use of more than one working fluid within the system.
This decision also takes advantage of the decreasing temperatures of the geothermal brine,
and create a synergy between both working fluids in the heat transfer process (DiPippo,
2015). This system is called Dual-Fluid binary cycle. Other advanced cycles may include
the mixture of Water (H2O) and Ammonia (NH3), which have shown to have improved
thermodynamic performance. This cycle is referred to as Kalina cycle, after its patentee
(Valdimarsson, 2011, 2014) (Augustine et al., 2009; DiPippo, 2015) .

1.3 Geothermal Resource Parks
The basic concept behind Geothermal Resource Park (GRP) is born from the idea of
Industrial Parks, or more specifically, an Eco-Industrial Parks (EIP).
11

The Utilization Efficiency (𝜂E ): is defined as the ratio of net work (𝑊8F2 ) produced by the system over the
maximum theoretical work (exergy) that can be obtained from the geofluid (𝑋7FG ). 𝜂E ≡ 𝑊8F2 / 𝑋7FG
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An Industrial park, also known as Industrial estate, is an area designated for industrial
activities, promoting local and regional economic development. These estates carry burdens
like production of commodities for different types of consumers while still having their own
energy demand and environmental impact. Some industrial parks may foster the production
of goods designated for one specific industry; like the Southern China Traditional Chinese
Medicine Industrial park in Zhongshan, China (Valenzuela-Venegas et al., 2018).
A further development of the concept of Industrial park is the Eco-Industrial Park (EIP).
The basic principle stays, while the members thrive to enhance of environmental, economic
and social performance through the management of environmental, and mutual resources.
By working together, the Eco-industrial community yields a collective benefit greater than
the sum of the individual benefit of each company. An EIP, therefore, must target at least
the major strategies in the management of EIP (Lowe, 2005):
• Natural systems – An eco-industrial park fits into its surroundings and successfully
minimizes environmental impacts while reducing its operational costs.
• Energy – The efficient and sustainable use of energy is a key factor within the EIP
major managing strategies. An efficient use of energy will result in reduction of
environmental burdens and cutting costs. A very common term associated with this
strategy is “cascading energy” referring to the resulting symbiosis from the synergy
of two enterprises (i.e. the usage of exhaust fumes to heat up water for a secondary
plant).
• Materials Flows – In an eco-park, waste is interpreted as a product which has no defined
re-use, or has not been defined a market or consumer, yet. In the overall infrastructure
of the park, companies seek to exchange by-products amongst themselves, and minimize
the use of toxic materials.
A Geothermal Resource Park is no different than an Eco-Industral Park, in fact, the
definition of GRP expressed by (Gekon, 2011) and (“Resource Park,” n.d.) both express the
principles of Environmental preservation, Sustainable energy use, and, Resource flow. A
Geothermal Resource Park can be therefore defined as an Eco-Industrial Park that
specializes in maximizing the sustainable and efficient use of a geothermal resource, while
minimizing the production of by-products that have no defined markets and/or consumers.
To quote Iceland’s HS ORka’s vice-president and The Resource Park’s concept developer:
“The object of the Resource Park is to foster a “society without waste” and to ensure
that all resource streams that flow to and from the companies in the Park are utilized to the
fullest extent possible, in as responsible a manner as possible, for the benefit and further
progress of the community”. – Albert Albertsson (“Resource Park,” n.d.).
The idea boils down to the interconnection all the present or available resources,
subjective or objective, for their responsible use, be it nature, wind, water, geothermal, solar,
biomass, ocean, or any other.
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1.4 Overview of geothermal energy in France and the world
1.4.1 A global introduction to geothermal energy
The use of geothermal energy around the world has been a common sustainable energy
technology for several centuries. As a matter of fact, geothermal energy harvesting has been
known to be around since the first civilizations. A good example of old cities benefiting
from the extraction of thermal energy stored underground are the Chinese in Asia, the
Romans in Central Europe, and the Arabians all the way from the Mediterranean Sea to the
Indian sea. These are considered the first recognized civilizations to effectively engineer a
geothermal system according to their needs. These systems were locally heated by
circulating the thermal water beneath the surface (Lemale, 2012).
This however, is not necessarily the first known usage of geothermal energy. It is known
that the existence of fumaroles or steam vents, allowed even older civilizations to benefit
from the subsurface heat exhaust for food cooking, bathing, and providing heating in cold
seasons (Lemale, 2012). Other groups also benefited from alternate forms of geothermal
energy and its byproducts. A good example of this were the Etruscans, their primary interest
in geothermal energy came from the idea of mineral extraction from geothermal fluids,
hydrothermal deposits (mostly gypsum, salt, and alabaster), and scaling. They’re considered
the first civilization to focus in the development of thermal baths, and the use of thermomineral sludge. This happened thanks to the creation of an archaic transport network for the
hot water and for space heating systems. Similarly, the Romans were known for building
their cities close to their known thermal sources.
The Romans, however, took over the task of perfecting and popularizing the usage of
thermal baths in the first century after. Their precision and engineering placed geothermal
in a very important place before we even had a grasp of the laws of thermodynamic. By
creating a network of rooms that are connected by a line of hot water, in the order of
decreasing water temperature, the Roman civilization created a popular and
thermodynamically efficient direct usage system that spread out through all of Europe, the
Arab and Turkish countries, and through Iceland as well (Lemale, 2012).
Other countries that have learned very well how to benefit from the direct applications
of geothermal energy are Hungary, Indonesia, Japan, Greece, Kenya, Mexico, New Zealand,
Philippines, Turkey, and the USA.

1.4.2 Geothermal energy in France
The history of geothermal energy in France is a rather interesting one. The country is
known for having Europe’s oldest volcanoes. This has allowed its habitants to take
advantage of the naturally occurring sources of heat since the beginning of history. In fact,
the oldest known geothermal district heating system in the world is found in Chaude-Aigues,
France, dating back to the XIV century (Lemale, 2012). With a consistent mass flow rate of
5 l/s, the Par source is considered as France’s hottest water source (82°C), and one of the
hottest sources in Europe at the surface. The water is circulated through wooden pipes buried
under the ground floor’s slabs, making what is now known as the world’s oldest district
heating system (“MUSÉE DE LA GÉOTHERMIE A CHAUDES-AIGUES, CANTAL,”
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n.d.).
In terms of geothermal exploration, most of the geothermal engineering can be resumed
to the XX century, with most of the wells drilled in the decade of 1980. With the introduction
of government incentives and the advancement of EGS technology, the usage of geothermal
energy in France is currently showing its highest prospects for electricity production. Figure
1.7 serves as a summary of geothermal operations executed in the XX century (Lemale,
2012).

Figure 1.7: Execution of geothermal operations in France,
adapted from (Lemale, 2012).
There are many known geothermal energy projects in all France. The exploitation of these
resources is usually limited to low temperatures and mostly for direct applications. This
makes building heating 87% of the total direct usage of French resources where temperature
> 30°C. From a geographical point of view, 80% of the total geothermal energy production
in France is limited to the region Île-de-France (Lemale, 2012).
France is also known as one of the leading countries in the fight against climate change, and
although the efforts in increasing the installed capacity of geothermal energy can be
considered very recent, the country currently rank a leading expert in ground source
geothermal heat pumps. Studies report France as the fifth country with the highest installed
capacity of geothermal heat pumps in the world, with a total of 2010 MWth installed capacity
as of 2015. This corresponds to a reported total of 163 000 installed heat pump. The use of
geothermal energy in France is expected to six-fold from 2006 to 2020 (Lund & Boyd,
2016). In terms of hydrothermal reservoirs or non-ground source geothermal energy, the
highest thermal gradients found in continental France are located in the northern part of the
country, in the north of Alsace (Lemale, 2012).
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1.5 Geothermal energy in Alsace, France
When analyzing the different thermal gradients present in continental France, it is clear
that the highest gradients are found in the north of the country. In fact, the gradient found in
the north of Alsace increases by a factor of 3 from the Dogger aquifer12, and by a factor of
5 from the minimum useful temperature gradient found in France, as per Figure 1.8 (Lemale,
2012).

Figure 1.8: Geothermal gradients found in France. Adapted
from (Lemale, 2012).

1.5.1 Geology
The Rhénan trench, Rhine Graben, or Upper Rhine Graben, is characterized by the
collapse of two crystalline masses, between the Vosges fault and the Black Forrest in
Germany. This geological fault is found to have the highest temperature gradients in France,
and it is therefore the reason why it was chosen as the site for the pilot EGS project, Soultzsous-Forêt. The geological structure of the Rhine graben has been well studied for petroleum
and mining exploration. It is estimated to be 30-40 km large and 300 km long.
The geology of the fault is constituted by a group of sedimentary layers deposed
throughout several geological epochs, the oldest corresponding to the late Triassic. The old
Triassic sandstone formations are found at the depths greater than 2000 m, just below the
chrystallophillian basement (Granitic rock). Calcareous rock is also found above the granitic
formations (similar to that of the Paris basin), estimated to be from the mid-Jurassic epoch
(around 170 million years old).
Most of the hydrothermal acquirers explored in France come from this layer, at an
estimated maximum depth of 2000 m, from which the Dogger aquifer comes from (Lemale,
2012). Several studies and bottom hole temperature measurements are taken by petroleum
12

The Dogger aquifer is located in Ile-de-France and corresponds to the Parisian basin. With a maximum depth
of 2000 m, the resource is exploited at 85°C, and used for district heating (Lemale, 2012). Dogger is also used
to refer to the Mid-Jurassic epoch
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companies. The temperature gradient is given by equation 1.3:
I<
IJ

=
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N

(1.3)

Where,
T(z) = Temperature at a specific distance in °C
D = Depth in km
Tavg = Average soil temperature in France / annual average temperature °C.
Figure 1.9 (a) shows the computed thermal gradient from old petroleum boreholes. The
location of the bore holes is given in Figure 1.9 (b) (Dezayes, Thinon, Genter, & Courrioux,
2007).

a) Computed thermal gradient

b) Location of old oil boreholes

Figure 1.9: Oil boreholes temperature gradients (a) and
location (b) in the Rhine graben (Dezayes et al., 2007).
As presumed, the study shows useful temperatures that well above the ones found in the
Paris graben. Data extracted from the oil boreholes corresponds only to the temperature,
and although it is consistent with previous geological studies, more information about the
available flow and salinity will be needed to fully assess the geothermal potential, this is
briefly touched in the upcoming chapters (Dezayes et al., 2007).

1.5.2 Hydrothermal reservoir characteristics
The upper Rhine graben has proven to have useful temperatures, and an attractive
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thermal gradient. This results in the first part of the reservoir analysis. It is important to
understand that the geothermal resource is only useful if we have a medium to extract the
energy in the form of heat, that is, with the use of water.
The deep drilling explorations and data from wells showed an initial low natural
permeability. These were defined Hydrothermally Altered and Fracture Zones (HAFZ), with
a geothermal brine salinity of 100 g/l (Genter et al., 2010) (Hooijkaas, Genter, & Dezayes,
2006). The recent studies show the characteristics of the geothermal reservoir at the Soultzsous-forêt project, where four geothermal wells were drilled (GPK1, GPK2, GPK3, GPK4),
and three are currently being used to produce electricity.
In Soultz, the deepest geothermal well drilled reached bottom hole temperatures up to
200°C. These temperatures were reached at about a depth of 5 km. The low natural network
of cracks was found around the production well (GPK2), was later hydraulically and
chemically stimulated (Genter et al., 2010). A good example of the natural permeability was
derived in (Dezayes et al., 2007), using data from the Muschelkalk and Bundtsandstein
formations, yielding flow rates ranging from less than 100 l/min (1.6 l/s) in the limestone
reservoirs, and 300 l/min (5 l/s) in the clastic reservoirs.
For the geochemical characteristics, we can turn to (Ngo, Lucas, Clément, & Fritz, 2016),
and (Sanjuan et al., 2016). These studies describe the geothermal brine found in Soultz-sousforêt, at 5 km depth, to have pH levels of 4.98 at the production well. Here the most soughtafter products found in geothermal brines, Calcite & Silica, show levels of Ca = 7225 ppm,
and SiO2 = 201 ppm.

1.5.3 Reinjection temperature
The reinjection temperature, in geothermal energy projects, is a function of the mineral
saturation temperature. This is mostly because the fluid’s temperature is still quite hot, and
useful energy can still be extracted, when minerals start precipitating. It is therefore desirable
to extract as much energy as possible before scaling occurs, and irreversible damages occur
to the equipment in a power plant (or in a thermal/cogeneration unit).
The water chemistry is mostly dependent on the water-rock interaction at the reservoir,
and this is controlled by the mineral equilibrium. The most common minerals that are found
to produce scaling are calcium carbonate and amorphous silica. The solubility of Calcite is
inversely proportional to the temperature, therefore cooling the geothermal brine is not
associated with scaling of Calcite (Calcite scaling is mostly associated with boiling and
mixing of inflow from two aquifers) (Gunnlaugsson, 2012).
Silica (SiO2) scaling, on the other hand, is directly proportional to decreasing
temperatures. The geothermal reinjection temperature is, therefore, usually taken as the
silica saturation temperature. A logarithmic scale for the solubility of amorphous silica at
the vapor pressure of the solution, from 0° to 250°C, was derived in (Fournier & Rowe,
1977). This is given by equation (1.4),
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𝑙𝑜𝑔 𝐶 = −

STU
<

+ 4.52

(1.4)

Where,
C = SiO2 concentrations in ppm – mg/kg
T = Temperature of the solution in Kelvins.
We can take this equation as an example for a simple analysis of the conditions found in
in Soultz-sous-forêt, since the geothermal brine is found to be below 250°C at the bottom
hole. Solving for the temperature will, therefore, yield the estimated saturation temperature
of Silica in the geothermal brine, for its concentration (201 ppm) (Sanjuan et al., 2016).
An approximated 56.60°C minimum reinjection temperature is needed to precipitate
amorphous silica in Soultz’s geothermal brine. This, of course, is not the case in the Soultz’s
project as the reinjection temperature in the GPK3 well is 70°C (DiPippo, 2015), (Genter et
al., 2010). This is consistent with (Ngo et al., 2016), where only small differences in
concentration of several chemical constituents, suggesting that no significant scaling occurs
while the brine is cooled down.

1.6 The Soultz-sous-Forêt geothermal project
The Soultz-sous-forêt EGS project served as pilot and pioneer in the use of deep
geothermal resources in France. Although the use of fracking for the extraction of natural
gas and oil has been long used, by the time the Soultz concept was developped, the idea of
using fracking in geothermal projects was still too young. This doesn’t mean that the EGS
technology is very young, on the contrary, it means that Soultz-sous-forêt has set several
milestones in the history of geothermal in France, and the world.
Drilling operations and scientific activity started in 1987, within the European co-op
agreement signed in Kutzenhausen, Alsace, France (Genter et al., 2009). GPK1 was the first
well drilled in 1987, reaching 2000 m, serving as the first re-injection well. GPK2, being the
second well drilled, in 1995, currently serves as one of the two production wells (Genter et
al., 2009, 2010). The final true vertical depth (TVD) of GPK2, reaches 5010 m, with bottom
hole temperatures up to 203 °C. In 2002, a depth of 5 km was also reached in well GPK3,
currently serving as re-injection well. Between 2003 and 2005 several open-hole
stimulations, circulaion tests between GPK2 and GPK3 (GPK3 → GPK2), and drilling of
GPK4 (second production well) down to 4985 m (Genter et al., 2009). Figure 1.10 shows
the different wells drillet in the Soultz’s project, and their distributions.
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Figure 1.10: Conceptual S-N cross section of Soultz's
wells. EPS1 is an observation well. Taken from (Genter et al.,
2009).
The temperature anomalies are probably one of the most exceptional and important data
for the future development of EGS projects in Alsace. Data from the GPK2 well is shown
in Figure 1.11. Within the first 1000 m, show a temperature gradient of 110°C/km is present;
exceptionally high, indicating a conduction dominated heat transfer. The gradient rapidly
drops between 1 and approximately 3.3 km to 5°C/km. At greater depths than 3.3 km the
temperature gradient increases again to 30°C/km (Genter et al., 2009).
The geothermal brine is brought up by two different down-hole pumps (lineshaft, electro
submersible) in both production wells, respectively (Genter et al., 2009). When all the tests
were done, part of the general objective was the design of large industrial units that would
exceed 25 MWe in capacity, based on multi-well EGS. This idea was rapidly dropped as no
further drilling operations was executed (Genter et al., 2010).
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Figure 1.11: Measured temperature profile in Soultz-sousForêt. Adapted from (Genter et al., 2009).
Currently, the EGS project operates a 1,5 MWe basic binary geothermal power plant.
The fluid reaches wellhead at 175°C, and as previously mentioned, it is re-injected back into
the ground through GPK3 at 19 bar, 70°C. The selected working fluid for the ORC is
Isobutane.
A thermodynamic analysis was run in REFPROP by (DiPippo, 2015), based on data from
(Genter et al., 2009, 2010) and several other studies. The analysis yields a thermal efficiency
of 13.9%, and a brine utilization efficiency of 40.0%, based on a dead-state13 air temperature
of 20°C. Some examples found in (DiPippo, 2015) show utilization efficiencies of 17.7%
and 32.7%, for net capacities of 230 kWe and 6,5 MWe, respectively. Ultimately indicating
an efficient use of the geothermal resource in Soultz-sous-forêt.
The Soultz-sous-forêt power plant has been operating since mid-June 2008. By then the
French government provided a feed-in-tariff (FIT) of 125 €/MWh on the net power, for
geothermal projects under 10 MWe capacity. Expectations of an increase in tariffs, to level
the 240 €/MWh found in Germany, were due to the end of 2009 (Genter et al., 2009, 2010).
Today, electricity is sold in Soultz, and will be sold as well in the newest EGS project in
Vendenheim, at a rate of 246 €/MWh.
A more recent project has been implemented in Rittershoffen, partially funded by the
same company in charge of the Soultz-sous-forêt’s binary power plant Electricité de
Strasbourg (ES – 40%), and the rest by Roquette (40%), and La Caisse des Dépôts (20%).
The project takes geothermal energy for direct uses, at a depth of 2500 m, an estimated
temperature of 170°C, and reinjecting at 70°C, for a total capacity of 24 MWth. The project
13

Dead-state conditions are commonly referred to as ambient conditions. The dead-state temperature assumed
is the average temperature at ambient conditions 20°C for the air. The dead-state pressure thus would be 1 bar,
or atmospheric pressure.
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begun officially in 2006, and the final stages (installation of main Heat Exchangers,
Pipelines, and other main equipment) were concluded in 2016 (“La 1ère centrale de
géothermie profonde à vocation industrielle,” 2016).

1.7 Vendenheim
Recent efforts have been pushing the geothermal projects to be successfully executed in
Alsace. With better government subsidies, collaborations between different universities in
Strasbourg, local laboratories, and regional institutions like the Eurométropole of Strasbourg
(EMS) and the Bureau of Geological and Mining Research (BRGM, French initials) pushing
for the development of the projects, all these actions have successfully given birth to the first
of three new deep geothermal projects in Alsace.
Currently, in the exploration drilling stage, the project in Vendenheim is the first of the
three new deep geothermal projects in Alsace. The project is actually located in Reichstett,
Alsace, and it forms part of the community of Vendenheim. The site is located in an old
refinery previously owned by the Swiss company Petroplus Holding AG. In October 2010,
they announced their decision to stop all refining activities in site, and the terrain was then
divided and sold. Currently, the French Brownfield has taking charge of the rehabilitation
and reselling of the parcels.
Two major activities will benefit from geothermal energy in this site.
Industrial/economic activities from the proposed Eco-park Rhénan by Brownfields society,
and the electricity production from a Geothermal Binary power plant by Fonroche
Géothermie. The two will be considered separately, as the two different enterprises are
involved in the development of the projects, and they are not related.
The exploration well is located at the approximate coordinates 48.660917, 7.773095,
Figure 1.12. Measured data in December 2017, at TVD of 3700 m has already confirmed
that the geothermal gradient closely resembles that of Soultz-sous-forêt. Although there’s
been changes throughout the drilling phase, and the originally expected TVD was that of
4220 m, currently temperatures are expected to reach 200°C at an approximate TVD of 5000
m. The final depth is yet to be confirmed, as well as the conditions of the reservoir and the
geothermal source fluid properties.

1.7.1 Binary power plant
The geothermal binary power plant proposed by Fonroche geothermie expects to find
hot geothermal source fluid at depths ranging from 4500 to 5200 m, at approximately 200°C.
The number of production and reinjection wells will be a function of the conditions of the
source fluid in the reservoir, the well flow, and the productivity of each well. Although most
of the data is yet to be confirmed, production well and reinjection pumps are to be used.
It is expected that the fluid’s hydrostatic level will not reach the surface, for which the
pumps will aid the flow in the wells. It is also desirable to maintain the fluid as a compressed
liquid and avoid flashing of the geothermal brine throughout any processes.
A flow rate of 350 m3/h is expected to be achieved in the geothermal source fluid side of
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the binary plant, this corresponds to ranging flow rates from 85 to 87 kg/s of hot water in a
compressed liquid state (for densities, ρ, 875 to 900 kg/m3).
The specifics of the geothermal binary system have not been disclosed for the study.
However, basic information has been kindly provided by Fonroche in order to facilitate the
analysis of the resource, and for the purpose of the research.
In order to achieve the desired flow rates, Production well pumps, and reinjection pumps
will be used. The geothermal fluid will be kept in a compressed liquid state and will give all
the allowed energy to the working fluid in the binary power plant. Initially, the selected
working fluid corresponded to Pentafluoropropane (R245fa) for its appropriate properties at
the binary system’s temperature range (between 30 and 170°C). However, currently the
project has inclined towards R1233ZDe, a fourth generation14 hydrofluorocarbon with a
higher performance than R245fa, very low global warming potential (GWP), fire hazard
(FH), and health hazard (HH) for the binary power plant.
This zone is characterized by having a high water table in the subsoil. The old refinery
in place had water extracted from underground and circulated to the Rhine River,
approximately 5 km from the site, to avoid contamination of the wetland. The purpose of
recirculating the water was to avoid contamination of the soil and high water level with
refining activities by Petroplus. No further refining activities are being executed. This results
in an asset to the binary power unit, as the cold pumped cold water from the subsoil will be
used as the heat sync of the thermal cycle.
In the initial proposals, the binary power plant was proposed as part of a Combined Heat
and Power (CHP) system. The system was to sell waste heat to industries looking to benefit
from direct applications, at a lower price than heat produced by natural gas (e.g. at a rate <
35 €/MWh). The industries that will benefit from the waste heat of the Vendenheim’s binary
unit have yet to be confirmed, and negotiations are currently in early stages. However, most
of the parcels in the Eco-Park Rhénan’s area have already been sold.
A district heating system has not been strictly proposed in this environment. Part of the
reasons for this is the widely used heat pumps throughout the country, and the high FIT rates
(246 €/MWh) for geothermal projects with a capacity below 10 MWe. As mentioned in
section 1.5 of this chapter, France has specialized, in the last decades, in the application of
geothermal heat pumps. This gives priority to the production of electricity in the case of
deep geothermal, and where the gradient is high enough for binary units. An estimation of
55,000 MWh will be fed to the grid by the deep geothermal binary power plant every year.

1.7.2 Eco-Park Rhénan
The Eco-Park Rhénan (orange in Figure 1.12) is the industrial park proposed by the
company Brownfields. After the refining activities by Petroplus stopped in October 2010,
14

Hydrocarbons of the fourth generation respond to the Kigali amendment to the Montreal Protocol focusing in
the phase-down of hydrofluorocarbons (HFC, or R) with high GWP (UN Environment, 2017) (Rwanda
Environment Management Authority, 2013). R245fa is a third generation refrigerant with a GWP100 = 1030
(e.g. 1030 times more potent than CO2) (Kujak, 2016).
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the site was acquired by Brownfields, and the company committed to rehabilitate the site,
parcel it, and sell the terrains. The area is, in fact, locate in an industrial zone, and will
conform a new industrial cluster where economic activities will be performed. As of
December 2017, around 90% of all the parcels were already acquired by several industries,
from automobile, waste management industries, and logistics.

Figure 1.12: Geothermal project boundaries in the
community of Vendenheim.

1.8 Eckbolsheim overview
Fonroche’s geothermal project in Eckbolsheim consists of a combined heat and power
(CHP) system, as opposed to the binary power plant in Vendenheim. Their vision for this
project is to implement a similar binary power plant, while selling heat to the city by
connecting to the current district heating network in Hautepierre. The CHP will have two
levels of waste heat recuperation from the binary power plant (high temperature and low
temperature), and use part of the geothermal. The current district heating is managed by the
Eurométropole and operated by a private company. It produces hot water from a natural gas
combined heat power plant. The new CHP foresees the implementation of a 40 MW total
capacity station, from which it will convert 45 GWh/yr into electricity, and 88 GWh/yr into
thermal energy for direct applications (three levels of thermal energy usage devoted for the
district heating, and other direct uses).
Research, paperwork, permits, and the initial development activities for this project go
hand-in-hand with that of the binary power plant to be constructed in Vendenheim. With the
request for exploration activities in 2013, and both permits (Vendenheim and Eckbolsheim)
granted in 2015. The project is marching according to its time plan and should begin
exploration activities in 2018. Alternatively, a third permit has also been granted to Fonroche
to operate in Hurtigheim, approximately ~5 km from the proposed location in Eckbolsheim,
and ~8 km from the thermal power plant in Hautepierre.
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1.9 Illkirch Overview
The geothermal project in Illkirch will be executed by Electricité de Strasbourg. The
project consists of a CHP system in which they foresee an electrical energy production of
approximately ~28GWhe/yr, and a thermal energy production 45 GWhth/yr.
Currently, this project is in its early stages, with the initial permits approved, and
thermal energy valorization scenarios being studied, and exploration activities are to
begin in April 2018. The project’s main objective is to couple with Illkirch’s new district
heating system.

1.10 Proposed industrial applications
The proposal for different industrial activities that could successfully benefit and profit
from the thermal energy extracted from the deep geothermal reservoir must, in fact, follow
with the social, economic, and cultural context of the region. Alsace is also known to be one
of the coldest regions in France, with an average annual temperature of 10.2°C and a lowest
recorded temperature of -24.8°C, which could serve as a justification for thermal energy
production during the cold months. Average climate data from the American Association of
Heating Ventilation and Air Conditioning Engineers for a 30-year period yields the values
for the most probable average temperatures on an annual basis. This can be seen in Figure
1.13.

Figure 1.13: Annual average daily temperature, for a 30year period estimation, in Strasbourg, Alsace.
Based on the average hourly temperatures seen in Figure 1.13, a load-duration ratio is
estimated and the accumulated average degree hours for a typical month, considering an
indoor design temperature of 18°C (Figure 1.14 and Figure 1.15, respectively), to assess the
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heat demand for district heating applications of the region.

Figure 1.14: Load-duration curve, values are given for a
typical indoor design temperature in France.

Figure 1.15: Average monthly degree days for a typical
month in Strasbourg, Alsace.
It is clear from Figure 1.14 that for an estimated 70% of the total hours in a year there
will be a heat demand based on the average daily temperature variations and European
regulations indoor design temperatures of 18°C (Kemna & Moreno, 2014) (Agenzia
Provinciale per l’Energia, 2010). From Figure 1.14 we can assume an 8% demand for the
entire year, as this result in direct usage of tap water and low temperature utilization.
Alternatively, a negative demand is shown in Figure 1.15, it can be interpreted that for these

25

months, a full capacity production of electricity is the most feasible option.
Alsace is well known to be a Franco-Germanic region, and its history precedes its use of
geothermal resources. Most of the economic motors of Alsace that could benefit from the
use of geothermal energy revolve around the secondary sector, as the agro-industry and
production of raw materials is a well-established enterprise in this region. The following
industries have been identified as the prospects that could better fit with the Alsatian context,
as well as pioneers within their respective sectors.
Unless noted otherwise, all kWh and MJ values in the following sections will refer to
thermal energy consumption (kWhth) of their respective activities.

1.10.1 Primary sector (Raw material production)
Most of the primary sector activities are already established in the region and there is
little room for geothermal energy in the production of raw materials for the local market.
However, there is a lot of potential for processing of the raw material with geothermal
energy. This will be further explored in the proceeding section Secondary sector where
energy consumption numbers will be discussed based on the primary sector activities that
could benefit the most from geothermal, in Alsace. The following activities can be seen as
the most important products of Alsace, numbers are based on data from the Ministry of
Agriculture, Food and Forestry (Ministère de l’Agriculture de l’Agroalimentaire et de la
Forêt) (Mallet, Wilmes, Orth, Munster, & Vergnon, 2015) (Mallet, Wilmes, & Oréal, 2015)
(DRAAF, 2017).
1.10.1.1 Horticulture
Horticultural activities in Alsace can be grouped into three main categories, cereal and
oilseeds (céréales et protéagineux) seen in Table 1.2, vegetables (légumes), and Viticulture
(the evolution of market prices of different Viticulture products can be seen in the price per
liter of the different grapes), as per Table 1.3
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Table 1.2: Grains and oilseed harvest in Alsace. Adapted
from (Mallet, Wilmes, Orth, et al., 2015).
Grain and Oilseed harvest

2014-2015 Harvest (in Tons)

Accumulated production:
July 1st, 2014 to April 30th, 2015
Bas-Rhin (LowerRhin)

Wheat (Blé)
Barley (Orge)

Haut-Rhin
(Higher-Rhin)

N-1

Evolution
2014/N-1

Alsace

188 630

126 720

315 350

313 090

+1%
+41%

6 390

3 150

9 540

6 770

Rye (Seigle)

130

90

220

565

-61%

Oats (Avoine)

310

300

610

470

+30%

Triticale
Maïs (Corn)

1 190

875

2 065

1 740

+19%

752 730

622 170

1 374 900

1 096 180

+25%

1 920

1 920

5 330

-64%

949 380

755 225

1 704 605

1 424 145

+20%
+32%

Sorghum (Sorgho)
Total Cereals
Rapeseed (Colza)

8 230

4 460

12 690

9 630

Sunflower (Tournesol)

700

10

710

950

-25%

Soy (Soja)

990

4 700

5 690

4 580

+24%

Peas (Pois)

35

35

20

+75%

19 125

15 180

+26%

Total oilseeds

9 955

9 170

Table 1.3: Market price evolution of Alsatian wines.
Adapted from (Mallet, Wilmes, Orth, et al., 2015).

Average price in €/L

Provisional cumulative campaign 2014/2015
(Bulk transactions)
December 1st, 2013 to
December 1st, 2013 to
Evolution
May 15th, 2014)
May 15th, 2014
2014-2015 / 2013/2014

Sylvaner

1,56

1,68

+8 %

Pinot Gris

2,65

2,98

+12 %

Pinot Blanc

1,81

1,99

+10 %

Riesling

1,96

2,22

+13 %

Gewurzstraminer

3,35

3,87

+16 %

Additionally, the surface area designated for the production of Asparagus in the BasRhin department has exponentially increased from 2000 to 2010. With an initial number of
producers equal to 350 per an estimated area of 270 ha, this number has doubled in the
following decade to 400 ha only for 250 producers. Following this, the production of
Asparagus has progressed an estimate of 15% in surface area. Asparagus production in the
Bas-Rhin department represents one third of the total surface of production Figure 1.16.
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Figure 1.16: Asparagus production surface in Alsace
(Mallet, Wilmes, Orth, et al., 2015).
Cabbage production is another industry that has had prominent results in the region of
Alsace. This is due to the Germanic heritage of the region, and quite interestingly, due to the
great affinity for one of its national dishes, La Choucroute Alsacienne (Alsatian sour-croute).
As of 2016, an estimated production of 38 000 tons of cabbage for a designated 510 ha. This
represents a yield of 70 tons/ha in the region of Alsace (DRAAF, 2017).
1.10.1.2 Floriculture
The Floriculture industry in Alsace is limited to small producers and industries mostly
focused in the production of different species in greenhouses, Several different associations
focus on the local production, and continue to grow and expand (“Fleurs et Plantes
d’Alsace » BSV,” n.d.). Tropix is one of the remaining Floriculturist in Strasbourg, Alsace.
With a designated greenhouse area for Floriculture production of 10 000 m2 (“Tropix Tropix, horticulteur et fleuriste dans le Bas-Rhin,” n.d.). The company was established in
1914 in Strasbourg and has continued its tradition for over a century. Currently,
several points serve as production centers around Alsace, located in Haguenau,
Strasbourg-Koenigshoffen (first), Schiltigheim, Schweighouse, Illkirch, and Hautepierre
each city with different producers. Currently negotiations and research is undergoing
between Hautepierre’s local producer, Sonnendruker, and Fonroche géothermie, to benefit
from the waste heat from the future geothermal power plant, in Eckbolsheim.
An estimate of the energy demand for greenhouse heating is given by (Adaro,
Galimberti, Lema, Fasulo, & Barral, 1999) in the southern part of Córdoba, Argentina, where
annual average temperatures are equal to 17.45 °C, and with estimations for a typical winter
night with temperatures dropping to 0°C (close to the average Alsatian winter low). The total
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energy consumption given for a 105 m2 prototype greenhouse (experimental setup) for a
cold-winter day is equal to 240 MJ, with a maximum power provided (during the coldest
hours) equal to 6.1 kW, for a mass flow rate 𝑚 of 0.25 kg/s, inlet water temperature of
20°C, and exit temperature of 15°C, for a covered ground heating system. For a typical
winter day, in a 1000 m2 greenhouse, the transferred energy to the environment was found
to have values up to 63.6 MJ. These values correspond to a greenhouse with mean ambient
temperatures of 19°C, and mean external temperatures of 16°C.
1.10.1.3 Barley
France has been ranked as the world’s second largest barley producer for brewing
purposes. Most of the production happens throughout the northern and eastern regions. A
summary of the barley production in Alsace is shown in Error! Reference source not
found.. In 2013, the country had a total production of 3,6 million tons of barley (brewbarley), produced in an area equal to 1,6 million ha.
1.10.1.4 Malt
Alsace is part of the largest malt producer grand region in France. For more than 25
years, the country has ranked as number one producer of Malt. In 2015 1,4 million tons of
malt were produced in France (“Production - Association des brasseurs de
FranceAssociation des brasseurs de France,” n.d.). Most of the malt in the grand region is
designated for the production of beer. In Strasbourg, Cargill produces a large range of malts
(from pilsner to different ales) and around 75 000 Tons of malt for national and regional
brewers (“Strasbourg | Cargill France,” n.d.).
1.10.1.5 Beetroot
Beet sugar production in Alsace is a well-established industry, done by the company
Erstein. Seeds are usually planted on March 19th, Saint-Joseph’s day. Harvest of beetroot is
done from August 25 to August 28. Production of sugar from beetroot is done in the
following three months. Harvest of beetroot is mainly devoted to three production zones
within the region of Alsace: Kochersberg, Hochfelden; La plaine d’Erstein; and Le Haut
Rhin (High-Rhin department). Some production is also reported done in Wissembourg and
La Lorraine (“La culture des betteraves en Alsace - Erstein,” n.d.).
1.10.1.6 Milk
In March 2015, 293 thousand hectoliters of milk were produced in Alsace. These figures
show an increase of 12 % compared to the preceding month. The price of milk paid to
producers, consequently, showed a small decrease in comparison to the previous month.
This translates into 336 €/1 000L in March 2015 (Mallet, Wilmes, Orth, et al., 2015). A
progression of average milk prices is shown in Figure 1.17.
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Figure 1.17: Average price of milk in Alsace from April
2014 to March 2015. Source (Mallet, Wilmes, Orth, et al.,
2015).
1.10.1.7 Abattoir
Abattoir activities in Alsace are classified into four main categories, depending on the animal
size and activity. These are identified as large cattle, calves, pork butchery, poultry and
cockerels. A summary of abattoir activities production in 2015 is shown in Table 1.4.
Table 1.4: Summary of abattoir activity progression in
Alsace in 2015 (Mallet, Wilmes, Orth, et al., 2015).
April 2015

Progression
Apr 2015 – Apr 2014

Cumulative
Jan – Apr 2015

Progression
Cumulative / N-1

671

-11%

2 946

-1%

- Cows

140

+5%

687

+20;5%

- Bulls

315

-17%

1 359

-11%

- Heifer

179

-17%

474

-1,5%

32

-11%

144

+3,6%

Pork Butchery

1 004

+7%

4 153

+3%

Poultry and Cockerels

1 012

-1%

3 972

-0,5%

Category
In Tons
Large cattle
Of which

Calves

1.10.1.8 Microalgae (production)
Aquaculture in the region focuses on the production of algae of the genus Spirulina. The
production of spirulina in the region is directed towards the food industry. Three main
enterprises have been identified, which focus in the production of Spirulina as a food
supplement: Spiruline d’Alsace (First Spirulina producer in Brumath and Alsace), Algae
natural foods (Strasbourg), and Spiruline du moulin (Plobsheim). The production of
Spirulina in Alsace is relatively recent, but the weather conditions have proven to aid the
production of the microalgae.
Furthermore, experimental results from the University of Málaga, have shown that an
optimal yield of dry weight (g DW) of Spirulina can be achieved by maintaining year-round
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temperatures stable between 35°C and 40°C. This results in an average yield of 15 g
2
DW/m day (Jiménez, Cossı́o, Labella, & Xavier Niell, 2003). Lesser production can also be
achieved at a lower temperature, with 15°C showing a yield of 6 g DW/m2day. Thermal
energy requirements for drying purposes depend on the technology used. Among these we
can find Flash dryers, Spray dryers, Drum dryers, and Freeze dryers. These have different
thermal energy requirements varying from 2,74, 3,23, 4,32, 3,28 kWh/kg, respectively
(Petrick, Dombrowski, Kröger, Kuchling, & Kureti, 2013). This study uses the Drum drying
technology energy requirements as an example to assessing the potential from geothermal
drying. This technology is common for other activities like sugar refining, grain drying, and
powder milk production.
1.10.1.9 Fungiculture
Some local producers specialize in small scale production of mushrooms. These products
are destined for the local market and are usually sold within the farmers market, or in
accordance with local supermarkets like the U Group, and Leclerc Group. Studies on
geothermal fungiculture applications have shown that temperatures for mushroom
production range between 20°C and 60°C (Bayrakcı & Koçar, 2012). Ello Champi is an
example of a local producer that grows variety of mushrooms, and specializes in the
production of Shitake mushroom, fresh and dried. The drying process takes place in their
facility and the heat duty demands 14 hours of drying at 90°C; 1/8 of the wet weight is
produced in dry weight (from 400 g to 50 g DW)(“Ellochampi - champignons cultivés d alsace
- champignons sauvages de lorraine - spécialités de champignons,” n.d.).
1.10.1.10

Fish farming

Small producers specialize in the production of fish as ornamental and living stock. The
consumption of fish does not fall within the largest numbers in France, although the market
still shows profit. An example of a national producer is Pisciculture Beaume, located in
Belfort, Bourgogne-Franche-Comté. Where they produce and sell (live and dead) fish for
the regional market (“Pisciculture Beaume,” n.d.).
Fish farming usually come from a cascading application and the desired temperatures
can range from 5°C to 30°C, with varying energy requirements, depending on the species.
Geothermal direct utilization for fish farming has shown increased fish production rates from
50% to 100% (Baltic Supply, 2012). A local example of thermal energy applications in fish
farming in France is found in the Aquitaine basin. L’Esturgeonnière de Mios le Tech started
operating in 1992, using thermal energy from old oil boreholes. 75 000 Sturgeons are grown
in 3000 m3 of pond volume.
The temperature for optimized growth is equal to 17°C. It takes 9 years for a female
Sturgeon to produce caviar naturally. With the usage of geothermal energy, seasonal
variations can be avoided, and production time can be optimized, reducing the total time of
caviar production. The economy of this industry has reported values in the order of 3000 –
4000 TOE (Lemale, 2012). Fish yield per volume can be computed as 25 Surgeons/m3 at
17°C.
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1.10.1.11

Non-local examples*

The well-established agro-industry of Alsace has been operating throughout centuries.
As previously discussed, all of the Horticultural activities, as well as the Abattoir activities,
have been established and implemented in the regional context primarily based on the
environmental conditions found in the north of France.
This does not mean that the Alsatian context hasn’t already battled with weather
conditions and harsh environments to open doors for new industrial activities. A perfect
example to this are the multiple floriculture associations that have been operating for over a
century in Alsace. The following activities have shown success in combination with
geothermal direct applications and will be briefly discussed in the context of Alsace, and the
possible demand they could generate.
A) Horticulture:
The production of tropical fruits and vegetables can be a challenge in the region as
the average annual temperatures are found to be 10.2°C. This however, has not stopped
other countries from developing direct usage for the harvest of tropical fruits. An
example of this is seen in Figure 1.18, close to the town of Hveragerði in Iceland. Where
local producers have pioneered with the harvest of tropical fruits like Banana and Lime,
as well as growth of tropical species like Monstera deliciosa, Bougainvillea, and Laurus
Nobilis.

Figure 1.18: Banana and Lime (Citron vert) trees in
greenhouse, close to Hveragerði, Iceland
B) Aquaculture:
A selected project in Húsavík, Iceland is used as an example as it results from a cascading
environment in a Basic Binary power plant that uses geothermal brine at 121°C, with a mass
flow rate of 90 kg/s. The 1,7 MWe binary system condensates using 170 l/s of cold water
which then is supplied to a fish farm at approximately 24°C, the fish farm has an estimated
production of 1,5 million Salmon smolt and 140 tons of trout (Hjartarson, Maack, &
Johannesson, 2005).
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1.10.2 Secondary sector (Industrial)
1.10.2.1 Hop drying
As a Franco-Germanic region, Alsace is well known for the production, drying, and use
of Hops through its history. The cultivation of hops, in fact has been around for over two
centuries, and it started in Haguenau (Meyer-Ferber, 1921). Because of its location, the
region is especially suited for the production of hops, and consequently, there was an
immediate growth in production and beer brewing.
As of 1921, Alsace was ranked as next in importance to Bohemia in the quantity of hops
produced, with a grand total of 92% being grown in the department of Bas-Rhin. From the
local breeds, we can identify two renowned products, “Le Strisselsplater” and “Semis No.1”.
The four stage drying method used for these hops employ rapid currents of air ranging fom
20° to 40°C, to preserve their bright green color (Meyer-Ferber, 1921), and best qualities
(Watson, 1957). Hop drying temperatures have also been described in (Thompson, Stone, &
Kranzler, 1985), showing values ranging from 65°C and 70°C for modified air-flow rate and
temperature (MAT) systems, the former temperature yielding the best quality and results for
high flow rates.
Specifics regarding the energy required for these applications are hard to come by,
however, estimations in diesel fuel consumption for the process can be derived from the
presented data in (Thompson et al., 1985). Traditional Kiln furnaces consist of cylindrical
shaped ovens with diameter ranging from 1.50 to 2.80 m, and hop beds, inside the
experimental set-up where loaded up to 1.0 m (3 ft). This corresponds to a volume of 1.81
m3 Kiln (for a 1.52 m diameter oven). With an average density of 590 kg/m3, for Cone Hops
(Simply Hops, 2011), the total mass used in the experimental set up was 1070 kg (1 ton).
The corresponded diesel consumption for a 9.40 h period was 704 L (Thompson et al., 1985).
With a heating value of 39 MJ/L, we can estimate that for an average 9 h drying period per
wet tone, the thermal energy requirement of hops is approximately 27456 MJ/tons.
1.10.2.2 General crop drying applications
The potential for crop drying applications is very high in the region. This is due to the
prominent agro-industry and the variety of crops produced and processed in Alsace. The
drying of fruits and legumes processes are two of the most energy intensive geothermal
direct applications (Lund & Freeston, 2001, p.). Temperatures usually range from 40°C to
80°C for cereals, and 80°C to 135°C for green crops (Bayrakcı & Koçar, 2012). Drum dryers
are most common among the dairy industry, as well as for grain and cereal drying. Specific
heat consumption values may vary depending on the moisture content of the crop. As a
general rule heat consumption values range from 300 – 450 for small grains to 3350 – 5000
kJ/kg for some legumes and larger crops (Popovska-Vasilevska, 2003).
1.10.2.3 Brewing (Beer)
With a great environment for production of hops and barley, the production of beer in
Alsace has been embedded in the culture since its earliest days, before forming part of the
French republic. Alsace is considered the first brewing region in France. The first brasserie
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in Alsace was founded in 1260 (“Bières d’Alsace | Alsace,” n.d.), and the first known brewer
in Strasbourg dates back to 1302, locally known as Arnold (Entz, 2011).
Small scale industrial production of beer in Alsace has seen a decrease over the last
century. With the improvement of technology over the last two centuries, brewers have been
regrouping into larger industries, and smaller brands are now known part of large
corporatios. From 24 breweries in 1920, the number has reduced to 4 big industries that now
produce most of the beers sold in Alsace in 2010: Heineken, Kronenbourg, La Licorne, and
Meteor. In a way, this is a positive asset for the region, as most of the brewers reach the local
and national market, providing more than 60 % of the total beer production in France (Entz,
2011).
The synergy between geothermal energy and beer brewing can result in one of the best
scenarios for direct usage in Alsace. This comes from the greenhouse gas (GHG) emissions
associated to the production of beer. The US brewers association in their Energy Usage,
GHG Reduction, Efficiency and Load Management report define important values for the
energy consumption, and emissions associated to brewing industry. Values for average
energy use show that 70% of the total primary energy consumption in breweries corresponds
to Thermal energy, in the form of Natural gas (Brewers Association, 2013).

Figure 1.19: Primary energy consumption in Breweries (all
sizes), data from the U.S. Environmental Protection Agency
(Brewers Association, 2013).
With average relative energy use values for a Barrel of Beer (bbl) of
Electrical energy usage

12 to 22 kWh/bbl

Thermal energy usage (Natural gas) 1.3 to 1.5 USTherms/bbl15 (39 – 50 kWh)
15

US Therm corresponds to 100 000 BTU59°F, with a conversion factor to kWh of 29.3001111. The thermal
energy usage for a barrel of beer in kWh equals to an approximate range of 38.90 kWh to 49.95 kWh,
respectively
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Values for a common brewhouse show that, on average, a brewhouse consumes 1.5 US
Therms per barrel of beer using natural gas as fuel, an estimated total of ~126 barrels of beer
can be produced per metric Ton of CO2 (7.935 kg CO2/ bbl), for a conversion factor of 5.29
kg CO2/USTherm (Brewers Association, 2013). These emissions can be exponentially
reduced with the direct usage geothermal energy since there is no combustion associated to
the exchange of heat energy from a geothermal heat source.
In general, the process of brewing beer follows several common steps, in which the
thermal energy is utilized, and waste or spent grain is produced. These processes vary in
temperature and can be as high as 110 °C for the malt milling/drying process, and 100 °C
for the boiling/pasteurizing process (water bubble point tempertature at saturation pressure).
Figure 1.20 serves as an infographic of the temperatures and processes taken in a typical
brewery, the main steps are conserved but specifics processes may vary slighlty depending
on the brewery (“Brewing process | Szent András Sörfőzde,” n.d.).

Figure 1.20: Typical Beer Brewing process. Source : Szent
Andras (“Brewing process | Szent András Sörfőzde,” n.d.).
Spent grain, or organic waste, is generated after the mashing process (process 2 in Figure
1.20). This spent grain then given to local farmers to use as livestock meal (“The Brewing
Process,” n.d.), and in the regional context of Alsace, it could be used as biomass for
biofuels, or in their different thermal power stations.
1.10.2.4 Whisky
Several distilleries are currently operating in the region aiming their production for the
regional and national context. Examples of the most famous Alsatian brands are Meyer,
Elsass, Hepp, and Miclo in Lapoutroie, Alsace. The former and oldest, currently produces
around 200 000 bottles, 60% of which are designated for the regional market (“Le Whisky,
une spécialité bien alsacienne !,” n.d.).
The process of distillation and production of whiskey varies slightly from the production
of beer, although some similarities and common processes can be identified. In general, the
production of whiskey consists of five main steps, Milling, Mashing, Fermenting,
Distillation, Aging, and Bottling. Distillation temperatures for whiskey between 60°C to
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90°C, and several renewable energy integration strategies are described in (WSP group,
SWA, & Carbon Trust, 2012). An example of heat energy demand for a small distillery of
700 m2 with a total of 7.2 GWhth/yr, in Scotland, is shown as part of the study.
1.10.2.5 Dairy
Dairy processing/production compromises one of the Secondary sectors with the largest
economic impact in Alsace. The dairy industry is organized under Coopérative Alsace Lait.
With close to 300 different dairy producers around the region, the cooperative works to
process most of the dairy products in the region. Key figures show a production of around
130 million liters of milk per annum, over 15 500 cows, and a reported revenue of 120
million euros in 2013.
Heat treatment in milk processing is the most common form of energy use in the dairy
industry. Temperature values ranging can range from -15°C – + 5°C for cream storage, to
150°C for Ultra High Temperature (UHT) pasteurization of milk and Milk powder drying.
It is clear that the temperature at which the process takes place depends mostly on the desired
milk by-product, and the economics of the process. Usually, energy intensive processes like
UHT and high-pressure processes (2000 – 6000 bar) are implemented for short periods of
time, and longer periods are designated for common processes like pasteurization (thermal
inactivation of microorganisms) (Ramirez, Patel, & Blok, 2006). Figure 1.21 shows the
general process flow diagram of the dairy industry with their respective temperatures.

Figure 1.21 Process Flow Diagram (PFD) of dairy industry.
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Source Ramirez et al. (Ramirez et al., 2006)
Table 1.5 shows reported values for the percentage of raw milk used for each process in
France, in 2001. It is clear the three top products given priority in 2001 in France were
Cheese, Liquid Milk and fresh milk products, and Milk powder; products with the highest
prospects for a geothermal energy cascading application.
Table 1.5: Percentage of raw milk used from total
production in 2001, in France (Ramirez et al., 2006).
Milk Product

Percentage used (%)

Liquid milk & Fresh milk products

19

Cheese

54

Milk powder

20

Condensed Milk

4

Others

3

Other thermal processes that can benefit from low thermal energy utilization (compared
to high temperature processes) are cleaning in place processes. These processes are just as
essential as the dairy processing steps taken in place. These processes can have two main
purposes: to keep hygiene standards and to avoid fouling (which can cause increased energy
consumption) (Ramirez et al., 2006). A summary of typical energy requirements of cleaning
in place processes is given in Table 1.6.
Table 1.6: Thermal Energy requirements of Cleaning in
place (Ramirez et al., 2006).
Equipment
Cream separation

Thermal energy requirement
(MJ/clean cycle)
0.25 – 0.31

Milk pasteurization

0.14 – 0.3

Heat treatment of cream

0.1 – 0.5

Skim-milk evaporation

6.8 – 28.1

Skim milk drying

1.0 – 2.0

Unit thermal energy requirements from the National Dairy Council of Canadian for milk
processing and dairy products range between 0.6 MJ/L to 5.2 MJ/L of milk, depending on
the process and desired product (WARDROP Engineering, 1997). This study focuses on the
production of Fresh milk products at high temperatures, and Cheese, as these are the most
common dairy products in Alsace (both can be extracted from UHT and Pasteurization).
Energy estimations throughout the proposals will assume the thermal requirements of 1,0
MJ/L for pasteurization and 5,2 for UHT.
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1.10.2.6 Beet sugar
The production of beetroots sugar is commonly done before the coldest months of the
year (e.g. September 15 – November 11). The well-established industry produces
around 75 tons of beetroot per hectare, and with a 16% conversion efficiency, this represents
more than 1 kg/m2 yield of sugar. The following months after the production of sugar are
vital for the company, and compromise the storage, packaging, and distribution of sugar
(“Bas-Rhin,” 2017).
Beetroot sugar processing can have temperature demands ranging from 125°C to
150°C, including pulp drying. It is clear that there is a high potential for a cascading
application with the available geothermal resources in the region. This is due to the
magnitude and scale of the sugar beet production in the region, the thermal energy
requirements, and the emissions associated with the production of sugar beet.
The production of sugar can be separated into several stages, each of which, has its own
energy requirements, and operating temperatures. These processes can be seen as “users”
and “transformers”, where “users” will be denoted as energy consumers. “Transformers”
will be seen as the processes that can be optimized (Sloth & Morin, 2015). A summary of
the processes is seen in Table 1.7. For the purpose of this study, we will focus only on the
“users” and identify the overall energy requirements of the sugar beet processing.
Table 1.7: Processes in sugar beet production separated
according to their energy balance. Source (Sloth & Morin,
2015).
Energy “users”

Energy “transformers”

Extraction

Boilers

Juice heating

Steam turbine

Evaporating crystallization

Juice evaporation

Sugar drying

Steam drying of pulp

Power user (electrical energy consumption)
Drum drying of pulp
The Extraction process requires heat energy; which is to be supplied by the evaporation
plant. The temperature of the juice is usually kept as low as possible, to avoid high energy
consumption during the extraction process. The juice heating process can be done in by
different ways. Each of the different processes for the same step will have different energy
and temperature requirements accordingly. It is, however recommended that the heating is
done up to 92°C to the largest extent possible, as heating above this temperature is performed
stepwise with bleed vapors from evaporators, in a typical factory (Sloth & Morin, 2015). A
summary of the different juice heating processes is shown in Figure 1.22.
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Figure 1.22: Extraction and Juice heating processes
according to heat input. Adapted from (Sloth & Morin, 2015).
Currently, high efficiency factories use up to 170 kWh/ton of beet, without considering
drum drying of the pulp. Some cases report drum drying having an energy demand of 98
kWh/ton of beet, this results in a total of 268 kWh/ton beet. Typical electrical energy
demands in high consumption factories can be up to 30 kWhel/ton beet, and common values
for factories in Germany being 25 kWhel/ton beet (Sloth & Morin, 2015).
Examples of synergetic environments between gas turbines, and steam dryers with juice
evaporation processes are also given in (Sloth & Morin, 2015). Where an estimated gas
consumption of 157 kWh/ton beet, or 1100 kWh/ton of white sugar (with a sugar content of
16.2%, very close to the values given by Erstein. These values are given for an efficient CHP
facility with a 25 kWhel/ton beet production.
1.10.2.7 Wine
Several processes during wine production can be identified as good prospects for
geothermal energy cascading applications. There main ones can be identified as thermal
conditioning of working spaces, fermentation, sterilization and cleaning, and storage (Smyth
& Nesbitt, 2014b) (Eisenman, 1999). Because of the limited thermal applications in the
overall processing of wine, a very low portion of the total energy usage is devoted to these
activities, and even less when part of the thermal conditioning is done by HVAC consuming
electricity. Some studies have reported typical fuel consumption values of 0,5 m3 of natural
gas for a production of 68 703 hectoliters of wine and 11,53 m3 for 77 720 hl, in 70 000 m2
winery in Italy (Malvoni, Congedo, & Laforgia, 2017).
Other case studies in England show that, on average, the distribution of energy in a
winery presents the highest consumption in HVAC systems, with 44% of the total energy
consumption spend on thermal conditioning, and 8% of the total energy consumption for
sterilizing and cleaning (Smyth & Nesbitt, 2014b, 2014a).
Fermentation temperature can be thought of one of the most sensible parameters
throughout the winemaking process. Temperature is carefully controlled and maintained
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depending on the type of wine (White or Red), depending on the sweetness or variety of the
grape, and the yeast (Eisenman, 1999).
Energy benchmarking16 values for wine production in England range from 0,040 kWh/l
to 2,065 kWh/l, with an average of 0,557 kWh/l (Smyth & Nesbitt, 2014b). With 44% of the
total energy consumption being thermal conditioning (0,25 kWh/l), and 8% being cleaning
and sterilization (0,045), the average thermal energy required for the production of wine
equals 52% of the total energy consumption (0,29 kWh/l). Other examples show average
benchmark values ranging from 0,20 kWh/l, in New Zealand, to 2,14 kWh/l for the South
Australian average (Smyth & Nesbitt, 2014a). A regional average can be estimated as 1,17
kWh/l. Since the largest energy usage in a wine production facility consists of thermal
conditioning, and northern England average annual temperatures and climate are very
similar to that of Alsace, we will focus mostly on their average values through the study.
Industrial processing of wine can also benefit the most from processes like Refrigeration by
absorption (170°C – 180°C, or 80°C – 100°C ), space heating (70°C – 90°C), hot water
production for sterilization and cleaning in place (70°C – 100°C, up to 20 minutes), and
most importantly fermentation temperature regulation (4°C – 16°C White & 20°C – 30°C
Red), see Figure 1.2.
1.10.2.8 Biofuel
The potential for biofuel production with geothermal energy in Alsace can be identified
from the current regulations and biofuel production activities by several industries. In the
first month of 2018, the first biogas cylinders where commercialized in Benfeld, Alsace, by
the company Butagaz. This debuting production consisted of Bio-Isobutene produced from
(10 – 15%) beetroot residues, and other organic compounds (“Alsace,” n.d.). Alternatively,
the implementation of the bio-carburant SP95-E10 since 2009 has given rise to the
consumption and demand for Ethanol/Bioethanol in the country.
The transition for a mixed unleaded fuel comes in action in January 30th 2009, after the
order of January 26 of 2009 related to the characteristics of the premium unleaded SP95E10. In summary, the fuel may only be sold if it complies with the Article 2, or any other
standard or specifications in force in a member state within the EU, EEA or Turkey,
guaranteeing an equivalent level of quality for the same environmental conditions (Arrêté
du 26 janvier 2009 relatif aux caractéristiques du supercarburant sans plomb 95-E10 (SP95E10), n.d.). Furthermore, Article 43 of the Energy Transition for Green Development (Loi
de Transition Energétique pour la Croissance Verte) has given priority to the development
of advanced bio carburants while preserving investment on conventional bio-carburants
(“Biocarburants,” n.d.).
The bio-carburant SP95-E10 is a mixture of unleaded petrol/gasoline with 10%
Bioethanol (E10: Ethanol 10%). The usage of the mixture forms part of France’s energy
independence strategies, as well as its campaign to reduce GHG emissions (GHG emission
16

Energy benchmark is a measure that allows a winery in this case, to compare its energy operating
performance against a metric unit that represents ‘standard or optimal’ performance
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is estimated to reduce to 50% for vehicles using SP95-E10). The Ethanol/Bioethanol used
for SP95-E10 in France is almost entirely locally produced, notably in the north, the Parisian
basin, Alsace and the South-western region.
Several organic compounds can be used in the production of biofuels, and examples
range from the use of cereals to oilseeds, the use of microalgae strands like spirulina, and
the use of different other carbohydrates such as sugar. The spent organic material used
throughout different industrial processes like beer brewing, whiskey distillation, organic
waste from wineries, waste from beetroot sugar production, and smaller sectors could
contribute to the recovery and production of energy in the form of biofuel in Alsace.
As an example of agricultural applications for bioethanol17 production, the primary raw
materials used in the production of bioethanol in Turkey are (Bayrakcı & Koçar, 2012):
•
•
•
•
•
•

Sugar beet and residues
Potato
Molasses
Wheat straw
Corn and corncobs
Lignocellulosic biomaterials

An estimation of bioethanol production requirements from different crops in Turkey is
given in Table 1.8, the selected raw products correspond to common crops for the region of
Alsace and the ones given for Turkery (Bayrakcı & Koçar, 2012). Other raw materials have
been ignored for the purpose of this study.
Table 1.8: Bioethanol productivity based on raw material.
Sources (Bayrakcı & Koçar, 2012) (Markou, Angelidaki,
Nerantzis, & Georgakakis, 2013).
Raw materials

Bioethanol production potential (l/ton)

Sugar beet

110

Potato

110

Corn

360

Barley

250

Wheat

340

Other cellulosic biomaterials

280

Spirulina18
17

206.77

Bio-Ethanol is an ethyl-alcohol produced from high-in-carbohydrates organic material. The production of
Ethanol consists of several processes that vary in temperature requirement like fermentation, distillation, and
dehydration.
18
The results given for Spirulina (Arthrospira Plantensis) 16.32 g EtOH/ g dw (ton EtOH/ton dw) result from
experimental results for bioethanol yield per grams of dry weight (g dw) of the microalgal biomass (Markou,
Angelidaki, Nerantzis, & Georgakakis, 2013). The value given in Error! Reference source not found., result
from computing the volume per ton of dry weight of Spirulina, given the a density of bioethanol 0.7893 g/cm3 at
20°C, 1 bar; or 0.07893 ton/l ( 1000 cm3 ≡ 1 L).
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Another potential biofuel that could be implemented from waste recuperation in Alsace
is Biogas. The production of biogas consists mainly of anaerobic digestion of organic
materials. The composition of biogas is mostly methane (40 – 70%), and carbon dioxide (60
– 70%), along with other gaseous traces like hydrogen sulfide (present in geothermal
reservoirs as well), hydrogen, nitrogen, and carbon monoxide. Biogas has been widely used
as a substitute for Natural gas due to its flammability and similarity with it. Natural gas, as
a source of fuel in Alsace, is commonly used in processes like district heating (boilers),
residential uses, transportation, and for power production.
The production of biofuels with geothermal energy depends on the required process, and
thus the type of fuel to be produced. Examples of thermal energy requirement for biofuel
production range from 35°C – 45°C for biogas anaerobic digestion, and 75°C – 150°C for
distillation in Bioethanol production. Other experimental values show that it is possible to
produce Ethanol at a temperature of 112°C with a 400 MWe power plant’s flue gas mass
flow rate of 342.7 kg/s, for a production 260 000 l/day while the plant operates at 70%
(Yang, Boots, & Zhang, 2012). Other studies report thermal energy requirements for
distillation processes ranging from 4,91 MJ/L to 9,82 MJ/L (Philippsen, Wild, & Rowe,
2014).
1.10.2.9 CO2 recuperation (Carbon recycling)
CO2 recuperation can be done by several ways in geothermal. One of the most important
facts to keep in mind with geothermal resources is the chemical composition of the brine,
and the dissolved gases in the reservoir. CO2 is one of them, and when a geothermal energy
process has been executed, the release of Hydrogen Sulfide (H2S) along with CO2 is, in most
of the cases, practically imminent. The technology of CO2 recuperation has shown success
in Iceland’s Resource Park. Where the company Carbon Recycling International (CRI) uses
the separated gas from the geothermal power plant and isolates the CO2 from the H2S. After
the CO2 has been isolated, it is then mixed with hydrogen that has been extracted from water
by electrolysis to create methanol (“Resource Park,” n.d.). Applications for methanol vary
from anti-freeze, fuel, solvent, and for the production of Biodiesel by transesterification.

1.10.3 Tertiary sector (Tourism & Leisure)
1.10.3.1 Swimming pools
The EMS is in charge of 9 different pools located throughout Alsace. The aquatic
activities designated for the swimming pools go from sport & gymnastics to leisure and
recreation (roman baths, sauna). The location of the pools are distributed around the different
towns/communes with higher demand and potential users. These are: Strasbourg,
Schiltigheim, Hautepierre, Hardt, Kibitzenau, Robertsau, Lingolsheim, Ostwald, and
Waken. Within these, the different uses are present according to the demand.
Geothermal integration in swimming pools has temperature requirements ranging from
30°C – 45°C in the most of the cases. A successful usage of geothermal heat in swimming
pool is implemented in the Hveravellir geothermal power plant, in Húsavík, Iceland. 190 l/s
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at 4°C is taken from a nearby fresh water supply and heated to 30°C using 20 l/s – 80°C
water from storage tanks, where is then used in the local bathing lagoon (190 l/s, 30°C) and
a nearby fish farm (20 l/s, 30°C) (Hjartarson et al., 2005).
1.10.3.2 Balneotherapy
Superficial thermal activity has already been identified in the region of Alsace. In fact,
some towns already profit from the usage of superficial thermal water, product of the high
subsoil thermal gradient. Two thermal spas are already in operation in Alsace: Niederbronnles-Bains, and Morsbronn-les-Bains, both situated north of Strasbourg.
There are several accepted terms for the classification of geothermal hot springs, but
most of them focus primarily on the surface temperature (Peninsula Hot Springs, 2013):
•
•
•

Cold springs: Hypothermal < 30°C
Tepid/warm springs: Thermal 30°C – 40°C
Hot springs: Hyperthermal > 40°C.

The usage of geothermal hot springs and mineral rich water has reported positive health
properties. Some spas around the world have reported usage of geothermal plant’s waste
water directly for their swimming areas, as it is in the case of the Blue Lagoon19, Iceland.
Here Silica (SiO2) rich brine is used throughout the entire facility and has reported positive
health & skin properties.
1.10.3.3 Brasseries
The concept of a micro-brewery (or artisanal brewery) direct application from
geothermal energy follow the same principles as industrial-scale production of beer. The
energy requirements, however, can be thought of higher per barrel of beer due to limited
sells and smaller scale production (economies of scale). However, the development and
integration of a direct application of geothermal energy for a micro-brewery has high
potential in the region of Alsace. This industry targets mostly local production and serves as
a tertiary sector as it also focuses on leisure and tourism as their primary market.

1.11 Cascading Energy
The most efficient use of a geothermal resource within an industrial ecosystem is in
cascading applications. This means that the geothermal energy is not only limited to high
temperature usage in a single facility but rather a series of incremental energy harvesting
steps from the cascading usage throughout multiple processes within the different industries
19

The Blue lagoon in Iceland was formed in 1976, following the operations of the nearby geothermal power
plant, Svartsengi. From this date to 1981 people started bathing in the silica rich water and started noticing the
positive effects that the mineral rich brine had on their skin. From 1987 – 1995 the first public bathing facilities
open, followed by the opening of special clinics and special skin products launch. The Blue Lagoon has a
research and development (R&D) center with several scientific publications regarding geothermal water
properties, Algae production center, and Silica production center (“Blue Lagoon Geothermal Spa in Iceland,”
n.d.).
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that constitute the Eco-Industrial park. Examples of eco-industrial parks that have already
established successful cascading applications from a geothermal resource are Nesjavellir
(DiPippo, 2015), Húsavík (Hjartarson et al., 2005), and Svartsengi/Reykjanes (“Resource
Park,” n.d.), in Iceland. A flow diagram of the direct applications in Húsavík is shown in
Figure 1.23.
The energy transfer rate given throughout these processes depends on the temperature
drop and the mass flow rate of the geothermal brine in the process. This relation is given by
equation

𝑄 = 𝑚[F0 𝐶\ ∆𝑇
Where,
𝑄
𝑚[F0
𝐶\
∆𝑇

(1.5)

= Thermal energy given/received by the system (kWth)
= Geothermal source fluid mass flow rate (kg/s)
= Geothermal brine specific heat at constant pressure (kJ kg-1 °C-1)
= Source fluid temperature drop (°C)

Figure 1.23: Orkuveita Húsavíkur (Húsavík Energy):
Multiple-use of geothermal resources in Húsavík. Source
(Hjartarson et al., 2005).
These processes will be carried by means of heat transfer through large heat exchangers,
avoiding the mass contact between the geothermal source fluid and any other mass flow
(within the process). The thermodynamics of the cascading proposals will be discussed in
section 2 of the document. The following subsections will address the geothermal potential
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and possible cascading scenarios.
The geothermal fluid will be extracted from the reservoir at an expected temperature of
200°C, and by the time it reaches the wellhead the temperature shall be approximately
195°C. Since most of the processes will be carried out without a lot of pressure drop in the
geothermal fluid side, we can assume a constant specific heat of 4,47 kJ/kg°C (for water at
195°C and a pressure of 15 bar). An estimated mass flow rate of 84.5 kg/s is expected at the
Vendenheim production wells. As mentioned in section 1.5.3, the approximate reinjection
temperature in Vendenheim is 56.6°C. Based on this data we can assume a safe value of
60°C for the final reinjection temperature, in order to ensure that no silica precipitation will
occur throughout the processes. With the assumed values, as per equation (1.5), the available
thermal energy for direct applications equals 50,992 MW20.
Three geothermal energy scenarios are presented in the following chapters, two of which
result in cascading applications, and one corresponding to full capacity electricity production
from a binary power plant. The first scenario will consider only direct applications without
the production of electricity. The second scenario considers partial electricity production
with cascading applications starting from 140°C. The third and final scenario takes in
Geothermal brine at 200°C from the reservoir and reinjects at 60°C for a full capacity power
production.
The following industries have been selected to make use of the geothermal energy for
direct applications:
•
•
•
•
•
•
•
•

Milk production and processing
Hop/Malt drying and beer production
Sugar beet processing
Wine production
Swimming pool heating
Microalgae production and drying
Greenhouse heating for floriculture
Biogas production by anaerobic digestion.

The selection of the industries that will benefit from the geothermal resource is based on
the production, scale, and the reach that the company/brand has in a regional and national
scale. It is considered that the larger and better established a company is, the better results it
can have with the implementation of a geothermal direct application. Furthermore, the
selection of the industries is also based on the temperature requirements and the availability
of the resource. Although it is clear that the resource is available at 195°C, devoting all the
thermal energy for few processes may result in unfeasible and unsustainable usage of the
resource. For this mater, processes like Refrigeration by absorption, Paper pulp digestion,
Wood drying, Bioethanol distillation, etc. (> 150°C) are considered unfeasible. A more
thorough analysis can be performed to assess the feasibility of geothermal energy direct
usage for all the previously mentioned Alsatian industries.
20

The value 50 991,525 kW is equal to 50,992 MW (approximately), and with a full capacity production on a
annual basis, this is equal to 446,69 MWh/yr energy production.
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1.11.1 Cascading scenario I: No electricity production
In general, the first cascading scenario will be proposed as a direct usage only
environment. The purpose of this is to assess the maximum thermal potential, and the
equivalence to each industry production. The beginning of the first cascading scenario takes
the brine from the production well and heats up cold underground water to the maximum
utilization temperature. It is common to assume that underground cold water reservoir is
kept at the average annual temperatures, which from Figure 1.13 it is estimated to be 10.2°C.
The cold/fresh underground water can be used initially to maintain appropriate
temperatures for the white wine fermentation, rejecting part of its heat during the hot months,
and resulting in a controlled temperature increase by bringing the cold water to 13°C. By
assuming that no process will be using temperatures higher than 150°C, we can decide the
maximum temperature to which the fresh/cold fluid will be heated to be 170°C. This will
guarantee that enough temperature is available for the desired industrial processes. The
reason for heating a secondary fluid is to ensure that no precipitation will occur during the
cascading applications that use lower temperature than the geothermal brine’s silica
saturation temperature. An energy balance is done using equation (1.5), to determine the
maximum heated water flow rate. This is done by estimating the available thermal energy
from the geothermal source fluid, 50 992 kWth. At atmospheric pressure, 13°C, the fresh
ground water has a Specific heat (Cp) of approximately 4,2 kJ/kg°C. Solving for the fresh
ground water mass flow rate (𝑚^7FG3 ) yields a total of 77,33 kg/s.

Figure 1.24: Designed thermal processes within proposed
industries for both cascading scenarios.
As per the Resource Park, and Húsavík Energy in Iceland, a geothermal eco-industrial
park needs to have a global entity that manages the proper exploitation of the resource. In
most of the case studies, it is common to see that this entity is directly related to the power
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company (or in some cases they both result in the same entity). The average thermal energy
requirements for each industry is given by equation (2.5). Since the dairy industry generates
the largest share of products for local consumption, a large capacity will be designated for
its different processes.

1.11.2 Cascading scenario II: Combined Heat & Power
The second cascading scenario contemplates electricity production from a subcritical
binary power plant using 59% of the source fluid flow rate, and the remaining 41% is used
in direct applications. The geothermal fluid will be cooled down, as per the first scenario, to
60°C, before being reinjected into the reservoir. In the geothermal binary system, the source
fluid’s (geothermal brine) minimum return temperature serves as a function of the
vaporizing pressure, and the maximum power output. This is further explained in Section 2,
and it also used to compare the performance of different working fluids, within the same
binary power plant.
The energy demand of each industry serves as a function of the thermal energy
consumption, and the number of processes carried out within the industry. Furthermore, the
energy devoted for each industry follows the role each industry plays in the Alsatian
economy. Similar to the first cascading scenario, fresh cold water is taken from underground
and heated to a maximum temperature of 160°C. The reason for assigning a lower maximum
temperature than in the first cascading scenario is to ensure that the system has sufficient
mass flow rate for simultaneous activities and industries.
The fresh water will be heated step-wise to increase the efficiency of the system. First
the water is extracted and used as the heat sink of the geothermal binary plant. This first step
will bring the water to a slightly warmer temperature as it condenses the working fluid.
Second, a portion of the fresh water mass flow will be heated to the desired maximum
temperature, another portion of the total mass flow will be used in combination with cold
water (at 10,2°C) until it reaches the adequate temperature for fish farming, the remaining
mass flow will be combined with the outflow from the fish farm, and the industrial
applications.
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Chapter 2
2

Thermodynamics
“The second law has a reputation for being recondite, notoriously difficult, and a litmus test of
scientific literacy. Indeed, the novelist and former chemist C. P. Snow is famous for having asserted in
his «The Two Cultures» that not knowing the second law of thermodynamics is equivalent to never having
read a work of Shakespeare.”
– Dr. Peter Atkins (Atkins, 2007).

This chapter addresses the mass and energy transfer processes that occur throughout a
geothermal cycle. First, we will open with basic concepts and energy transfer and the
physical laws and principles that govern the functioning and operation of a geothermal plant.
Most of these concepts will be addressed and derived mainly from the first and second law
of thermodynamics.
This chapter will open by addressing the means of transferring energy as heat. Since the
direct utilization of thermal energy implies the transfer of energy as heat, the first section is
followed by the mathematical model of the first and second cascading scenario. The third
section of this chapter deals with the theoretically maximum work possible at each stage of
a geothermal process. This is also known as Exergy. Following this we present the CHP and
the binary power plant proposal, main assumptions, and physical parameters. This chapter
concludes with the analysis and discussion of the efficiencies of all three proposals (One
direct usage scenario, a CHP, and a Binary power plant).

2.1 Mathematical model of cascading scenarios
2.1.1 Conservation of energy and open systems
In a geothermal cycle, open processes take place (e.g. processes that allow the transfer
of mass in and out of the system), allowing us to make use of the system’s internal energy
and transfer it as heat. This can be better visualized by deriving the first law of
thermodynamic for open systems. Starting from the law of conservation of energy,
I_`a`bcd
I2

∆𝐸G ≡
Where,
∆𝐸G

𝑚-8 𝑢-8 +

j
ghi

k

+ 𝑔𝑧-8 −

= 𝑄-8 − 𝑊0E2
𝑚0E2 𝑢0E2 +

(2.1)
j
gmnb

k

+ 𝑔𝑧0E2

= Total energy change of the system [J/s ≡ Watts]

(2.2)
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𝑄-8,0E2
𝑊-8,0E2
𝑚-8,0E2
uin,out
vin,out
zin,out
g

= Sum of all energy given to/by the system as heat [Watts]
= Sum of all work done in/by the system [Watts]
= Sum of all mass flow rates in/out of the open system [kg s-1]
= System’s specific internal energy at initial/outlet state [J kg-1]
= System’s specific initial/outlet velocity [m s-1]
= Inlet/outlet or initial/final height [m]
= Universe’s21 gravitational acceleration [m s-2].

It is important to remember that when dealing with open systems, as the mass flows
through the system and does work in the system, it also undergoes a change in volume and
pressure. This is the definition of the state property enthalpy,

𝛥𝐻 = 𝛥𝑈 + 𝑝𝑉
Where,
Δ𝐻
Δ𝑈
p
V

(2.3)

= Enthalpy [J] ≡ 𝑚 ℎk − ℎU ; h = specific enthalpy, with values of [J/kg]
= Internal energy [J]
= Pressure [Pa]
= Volume [m3]

In a constant pressure process H = U. As per most processes in a geothermal energy
cycle, a mass conservation is assumed, and the effects of kinetic and potential energy can be
neglected, equation (2.3) is reduced to

∆𝑈 ≡ ∆𝐻 = 𝑄-8 − 𝑊0E2

(2.4)

Equation (9) is used in the analysis of most energy transfer processes within a geothermal
cycle, from heat exchangers, to pumps and turbines.

2.1.2 Heat exchangers
Heat is defined as the means of energy transfer from a body at a higher temperature, to
a lower temperature. It is by the means of energy transfer as heat, or the spontaneous flow
of heat, that the concept of a heat engine is formulated. One natural way of having a
spontaneous thermal energy transfer between two systems is by the means of mass flow, as
per equation (2.5), or

𝑚 ℎk − ℎU = 𝑄UBk

(2.5)

A heat exchanger is thus a device engineered to make use of its physical properties and
the spontaneous flow of heat, to transfer energy from a system to a secondary system without
having the two masses in contact, see. Energy balances are computed throughout the analysis
of heat exchangers, as per the main heat exchangers in the cascading scenarios and the binary
system,

21

Universe, in thermodynamics, refers to the part of the universe that is outside the system in question (e.g.
universe that surrounds the system in question). In the variable above, the g refers to the gravitational
acceleration present in the universe where the system is being analyzed, simply put 9,81 m/s2 for earth.
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𝑄v = 𝑄w

(2.6)

Where,
𝑄v
𝑄w

= Energy given by geothermal source fluid/brine in heat exchanger [W]
= Energy received by fresh water/working fluid [W].

Since energy is conserved, the change in temperature/of both fluids will depend greatly
on both mass flow rates, specific heat (equation 1.5), or enthalpy (equation 2.5).

2.1.3 First law efficiency
The thermal efficiency, or efficiency, defines how well the energy transferred as heat is
being used. It is also an indicator of how much, from the total available energy un the system,
is being used in the process (Cengel & Boles, 2014). Equation (2.7) serves as a metric to
address the assigned thermal energy in a specific process,

𝜂23 =

x n`cy

(2.7)

_hi

Where,
𝑄EGFz = Thermal Energy used in the industry/process
𝐸-8
= Energy given by the geothermal brine
And the thermal efficiency for a geothermal power plant is computed as per equation
(2.8),

𝜂A,{6| = 𝜂23 =

}mnb
x hi

(2.8)

Where,
𝑊0E2 = Work/Power output of the thermal power plant
𝑄-8
= Energy given by the geothermal brine
As we can clearly see in equations (2.7, 2.8), the thermal efficiency is directly related to
the first law of thermodynamics (equation (2.1)), and since most processes within a
geothermal cycle (especially direct utilization) deal with energy being transferred as heat,
the thermal energy allocation will be computed throughout the different proposals and
scenarios to address the percentage of energy being used, or how adequately the geothermal
resource is being used.
The thermal efficiency, however doesn’t present a real metric to address how well a
geothermal resource is being used in a CHP or binary unit. Mostly because the energy is
being allocated and distributed in different ways than conventional thermal power plants and
lacks insight in how well the resource is being used based on the environmental conditions
and irreversibilities associated with entropy. For this matter, thermal efficiencies will be
avoided for the cascading scenarios, and second law (exergetic) efficiencies will be
computed to address the real efficiency of the CHP and binary system.
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2.2 Cascading scenarios I & II
The mathematical model of the cascading scenarios is derived based on section 2.1.1,
and equations (2.1, 2.5, 2.6). Energy balances are computed throughout the analysis of each
process, to determine the required mass flow rates, and devoted thermal energy for each
direct usage. Alternatively, the processes where there is mass combination (e.g. two mass
flows at different temperatures to rise or drop the temperature of the fluid, as per the fish
pond) were derived with a simple mass/energy balance of equations (2.1, 2.5, 2.6) and
solving for the desired parameter, as per

𝑄-8 −

𝑄0E2 ≡

𝑚-8 𝐶\,-8 𝑇-8 −

𝑚0E2 𝐶\,0E2 𝑇0E2 = 0

(2.9)

2.2.1 Cascading scenario I
The general process flow diagram (PFD) of the first scenario can be seen in Figure 2.1.
The thermal capacity, temperature requirements and mass flow rate of each industry is
shown in Table 2.1, Capacities are decided according to the influence of the industry in the
Alsatian economy.

Figure 2.1: Process flow diagram of first scenario. Full
thermal power cascading application for Alsatian industries.
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Table 2.1: Cascading scenario 1, main parameters and
design criteria
Mass flow rate
l/s – (% of 77,33)

Temperature usage:
in - out
(°C)

Capacity
(kWth)

Thermal energy
allocation
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦
𝑄-8,[F0

Dairy

38,67 – (50%)

170 – 110

9745

19,11 %

Beer; Hops, Malt drying

23,20– (30%)

170 – 100

6821

13,38 %

Sugar beet processing

15,47– (20%)

170 – 60

7147

14,02 %

Bioethanol distillation

19,34 – (25%)

110 – 90

1625

3,19 %

Crop/ Cereal drying

23,20– (30%)

100 – 70

2923

5,73 %

Greenhouse heating

15,47– (30%)

60 – 50

650

1,27 %

77,33 – (100%)

110 – 60

3150

6,18 %

Swimming pool heating

58,00 – (75%)

71,35 – 30

10 073

19,75 %

Microalgae production/drying

19,33 – (25%)

60 – 50

812

1,59 %

Fish farming (Sturgeon/Caviar)

77,33 – (100%)

35 – 17

5846

11,46 %

Total

77,33 – (100%)

170 –17

48 791

95,68 %

Industry

Wine production

22

(Total)

We can see from Figure 1.24 that the temperature requirements for the internal processes
of each industry can be as low as 10°C (as per the case of the dairy industry). The multiple
temperature internal processes can be achieved by a secondary heat exchanger within the
industry, preserving part of the thermal energy from the geothermal brine, and allowing a
higher exit temperature. Because of this, a return temperature of 110°C is set for the dairy
industry, which yields a total of 9,7 MWth, as we can see in Table 2.1.
The total energy allocation of the first cascading scenario equals 95,68 %. This is because
although the geothermal source fluid is injected at approximately 60°C, the underground
fresh water is cooled from 170°C – 17°C (at the exit of the fish ponds). This means that there
is still thermal energy from 10,2°C to 17°C that was not allocated in any industrial process.
A temperature drop down to the cold water reservoir’s temperature (10,2 °C°) will result in
a thermal energy utilization of 100%.
A more realistic scenario would use part of the available geothermal energy for
electricity production, and the rest for multiple cascading applications. Other examples use
the thermal energy available at the heat sink side of the binary cycle. This is explored in the
upcoming sub-section, where part of the geothermal source fluid flow rate is used for power
production.
The following values are computed from the assumptions of section 1.10, for an average
22

In the wine production industry, temperature requirements are largely spread apart for different processes. As
it is in the case of White wine fermentation (4°C – 16°C), Red wine fermentation (20°C – 30°C), and cleaning
and sterilization (90°C – 100°C). As seen in Error! Reference source not found., the total energy
requirements of the winery will be equal to the sum of the energy requirements of all thermal processes shown
in this industry; 𝑄2026{ = 𝑄„F79F82 + 𝑄G2F7-{-JF . It is important to note that as the rejects wine ferments, it
rejects thermal energy to the cold fresh fluid (process 10, Error! Reference source not found.), which is why
the capacity values are so low, for such a large temperature range.
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of 12 months (8760 hours) with an 85% capacity factor for all industries.
•

•

•

•
•

•

•
•

•

•

23

Dairy industry (9,7 MWth):
- Full power UHT(5,2 MJ/l) ≈ 139,53 hl/yr
- Full power Pasteurization (1,0 MJ/l) ≈ 725,60 hl/yr
Beer (6,8 MWth):
- Barrels of beer (50 kJ/bbl) ≈ 1 015 634.40 barrels of beer /yr
- GHG emission reduction ≈ 8059,06 tons CO2 (7,935 kg CO2/bbl–yr)
Sugar beet (7,2 MWth):
- Full power, White sugar (1100 kJ/ton) ≈ 48 737,46 tons of white sugar/yr
- Full power, Beet root (157 kJ/ton) ≈ 341 472,61 tons of beet processed/yr
Bioethanol (1,6 MWth):
- Distilled (9,82 MJ/l) ≈ 12,13 hl/yr
Crop / Grain drying23 (2,9 MWth):
- Full power yield/year (5000 kJ/kg max) ≈ 4,32 tons/yr
- Full power Grain drying (400 kJ/kg) ≈ 53,98 tons/yr
Greenhouse heating (650 kWth):
- Assuming 1,5 kg/s (10% of GH mass flow) per 1000 m2 greenhouse ≈ 1 ha can be
simultaneously heated (this can also be seen as 650 kWth/ha or an available energy
of 4,8 GWh/yr)
Wine production (6,0 MWth)24:
- Based on estimated thermal req./litre (0,295 kWh/l) ≈ 1 514 440,68 hl /yr
Pool heating (10 MWth):
- Annual available energy (85% capacity factor) ≈ 74 460 MWth
- Heated pool water25 (Circulating water 714,29 m3/h) ≈ 5 318 603,34 m3/yr
- Olympic pool equivalence (2500 m3/pool and ∆T = 12°C) ≈ 2127,44 pools/yr
Microalgae production and drying (1,6 MWth):
- Production single raceway pond26 (30,24 MJ/kg DW ) ≈ 393,97 kg DW /yr
- Full capacity drying (4,32 kJ/kg) ≈ 2757,78 tons/yr
Aquaculture (5,8 MWth):
- Required cold water27 (Qth/{Cp,c∆Tc}) ≈ 204,70 kg/s (736,92 m3/h) at 10,2°C.
- Total warm water consumption (of 278,39 m3/yr) ≈ 2 072 877,09 m3/yr
- Pond equivalence (3000 m3/pond) ≈ 690 ponds/yr

Further studies must be conducted to determine the heat demand for a specific grain. This may vary on
fibrousness, moisture content, relative humidity, drying temperatures, and other environmental factors.
24
Estimated values are found to be so high because of the capacity vs. the low thermal requirements in a typical
winery. The second example shows the production potential when most of the energy is used for space heating
in different wineries, and the remaining thermal energy is devoted for production (fermenting, sterilizing, and
cleaning). The potential for refrigeration by absorption is also available in a temperature range of 80°C –
110°C.
25
The standard Olympic pools have a volume of 2500 m3, for a depth of 2 m. A mass balance is computed with
equation (12) to determine the maximum pool water to be heated with the capacity. A total of 714,29 m3/h will
be constantly circulating through a facility with various temperature uses decreasing from 42°C to 30°C (∆T =
12°C).
26
Circulation of 1 kg/s of water though 400 m2 (10 m x 40 m) raceway ponds with a 0.5°C (40°C – 39,5°C)
temperature drop would have an average yield of 6 kg DW /day-pond (15 g DW /m2 day), with a rate of
consumption of 2,1 kJ/s-pond. This is equal to a daily consumption of 181,44 MJ/day-pond.
27
Required fresh underground water to bring the 77,33 l/s to a temperature of 17°C for the fish farm use.
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As seen throughout the different proposals, the cascading environment using geothermal
energy from the production well at 195°C results in more than enough to satisfy all of the
proposed industries thermal requirements. The values used result from different case studies
and results from experiments to help assess the proposed industries for a geothermal EcoIndustrial Park in Alsace. These results however, can show very high values in some of the
industries because the devoted thermal energy for their activities exceeds the very low
thermal energy requirements. We can see this in the Winery results, where the available
thermal energy would exceed current Alsatian annual production of wine. This means that
the devoted energy for the winery can be reduced to match a typical Alsatian winery, while
using more energy in other industries.
Other cases, however, seem more reasonable. Where the thermal capacity is sufficient to
match average production of some industries in Alsace, or France. The case of the Sturgeon
pond considers warmed water circulating at a rate of 282,03 l/s (1015,308 m3/h) through
3000 m3 ponds. This is equivalent to circulating 33% of the total volume of a single pond,
every hour, in order to maintain a suitable temperature of 17°C. Similarly, the swimming
pool scenario makes analogy to that of Icelandic water parks, where water is used at different
temperatures, in a cascading environment. The circulating warm water (at 42°C) in the
swimming pool facility equals 504,20 m3/h. This corresponds to circulating 20% of the total
volume of a 2500 m3 Olympic pool every hour.
The usage of thermal energy in the main industries of Alsace is not limited to the results
shown in the examples. This means that in a dairy industry, the usage of thermal energy can
be divided between processes like UHT, Pasteurization, Cheese, Whey, Powder milk,
Cream, butter, and cleaning. The same is true for industries like wine and beer production,
where temperature utilization cascades from the highest to the lowest.

2.2.2 Cascading scenario II
For the second cascading scenario, all thermal energy allocations are calculated on a global
scale (e.g. energy output over maximum geothermal energy input, or kW/Qmax, geo). The
maximum available thermal energy at the wellhead equals 50 992 kWth. This is divided into
two main industries, the geothermal binary power plant, and the resource park.
Since it is more efficient to use thermal energy directly than it is to convert thermal energy
into mechanical energy, and then electricity, a balance is done by devoting a higher mass
flow for the binary system. Approximately 59 % of the maximum geothermal source fluid
mass flow is used for electricity production, and 41 % is used for thermal applications. The
waste heat from the geothermal power plant will also be used to further allocate the thermal
energy extracted from the reservoir. The global PFD and design criteria of the
CHP/cascading scenario 2 is shown in Figure 2.2 and Table 2.2, respectively.
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Figure 2.2: Global process flow diagram of second
Cascading scenario. CHP system
Table 2.2: Cascading scenario 2, main parameters and
design criteria
Mass flow rate
(% of 34,60)
(kg s-1)

Temperature
usage:
in - out
(°C)

Heat input
(kWth)

Allocation of
thermal energy
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦
𝑄2026{,[F0

Binary power plant (3,3 MWe,net)

49,78 – (N/A)

195,66 – 60,41

28 820

56,33 %

Dairy (1)

25,03– (70%)

160 – 110

5256

10,31 %

Beer; Hops, Malt drying (2)

7,15– (20%)

160 – 90

2102

4,12 %

Sugar beet processing (3)

3,58– (10%)

160 – 60

1504

2,95 %

Bioethanol distillation (4)

12,52 – (35%)

110 – 80

1578

3,09 %

Crop/ Cereal drying (5)

7,15– (20%)

90 – 70

601

1,18 %

Greenhouse heating (6)

3,58– (10%)

60 – 50

150

0,29 %

23,25 – (65%)

N/A – 72,31

–

–

Industry

Combined medium temperature (7)
Wine production (8)

12,51 – (35%)

110 – 60

2627

5,15 %

Swimming pool heating (9)

23,25 – (65%)

72,31 – 30

4132

8,10 %

Microalgae production/drying (10)

12,51 – (35%)

60 – 30

1576

3,09 %

35,76 – (100 %)

30 – 30

–

–

Fish farming: Sturgeon/Caviar (12)

45,47 – (N/A)

26,27 – 17

1768

3,47 %

Combined unused fresh water (13)

309,13 – (N/A)

N/A – 26,70

–

–

Return to river {total cold reservoir} (14)

416,53 – (N/A)

N/A – 24,20

–

Combined low temperature (11)

Total

28

35,81 (of 416,53)

160 –22,57

21 294

–

28

98,27 %

The total heat input value result from the sum of all direct applications only. This is because some heat is
recuperated from the power plant and used in the direct applications. Adding the total heat input from the power
plant and the direct uses thus would yield a higher value than the maximum available heat (50 992 kWth).
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The total global thermal energy use of the second cascading scenario, Combined Heat
and Power production, equals 98,27 %. We refer to global thermal energy use to the values
computed from the maximum available thermal energy. Values computed from the
individual heat input for each process (e.g. isobaric heat addition to the binary plant; or
isobaric heat addition for each direct application) are referred to in this research as local heat
input. Local percentage values for the binary plant and for industrial uses thermal energy
usage are given in Table 2.3.
Table 2.3: Local thermal energy allocation of Cascading
scenario 2, CHP system

Process

Binary power
plant
Industrial
usage
Aquaculture

Capacity
(kW)
3248,59
(Electrical)

19 552,16
(Thermal)

1764,88
(Thermal)

Local heat
input
(kWth)
28 820

Assigned thermal
energy
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦
𝑄 -8,{0…6{
𝜂A,{6| = 11,3%

22 497

86,79 %

3068

57,65 %

Computing both the Global, and the local thermal energy allocation gives us a better
insight on the distribution of the geothermal heat, and how much of the thermal input each
activity is using. A brief insight on the power conversion of the CHP is done by computing
the assigned thermal energy to the geothermal binary plant and the net power output, as per
the first law efficiency (equation 2.8). This is also known as the thermal efficiency, equal to
11,3%. The net thermal efficiency values for the Soultz binary power plant are found to be
around 11,2%. From this, we can interpret that the system is converting 11,3% of the thermal
energy injected to the power plant into electricity.
Similar to the first cascading scenario, a temperature-drop down to the cold/fresh water
reservoir’s temperature, in all direct uses, will result in 100% thermal energy utilization.
Although the thermal efficiency is a good metric to assess how the thermal energy is
converted, it is not a sufficient metric to really address the real efficiency of the power plant.
We have to consider that in an energy conversion scenario there is a maximum work
potential due to irreversibilities that occur throughout the cycle. This will be further
explained in the upcoming section: Exergy. A Sankey diagram is presented in Figure 2.3 to
visualize the global energy distribution for the second cascading scenario (CHP).
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Figure 2.3: Sankey Diagram of Global energy allocation in
second cascading scenario
The following values are computed using energy and mass balances with equations (2.1, 2.5,
2.6, 2.9) to determine yields of several industries. The energy requirements and main
assumptions are based on section 1.7.3, for an average of 12 months (8760 hours) with an
85% capacity factor for all industries and binary power plant. Same metrics as the first
cascading scenario are used for each industry of the second cascading scenario. Thermal
capacities from Table 2.3 are used in the following examples.
•

•

•

•
•

•
•
•

Dairy industry (5,30 MWth):
- Full power UHT(5,2 MJ/l) ≈ 75,89 hl/yr
- Full power Pasteurization (1,0 MJ/l) ≈ 394,64 hl/yr
Beer (2,11 MWth):
- Barrels of beer (50 kJ/bbl) ≈ 313 476.60 barrels of beer /yr
- GHG emission reduction ≈ 2487,44 tons CO2 (7,935 kg CO2/bbl–yr)
Sugar beet (1,5 MWth):
- Full power, White sugar (1100 kJ/ton) ≈ 10 178,01 tons of white sugar/yr
- Full power, Beet root (157 kJ/ton) ≈ 71 282,40 tons of beet processed/yr
Bioethanol (1,58 MWth):
- Distilled (9,82 MJ/l) ≈ 11,98 hl/yr
Crop / Grain drying (601,44 kWth):
- Full power yield/year (5000 kJ/kg max) ≈ 895,66 kg/yr
- Full power Grain drying (400 kJ/kg) ≈ 11,20 tons/yr
Greenhouse heating (150,36 kWth):
- 1,19 kg/s (𝑚 = 30% 𝑡𝑜𝑡𝑎𝑙) per 1000 m2 greenhouse ≈ 3000 m2 or 30% ha.
This is also equal to 3 average sized greenhouses simultaneously heated
Wine production (2,6 MWth):
- Based on estimated thermal req./litre (0,295 kJ/l) ≈ 664 157,96 hl/yr
Pool heating (4,14 MWth):
- Annual available energy (85% capacity factor) ≈ 30 803,36 MWhth/yr
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•

•

- Heated pool water29 (Circulating water 295,49 m3/h) ≈ 2 200 218,54 m3/yr
- Olympic pool equivalence (2500 m3/pool and ∆T = 12°C) ≈ 880,09 pools/yr
Microalgae production and drying (1,6 MWth):
- Production single raceway pond30 30,24 MJ/kg DW) ≈ 388,55 kg DW /yr
- Full capacity drying (4,32 kJ/kg) ≈ 2721,20 tons/yr
Aquaculture (1,8 MWth):
- Required warm water31 (Qth/{Cp,c∆Tc}) ≈ 45,33 kg/s (163,19 m3/h) at 26,27°C.
- Maximum warm water consumption (m3/yr) ≈ 1 215 112,74 m3/yr
- Pond equivalence (3000 m3/pond) ≈ 405 ponds/yr

2.3 Mathematical model of binary systems
The mathematical model of the binary system follows both the first law of thermodynamic
for the conservation of energy, and the second law of thermodynamics with the account of
irreversibility. Since the first law and most of the processes that involve heat transfer were
described in the previous section, we will proceed with the parameters missing in section
2.2, and the second law of thermodynamics.

2.3.1 Exergy
The first law of thermodynamics allows us to assess the thermal efficiency of the overall
process, and establishes quantity of energy available energy, with a basic conclusion stating
that energy cannot be created nor destroyed but transformed from one form to another.
Throughout the analysis of a geothermal resource, however, it is important to determine
from the beginning the work potential the resource has, or the maximum available energy
that can be converted into work.
The Second law of thermodynamics plays a key role by assessing the quality of the
available energy, and the degradation of the available energy throughout several processes
and generation of entropy (Cengel & Boles, 2014). This is where Exergy comes in handy
while analyzing the energy of a geothermal resource. Exergy (also called availability) is the
theoretical maximum useful work that can be obtained from a specified state for a given
environment and its dead state properties32 (Cengel & Boles, 2014).
Several sources present the main derivation for exergy and specific exergy based on the
second law of thermodynamics for open, steady systems. A more detailed derivation can be
29

As per Cascading Scenario 1, a mass balance is computed from the available thermal energy designated for
swimming pools. Solving for the mass flow rate in equation (12) yields 82,08 kg/s (295,49 m3/h) heated pool
water.
30
Circulation of 1 kg/s of water though 400 m2 (10 m x 40 m) raceway ponds with a 0.5°C (40°C – 39,5°C)
temperature drop would have an average yield of 6 kg DW /day-pond (15 g DW /m2 day), with a consumption rate
of 2,1 kJ/s-pond. This is equal to a daily consumption of 181,44 MJ/day-pond.
31
The required condenser exit water, in this case, depends on the available cold water from the underground
reservoir. Since the temperature of the condenser outlet water is lower than the combined water temperature (in
the first cascading scenario) the 17°C can be achieved with a total of 107,15 l/s, as opposed to 282,03 l/s (first
scenario).
32
Dead state property is referred to as the average properties found where the system in question comes in
equilibrium with the surroundings.
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found in (Cengel & Boles, 2014), and (DiPippo, 2015). The second law statement for
reversible processes in equilibrium with its surrounding or reaches “dead state” is given as
per,
Œj

8

−

𝑚- 𝑠- −
-‰U

Œ•

1 𝑑𝑄
=0
𝑇 𝑑𝜏
(2.10)

where,
𝑠𝜏
Q
T
𝑚-

= Specific entropy of fluid or mass flow at inlet or outlet [kJ kg-1 K-1]
= Time [s]
= Rate of energy transferred as heat [J s-1]
= Absolute temperature [K]
= Mass flow rate at inlet /outlet [kg s-1]

For all cyclic processes we are assuming a conservation of mass, and rewriting equation
(2.4) and integrating equation (2.10), for a maximum work output and a system and its dead
state yields

𝑄0 − 𝑊96: = 𝑚 ℎ0 − ℎU
−𝑚 𝑠U − 𝑠0 −

xm
<m

=0

(2.11)
(2.12)

Solving equation (2.11) for Qo, and substituting it in equation (2.12) to determine the
maximum power output between a system and its surroundings

𝑋 = 𝑚 ℎU − ℎŽ − 𝑇0 𝑠U − 𝑠0

(2.13)

For simplicity and to avoid mixing with the term “E” in equation (2.1), we will denote
the property Exergy rate with the letter “𝑋”, and specific exergy of the geothermal fluid with
“e” as per

𝑒 = ℎ − ℎŽ − 𝑇0 𝑠 − 𝑠0

(2.14)

Equations (2.13, 2.14) are commonly used for exergetic analysis of a geothermal fluid at
a given thermodynamic state (“h”, “s”), relative to its surrounding (“To”, “ho”, “so”). As per
the analysis of cyclic thermal processes, the effects of potential (PE) and kinetic energy (KE)
have been neglected from the conservation of energy statement, as per equation (16). Since
Exergy is expressed in terms of a system and its surrounding, we can also express the
maximum available work from a specific state without the effects of the dead state (DiPippo,
2015), denoted availability function

𝑏 ≡ ℎ − 𝑇0 𝑠
Considering a process between two states then can be expressed as

(2.15)
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𝑒U,k ≡ 𝑏U − 𝑏k = ℎU − ℎk − 𝑇0 (𝑠U − 𝑠k )

(2.16)

This is known as the available work between two specific states, or the maximum
achievable work from a single process.

2.3.2 Exergy accounting and Second law efficiencies
The exergy associated to the energy transfer as heat in a reversible heat engine is given
as

𝑋x = 1 −

<m
<

𝑄

(2.17)

It is clear from equation (2.17), that the magnitude of the heat transfer process follows
the previously mentioned Carnot efficiency and the rate of heat transferred (Cengel & Boles,
2014; DiPippo, 2015). “In the absence of any dissipative phenomena the maximum work
produced by a system is exactly the amount of work itself” (DiPippo, 2015). Based on this
statement it can be assumed that the exergy associated with the work done by a system can
be written as

𝑋| = 𝑊

(2.18)

A conventional exergy accounting for open, steady state systems, accounts for all
dissipative phenomena carried out throughout all the processes between the exergy input
and output. Because, the output exergy will always be lower than the input exergy, and some
exergy will always be destroyed. Exergy accounting resembles the first law of
thermodynamics where the exergy input is associated to the exergy from heat transfer
process and the exergy output associated to the exergy from the work done by the system.
The exergy input is given as
8

𝑋-8 = 𝑋x +

𝑚- 𝑒-‰U

(2.19)
The subscript “i” denotes all incoming streams, and the term “e” indicates the specific
exergy of the fluid, as per equation (2.14). The exergy power output is given as
“

𝑋0E2 = 𝑋| +

𝑚0 𝑒0
0‰U

(2.20)
The subscript “o” denotes all outgoing streams. Exergy accounting, is then be written as
per
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“

∆𝑋 ≡ 𝑋-8 − 𝑋0E2 = 𝑋x +

𝑚- 𝑒- − 𝑋| −
-‰U

𝑚0 𝑒0
0‰U

(2.21)
Since the definition of Exergy is in simple terms the theoretical maximum work possible
between a system state and its surrounding, and the exergies associated with heat transfer
and work depend on the reversible heat engine’s efficiency and the work done by the system,
respectively, the exergy accounting (∆𝑋) should always be positive.
As an example, from equation (2.21) a basic exergy accounting can be computed at the
turbine. This is described as per,

∆𝑋2 = 𝑚|„,- 𝑒- − 𝑚|„,0 𝑒0 − 𝑊

(2.22)

Further expanding equation (2.22) and applying the principles of conservation of mass
∆𝑋2 = 𝑚|„ 𝑒- − 𝑒0 − ℎ- − ℎ0

(2.23)

The subscripts “wf” in the mass flow rate terms refer to the working fluid passing through
the turbine, which can commonly refer to high enthalpy geothermal brines, or low boiling
point hydrocarbons. Similarly, the subscripts “i” and “o” refer to the turbine inlet and outlet,
respectively, to address the exergy of this process particularly. The specific exergy
accounting at the turbine is thus

∆𝑒2 = 𝑒- − 𝑒0 − 𝑤 = 𝑒- − 𝑒0 − (ℎ- − ℎ0 )

(2.24)

We will address the second law efficiencies defined in (DiPippo, 2015), as “Brute-force”
and “Functional” efficiency. Both second law efficiencies in a turbine can be expressed as
per,
AA
𝜂2,•
=

F– CFm

AA
𝜂2,^
=

F–

Fh
Fh BFm

=
=

|CFm
Fh
3h B3m
3h B3m B<m (Gm BGh )

(2.25)
(2.26)

Where the entropy accounting term in the denominators is known as Irreversibility (I):

𝐼 ≡ 𝑇0 (𝑠0 − 𝑠- )

(2.27)

From the functional efficiency in equation (2.26) we can clearly see an example of the
ratio of power produced versus the theoretical maximum. Where the ratio of actual work
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done by the turbine/system (ℎ- − ℎ0 ) to the ideal or maximum work that could be achieved
by the turbine/system (𝑒- − 𝑒0 ). Because of irreversibility, it is impossible to attain the
theoretical maximum work/power at the turbine. A full isentropic expansion at the turbine
(𝑠- = 𝑠0 ) will result in a functional efficiency of 1 or 100%.
Exergy accounting in heat exchangers (HEx) is straightforward, as per the exergy
accounting in a turbine,
∆𝑋˜_: = 𝑋˜_:,-8 − 𝑋˜_™,0E2
(2.28)
For a counter-flow heat exchanger, this means a difference between all the masses and their
respective exergies at their respective inlet, and all the masses and their respective exergies
at the outlet, see Figure 2.4.

Figure 2.4: Conceptual representation of counter-flow heat
exchanger
The exergy accounting for a counter-flow heat exchanger is thus written as

∆𝑋˜_: = 𝑚˜02,- 𝑒˜02,- + 𝑚50{z,- 𝑒50{z,- − (𝑚˜02,0 𝑒˜02,0 + 𝑚50{z,0 𝑒50{z,0

(∆𝑋˜_: = 𝑚˜,- 𝑒˜,- − 𝑒˜,0 − 𝑚5,- (𝑒5,0 − 𝑒5,- )

(2.29)

This can be expressed as, “The exergy accounting in a heat exchanger is the difference
between the exergy given by the hot fluid and the exergy gained by the cold fluid” (DiPippo,
2015). The Brute-force second law efficiency, and First-Functional second law efficiency,
are presented as per equations (2.30) and (2.31), respectively:
AA
𝜂˜_:,•
=

𝑚˜ 𝑒˜,0 + 𝑚5 𝑒5,0
𝑚˜ 𝑒˜,- + 𝑚5 𝑒5,(2.30)
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AA
𝜂˜_:,^U
=

𝑚5 (𝑒5,0 − 𝑒5,- )
𝑚˜ (𝑒˜,- + 𝑒5,0 )

(2.31)
Alternatively, if the hot fluid is no longer used after the heat transfer process, i.e. after a
geothermal brine has given its energy and then we proceed to reinject it, the functional
exergy only takes into consideration the exergy entering the HEx at the hot fluid side of the
equation. The statement is presented as per,
AA
𝜂˜_:,^k
=

𝑚5 (𝑒5,0 − 𝑒5,- )
𝑚˜ 𝑒˜,-

(2.32)
This efficiency will typically show lower values than the first two, as (in the case of
binary power plants) the geothermal brine still has functional energy to give to the working
fluid when it is reinjected into the reservoir.
Alternatively, all energy transfer processes can be analyzed by computing the ratio of
exergy received to exergy given. This is known as the rational efficiency in (Kotas, 2013)
and denoted by ψ (also used in (Cengel & Boles, 2014), simply II law efficiency), as per
AA
𝜓509\
=

where,
𝑋7F…F-gFz
𝑋[-gF8

∆™ ›cœchLcy
∆™ MhLci

(2.33)

≡ 𝑋|„,0E2 − 𝑋|„,-8 = Exergy received by the secondary fluid [kW]
≡ 𝑋[F0,-8 − 𝑋[F0,0E2 = Exergy given by the geothermal brine [kW]

Heat transfer processes are assumed to take place in counter-flow HEx, as per Figure
2.4, computed as per equation (2.5), conducting heat balances with equation (2.6):

𝑚„U ℎ„U,- − ℎ„U,0 = 𝑚„k ℎ„U,0 − ℎ„U,-

(2.34)

Processes that require work will be modeled as per equation (9), neglecting the effects
of heat transfer:

𝑚„ ℎ- − ℎ0 = −𝑊0

(2.35)

Specific exergy of the fluid’s kth element is computed at each stage as per equation (2.14)
to generate the specific exergy column vector:

𝒆 = 𝒉𝒌 − ℎŽ − 𝑇0 𝒔𝒌 − 𝑠0

(2.36)

The Exergy is then estimated as per

𝑿 = 𝑚“ 𝒆

(2.37)
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Exergy utilization differs from functional exergy, as it is computed from the available
exergy of the geofluid, whereas the functional exergy from the geofluid is de difference
between the exergy at the reservoir and the unused exergy. This is seen as

𝑿𝒈𝒆𝒐,𝒖𝒔𝒆𝒅 ≡ 𝑿𝒓𝒆𝒔𝒆𝒓𝒗𝒐𝒊𝒓
𝑿𝒈𝒆𝒐,𝒇𝒖𝒏𝒄𝒕𝒊𝒐𝒏𝒂𝒍 = 𝑿𝒓𝒆𝒔𝒆𝒓𝒗𝒐𝒊𝒓 − 𝑿𝒓𝒆𝒊𝒏𝒋𝒆𝒄𝒕𝒆𝒅
These processes are different from exergy accounting, meaning they don’t consider the
exergy from heat transfer or work as per equations (2.17 to 2.21), but manly deal with the
properties at each state to estimate specific and functional efficiencies of a process. Exergy
accountings computed in the study, however, do follow equations (2.17 to 2.21) to estimate
the degradation of the geothermal cycle.
The main components to be accounted for throughout the exergy accounting
computation will be the main heat exchangers in the power plant (Preheater, Vaporizer,
Regenerator, and Condenser), turbine, and finally the cycle pump
Exergy accounting for heat exchangers are modeled as per equation (2.29). Furthermore,
exergy accounting at the turbine is modeled as per equation (2.23). Exergy accounting for
the cycle pump varies slightly from the turbine analysis, given as

∆𝑒\ = 𝑒- + 𝑤\ − 𝑒0 = 𝑒- + (ℎ- − ℎ0 ) − 𝑒0

(2.38)

The functional efficiencies for pumps are computed as
AA
𝜂\E9\,•
=
AA
𝜂\E9\,^
=

Fm
Fh C F–,°
Fm BFh
F–,°

=

=

Fm
F h C |°

Fm BFh
|°

(2.39)
(2.40)

In general, the second law efficiency for the binary power plant is defined in (Kotas,
2013) as
AA
𝜂5±…{F
=

Where,
𝑊0E2
𝑋-8
𝑋{0GG
𝑋{0GG,…08z

}mnb
™ hi B™ ²m`` B™ ²m``,œmiy

(2.41)

= Power produced in cycle [kW] (𝑊<E7³-8F,[F8 − 𝑊^FFz \E9\ )
= Exergy rate input from the geothermal brine [kW] (at reservoir)
= Exergy loss rate associated to unused exergy streams [kW]
= Exergy loss rate at the condenser [kW]

The general distinction of exergy destruction (𝑋zFG ) and exergy loss (𝑋{0GG ) is given in
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(Bejan, Tsatsaronis, Moran, & Moran, 1996), where destruction is the result of heat transfer,
and friction, in general related to irreversible processes, whereas exergy loss result from
unused (or rejected to the surroundings) exergy streams. With the presentation of the
mathematical model, we proceed with the analysis and modeling the geothermal binary
power system.

2.4 Vendenheim’s binary power plant proposals: Full
capacity electricity vs. CHP
Two geothermal subcritical power plant proposals are developed for this study, a CHP
unit, and a full power production. The first power plant (CHP) was partially analyzed for
global thermal efficiencies and local thermal efficiencies, i.e. efficiencies of each process
from the total available thermal energy, and efficiencies from the heat input to each process
(Power production or Direct usage). The second power plant analysis (full power
production), will be conducted in the following sections, concluding with functional and
utilization efficiencies.
In the following sections we will conduct a thermodynamic analysis and comparison
between each system’s efficiency, and how exergy is degraded from the geothermal and
working fluid until and the source fluid is reinjected, and the binary fluid reaches its final
state. The numerical analysis of the subcritical binary cycle follows the basic laws of
thermodynamic, heat transfer, and exergy analysis to be described in the following sections.
The main data used throughout the analysis follows the available information from several
studies of the Soultz-sous-forêt geothermal binary plant, as well as recommendations of
values for the future binary power plant based on the geological conditions found in Soultz,
and the estimated maximum attainable potential in Vendenheim.
The numerical analysis of the subcritical binary cycle follows the basic laws of
thermodynamic, heat transfer, and exergy analysis to be described in the following sections.
Throughout the binary cycle analysis, we will separate each part of the binary cycle
according to their respective mass flow rates i.e. Geothermal source fluid cycle, working
fluid cycle, and cold fluid cycle (Cold underground water). Flow throughout all the binary
cycle’s pipe is assumed to be isentropic, meaning the same entropy, reversible and adiabatic,
and neglecting all dissipative effects inside the pipes and no friction losses. This means that
the inlet conditions from one component are assumed to be equal to the outlet conditions of
the previous component.
The thermodynamic model and analysis was built and computed in the numerical
package Scilab®, by means of Coolprop® C++ library and functions. A paper covering
CoolProp has been published in the Journal Industrial & Engineering Chemistry Research
(Bell, Wronski, Quoilin, & Lemort, 2014).

2.4.1 Process Flow Diagram (PFD)
The general process flow diagram of the subcritical binary power plant is shown in
Figure 2.5. The main components are shown, previously mentioned, according to the
different fluids working in the general cycle. For the purposes of this study, we will denote
them as Geothermal source fluid (S), Binary working fluid (W), Cold reservoir fluid (C).
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Figure 2.5: Process flow diagram of Subcritical Binary
Power Plant proposal.
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Following Figure 2.5, we can identify the source fluid (s) steps starting from the
geothermal reservoir, until it is reinjected back into the reservoir. A detailed description of
the steps followed by the source fluid (s) is shown in
Table 2.4.
Table 2.4: Geothermal source fluid loop, stage description
and main components.
Point

Stage

s1

Geothermal reservoir

s2

Wellhead / Pressure valve inlet

s3

Pressure valve outlet / Separator inlet

s4

Non-condensable gas outlet

s5

Brine outlet / Vaporizer inlet

s6

Dew point (of binary fluid)

s7

Bubble point (of binary fluid)

s8

Vaporizer outlet / Preheater inlet

s9

Preheater outlet / reinjection pump inlet

s10

Reinjection pump outlet

Description
Geothermal reservoir conditions are assumed based on analysis and
references from the Soultz project (DiPippo, 2015; Genter et al., 2009, 2010),
and estimated based on the measured temperatures in different reservoirs, in
Alsace.
Assuming the wellhead conditions will be similar to the ones found Soultz, a
production well pump will be most likely needed. An estimated maximum
volumetric flow rate of 𝑉 = 350 m3 h-1 is estimated achievable. To avoid
complications with two-phase flow and cavitation in pumps, the source fluid
will be kept in compressed liquid state throughout the cycle.
Pressure control valve with a drop of 1 bar after the production well pump,
and before entering the separator.
The separator, in these proposals, will work to separate the non-condensable
gases from the geothermal source fluid. The most common non-condensable
gases from geothermal reservoirs are H2S, CO2, N2. Separation of the gases
(specially H2S) will lower the risk of corrosion and may be further used for
chemical applications as in Iceland’s Resource Park®.
The separated brine will give its energy to the binary cycle, and for direct
usage now. From this point the highest temperature is considered for the
proposed applications, estimated ~195°C.
The stage at which the binary working fluid reaches its dew point, or the
first drop of dew is formed in the vaporizer (quality x = 100%, saturated
gas). Beginning of Latent heat addition (in the counter-flow HEx, the
beginning of heat addition at the source fluid side happens at the ending of
the heat addition of the working fluid side).
The stage at which the binary working fluid produces the first gas bubble
in the vaporizer (quality x = 0 %, saturated liquid). Lowest temperature
difference (Vaporizer Pinch, ∆𝑇\\,g6\ ) between the Source fluid and the
Working fluid. Ending of Latent heat addition and Beginning of Sensible
heat addition in Vaporizer.
Boiling margin. Ending of Sensible heat addition in vaporizer, between
bubble point and vaporizer outlet (from s7 to s8). Beginning of sensible heat
addition in preheater.
Ending of sensible heat addition in preheater. Preheater outlet temperature
estimated as a function of the vaporizing pressure and power output.
Reinjection pump outlet conditions based on reinjection temperature and
working fluid vaporizing pressure.

Similar to the source fluid’s path, the working fluid (w) at the turbine side of the system
follows a cyclical process and it is described in Table 2.5
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Table 2.5: Working fluid cycle stage point
description
Point

Stage

w1

Cycle pump exit / Recuperator inlet
(Cold side)

w2

Recuperator exit (Cold side) / Preheater
inlet

w3

Preheater outlet / Vaporizer inlet

w4

Vaporizer bubble point

w5

Vaporizer dew point

w6

Vaporizer outlet / Pressure valve inlet

w7

Pressure valve outlet / Turbine inlet

w8

Turbine outlet / Recuperator inlet (Hot
side)

w9

Recuperator outlet (Hot side) /
Condenser inlet

w10

Condenser dew point

w11

Condenser bubble point

w12

Condenser outlet / Pump inlet

Description
Cycle pump outlet pressure calculated for vaporizing pressure. The pump
outlet is also the recuperator inlet at the cold side of the of the stream.
Beginning of Isobaric heat addition. Minimum temperature difference
between cold stream and hot stream (Recuperator Pinch, ∆𝑇\\,7F… ).
Recuperator exit from the cold side of the stream. This stage is directly
followed by the preheater inlet
Sensible heat absorption ending at the Preheater. Beginning of Sensible heat
absorption at the Vaporizer (boiling margin occurs between w3 and w8).
Working fluid produces the first gas bubble in the vaporizer (quality x = 0%
- Saturated liquid state). Minimum temperature difference between working
fluid and geothermal brine (Vaporizer Pinch, ∆𝑇\\,g6\ ). Beginning of latent
heat absorption.
Working fluid reaches dew point (quality x = 100%, saturated vapor state).
Ending of latent heat absorption. Beginning of superheated heat absorption.
Working fluid exits the vaporizer as a superheated vapor. Ending of Isobaric
heat absorption.
Pressure drop before entering the turbine. Beginning of isentropic expansion
at the turbine.
Turbine exit at condensing pressure. Recuperator inlet, initial stage of heat
recuperation before entering condenser.
Ending of heat recuperation, beginning of Isobaric heat rejection at the
condenser. Minimum temperature difference between cold stream and hot
stream (Recuperator Pinch, ∆𝑇\\,7F… ). Condensing temperature are decided
as part of the thermodynamic design of the cycle.
First drop of working fluid dew is produced (quality x = 100 % - saturated
vapor). Beginning of latent heat rejection. Minimum temperature difference
between working fluid and cold water (Pinch, ∆𝑇\\,…08z ).
Ending of latent heat rejection (quality x = 0 % - Saturated liquid state)
Condenser outlet, sensible heat rejection from w11 to w12. Subcooled state
to avoid cavitation in pump.

Condensing water cycle (C) follows the processes described in Table 2.6.
Table 2.6: Condensing fluid stage point description
Point

Stage

C1

Underground high-water table reservoir

C2

Cold water existing pump inlet

C3

Cold water existing pump outlet

C4

Mixed Cold water with additional water
needed / Condenser inlet

C5

Dew point

C6

Bubble point

C7

Condenser outlet / Condenser water
disposal

Description
Water table in Vendenheim is considerably high which allows the usage of a
down well pump to use the ground water as heat sync in the binary power
plant. The water is assumed to be at the average annual Alsatian soil
temperature (T = 10.2 °C).
An existing pump was installed to prevent subsoil contamination from the
old refinery. The same pump will be used to condensate the working fluid in
the binary power plant. 1500 m3 h-1 of water were pumped back to the Rhine
river (~5 km straight distance)
Water is slightly above ambient pressure. The ground water flow rates
depend on the capacity of the power plant. For a full capacity power
production an additional pump is needed, as shown in Error! Reference
source not found..
Existing pumped cold water is now mixed with the additional cold water in
the full power production case. At this point the both flows are assumed to
have the same temperatures due to the pressure increase to maintain a
constant flow. Superheat rejection from C4 to C5
At this point the working fluid reaches its dew point. Latent heat rejection
begins at this point and minimum temperature difference between working
fluid and cold ground water (Condenser Pinch, ∆𝑇\\,…08z ).
Working fluid reaches its bubble point. End of latent heat rejection and
beginning of sub-cooling stage.
Water is disposed back into the Rhine river to maintain high-water table at a
stable level.
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Technical description of the different cycles and systems within the geothermal binary
plant will be exposed in the following chapters, starting with the Resource Gathering System
(RGS) at the hot side (geothermal side) of the process flow diagram (Figure 2.5).

2.4.2 Resource gathering system
The main components of the resource gathering systems will be described in this section,
starting from the production well pump and ending at the reinjection pump.
2.4.2.1 Producion well pump
Drilling goals are set to reach the geothermal reservoir at 5000 m of depth. Site
measurements done at drilling have shown temperatures as high as 180℃at ~4000 m. Based
on this data and data from several studies and analysis of the Soultz project, it is assumed
that the final depth temperature will be as high as 200℃. It is assumed that there is the
possibility that the production wells are artesian, however, due to the early stage of the
project, it is still too early to know the real conditions found in the Vendenheim’s project
reservoir.
As per the Soultz’s project, it is estimated that if a production well pump is needed, a
Line-shaft-pump (LSP) might be needed. (Genter et al., 2009) describes the processes
through which the installation of the down well pump went. A secondary pump was installed
in the project after the initial LSP presented mechanical limitations due to the geochemical
composition of the source fluid, as well as the working temperatures. The new LSP in Soultz
was installed in January 2013 in the GPK-2 well at a depth of 292 m.
In order to estimate and determine a basic value for the pumping power, it is necessary
it is necessary first to begin with the total system head. By definition, the system total head
is equal to the sum of all heads to overcome by the pump, given as

𝐻2026{ = 𝐻G + 𝐻N +
Where,
Htotal
𝐻G
𝐻N
Pdis
Pres
𝜌
g

µyh` Bµ›c`
¶[

+⋯

(2.42)

= Total system head [m]
= Static head [m]
= Dynamic head [m]
= Top of discharging discharge reservoir pressure [Pa]
= Top of the suction reservoir pressure [Pa]
= Fluid’s density [kg m-3]
= System’s gravity [m s-2] ≡ [~9,81 m s-2 for earth’s gravity at sea-level]

Pumping power is given as per,

𝑃=

º˜» [¶
¼°nd°

(2.43)
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Where,
P
= Pumping power [J s-1 ≡ Watt]
𝑉
= Volumetric flow [m3 s-1]
𝜂pump = Pump efficiency [%]
Some of the parameters from equation (2.42) are neglected to conduct a basic analysis
of the required basic production well pumping power and total head. Based on the values
seen Soultz, we can assume the static head of the system is higher than 292 m (for this
example, we will assume the impeller of the pump is placed 10 m below the hydrostatic level
of the well), since production well pumps are typically submerged (Kunaruk, 1991).
Expected values at the geothermal reservoir for the geostatic pressure can reach, or
surpass 250 bara, this is to be confirmed once the TVD is reached from drilling operations.
For the purposes of the analysis it is assumed that the reservoir’s pressure is at 250 bara. For
a geostatic pressure of 250 bar and a temperature of 200℃, an estimated enthalpy of 865 kJ
kg-1 was computed. These thermodynamic properties are important as they let us determine
the density and the minimum pressure at which the fluid can be kept, to avoid phase change,
and cavitation is produced in the pump. This is also known as the available Net Positive
Suction Head (NPSHA) (Streeter & Wylie, 1988),

𝑁𝑃𝑆𝐻¿ = 𝐻¿ + 𝐻J − 𝐻N − 𝐻ºµ
Where,
HA
Hz
Hvp

(2.44)

= Absolute pressure at the hydrostatic level in the reservoir [m]
= Static height of the liquid from the impeller [m]
= Vapor pressure of the fluid [m]

The NPSHr is the Required NPSH and it is given by the pump manufacturer. This value
has to be lower than the NPSHa and it is an important metric, as it will let us determine the
type of pump and impeller setting depth to be used in the production well, to avoid
cavitation. Head values in m derived from pressure in Pascal is computed as

𝐻=

µ
¶[

(2.45)

The dynamic head is calculated as per

𝐻N =
Where,
K
v

Àg j
k[

(2.46)

= Loss coefficient due to pump fittings and pipe roughness K= Kfittings + Kpipe
= Velocity of fluid in pipe [m s-1]

Since the loss coefficient depends on the design of the pumping line, and we’re assuming
a down well pump submerged pump, these losses will be ignored, and we will focus on the
pipe losses,
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𝐾\-\F =

„Â

(2.47)

N

Where f is the Darcy-Weisbach friction factor for a laminar flow with a Reynolds number
under 2320 and for circular full flowing pipe, respectively, in the following equations,

𝑓=

𝑓=
Where,
k
Re

ÄÅ

Ž,kÆ
{0[

(2.48)

Ç
Ë,ÉÌ j
C Î,Ï
È,ÉÊ Íc

= Pipe friction factor, values commonly found on tables, (assuming 0,002)
= Reynolds number

𝑅𝑒 =
Where,
v
𝜐

(2.48)

@F

gN

(2.49)

Ñ

= Velocity [m s-1]
= Kinematic viscosity of fluid [m2 s -1] or

Õ
¶

≡

N±869-… g-G…0G-2±
NF8G-2±

The velocity in the pipe is a function of the pipe diameter and flowrate,

𝑣=
Where,
A

º

(2.50)

¿

= Pipe cross sectional area [m2]

𝐴=

ØN j
Å

(2.51)

Assuming a pipe diameter of 50 cm, a bit larger than some of the values found for the
examples given in (Kunaruk, 1991), equation (2.50) yields a flow area of ~0,20 m2.
Furthermore, computing the velocity for the selected volumetric rate (350 m3 h-1) yields a
value of ~0,49 m s-1.
To compute the Reynold’s number, it is necessary to determine the fluid’s kinematic
viscosity from the dynamic viscosity at a temperature T. Since we’re estimating that
reservoir’s temperature can reach 200℃, the computed kinematic viscosity at this
temperature, and for a density of 882 kg m-3 yields a value of 0,2E-6. The Reynold’s
number, estimated from equation (2.49) is then 1 225 000, equation (2.48) must be used to
determine the Darcy-Weibach friction factor.
Putting all the values in equation (2.48), yields a friction factor of 0,029 for a straight
flow under the assumed conditions. Pipe loss coefficient due to friction (equation 2.47) for
a total lengh of 292 m are estimated to be 16,94 m. The dynamic head (HD) from equation
(2.46) is thus 0,21. Since the dynamic head is a relatively small value, and the given values

71

for the volumetric rate were given as part as a design decision already done in the geothermal
reservoir, no performance estimations were computed in this section
Assuming a reservoir’s static level of 280 (12 m above the pump submergence line), a
suction pressure of 11 bara (1 bar above the vapor saturation pressure at source fluid’s
temperature), and a wellhead pressure of 15 bara, the total head is equal to 327,05 m. The
pumping power is computed with equation (2.43), using the total head of the system, for a
pump efficiency of 75%; the selected values yield a total of 364,57 kW.
As previously established, we know the losses due to friction in the pipe are
approximately 0,21 m, and the vapor pressure is ~10 bara, or ~117 m, based on the
thermodynamic conditions assumed for the reservoir. Finally, the NPSHa can be computed
with per equation (2.44), yields 22,79 m. These metrics allow us to determine and aid with
the selection of possibly one of the most important component in a geothermal power plant
that lacks an Artesian well, the production well pump, however, due to the lack of parameters
of the actual geothermal reservoir in question, we will continue to focus on other metrics
without putting a lot of emphasis on the production well pumps.
2.4.2.2 Wellhead
Properties at the well-head are estimated based on the thermodynamic properties of the
assumed geothermal fluid. Early drilling operations in Vendenheim have shown subsoil
temperatures measurements close to that of the measured thermal gradient in the Soultz
project (see Figure 1.11). Because of this, we will assume that the expected temperature at
the reservoir will be equal to 200℃, similar to Soultz, as mentioned in the previous chapter.
A set of iterating values for different geostatic pressures as a function of the enthalpy were
computed using Scilab with Coolprop® in order to model the hypothetical thermodynamic
conditions of the reservoir.
The closest values that yield the only property known at the time (temperature = 200℃),
and that closely resemble some of the known values in Soultz is an estimated brine enthalpy
of 865 kJ kg-1, and a geostatic pressure of 250 bar. Given these initial values, and the
estimated pumping capacity, we can continue to compute the remaining thermodynamic
properties. We know the work associated to a process that has no heat transfer can be derived
from equation (2.4) (as the work associated with the pumping of the brine),

−𝑊\E9\ =

9 Ù›hic 3hi B3mnb
¼°nd°

(2.52)

and we can clearly see from the previous chapter that the pumping power can also be
derived using equation (2.42). For the assumed reservoir conditions, we have a pumping
power of 364,57 kW. Solving for the enthalpy drop in equation (2.4)

−

}°nd° ¼°nd°
9 Ù›hic

= 𝛿ℎ

(2.53)

Since we want to work with the gross power of the process to determine the enthalpy
drop of the pumping process, we can substitute using equations (2.4 & 2.43) as per,
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𝑃\E9\ =

º˜» [¶
¼°nd°

≡ −𝑊\E9\

(2.54)

Substituting equation (2.53) in (2.54) yields (2.55),
µ°nd° ¼°nd°
9 Ù›hic

= 𝛿ℎ

(2.55)

The enthalpy drop throughout the pumping to the wellhead is then determined, and the
following thermodynamic properties of the brine are estimated at the wellhead.
Table 2.7: Thermodynamic properties at the Geothermal
reservoir and Wellhead
Point

Temperature
(℃)

Pressure
(bar)

Enthalpy
(kJ kg-1)

Entropy
(kJ kg-1K-1)

Density
(kg m-3)

Specific
Exergy [e]
(kW kg-1)

Exergy
[𝑿]
(kW)

Reservoir
(S1)

200,50

250

865

2,30

881

213,8

18 313

Wellhead
(S2)

198,91

15

861,81

2,35

473,48

196,17

16 802,45

2.4.2.3 Pressure valve
A pressure control valve is modeled at the inlet of the separator. The pressure drop at this
stage is a throttling process and with negligible heat transfer effects. Due to this, the process
is assumed to be isenthalpic, and designed to be of 1 barg, yielding the following
thermodynamic properties.
Table 2.8: Thermodynamic properties at the source fluid
pressure control valve outlet

Point

Pressure
valve
outlet
(S3)

Temperature
(℃)

195,66

Pressure
(bar)

14

Enthalpy
(kJ kg-1)

861,81

Entropy
(kJ kg-1K-1)

2,35

Density
(kg m-3)

Specific
Exergy
[e]
(kW kg-1)

312,63

196,01

Exergy
[𝑿]
(kW)

16 788,64

2.4.2.4 Separator
Although no separator or pressure valve are modeled in the analysis of the
thermodynamic cycle of the Soulz power plant, both power producing proposals designed
for the purpose of this study contemplate a separator for non-condensable gases and to have
a better insight of the quality (x) of the fluids and the exergy flow throughout the different
stages of the source fluid cycle, binary cycle, and cold fresh water cycle.
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The modelling of this component assumes the basic thermodynamic properties for the
separated brine, meaning saturated liquid state at the bubble point (x = 0 %), and saturated
vapor state at the dew point (x = 100 %). The following properties were computed at this
stage.
Table 2.9: Thermodynamic properties at the separator,
separated vapor and brine

Point

Temperature
(℃)

Pressure
(bar)

Enthalpy
(kJ kg-1)

Entropy
(kJ kg-1K-1)

Density
(kg m-3)

Specific
Exergy
[e]
(kW kg-1)

Exergy
[𝑿]
(kW)

Separated
Vapor
(S4)

195,66

14

2789,26

6,46

7,19

958,08

1219,62

Separated
Liquid
(S5)

195,66

14

832,73

2,29

869,68

184,51

15 569,02

2.4.2.5 Main Heat Exchangers (Source fluid side)
On the source fluid side of the geothermal cycle, the main heat exchangers are modelled
based on mass and heat balances (as per chapter 2.1.2) and using equations (2.4, 2.5, & 2.6),
as seen in
Table 2.10.
Table 2.10: Thermodynamic properties of main heat
exchangers
Point

Temperature
(℃)

Pressure
(bar)

Enthalpy
(kJ kg-1)

Entropy
(kJ kg-1K-1)

Density
(kg m-3)

Specific
Exergy [e]
(kW kg-1)

Exergy [𝑿]
(kW)

Vaporizer
inlet (S5)

195,66

14

832,73

2,29

869,68

184,51

15 569,02

Vaporizer
dew point
(S6)

190,42

14

796,40

2,21

879.02

170,34

14 373,20

Vaporizer
bubble
point (S7)

168.46841

14

712.74379

2.0257488

899.42111

139.24984

11 749,91

Vaporizer
outlet /
Preheater
inlet
(S8)

81.968481

14

344.3608

1.097991

971,15

33,84

2855,41

Preheater
outlet
(S9)

60,41

14

254,06

0,84

983,56

17,89

1509,95
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2.4.3 Working fluid loop
The binary loop focuses mostly on the energy conversion system, e.g. all components in
the power plant used for energy transfer and power production. The designed binary system
consists of a subcritical system, system to the one currently in operation in Soultz-sous-forêt,
with the use of a recuperator to increase the efficiency of the cycle. In the following
subsections we will discuss the mathematical modelling of all the main components of the
power plant, and their thermodynamic properties.
2.4.3.1 Working fluid properties
A comparison of different working fluid was performed as part of the selection criteria.
As previously mentioned, the currently selected fluid results of a 4th generation working
fluid specifically engineered to follow the Kigali amendment in Montreal and designed to
have low Ozone Depletion Potential, as well as low global warming potential.
The selected working fluid has appropriate thermodynamic properties for the designed
proposal and the geothermal reservoir temperatures of Vendenheim. A list of the main
thermodynamic properties used for the comparison of different working fluids is found in
Table 2.11.
Table 2.11: Comparison of typical Working fluids used in
binary power plants
Working fluid selection criteria
Working fluids
Parameters
Critical Temperature
[°C]
Critical Pressure
[bara]
Ozone Depletion Potential
[0 ≤ ODP ≥ 1]
Global Warming Potential100
[CO2 Normalized]
Fire Hazard
[0 ≤ FH ≥ 4]
Health hazard
[0 ≤ HH ≥ 4]

Water

CO2

R1233ZDe

R236fa

R245fa

nButane

Isobutane

373.95

30.98

166.45

124.92

153.86

151.98

134.67

217.75

72.81

35.763

31.58

36.03

37.46

35.82

0

0

0

0

0

0

0

0

1

0

9810

1030

3

0

0

0

0

0

0

4

4

0

1

0

1

2

1

1

2.4.3.2 Working fluid mass flow rate
The mass flow rate of the working fluid was estimated as a function of the given thermal
energy by the geothermal fluid, derived from equation (2.4) as per

𝑚|„ =

_MhLci,Ù›hic
(3ÛK°,mnb B3Ü>,hi )

(2.56)

The final numerical analysis contemplates the use of R1233ZDe as the working fluid, as
previously mentioned, and performance comparison were computed for different working
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fluids. For this working fluid the condensing pressure at a temperature of 30℃ is equal to
1,52 bara. The final values for mass flow rate, pump capacity, and vaporizing pressures will
be discussed in the upcoming sections.
2.4.3.3 Feed pump
The cycle starts at the feed/cycle pump used to bring the maximum cycle pressure and
maintain the cycle running. The modeling of the feed pump is done as per equation (2.52),

𝑊\E9\,Ý@5 =

𝑚|„ ℎµE9\,0E2 − ℎµE9\,-8
𝜂\E9\

The condensing temperature of the system was selected to be equal to 30℃, and for these
conditions the pressure in the low-pressure side of the cycle will vary according to the
selected working fluid. The high pressure, however was decided as a function of the
maximum power output, and best exit temperature from the preheater, it also serves as a
function of the maximum power output and best return temperature of the geothermal source
fluid. For the purpose of this research, a combined pump/motor efficiency of 75% was
selected for the cycle, and for simplicity, the same value is also used for all pumps present
in the geothermal power plant.
2.4.3.4 Main Heat Exchangers (Working fluid side)
In this section we will discuss the analysis of the energy given to the working fluid at the
vaporizer and the preheater. The mathematical model of both components follows the same
principles as a common counter flow shell and tube heat exchanger, as described in section
2.1.2. The thermal energy balances are computed as per equations (2.4, 2.5, 2.6).
Preheater:
The preheater stage of the binary loop (points w2, and w3 from Error! Reference
source not found.) comes after the exit state of the working fluid from the recuperator.
Since no phase-change happens inside the preheater, the analysis can be broken down
into two thermodynamic states: The thermodynamic state of the fluid at the entrance,
and the state at the exit of the preheater. Only sensible heat is added in the preheater,
bringing the working fluid to approximately 75℃.
Since the preheater is the first heat exchanger in which the working fluid receives
energy from the geothermal source fluid, and the last heat exchanger in which the
geothermal source fluid gives away its energy, the best reinjection temperature is
computed by iterating vaporizing pressures as a function of the source fluid’s exit
temperature. Once the highest power output is found, the best reinjection temperature is
deduced from the optimal vaporizing pressure and capacity. This function is further
discussed in the results
Vaporizer
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The analysis of the vaporizer is broken down in four stages (points w3, w4, w5, and
w5 from Figure 2.5), following the thermodynamic state change of the working fluid as
it enters, changes phase, and exits the vaporizer. Initially, the working fluid enters the
vaporizer in a condensed liquid state and sensible heat is absorbed from the geothermal
fluid until reaching the bubble point and the vaporizing temperature. At this point the
pinch of the vaporizer is decided, for a minimum temperature difference of 4℃.
Latent heat is then added to the working fluid until it reaches the dew point. Before
exiting the vaporizer, sensible heat is added bring the working fluid to a superheated
vapor state. The overall process of the heat transfer at the vaporizer can be seen in Error!
Reference source not found.Figure 2.6.

Figure 2.6: Overall heat transfer process at the vaporizer for
the full power production scenario.
As seen in Figure 2.6, 72,1% of the total energy transferred to the working fluid in the
vaporizer is given as sensible heat until reaching the bubble point.
2.4.3.5 Turbine
The turbine analysis comes after the pressure control valve in the binary loop (pressure
valve points w6, and w7; turbine points w7, and w8 from Figure 2.5). The system has a
pressure drop of 0,05 barg before entering and expanding at the turbine. At the turbine, the
working fluid undergoes a pressure drop from the high-pressure side (31,4 bara) to the lowpressure (1,54 bara) side of the binary loop. The theoretical ideal expansion process is
isentropic; however, the process generates entropy and it follows as

𝑊2 = 𝑚|„ 𝜂-G (ℎ-8 − ℎ-G,0E2 )

(2.57)
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Where,
𝑊2
𝑚|„
𝜂-G
hin
his,out

= Work produced at the turbine [kW]
= Mass flow rate of working fluid [kg s-1]
= Turbine’s isentropic efficiency
= Enthalpy of working fluid at the inlet of the turbine [kJ kg-1]
= Isentropic enthalpy of working fluid at the exit of the turbine [kJ kg-1]

For the purpose of this research, similar values to the ones found in Soultz for the turbine
and generator are used to conduct the numerical analysis. The designed turbine isentropic
efficiency is equal to 80,8%, while the generator has an efficiency of 96,0%, as typically
found in binary power plants. The gross power output from the turbine-generator is thus
computed using both the isentropic efficiency of the turbine, and the generator efficiency.

2.4.3.6 Recuperator
After the expansion, thermal energy is rejected into the same working fluid increasing
the overall thermal efficiency of the cycle, as less thermal energy is rejected at the heat sink,
and the fluid still has exergy. The fluid enters as a superheated vapor and exits in the same
state with less thermal energy.
Similar to the vaporizer, the energy balances are conducted for a counter-flow shell and
tube heat exchanger, and a minimum temperature difference between the two flows. Since
the heat exchanger area is inversely proportional to the pinch value, the design value follows
a balance between the heat exchanger value and the maximum energy given to the fluid.
This is seen in Figure 2.7. The area of the HEx is potentially the parameter that has the
largest influence in the component price.

Figure 2.7: Recuperator pinch value in ℃vs area
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2.4.4 Cold sink
The heat sink loop consists of the usage underground fresh water in the condenser (Heat
Exchanger) of the geothermal cycle. This is done with the usage of an existing pump which
was previously used by the Petroplus to pump water from underground and lower the highwater table to avoid contamination from refining activities. Nowadays, the pumping
operations have stopped with the refining activities, although the usage will be reestablished
at the geothermal binary plant.
The thermodynamic analysis of the condenser follows four states: The working fluid
exits the recuperator and enters the condenser as a superheated fluid in w9 releasing sensible
heat to the cold water from the subsoil. Following this step, the working fluid reaches its
dew point, initiating the latent heat release at w10 until its bubble point at w11. The fluid
undergoes sub-cooling to avoid cavitation problems in the feed pump from w11 to w12 and
exits the condenser in a compressed liquid state.
As previously mentioned, the cold sink takes advantage of the available pump left behind
by Petropuls used during their refining activities. The existing pump has an available
volumetric flow rate of 1500 m3 h-1, to be used as part of the cold sink. This is equivalent to
approximately 417 kg s-1 of cold water. The assumed temperature follows the average annual
temperature in Alsace, which can be derived from Figure 1.13, approximately 10,2℃. As
two scenarios for power production are proposed (one for full capacity electricity
production, and the second for a cogenerating unit), different pump requirements are
considered depending on the required mass flow rate. For the first scenario, no direct
application, a secondary pump is needed to condensate the working fluid at 30℃, and for the
second scenario, no additional pump is needed. The thermodynamic state of the cold water
are computed based on the thermodynamic state of the working fluid as it passes from a
superheated state to a subcooled state, by conducting energy balances at the condenser in
points C4, C5, C6, and C7 of the cold-water side of the geothermal cycle, as seen in Figure
2.5. Heat balances are computed as per equations (2.4, 2.5, and 2.6). The energy rejected
into the cold sink reaches its deadstate once its released back into the river. The computed
values cold-water mass flow rate for the binary plant proposals can be found in Table 2.12.
Table 2.12: Computed cold water mass flow rate needed for
the condenser in both binary plant proposals
Scenario

Computed cold-water mass flow rate for condenser

Full capacity binary power plant (7,31 MWe,gross)
(𝑚|„ = 206,39 𝑘𝑔 𝑠 BU )

601 kg s-1

Combined heat and power binary plant (7,31 MWe,gross)
(𝑚|„ = 206,39 𝑘𝑔 𝑠 BU )

355 kg s-1

Other assumptions taken are the pumping head and operating pressures of the pump.
Since no details were given for this pump we’re assuming a pressure of 0,7 bara at the suction
end and 3,7 bara at the pump exit, or a pressure difference of 3 barg. The cold-water reservoir
pump consumption was modeled as per equation (2.52), yielding values equal to 321 kWe
and 189 kWe for 601 kg s-1 and 355 kg s-1, respectively.
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2.4.5 Result
The first proposal, a full power production from a subcritical binary plant has an
approximate net capacity of 5,7 MWe, and a gross power production of 7,31 MWe. This
means that the feed pump consumption reaches a total of 873 kWe. This makes sense for two
reasons, first the computed mass flow rate for the full power production scenario is equal to
206,39 kg s-1, and second, the working fluid’s pressure goes from 1,53 bara to 31,4 bara, or
the pump has a pressure difference of 29,87 barg for a pump efficiency of 75% (same cycle
pump efficiency as Soultz).
The thermodynamic properties for the binary loop (central circuit in Figure 2.5) are given
in Table 2.13.
Table 2.13: Thermodynamic properties of binary loop in
the geothermal binary power plant scenario
Binary power plant, full power scenario thermodynamic properties (𝑚|„ = 206,39 𝑘𝑔 𝑠 BU )
Point

Temperature
[℃]

Pressure
[bara]

Enthalpy
[kJ/kg]

Entropy
[kJ/kgK]

Density
[kg/m3]

Specific Exergy
[kW/kg]

Exergy
[kW]

w1
w2
w3
w4
w5
w6
w7
w8
w9
w10
w11
w12

29.77
46.68
81.24
158.77
158.77
162.77
162.68
57.96
33.77
30.00
30.00
28.00

31.40
31.40
31.40
31.40
31.40
31.40
31.35
1.53
1.53
1.53
1.53
1.53

268.33

1.24
1.31
1.44
1.75
1.89
1.91
1.91
1.95
1.88
1.87
1.25
1.24

1260.50
1219.47
1126.74
720.24
257.84
223.47
222.90
7.66
8.38
8.51
1250.58
1255.51

3.14
5.00
12.00
46.81
66.80
70.82
70.81
15.62
13.31
13.09
0.84
0.68

647.44
1031.00
2476.34
9660.08
13 787.59
14 616.80
14 613.75
3223.61
2747.14
2700.75
172.35
141.12

289.09
333.17
455.99
514.17
525.76
525.76
480.05
459.30
456.12
267.61
265.16

We can see the working fluid achieves its maximum exergy right about when it exits the
vaporizer and receives all the energy from the geothermal brine.
As opposed to the full power proposal, the cogenerating unit uses 59% of the geothermal
brine for power production, and the remaining 41% for industrial applications. This means
that, from total 350 m3 h-1 geothermal brine, around 206,5 m3 h-1 will be used for power
production, thus reducing the available thermal energy for the binary plant, and the
maximum working fluid flow rate. For the cogenerating unit the computed working fluid
mass flow rate is equal to 121,77 kg s-1, and no additional cold-water pump is needed to
condense the working fluid at 30℃.
The gross power production in the cogenerating unit is equal to 4,32 MWe, with an ORC
pump capacity equal to 515,08 kWe. The net power output from the cogenerating unit is
equal to 3,30 MWe, after considering all parasitic loads. The thermodynamic properties for
the cogenerating binary loop (central circuit in Figure 2.5) are given in Table 2.14.
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Table 2.14:Thermodynamic properties of binary loop in the
cogenerating plant scenario
Binary power plant, cogenerating power plant thermodynamic properties (𝑚|„ = 121,77 kg s BU )
Point
w1
w2
w3
w4
w5
w6
w7
w8
w9
w10
w11
w12

Temperature
[℃]
29.77
46.68
76.69
158.77
158.77
162.77
162.68
57.96
33.77
30.00
30.00
28.00

Pressure
[bara]
31.40
31.40
31.40
31.40
31.40
31.40
31.35
1.53
1.53
1.53
1.53
1.53

Enthalpy
[kJ/kg]
268.33
289.09
327.22
455.99
514.17
525.76
525.76
480.05
459.30
456.12
267.61
265.16

Entropy
[kJ/kgK]
1.24
1.31
1.43
1.75
1.89
1.91
1.91
1.95
1.88
1.87
1.25
1.24

Density
[kg/m3]
1260.50
1219.47
1139.85
720.24
257.84
223.47
222.90
7.66
8.38
8.51
1250.58
1255.51

Specific Exergy
[kW/kg]
3.14
5.00
10.84
46.81
66.80
70.82
70.81
15.62
13.31
13.09
0.84
0.68

Exergy
[kW]
381.99
608.29
1319.61
5699.45
8134.68
8623.91
8622.12
1901.93
1620.82
1593.44
101.69
83.26

An Entropy vs temperature diagram (T-S diagram) is plotted as each step of the
geothermal cycle is carried out and is seen in Figure 2.8. Both systems (Full power
production and the cogenerating unit) follow the same thermodynamic cycle and system.

Figure 2.8: T-S diagram of subcritical geothermal binary
cycles, for a 5,6 & 3,3 MWe,net capacity
Since the only change in both systems result in the given energy by the geothermal brine,
both systems have the same efficiencies, the upcoming sections will focus in the full power
production for the working fluid analysis, exergy analysis, and second law efficiencies.

81

2.4.5.1 Fluid’s performance
The vaporizer pressure was optimized after the initial selection of the working fluid. A
set of iterating values for the vaporizing pressure were computed in the numerical model in
order to determine the optimal return temperature for the source fluid e.g. optimal heat
transfer from the geothermal brine to the working fluid. Since the minimum return
temperature decided for the system is equal to 60℃, the iterating values will not produce a
return temperature lower than the design value. This is better seen in Figure 2.9.

Figure 2.9: Optimal preheater exit temperature and
vaporizer pressure for R1233ZDe in proposed binary system
We can clearly see that the maximum power output occurs at a vaporizing pressure of
31,4 bara, and a source fluid exit temperature of 60,43 ℃ from the preheater. Since each
working fluid has different thermodynamic properties that may perform differently in the
binary plant, a working fluid comparison was computed based on the same principles of
vaporizing pressure, return temperature, and maximum power output. This is plotted as per
Figure 2.10.
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Figure 2.10: Working fluid performance comparison
As seen in Figure 2.10, the selected working fluid has a much higher performance than
other commonly used hydrocarbons in binary systems, with the estimated maximum cycle
power output of 6,45 MWe (without external parasitic loads). Each of these performance
metrics are done without accounting for parasitic power.
2.4.5.2 First law efficiency
Thermal efficiencies for both binary power plant proposals (net full power unit: 5,7
MWe, and net cogenerating unit: 3,3 MWe) result in the same value, since the cycle doesn’t
vary, and the system’s capacity serves as a function of the available thermal energy. In
simple terms the thermal efficiency is a ratio of how much work is produced per heat input,
the same ratio is always produced in both systems, and for a lower heat input, less work is
produced, as per equation (2.8). The computed values for the net thermal efficiencies equal
13,2%.
Typical values for Organic Rankine Cycles range from 10-11%, and estimated values
for the Soultz binary system go as high as 13,9%, for a dead-state temperature of 20 ℃. An
important factor to consider is that these computed values are being analyzed from the same
perspective as the case study of Soultz, in which the net cycle capacity is computed only
considering the ORC pump, and no external parasitic power (like production well pump, or
fan power in the air condensing cooling towers). The thermal efficiency of the Soultz cycle
taking in account all parasitic power is estimated to be around 11,4% (DiPippo, 2015). For
the proposed Vendenheim full power production (net power with all parasitic loads
accounted for 5,7 MWe) the final thermal efficiency goes down to 11,9% when all parasitic
loads (Production well pump, reinjection, and condenser) are accounted for. For the CHP
unit the final thermal efficiency (with all parasitic loads) goes down to 11,2% since the
production well pump has the same consumption but only a fraction of the produced mass
flow rate is being used for power production.
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It is important to remark that both designed proposals have a dead-state temperature
value of 10,2 ℃. Reducing the condensing temperature will produce a higher capacity in
both systems, and thus increase the thermal efficiency as the thermal engine approaches the
dead-state. This, however, comes with the price of using a higher cold-water mass flow rate
at the condenser, ultimately causing a higher impact in the subsurface water table, and
increasing the cold-water pump electricity consumption. The final value for the thermal
efficiency will not be changed for the analysis since it is preferable to consider the
cogenerating unit as a system that will only benefit from the existing cold-water pump, and
no additional pumps will be implemented for the heat sink.
2.4.5.3 Exergy flow
This section will focus on the exergy flows throughout the geothermal cycle, as well as
exergy accounting for the main binary plant components, until the thermal energy has been
successfully transformed into mechanical energy. To first address this, it is important to
consider the available maximum exergy found at the initial state of the geothermal cycle, at
the geothermal reservoir (point S1, from Figure 2.5). The computed specific exergy, given
the assumed conditions, is equal to 213,8 kW kg-1, as seen in Table 2.15 and the computed
exergy at this stage equals 18 313 kW. The computed exergies throughout the geothermal
source fluid loop are presented as it follows
Table 2.15: Computed exergy flow of geothermal brine in
full capacity binary power plant
Computed exergy flow in geothermal brine for full power binary power plant
Specific
Remaining
Exergy
Brine
Exergy
exergy
Point
flow rate
(𝑿)
(e)
[%]
[kg s-1]
[kW]
-1
[kW kg ]
S1
85.65
213.8
18 313
100
S2
85.65
196.17
16 802
91,75
91,68
S3
85.65
196.01
16 789
S4
1.273
958.08
1219.6
6,66
S5
84.38
184.51
15 569
85,02
S6
84.38
175.08
14 797
80,80
S7
84.38
130.48
11 138
60,82
S8
84.38
34.40
3156.9
17,24
8,23
S9
84.38
17.86
1507.2
S10
84.38
18.51
1561.8
8,53
For the cogenerating unit proposal, the geothermal fluid is divided into two flows, one
for the binary power system, and the rest for industrial applications, ultimately reducing the
available exergy for the binary power plant. Exergy flows for the second proposal are
presented as it follows
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Table 2.16: Computed exergy flow of geothermal brine in
cogenerating unit
Computed exergy flow in geothermal brine for Cogenerating binary power plant
Remaining
Exergy
Specific Exergy
exergy
Point Brine flow rate
(e)
(𝑿)
[%]
-1
[kW kg ]
[kW]
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10

85.65
85.65
85.65
1.27
49.78
49.78
49.78
49.78
49.78
49.78

213.8
196.17
196.01
958.08
184.51
175.08
130.48
34.40
17.86
18.51

18 313
16 802
16 789
1219.6
9185.7
8716.4
6495.9
1712.3
889.22
921.45

100
91,75
91,68
6,66
50,16
47,60
35,47
9,35
4,86
5,03

Following the values of Table 2.15 and Table 2.16, we can see the exergy values in the
geothermal brine behave the same until the fluid is separated in S5. As energy is transferred
to the working fluid, the exergy of the working fluid increases. For both scenarios, specific
exergies behave similarly as the working fluid produces the same thermodynamic properties
and condenses at the same temperature (30℃) in both proposals, as seen in Table 2.13, Table
2.14, Table 2.15, and Table 2.16. Exergy values for the working fluid are given in Table
2.17.
Table 2.17: Computed exergy values for binary loop, full
power and combined heat and power scenario

Point
W1
W2
W3
W4
W5
W6
W7
W8
W9
W10
W11
W12

Computed exergy values in working fluid for both binary power plant proposals
Exergy: 201,39 kg s-1
Exergy: 121,77 kg s-1
Specific Exergy (e)
[kW kg]
(𝑋) [kW]
(𝑋) [kW]
3.137
647.44
381.99
4.9954
1031
608.29
10.837
2476.3
1319.6
46.805
9660.1
5699.4
66.804
13 788
8134.7
70.822
14 617
8623.9
70.807
14 614
8622.1
15.619
3223.6
1901.9
13.311
2747.1
1620.8
13.086
2700.7
1593.4
0.8351
172.35
101.69
0.6838
141.12
83.261

As the working fluid receives energy as heat, the theoretical maximum attainable work
from the fluid increases. This can be clearly identified in Table 2.17, where we can identify
the point with the maximum exergy in the working fluid as the fluid exits the vaporizer, in
point W6, and no further energy is absorbed by the fluid. These values can now used in the
exergy accounting modeling for all components in the power plant, and ultimately for the
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second law efficiencies and the geothermal brine utilization efficiency.
2.4.5.4 Exergy accounting
Exergy accounting values are computed as demonstrated in section 2.3.2. Since both
binary systems proposals (Full power production and CHP) behave similarly and vary only
in the available geothermal energy for given power production, the exergy accounting for
all components will be modeled similarly and thus have the same values. For this reason,
exergy accounting will be presented commonly for both power plant proposals, and
distinctions will only be done in the brine utilization efficiencies. The computed exergy
accounting values for each of the energy converting component of the power plant are given
as it follows
Table 2.18: Exergy accounting for binary plant components
Component
Cycle Pump
Preheater
Vaporizer
Turbine
Recuperator
Condenser
Total

Exergy destruction
(Δ𝒆)
[kW kg-1]
0.719
9.486
-

Rate of exergy destruction
(∆𝑿)
[kW]
148,44
204,37
271,7
1956,3
29,85
1516,9
4127,6

We can see from Table 2.18 that components that transfer energy as heat, and have
different mass flow rates and thermodynamic properties, are not used for specific exergy
accounting since all specific exergy accountings depend on the fluid’s properties and flow
rates. Instead the exergy destroyed during the process is directly estimated, as per equation
(2.29). Components that use or convert mechanical energy, however, present a much larger
exergy destruction, meaning there is a larger room for improvement in these components. A
considerable exergy destruction is also presented at the turbine due to the irreversibilities
occurred within the expansion process (friction, heat transfer, equipment isentropic
efficiency).
A more intuitive approach to exergy destruction is seen in (Bejan et al., 1996) and (Dorj,
2005), and will be used for all exergy destruction estimations through the thermoeconomic
analysis (see Chapter 3). Here the balances are computed as a difference between the exergy
added by the component and the existing exergy in the stream, as per

𝑋N,\E9\ = 𝑊\E9\ − 𝑋0E2,\E9\ − 𝑋-8,\E9\

(2.58a)

𝑋N,2E7³-8F = 𝑋-8,2E7³-8F − 𝑋0E2,2E7³-8F − 𝑊2E7³-8F

(2.58b)

𝑋N,˜_: = 𝑋˜_:,[-gF8 − 𝑋7-GF,…0{z

(2.58c)

↳ 𝑋˜_:,[-gF8 = 𝑋-8,302 − 𝑋0E2,302

(2.58c1)
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↳ 𝑋˜_:,7-GF,…0{z = 𝑋0E2,…0{z − 𝑋-8,…0{z

(2.58c2)

2.4.5.5 Second law efficiencies
It has been established that thermal efficiency can be used to address cyclical processes
and their thermodynamic performance. Although it is a common performance indicator, we
need to address the disadvantage binary plants have compared to a flash geothermal power
plant, natural gas power plant, or carbon power plants. This is because thermal efficiency
gives an overall idea of the ratio of power produced per heat input. In a power plant that
operates through a series of processes that start in an initial state, and end in a completely
different state a better performance indicator might be how the power plant converts the
input exergy into useful work. This is better known as the utilization, or the previously
defined brute-force efficiency (DiPippo, 2015).
The exergy input, in the case of our subcritical binary plant proposals will be carried into
the plant by the geothermal brine and ultimately extracted at turbine. The functional
efficiency as a performance indicator allows us to assess the specific process carried out and
the exergy conversion at each stage. The computed functional efficiencies of all major heat
exchangers in both binary power plant proposals follow as per
Table 2.19: Computed functional efficiencies/Second law
of major Heat Exchangers
Functional efficiency of major HEx in proposed binary power plants
Component
Efficiency
Value [%]
AA
𝜂@F…,^E8U
Recuperator
80,5
AA
𝜂
Preheater
45,78
µ˜,^E8k
AA
𝜂º6\,^E8U
Vaporizer
97,81

We can see a lower efficiency in the functional efficiency of the preheater, since this is
the last point in which the geothermal brine gives its energy to the working fluid, and it is
then reinjected into the reservoir after this process. Finally, computing the values for rational
efficiencies defined in (Kotas, 2013), as per equation (2.33), show higher values for
processes like preheaters and recuperators.
Table 2.20: Rational second law efficiency for HEx in both
binary power plants
Rational exergy efficiency for major HEx in proposed binary power plants
Component

Efficiency

Value [%]

Recuperator

AA
𝜓@F…,@62

80,5

Preheater

AA
𝜓µ˜,@62
AA
𝜓º6\,@62

87,61

Vaporizer

97,81

Similar to Table 2.19, the functional efficiencies for the cycle pump and turbine were
computed with their respective equations, and were found to have the following values
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Table 2.21: Functional efficiency of major work converting
components in binary loop
Functional efficiency of work converting components of binary power plant
Component
Efficiency
Value [%]
AA
𝜂µ,^E8
Pump
77,33
AA
𝜂
Turbine
82,82
<,^E8

Finally, the cycle’s second law efficiency (the valid efficiency for both binary plants)
defined by (Kotas, 2013) and seen in section 2.3.2, is computed from equation (2.41), as per
AA
𝜂5˜µ
=

𝑊0E2
𝑋-8 − 𝑋{0GG − 𝑋{0GG,…08zF8GF7

AA
𝜂^E{{
\0|F7 =

= 24,43%

𝑊0E2
𝑋-8 − 𝑋{0GG − 𝑋{0GG,…08zF8GF7

= 44,33%

2.5 Conclusion
The presented proposals for the utilization of the geothermal resource in Vendenheim
are constrained to the economic and cultural context of the region, and the nation. We have
seen throughout the different proposed scenarios how the utilization of the energy stored in
a geothermal reservoir can be separated through different streams and it is tightly related to
the laws that govern the flow of energy, e.g. the laws of Thermodynamic.
Within the utilization or application of energy conversion processes, the parameter called
efficiency is nothing more than a ratio of energy output per energy input. In the very basic
form of it, thermal efficiency tells us the portion of energy that is being extracted from the
heat. For the cases of heat engines (a device that converts thermal energy into mechanical
energy), thermal efficiencies will always be considerably lower than in direct application
scenarios. Within the cascading scenarios, it is easy to see how the geothermal resource
presents higher thermal efficiencies throughout the different applications and because of
this, it is difficult to really assess the efficiency of a binary power system. This is because
throughout the conversion and transfer of energy, entropy is generated, and thus energy
potential is destroyed. For this matter it is necessary to establish from the beginning a
maximum work potential of the system, called Exergy.
It is therefore clear to see that conducting a thermodynamic analysis of the system based
on the second law of thermodynamics, and addressing the irreversibilities associated with
the system, we can clearly see how the system shows higher efficiencies than the traditional
first law thermal efficiencies. For this reason, it is important to consider the flow and
degradation of energy as an intrinsic part of an energy conversion system vs the distribution
of energy in the form of heat, and the final product that it is desired to obtain from the
geothermal resource.
We can see at the end of the results section how both power production scenarios show
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highly variating exergy efficiencies for the full cycle, both exergy efficiencies of the system
tell us the real story of the utilization of the geothermal resource, for a full power production
scenario being 19, 9% more efficient than the CHP, however with only one product is
extracted from the geothermal energy in this case.

2.6 Discussion
The different thermal and exergetic analysis conducted for the proposed scenarios for
the geothermal resource located in Vendenheim are presented as a part of a case study and
as a general assessment of a geothermal energy resource. The analysis is based on the first
and second laws of thermodynamics, used to assess the distribution and flow of energy from
the reservoir to the final product.
The analysis concludes with a distinction between the thermal analysis previously
conducted for the cascading scenarios, and the exergetic analysis conducted for the binary
systems. It is clear that both systems present, in their own context, different efficiencies
considering the flow of energy from their initial, to its final state (From the reservoir’s
thermal energy down to the fish farm, in comparison to the reservoir’s exergy, down to the
second law efficiency of the proposed binary cycles).
The next following chapter of the research will considerate sections like main equipment
sizing and cost, exergy pricing strategies, capital costs, heat streams, and the final economic
analysis of the full capacity binary power plant proposal.
Further research can expand the exergy flow associated with all the industrial proposals
down to the final product. That is, considering the exergy accounting and irreversibilities
associated with the flow of energy from the reservoir, down to the production of a single
carton of milk, or a barrel of beer, or a kilogram of spirulina packed and sold, and how each
process increases the overall second law efficiency of the CHP scenario.
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Chapter 3
3

Thermoeconomics
A thermoeconomic evaluation (also known as exergoeconomic analysis) of a thermal
power plant addresses the relationship between the maximum attainable work and the cost
flow associated with it. That is, an economy approach to the exergy flow, from the
geothermal reservoir (in the case of this research) down to the output work at the turbine.
The purpose of this analysis is to assess how the energy is used, considering the conversion
of heat to work has limitations associated to the laws of thermodynamics. This is where
exergy comes in handy by defining the upper limit of the attainable work from the resource.
It is often considered to define the concept of Anergy as the product which has no value.
In the simplest form, Anergy can be seen as energy which cannot be converted into exergy,
and thus, work. Furthermore, the evaluation of exergy losses and destruction and their cost
help address whether an optimization is needed in the power plant.

3.1 Foreword on thermoeconomics
The main objective of this section is to address the exergoeconomic implications of the
full capacity subcritical power plant scenario. This is done by addressing the relation
between the thermodynamic limits associated to the geothermal resource found in
Vendenheim, and the deadstate properties used throughout the analysis of the system.
Although a full-scale analysis of all three geothermal utilization proposals33 present in
this research would be the ideal case, it is important to address that approaching all proposals
from the initial exergy input at the reservoir, down to the final product (whether its electricity
or a litre of milk) would require a much more in-depth analysis of the resource and project.
The goal of this section and research is to address the thermoeconomic implications of
producing electricity only from the gepthermal resource while presenting an updated
research of Alsace’s geothermal energy.
As an introduction to the thermoeconomics, an important aspect that will be discussed is
the implications that arise with the execution of a geothermal project, from the formulation
of the project, negotiations, financing, and the final product. Followed by this we will discuss
government subsidies currently taking place and playing a key role in the development of
the deep geothermal projects in Vendenheim, Eckbolsheim, and Illkirch.

33

The exergoeconomic analysis of a geothermal eco-industrial park with no electricity production (as per
cascading scenario I in section 2.2.1), exergoeconomic analysis of a CHP proposal (cascading scenario II
sections 2.2.2 and 2.4), and a full capacity binary power plant thermoeconomic analysis (proposal III in section
2.4).
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3.1.1 Geothermal projects financing, risks, and bankability
Several factors affect how the development of a geothermal project progresses, but in
general, geothermal energy has been considered for long one of the riskiest, and most
uncertain renewable energy projects. Multiple barriers may come at the beginning of a
geothermal project, and like most renewable energy projects the financing of a geothermal
energy project implies high up-front capital costs with low Operation & Maintenance
(O&M) in comparison to fossil fuel fired thermal plants.
Other factors that may render a geothermal project less attractive to investors is the
uncertainty associated to the energy potential of the reservoir. For each stage of the
geothermal project development there is a risk and a probability of failure associated to the
operation/activity. Once the resource has been found, all test wells have been drilled, and
the geothermal potential has been confirmed/verified, the project becomes more profitable
and financing can be obtained. This can be visualized in Figure 3.1

Figure 3.1: Geothermal project risk and cumulative
investment cost, adapted from (ESMAP, 2012)
As seen in the previous image, the confidence of a geothermal project increases as the
well tests and drilling operations are executed. Similarly, most of the costs associated with
a geothermal project are incurred after the test drilling has been executed and the highest
costs are associated to drilling operations (approximately 60% of the cumulative costs), once
the risk of failure of the project has decreased and the financial model can be developed in
a more confident way.
The probability of failure during each stage of a project is associated to the colors shown
in Figure 3.1, with the riskiest stage during the financing of a geothermal project being the
Test-drilling. Once this stage has been completed, and the resource has been found the risk
drastically drops and the probability of failure decreases, as the resource and potential can
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be more easily addressed. The probability of failure distribution commonly seen throughout
the different stages of a geothermal resource is seen in Figure 3.2.

Figure 3.2: Geothermal project probability of failure
associated to the uncertainty of the stage
Although Figure 3.2, shows us the probability of failure34 associated to each stage of a
geothermal project, this doesn’t mean that all geothermal projects share the exact same
likelihood of failing. This is used to assess which stages during the execution of the project
are the riskier ones and to understand why the financing of a geothermal project can present
most of its complications during the exploration and Test-drilling stage.

3.1.2 Feed-in-Tariffs (FIT)
Another crucial factor that plays a key role in the development of the current geothermal
projects in the region of Alsace is current French incentives for low-capacity deep
geothermal energy. Simply put, a feed-in-tariff is a government policy device to ensure the
development and investment on renewable energy technologies. This comes in the form of
a special, higher, and fixed payment/tariff typically for the production of electricity from
renewable sources, related to the capacity or the amount of power generated.
The success of the Soultz-sous-forêts project brought back the subject of FIT for deep
geothermal resources in 2009, and with it the reformulation of previously defined FIT for
deep geothermal projects under 12 MWe capacity in France. Currently, the defined tariffs
34

The concept of “failure” during the stage of the geothermal project refers to the project not being able to
achieve financial success. In the case of drilling operations, for example, it is associated to finding a resource
unable to sustain the computed financial model and therefore making the geothermal resource unprofitable.
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for deep geothermal energy in France, are set as high as 200 €/MWh, almost as double as
the previously defined before 2010. And negotiated FIT in the Alsatian geothermal market
are estimated as high as 246 €/MWh. Global FIT rates as of 2006 are provided in, as a mean
to compare the different incentives provided in Europe
Table 3.1: Geothermal tariffs in different european
countries, adapted from (“Geothermal Feed-in Tariffs
Worldwide,” n.d.)
Geothermal FIT in Europe
Country/Jurisdiction
Years
€/MWh
CAD/MWh
Germany
20
< 10 MWe
157
219
> 10 MWe
103
144
+ Installation before 2016
39
55
+ District heating
29
41
+ Technology: Hot-Dry-Rock
39
55
France
Continental < 12 MWe
15
200
279
+ premium for Heat (CHP)
< 30% efficiency
0
0
> 70% efficiency
80
112
Overseas territories <12 MWe
15
130
181
+ premium for Heat (CHP)
< 30% efficiency
0
0
> 70% efficiency
30
42
Greece
20
Mainland
81
114
Islands
97
135
Italy
15
< 1 MWe
200
279
Spain
20
< 50 MWe
71
99
Extended
+20
67
94
Switzerland
20
< 5 MWe
309
432
< 10 MWe
279
388
< 20 MWe
217
302
> 20 MWe
176
245
Czech Republic
15
158
220
Kenya
20
< 70 MWe
59
82
Turkey
10
73
102
+ Turkish made:
Steam or gas turbine
9
13
Generator & Power electronics
49
68
Steam injector Gas compressor
49
68

USD/MWh
226
148
56
42
56
288
0
115
187
0
43
117
140
288
102
97
445
401
312
253
227
85
105
13
70
70
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3.2 Full capacity binary plant thermoeconomic analysis
The previously defined concept of thermoeconomic analysis follows the definition of a
cost flow based on the useful work and energy attainable from the reservoir. The initial
analysis starts by the component size and cost estimation. For the purpose of the research an
emphasis is made in heat exchangers and pumps, as these are the components that are
sensitive to size and capacity pricing.

3.2.1 Component sizing & costs
Cost analysis of most of the energy converting and transfer components of the power
plant can be computed based on the capacity and sizing of the components. In the case of a
binary power plant the Pumps, Turbine, and Heat Exchangers, can be considered the
components with the highest economic sensitivity.
The relation between price and sizing the component capacity, and in the case of HEx,
the most sensible parameters related to its capacity is the heat transfer area, as mentioned in
2.4.3.4. Since the thermoeconomic analysis is based on the full-power production scenario
(5,7 MWe,net), all values used to compute component sizes and costs will be derived from
the results for this scenario in particular.
3.2.1.1 Pump & Turbine
The main pumps to consider for the analysis will be the Production well pump,
Reinjection pump, Binary power plant feed pump, and condenser pump. The sizing of these
components follows a function of its capacity. Values are thus taken from the previous
chapter (Thermodynamics), where all pump capacities and turbine capacity are estimated.
Table 3.2: Capacity of main work converting components
Component

Capacity
[kW]

Production well Pump

365

Reinjection Pump

92

Feed pump

861

Cold water reservoir pump

222

Additional condenser pump

94

Turbine35

7515

Component values and cost estimations for pumps and turbines are typically given by
manufacturers, and a more accurate approach can be taken by computing the total budget
based on the selected components and brands.
35

The turbine produces 7,5 MW of work for an Isentropic efficiency of 80,8%. After accounting for the
generator efficiency (7,2 MWgross for 𝜂[F8 = 96%), and all parasitic loads, the net power equals 5,7 MWe,net.
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Another approach that can be taken is computing the total cost of pumps and turbines based
on the capacity of the equipment as defined in (Nazif, 2011) and (Bejan et al., 1996),

Where,
Co
Cap
n

𝐶…09\08F82 = 𝐶0 𝐶𝑎𝑝

(3.1a)

𝐶…09\08F82 = 𝐶0 𝐶𝑎𝑝8

(3.1b)

= Base cost of the component in [USD$ kW-1 | € kW-1]
= Capacity of component in [kW]
= Exponent value for purchace price regulation

Assumed base cost values (Co) for this research are taken from (Nazif, 2011) and (R.
Smith, 2016). To quickly assess the base costs, centrifugal pump values are used for the
production well pump and all cold-water pumps, and vacuum pump values are used for the
feed pump and reinjection pumps. A summary of equipment base costs is given in Table 3.3
Table 3.3: Assumed Co of work converting components
Component
Centrifugal Pumps
Vacuum Pumps
Turbine

Base cost
[US$ kW-1]
9,84 x103
500
500

Exponent
0,55
1
1

Final costs for main work converting components are given in Table 3.4
Table 3.4: Purchase price of work converting components
Component

Component price
[USD $]

Production well Pump

252 333,32

Reinjection Pump

34 315, 18

Feed pump

430 350,71

Existing cold reservoir pump

0 (In place)

Additional condenser pump

119 664,77

Turbine36

3 757 530,8

Total

4 594 194,8

3.2.1.2 Heat exchangers
The relation of heat transfer rate and its area in heat exchangers is defined in (Holman,
36

The turbine produces 7,5 MW of work for an Isentropic efficiency of 80,8%. After accounting for the
generator efficiency (7,2 MWgross for 𝜂[F8 = 96%), and all parasitic loads, the net power equals 5,7 MWe,net.
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2010) as per,

𝑞 = 𝑈𝐴∆𝑇{9
Where,
U
A
∆𝑇{9

(3.2)

= Overall heat-transfer coefficient [W m-2 K-1]
= Surface heat transfer area [m-2]
= Log mean temperature difference [Kelvins]

Thermal balances of all heat exchangers throughout this research are computed assuming
counter-flow heat exchangers (hot and cold fluids flowing in opposite directions). The
temperature profile in a counter-flow heat exchanger is thus plotted as it follows

Figure 3.3: Temperature profile in a counter-flow HEx
Integrating the temperature profile function of a HEx (Figure 3.3) yields the log-mean
temperature difference (Holman, 2010),

𝑇{9 =

∆<j B∆<•
∆»j
𝑙𝑛
∆»•

=

<ç,j B<œ,j B <ç,• B<œ,•
𝑙𝑛

»ç,j è»œ,j

(3.3)

»ç,• è»œ,•

Assumed values to compute the area for all HEx are given as based on conditions and
values are taken from (R. Smith, 2016) and computed as per,
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Table 3.5 : Overall Heat Transfer coefficients & Pinch of
main HEx

Recuperator

Overall heat transfer
coefficient
[m2]
1200

Preheater
Vaporizer

1200
1600

4
4

Condenser

900

4

Heat Exchanger

Pinch
[℃]
8

The computed values for all main HEx areas are given in Table 3.6
Table 3.6: Estimated heat exchange surface area
Heat Exchanger

Heat transfer surface area
[m2]

Recuperator

300

Preheater

557

Vaporizer

1930

Condenser

826

Equation (3.1b) is used to compute the purchase price of the main heat exchangers in the
power plant. Average values for the base cost (Co) per area of the main HEx is are computed
from the values found in (R. Smith, 2016), and values used in (Dorj, 2005) and (Nazif, 2011).
For shell-and-tube heat exchangers, a base cost (Co) of 588 USD m-2, with an exponent of 0,8
was used to compute the component price in Table 3.7
Table 3.7: Computed heat exchanger cost
Heat Exchanger

Component cost
[USD $]

Recuperator

56 287,90

Preheater

92 450,75

Vaporizer

249 845,11

Condenser

126 644,55

Total HEx

525 228,31

3.2.2 Final Capital expenditures
The final capital expenditures (Capex) for the full power subcritical binary power plant
are estimated based on data adopted from (Dorj, 2005), (Nazif, 2011), and (R. Smith, 2016).
The purchased equipment cost (PEC) is then estimated from the assumptions made in
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subsection 3.2.1. These can be summarized as part of the direct costs (DC) of the total Capex.
Piping costs are assumed as an 8% of the total PEC.
The price of the terrain sold by Brownfield at the Eco-Parc Rhénan in Vendenheim (see
section 1.7) ranges from 42 € m-2 to 50 € m-2, depending on the industrial activity, size and
location of the parcel (Cabral, Guillon, & Pol Gili, 2018). Based on the obtained data from
the different companies operating in Vendenheim, and the basic assumptions made for the
site, an estimated size for the geothermal power plant site can be assumed.
For the purpose of the study, we will refer to Figure 1.12, and assume the boundaries of
the land devoted for the binary plant have approximately 51,30 m, 88,10 m, 59,50 m, and
89,03 m, making it almost a perfect rectangle as measured using satellite data.
For these boundaries, the computed area of the terrain is equal to 5172,71 m2. Assuming
a specific price of 50 € m-2 for the terrain, the cost for the land equals 258 635,37€ or US$
319 785,82. The summary of all Capex is presented in Table 3.8.
Table 3.8: Summary of Capital Expenditures of subcritical
binary power plant (5,6 MWe, net)
I – Fixed Capital Expenditures (Capex) in US$
Direct Costs (DC)
1 – Onsite costs
Purchased Equipment Cost (PEC)
• Heat Exchangers (HEx)
• Pumps
• Turbine
• Separator37
Total PEC
• Piping (10%) of above
2 – Offsite costs
• Land (Assumed)
Total Direct Costs
Indirect Costs (IC)
• Civil / Structural (30% of PEC)
• Construction work (10% of PEC)
• Engineering / Supervision (5% of PEC)
• Office work (studies / simulations / analyses)
• Contingency (5% of DC)
Total indirect costs
Total Capex

525 228,31
836 663,98
3 757 530,8
7225
5 211 727,7
521 172,77
319 785,82
5 991 535,9
1 563 518,3
521 172,77
260 586,39
250 000
299 576,79
2 894 854,3
8 886 390,2

Based on the presented assumptions and data, we can conclude that the capital expenditure
per unit power for the proposed full power subcritical binary system is 1567,40 US$ kW-1.
37

Separator cost is taken from (Nazif, 2011). Since the equipment cost is not assumed to vary with capacity, the
same cost is used in both scenarios presented in the report, and thus the same value is assumed in this research.
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These values are comparable to the resuls found in (Dorj, 2005), for a proposed Kalina CHP
system.

3.2.3 Fuel cost
In geothermal energy, water is assumed as a utility, and thus it can be considered a fuel
for the power plant. Fuel costs are estimated by computing the stream as a function of the
unit cost. Estimates for geothermal exploration works given in (Gehringer & Loksha, 2012),
ranging from US$ 2 000 000 to US$ 4 000 000 for a typical 50 MWe,net capacity geothermal
power plant. These values translate to 400 to 800 US$/kW. Assuming 800 US$ kW-1, the
geothermal exploration cost for the full power subcritical power plant (Cgeothermal) is
estimated to be US$ 4 535 200.
The fuel levelized specific cost of geothermal water (cF,lcog) in US$ kg-1 is then given as

𝑐^,{…0[ =
Where,
CRF
top
𝑚êF0

5écmbçc›dK² 5@^
9 écm 2m°

(3.4)

= Capital recovery factor
= Operating time in a year [s]
= Geothermal brine mass flow rate [kg s-1 ≡ 84,5 kg s-1]

Assuming the geothermal power plant is running 92% of the time, the operating time
equals ~8060 hours, or 29 016 000 seconds. The capital recovery factor is defined as
𝐶𝑅𝐹 =
Where,
ieff
Ny

-cìì UC-cìì
UC-cìì

ía

ía

BU

(3.5)

= Effective rate of return (assuming 10%)
= Payback period, Binary plant is will be operating on a 20 year contract

Based on these main assumption, the capital recovery factor is then computed, equal to
0.11746, and the fuel levelized specific cost of geothermal water is estimated (equation 3.4)
to be 0,0002173 US$ kg-1 or ~21,73 US¢ ton-1. Annual levelized cost of geothermal water
equals then 532 702,89 US$.

3.2.4 Operation and Maintenance (O&M)
Fixed operation and maintenance costs will be summarized in this subsection based on
the assumptions made for operating conditions in the power plant, labour positions, labour
rate and French working hours.
It is important to start by addressing the value of the assumed operating hours of the plant
~8060, which corresponds to a full capacity power production of 43 208,60 MWe,net, for a
Capacity factor of 92%. A basic assumption on the labour positions is made by deriving the
positions per plant capacity from (Dorj, 2005), estimated as ~2,69 worker per MWe, with
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this in mind, we can assume that for a 5,7 MWe capacity binary system, 15 labour positions
will be needed. Based on working hours in Alsace (35 h week-1), a total of 1680 h year-1 was
assumed for the annual working hours in the power plant. Average monthly salary rates in
Alsace are reported as 2022 € month-1(“Salaire en Alsace,” n.d.), or 14 €/h (rounded), ~17,33
US$ h-1 (assumed value). A summary of the final fixed and variable costs is defined in
Table 3.9:
Table 3.9: Summary of annual O&M costs
Item
Plant’s top (see subsection 3.2.3)
Labour positions
Labour rate
Working hours
Annual labour (fixed) O&M cost
Annual variable O&M cost
Total annual O&M
Fuel cost

Value
8060
15
17,33
1680
436 716
39 304,44
476 020,44
519 719

Unit
h
US$ h-1 person-1
h
US$ yr-1
US$ yr-1
US$ yr-1
US$ yr-1

The levelized annual O&M costs are defined as

𝐶Â5Ýï = 𝐶Ý&ï
Where,
k = Constant rate of change ≡

UC7i
UC-cìì

“(UB“ ía )
UB“

𝐶𝑅𝐹

(3.6)

, with a defined rate escalation of 6% (Dorj, 2005).

Using equation (3.6), we find the annual levelized O&M equal to 875 926 US$, or
0.0053246 US$/MWe,net.

3.3 Exergy pricing strategies
Exergy pricing strategies start with the second law of thermodynamics. This defines the
value of the resource as it streams from the reservoir until the final user. Costs associated
with the exergy rate as a function of time of the geothermal source fluid, as it is gives its
energy in the different power plant components.
The cost flow values associated to the exergy flow are defined as per:

𝐶µ,202 = 𝐶^,202 − 𝐶Â0GG,202 + 𝑍
Where,
𝐶µ,202
𝐶^,202
𝐶{0GG
𝑍

(3.7)

= Product (output) total cost flow [€/s | €/year]
= Feed (input) total cost flow [€/s | €/year]
= Loss (output) total cost flow [€/s | €/year]
= Investment cost flow [€/s | €/year]

Investment costs/Capital expenditures (Capex) are defined as a function of the power
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plant components
𝐶𝐼

𝑂𝑀

𝑍 = 𝑍𝑡𝑜𝑡 + 𝑍𝑡𝑜𝑡
Where,
5A
𝑍202
Ýï
𝑍202

(3.8)

= Capital cost flow [€/s | €/year]
= Operation & Maintenance cost flow [€/s | €/year]

The unitary costs flows evaluated as a function of exergy, are computed as per
𝐶- ≡ 𝑐- 𝑋- = 𝑐- (𝑚- 𝑥- )
𝐶F ≡ 𝑐F 𝑋F = 𝑐F (𝑚F 𝑥F )
𝐶| ≡ 𝑐| 𝑊
𝐶x ≡ 𝑐x 𝑋x
𝐶^ ≡ 𝑐^ 𝑋^
Where the sub indexes e,i refer to the input/output,
(𝐶- , 𝐶F )
(𝐶| )
(𝐶x )
s(𝑐- , 𝑐F )
(𝑐| )
(𝑐x )
(𝑐^ )
(𝑋- , 𝑋F )
(𝑋^ )
(𝑥- , 𝑥F )
(𝑊)
(𝑋x )
(𝑚- , 𝑚F )

= input/output cost flow [€ s-1 | € h-1]
= Work cost flow [€ s-1 | € h-1]
= Heat cost flow [€ s-1 | € h-1]
= input/output specific exergy cost [€ s-1 | € h-1]
= specific work cost [€ kWh-1 | € kJ-1]
= specific heat cost [€ kWh-1 | € kJ-1]
= specific fuel cost [€ kWh-1 | € kJ-1]
= input/output exergy rate [kW]
= Geothermal water (fuel) input exergy rate [kW]
= input/output specific exergy [kJ kg-1]
= Work flow [kW]
= Heat exergy rate [kW]
= input/output mass flow rate [kW]

3.3.1 Plant balancing costs
Plant balancing costs assume the power plant as a black box with input and output cost
flows to/from the system. The general concept can be represented as per Figure 3.4.

101

Figure 3.4: Cost flow in/out of black box (Power plant)
Plant balancing costs are modelled as per equation (3.7). Deriving this term in terms of
exergy rates, Investment and O&M cost flow rates yield,
5A
Ýï
𝑐\ 𝑋µ,202 = 𝑐„ 𝑋^ − 𝑐Â0GG 𝑋Â0GG + 𝑍202
+ 𝑍202

(3.9)

All terms in equation (3.9) are defined in section 3.3. The costflow associated with
exergy destruction is not defined in equation (3.9), although it is a very important cost
function. This function will be equally computed in this research throughout
thermoeconomic analysis of exergy destruction within the different components of the
power plant, as equally seen in (Dorj, 2005).

3.3.2 Component balancing costs
Component balancing costs are derived using equations (3.7-3.8) at each component,
from the entering cost flow streams and outflow streams. This is defined in (Bejan et al.,
1996) as

𝐶“ + 𝑍𝑘𝑇 =
-8

𝐶“ + 𝐶𝑊
0E2

(3.10a)
Equation (3.10a) can be rewritten in terms of general unit cost in the component as,

𝑐-,“ 𝑋-,“ + 𝑍“5A + 𝑍“Ýï =

𝑐F,“ 𝑋F,“ + 𝑐|,“ 𝑊“

(3.10b)

and in terms of product cost and fuel as

𝑐µ,“ 𝑋µ,“ = 𝑐^,“ 𝑋^,“ − 𝑐Â,“ 𝑋Â,“ + 𝑍“5A + 𝑍“Ýï

(3.10c)

Here the subscript k indicates the exergetic and cost function of the kth component of the
power plant, and the capital investment of the kth cost flow function is computed as it follows
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(Bejan et al., 1996)

𝑍5A,“ = 𝐶𝑅𝐹

5Ç

(3.11)

2m°

The cost flow values from equation (3.11) can be estimated by computing the values
previously assumed for the top, CRF, and computed cost of each component in subsection
3.2.1. O&M cost flow rates are computed as per

𝑍Ý&ï,“ = 𝐶𝑅𝐹

5=ôõö

5Ç

2m°

µ_5

(3.12)

Computed values from equations (3.11) and equation (3.12) are given in
Table 3.10, and Table 3.11, respectively
Table 3.10: Capital investment cost flow of main
components
Component
Pump, Production well
Pump, Reinjection
Pump, Binary plant feed
Pump, Cold reservoir auxiliary
HEx, Recuperator
HEx, Preheater
HEx, Vaporizer
HEx, Condenser
Turbine
Separator
Total

Capex Cost flow
𝑍“5A ∙ 10BT [US$ s-1]
1.021
0.139
1.739
0.483
0.241
0.478
1.115
0.510
15.343
0.029
21.098

Table 3.11: Operation and maintenance cost flow of main
components
Component
Pump, Production well
Pump, Reinjection
Pump, Binary plant feed
Pump, Cold reservoir auxiliary
HEx, Recuperator
HEx, Preheater
HEx, Vaporizer
HEx, Condenser
Turbine
Separator
Total

O&M Cost flow
𝑍“Ý&ï ∙ 10BT [US$ s-1]
0,172
0,023
0,292
0,081
0,041
0,080
0,187
0,086
2,579
0,005
3,546
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Total direct cost flows (𝑍“< ) for the main binary power plant components is then computed as
per equation (3.8), and shown in
Table 3.12.
Table 3.12: Total cost flow of components (𝑍“5A + 𝑍“Ý&ï )
Cost flow of component
𝑍 ∙ 10BT [US$ s-1]

Component
Pump, Production well
Pump, Reinjection
Pump, Binary plant feed
Pump, Cold reservoir auxiliary
HEx, Recuperator
HEx, Preheater
HEx, Vaporizer
HEx, Condenser
Turbine
Separator
Total

1,193
0,162
2,031
0,564
0,282
0,558
1,302
0,596
17,922
0,034
24,644

Cost balances computed in this research are modeled as per equation (3.10a,b) considering input and
output cost flows at each stream, and after estimating the direct cost flows (𝑍“< ) of the main
component (
Table 3.12), the levelized cost of exergy transfer can be estimated. The analysis is computed only for
the main components in the binary plant that take advantage of the exergy transfer (e.g. Vaporizer,
Turbine, Recuperator, Condenser, Pump, and Preheater). A similar analysis is found in (Turan &
Aydin, 2014), yielding the linear system of equations.

Now that capital investment flows in each component have been computed, the
thermoeconomic analysis can continue with the cost balance of each component, previously
defined in equation (3.10a,b). The following assumptions were made to model the system:
Unitary cost of exergy of geothermal fluid
Unitary cost of exergy in the vaporizer
Unitary cost of exergy in the turbine
Unitary cost of exergy in the recuperator
Unitary cost of exergy in the condenser
Unitary cost of exergy in the pump
Unitary cost of exergy in the preheater
Unitary cost of work in the turbine
Unitary cost of work in the pump

= cX,geo = cX,in
= cX,vap = c1
= cX,turb = c2
= cX,rec = cX,vap = c1
= cX,cond = c3
= cX,pump = c4
= cX,ph = cX,vap = c1
= cw,t = c5
= cw,p = c6

All cooling water components are neglected for the exergy costing, since the exergy
associated with the cooling water is not given to the binary plant, rather it rejects it to the
environment, the exergy cost thus has no value. The exergy costing associated with the
condenser is then modeled as per

𝐶˜ø = 0
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The mathematical model of the binary plant’s main components is computed as it
follows,
• Vaporizer (cX,vap)

Figure 3.5: Vaporizer cost-flow free-body diagram.
<
𝐶^ + 𝐶µ˜ + 𝑍2E7³
= 𝐶g6\
<
𝑐™,g6\ (𝑋g6\,0E2 − 𝑋g6\,-8 ) = 𝑐™,-8 𝑋³7-8F,g6\,-8 + 𝑍g6\

•

Turbine (cX,turb)

Figure 3.6: Turbine cost-flow free-body diagram.
<
𝐶g6\ + 𝑍2E7³
= 𝐶2E7³ + 𝐶|,2
<
𝑐™,2E7³ 𝑋2E7³,0E2 − 𝑐|,2 𝑊2E7³,0E2 − 𝑐™,g6\ 𝑋2E7³,-8 = 𝑍2E7³

•

Recuperator (cX,rec)

Figure 3.7: Recuperator cost-flow free-body diagram.
<
𝐶\E9\ + 𝐶2E7³ + 𝑍7F…
= 𝐶7F…
<
𝑐™,7F… 𝑋…08zF8GF7,-8 − 𝑐™,2E7³ 𝑋2E7³,0E2 − 𝑐™,\E9\ 𝑋\E9\,0E2 = 𝑍7F…

•

Condenser (cX,cond)

Figure 3.8: Condenser cost-flow free-body diagram.
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<
𝐶7F… + 𝐶50{z + 𝑍7F…
= 𝐶508z
<
𝑐™,…08z 𝑋…08zF8GF7,0E2 − 𝑐™,7F… 𝑋…08z,-8 − 𝑐˜ø 𝑋…0{z |62F7,-8 = 𝑍…08z

•

Pump (cX,pump)

Figure 3.9: Pump cost-flow free-body diagram.
<
𝐶…08z + 𝐶|,\ + 𝑍\E9\
= 𝐶\E9\
<
𝑐™,…08z 𝑋…08zF8GF7,0E2 − 𝑐™,7F… 𝑋…08z,-8 − 𝑐˜ø 𝑋…0{z |62F7,-8 = 𝑍…08z

•

Preheater (cX,ph)

Figure 3.10: Preheater cost-flow free-body diagram.
<
𝐶^ + 𝐶7F… + 𝑍µ˜
= 𝐶µ˜
<
𝑐™,\3 𝑋\3,0E2 − 𝑐™,7F… 𝑋\3,-8 = 𝑐™,-8 𝑋³7-8F,\3,-8 + 𝑍\3

The computed values following the mathematical model of each component are
presented in section 3.3.4.

3.3.3 Cost of exergy destruction
The cost of exergy destruction is not defined in the exergy balance model (equation
3.10a), and it’s defined a hidden cost. This parameter, however, needs to be addressed as
part of the power plant cost flows.
The cost of exergy destruction is equally modelled as the cost flow of a main component.
This means that the cost associated with exergy destruction can be computed as a function
of the exergy destruction rate in the kth component and the unit cost of the fuel, or the product.
This is defined in (Bejan et al., 1996), and derived in (Dorj, 2005) as

𝐶N,“ = 𝑐^,“ 𝑋N,“

(3.13a)

𝐶N,“ = 𝑐µ,“ 𝑋N,“

(3.13b)
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As we can see in equations (3.13a-b) the cost of exergy destruction will serve as a
function of the product’s specific cost or the fuel’s specific cost. In either one of the two
scenarios, the use of the equation follows the function of a fixed exergy rate. This means
that when the product’s exergy rate (𝑋µ,“ ) is fixed, equation (3.13a), and when the fuel’s
exergy rate (𝑋^,“ ) is fixed, equation (3.13b) will be used. This can be rewritten in terms of
cost rate balance by associating equation (3.12).
Exergy destruction rates are presented in the binary plant’s main components .
Table 3.14, computed by means of equation (2.58a-c). The computed exergy destruction
values is estimated starting from the geothermal reservoir (s1 in Figure 2.5), until the heat
sink (HS, or condenser) (w12 in Figure 2.5).

3.3.4 Exergy unitary costs
The unitary cost of exergy is associated with the fuel exergy stream, meaning the exergy
given by the geothermal water in the binary system. The exergy flow in the vaporizer
determines the input exergy to the binary system, and the unit cost of exergy can be estimated
as per
5ù
™›c`

= 𝑐™,-8 =

𝐶𝐹,𝑙𝑐𝑜𝑔
𝑥𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟

=

Ž,ŽŽŽkUST ûø $ “[

213,80 “þ $ “[

⟹1,0162 E-6 US$/kJ, or 0,37 US¢/kWh

(3.13)
The component exergetic cost flow is modeled as per equation (3.10a), and derived as
per the mathematical model of each stream in secion 3.3.2. A linear system is thus derived
from the linear economic system and the component exergy cost flow is computed by
performing a linear regression of the system’s matrix. The computed values for the exergy
cost flow of each component is shown in Table 3.13.
Table 3.13: Specific exergy cost and exergy cost flow of
major components

Component
Vaporizer
Turbine
Recuperator
Condenser
Pump
Preheater

Component
Exergy rate
(𝑋0E2,“ ) [kW]

Component
specific exergy
cost (out)
(𝑐™,“ ) [US$ kJ-1]

14542,96
3224,66
2759,55
138,85
637
2337,17

1,41903 E-6
4,52467 E-7
3,24933 E-5
3,41409 E-6
5,09750 E-6
5,08476 E-6

Exergy cost
flow
𝐶“ [US$ s-1]
2,06369 E-2
1,45905 E-3
8,96668 E-2
4,74034 E-4
3,24712 E-3
1,18839 E-2

A summary of the values of the cost of exergy destruction in the power plant’s main
components is computed by means of the appropriate use of equations (3.13) is given in .
Table 3.14.
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Table 3.14: Exergy destruction rate and cost flow of exergy
destruction of main components
Component
Vaporizer
Turbine
Recuperator
Condenser
Feed pump
Preheater

Exergy destruction rate
(𝑋N,“ ) [kW]
273,97
4038,09
124,21
1512,22
83,09
222,83

Cost flow of exergy
destruction
𝐶N,“ ∙ 10BT [US$ s-1]
3,88773 E-4
1,82710 E-3
4,03599 E-3
5,16286 E-3
4,23551 E-4
1,13303 E-3

3.4 Exergetic thermoeconomic analysis
A basic thermoeconomic analysis is computed in the research to address the exergy flow
of the full power binary plant scenario. This is analysis is equally computed based on the
second law of thermodynamics. As mentioned in section 2.1.1, the first law of
thermodynamics addresses the conservation of energy in the binary plant, and for this
purpose a Sankey diagram can help us assess the flow of energy in the binary plant.
The second law of thermodynamic, however, addresses the exergy flow through the
power plant, and in this case, a Grassmann diagram is a more appropriate graphical tool to
visualize the flow of exergy through the components and the binary plant. This is presented
as the following in this research for the full power production scenario.

Figure 3.11: Grassmann diagram of exergy flow rates,
exergy destruction rates, and exergy loss rates in the
Subcritical power plant
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3.4.1 Exergoeconomic factor
The exergoeconomic factor is computed to analyze the relevance of the exergy
destruction in the main components and the efficiency of exergy flow. By computing the
exergoeconomic factor we can determine whether improvements can be made in the
components and the performance of the component in terms of cost flow (Turan & Aydin,
2014). This factor is computed as per

𝑓™,“ =

!Ç
!Ç C…",Ç (™ Ê,Ç C™ =,Ç )

(3.14)

The exergy destruction values at each of the main components are given in .
Table 3.14. Exergy losses, as defined in section 2.3.2 are associated to unused streams
of exergy. The computed values of exergy losses in the full power binary plant main
components are shown in Table 3.15
Table 3.15: Exergy loss rate of main components
Exergy loss rate
(𝑋Â,“ ) [kW]

Component
HEx, Preheater
HEx, Condenser
Total

1507,15
138,84
1700,62

As previously defined, the exergoeconomic factor relates the cost flow with the
destruction and loss, as seen in equation (3.14), and once the destruction rates and losses are
estimated, along with the exergy unitary cost, we can proceed to estimate the
exergoeconomic factor of the main components of the power plant. The computed values
for the exergoeconomic factor of each component is given in Table 3.16,
Table 3.16: Computed exergoeconomic factor of main
power plant components
Exergoeconomic factor
(𝑓™,“ ) [%]

Component
Vaporizer
Turbine
Recuperator
Condenser
Feed pump
Preheater

77,01
90,75
20,80
55,68
82.74
32,99

The exergetic efficiency of the components can be estimated once the destruction and
loss values of components have been computed. This ratio is defined as a relation of the
output exergy to input. This factor is defined in (Bejan et al., 1996) as the ratio between
product to fuel,
𝜀™,“ =

𝑋𝑝
𝑋𝐹

=1−

𝑋𝐷 +𝑋𝐿
𝑋𝐹

(3.15)
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The exergetic efficiency of the kth component vary slightly from the values previously
computed in section 2.4.5.5, for each of the main components. The estimated values for the
main Exergy transferring components in the binary power plant are given in Table 3.17,
Table 3.17: Computed exergetic efficiency of kth
component
Exergetic efficiency
(𝜀™,“ ) [%]

Component
Production well pump
Wellhead throttle valve
Separator
Vaporizer
Preheater
Turbine throttle valve
Turbine
Recuperator
Condenser
Feed pump

91,75
99,18
92,74
97,80
43,99
99,79
64,31
73,29
43,82
57,99

3.4.2 Exergy destruction and loss ratio
Exergy destruction and loss ratio can be estimated as a percentage of the exergy
destroyed or lost in a component, relative to the exergy input related to the geothermal water
input. This factor is given as

𝑦N,“ =
𝑦Â,“ =

™ Ê,Ç

(3.16a)

™ hi,écm
™ =m,Ç

(3.16b)

™ hi,écm

The overall destruction and loss ratio of the power plant is modeled as per

𝑦µ{682 = 1 −

𝑦N −

𝑦Â

(3.17)

Computed values for the exergy destruction and loss ratios are presented in Table 3.18.
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Table 3.18: Computed Exergy destruction and loss ratio of
kth component
Component

Exergy destruction rate
(𝑋N,“ ) [kW]

Exergy destruction
ratio
(𝑦N,“ ) [%]

1145.67
13.81
3,0 E-11
273.98
222.83
3.06
4038.09
124.21
1512.22
83.09
7416.97

6,26
0,06
1,75 E-13
1,50
1,22
0,02
22,05
0,68
8,26
0,45
40,50

Exergy loss rate
(𝑋Â,“ ) [kW]

Exergy loss ratio
(𝑦Â,“ ) [%]

1219.62
1507.15
1108.48
3835.25

6.66
8.23
6.05
20.94

Production well pump
Wellhead throttle valve
Separator
Vaporizer
Preheater
Turbine throttle valve
Turbine
Recuperator
Condenser
Feed pump
Total destruction
Component
Separator
Preheater
Condenser
Total loss ratio

The power plant’s overall exergy destruction and loss ratio thus yields

𝑦µ{682 = 1 −

𝑦N −

𝑦Â = 1 − 0,4050 − 0,2094 = 38,56 %

Computing the destruction and loss ratios helps address the individual performance, from
a technical point of view, of each component and how the exergy flows in the system.

Results
In this section we will present a relative analysis of the computed values for each of the
subsection within the thermoeconomic chapter, starting from the exergy pricing strategies
(section 3.3).
The thermoeconomic analysis of the full power production scenario (5,7 MWe,net binary
power plant proposal) serves as an ideal technical and economic analysis of the geothermal
resource usage for the selected site in Vendenheim, based on the second law of
thermodynamics. The purpose of the analysis is to address the basic binary system proposal
presented on this research, and to address the feasibility and efficiency of the utilization of
a geothermal resource in the proposed city, and with the assumed environmental conditions.
As well as an assessment on whether improvements can be made in the designed proposal.
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The presented thermoeconomic analysis shows the relation of the irreversibilities of each
component, and the flow of exergy through the system. We can see from Table 3.2 to
Table 3.12 the main component estimated costs, based on data from different resources,
and a basic approximation on the total direct cost, and cost flows associated with the
proposed binary system, presented in
Table 3.12. Exergy flow through the main components is represented as it follows

Figure 3.12: Exergy flow rates in kW of main components
in the power plant.
With these values present, it is possible to address the component exergy costs shown
in Table 3.13, and plotted as it follows

Figure 3.13: Exery cost rates of main components in the
binary power plant.
It is clear from Figure 3.13, that the cost associated with the exergy flow rate cost
increases as the product acquires value and exergy increases. However, we can also see that
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as irreversibilities increase, the cost of exergy flow in a component may behave similarly,
as it is the case of the cost of exergy flow associated with the recuperator. This cost is
considered the highest of the main components, and thus it may be argued that unless
limitations are present in the available available thermal energy, or in the vaporizer, this
component may not be feasible in a low capacity power plant.

Figure 3.14: Computed exergetic (rational) efficiencies of
geothermal power plant components.
Where exergetic efficiencies present the relation of exergy flow through the components,
taking in account losses and destruction, the exergoeconomic factor defines the relation
between the cost-flow in the components, and the destruction and loss ratios. This metric
allows us to visualize where improvements can be made and affect the most the values
computed, and it is visualized as it follows

Figure 3.15: Computed exergoeconomic factor of main
binary power plant components.
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A high exergoeconomic factor shows the relation of high costs associated with Capital
Investments and Operation and Maintenance costs, whereas low exergoeconomic factor
denotes that the exergy transfer in a component accounting for destruction and losses follows
an inefficient use of the resource, in this case the fuel or geothermal water (Turan & Aydin,
2014).

3.5 Conclusion & Discussion
The assessment of the geothermal resource can be computed by means of several metrics
and tools. We have seen how an energy analysis from the first law of thermodynamic’s
perspective allows us to address the flow of heat, and partially work, using the principle of
conservation of energy.
Energy however cannot be considered as a product that depletes and gets degradated
from this point of view. Since the mere definition of the first law of thermodynamics states
that energy is never destroyed or created, it only changes from one form to another. It is
useless then to really address the efficiency and the costs associated with using an energy
resource when each step of the process changes the quality of energy, generates entropy and
thus irreversibilities, and ultimately reaches a point where only a maximum fraction of the
original resource is available. The analysis of the resource thus must contemplate the
irreversibilities caused by changes in entropy of the system. This is where the
thermoeconomic analysis plays a key role in the analysis of a geothermal resource, and a
power plant.
In this thermoeconomic analysis we have seen the relevant factors that affect the real
performance of the proposed binary system that benefits from a geothermal reservoir in
Alsace, France. The thermoeconomic analysed system uses all the heat available at the
reservoir for electricity production in a subcritical binary power plant and addresses the
efficiency and performance of the model as defined by the second law of thermodynamics.
Some conclusions that can be extracted from the thermoeconomic and exergo-economic
analysis in this thesis are presented as:
¾ The second law efficiency of the power plant equals 44,33%, as opposed to a
CHP proposal which devotes only 60% of the mass flow rate for electricity
production and has a second law efficiency equal to 24,43 %. Relative to other
basic binary systems reviewed throughout the research, and found in the
reference section, these values can be considered acceptable and within the range
of normal binary cycles.
¾ Exergy flow throughout the different stages of the binary power plant proposals
(both full power and CHP) vary acordingly. Although the exergetic efficiency of
the full power proposal has been found to be considerably higher than a CHP
system, the remaining exergy for the CHP system is slightly lower than the full
power production scenario.
¾ From the thermoeconomic point of view, the system presents high direct cost
flows, associated to a basic binary power plant. This opens the discussion for
optimization, and leaves room to consider an advanced system, as well as leaves
room for improving some of the main components in the power plant.
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¾ The unit cost of exergy throughout the different component rises as
irreversibilities are produced in the power plant, and the use of a recuperator may
not necessarily justify the final costs for a subcritical binary power plant
benefitting from a medium temperature geothermal resource.
¾ The cost associated with the turbine work is found to be equal to 133,56 US$/h.
Compared to current FIT offered for geothermal projects <10 MWe, in Alsace,
the modelled system still shows produces revenues.Exergy destruction and loss
rate values from the system are shown in .
¾ Table 3.14, with a total exergy destruction equal to 7416,97 MW, and a maximum
exergy destruction equal to 4038,09 MW at the turbine. This component shows
the highest room for improvement in the power plant.
¾ The computed overall destruction and loss ratio of the geothermal binary power
plant is equal to 38,56 %.
¾ The highest exergoeconomic factor is obtained for the turbine, followed by the
pump, and vaporizer, showing the dependence of the cost flow in these
components to CI and O&M, whereas the lowest exergoeconomic factor is found
at the preheater showing the dependence of this component to exergy destruction
and losses.
Although most of the assumptions follow the discussions and recommendations given
throughout the research, it is important to make notice that most of the parameters used for
the research were also obtained from available resources and previous research.
As equally defined in section 2.6, a full thermoeconomic analysis can be conducted for
a CHP proposal, and the cascading applications associated to this system, making a
comparison of a full power production scenario and the CHP system from the second law of
thermodynamic’s persective. Further research can also be conducted on the thermoeconomic
implications of advanced geothermal systems in the region of Alsace, as well as a sensitivity
analysis on the utilization of different temperature resource and the cash flows and revenues
associated to these systems.
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Appendix A: Thermodynamic model
Main assumptions:
- Reservoir pressure: 250 bar (assumed value)
- Reservoir enthalpy: 865 kJ/kg (Iterated value for a Treservoir=~200℃)
- Designed reinjection temperature: Treinjection,des = 60℃
Available brine volumetric flow rate: 350 m3 h-1
- Production well pump power: 364,57 kW
- Working fluid condensing temperature: 30℃
- Subcooling temperature difference: TBubble, condenser - 2℃
- Vaporizer Boiling margin until bubble point: ΔTbm = 110℃
- Superheating temperature difference: TDew, vaporizer + 5℃
- Pressure at wellhead: 15 bar
Cold water reservoir pump original volumetric rate: 1500 m3 h-1
- Iterated value for best vaporizing pressure: 31,40 bar
- Computed value for best return temperature: 60,43℃
- Deadstate Temperature, To = 10,3℃, or TK,o 283,45 K
- Deadstate enthalpy, ho = 43.377
- Deadstate pressure Po = 1 bar
- Vap, PH, Cond pinch = 4℃
- Recuperator pinch = 8℃
- Turbine throttle valve = 0,05 bar
Coolprop® functions (in SI units):
*For the geothermal brine and cooling water:
Ppoint = PropsSI(‘P’,‘H’, Enthalpy value,‘T’, Temperature value, ‘Water’)
hpoint = PropsSI(‘H’,‘P’, Pressure value,‘T’, Temperature value, ‘Water’)
Tpoint= PropsSI(‘T’,‘P’, Pressure value,‘H’, Enthalpy value, ‘Water’)
Spoint= PropsSI(‘S’,‘P’, Pressure value,‘H’, Enthalpy value, ‘Water’)
ρpoint = PropsSI(‘D’,‘P’, Pressure value,‘H’, Enthalpy value, ‘Water’)
Cppoint= PropsSI(‘C’,‘P’, Pressure value,‘H’, Enthalpy value, ‘Water’)
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*For the working fluid:
Fluid$ = ‘R1233ZDe’
Ppoint = PropsSI(‘P’,‘H’, Enthalpy value,‘T’, Temperature value, Fluid$)
hpoint = PropsSI(‘H’,‘P’, Pressure value,‘T’, Temperature value, Fluid$)
Tpoint= PropsSI(‘T’,‘P’, Pressure value,‘H’, Enthalpy value, Fluid$)
Spoint= PropsSI(‘S’,‘P’, Pressure value,‘H’, Enthalpy value, Fluid$)
ρpoint = PropsSI(‘D’,‘P’, Pressure value,‘H’, Enthalpy value, Fluid$)
Cppoint= PropsSI(‘C’,‘P’, Pressure value,‘H’, Enthalpy value, Fluid$)
Where,
Ppoint = Pressure of the fluid at a specific point/stage
hpoint = Specific Enthalpy of the fluid at a specific point/stage
Tpoint = Temperature of the fluid at a specific point/stage
Spoint = Specific entropy of the fluid in question at the defined point/stage
ρpoint = Density of the fluid in question at a specific point/stage
Cppoint = Specific heat of the fluid in question at the defined point/stage
Computed main assumptions with thermodynamic properties:
Reservoir mass flow rate, 𝑚³7-8F = 85,65 kg s-1
Treservoir = Iterated to 200,51℃
𝑥7FGF7g0-7 = ℎ7FGF7g0-7 − ℎ0 − 𝑇À,0 (𝑆7FGF7g0-7 − 𝑆0 ) (Specific exergy)
𝑋7FGF7g0-7 = 𝑚³7-8F,@FG 𝑥7FGF7g0-7
(Exergy rate)
Main assumptions at different stages and components at the surface:
Wellhead and production well pump
𝑊𝜂\E9\
𝑚|F{{3F6z
= ℎ7FGF7g0-7 − ∆ℎµ},\E9\

∆ℎµ},\E9\ =
ℎ|F{{3F6z

Quality of the steam : 𝑄|F{{3F6z =

3–c²²çcKy B3ì²nhy,–c²²çcKy

3MK`,–c²²çcKy B3ì²nhy,–c²²çcKy

𝑥}F{{3F6z = ℎ}F{{3F6z − ℎ0 − 𝑇À,0 (𝑆}F{{3F6z − 𝑆0 )
𝑋}F{{3F6z = 𝑚³7-8F,}˜ 𝑥}F{{3F6z
Wellhead throttle valve
𝑃237022{F,}˜ = 𝑃|F{{3F6z − 1 𝑏𝑎𝑟
ℎ0E2 = ℎ-8
𝑚0E2 = 𝑚-8

𝑥øF\,-8 = ℎøF\,-8 − ℎ0 − 𝑇À,0 (𝑆øF\,-8 − 𝑆0 )
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𝑋øF\,-8 = 𝑚øF\,-8 𝑥øF\,-8
Separator inlet
𝑃øF\,-8 = 𝑃237022{F,}˜
𝑇øF\ = 𝑇237022{F,|3
Quality of the steam : 𝑄GF\,-8 =

3-c°K›Kbm›,hi B3ì²nhy,`c°K›Kbm›
3MK`,`c°K›Kbm› B3ì²nhy,`c°K›Kbm›

𝑚-8 = 𝑚237022{F,|3

𝑥øF\,-8 = ℎøF\,-8 − ℎ0 − 𝑇À,0 (𝑆øF\,-8 − 𝑆0 )
𝑋øF\,-8 = 𝑚øF\,-8 𝑥øF\,-8
Separator gas out
𝑃øF\,G2F69,0 = 1 𝑏𝑎𝑟
Quality of the steam: 𝑄GF\,G2F69,0E2 = 100%
𝑚G2F69 = 𝑚øF\,-8 𝑄GF\,-8

𝑥ø2F69 = ℎø2F69 − ℎ0 − 𝑇À,0 (𝑆ø2F69 − 𝑆0 )
𝑋ø2F69 = 𝑚ø2F69 𝑥ø2F69
Separator brine out (Vaporizer inlet)
𝑃øF\,³7-8F,0 = 𝑃øF\,-8
𝑚ø,øF\,³7-8F,0E2 = 𝑚ø,øF\,-8 − 𝑚ø,øF\,[6G,0E2
𝑇øF\,³7-8F,0E2 = 𝑇GF\,-8

𝑥øF\,³7-8F,0E2 = ℎøF\,³7-8F,0E2 − ℎ0 − 𝑇À,0 (𝑆øF\,³7-8F,0E2 − 𝑆0 )
𝑋øF\,³7-8F,0E2 = 𝑚øF\,³7-8F,0E2 𝑥øF\,³7-8F,0E2
Vaporizer
𝑃g6\,0E2 = 𝑃g6\,-8 = 𝑃øF\,³7-8F,0
𝑚ø,g6\ = 𝑚ø,øF\,-8 − 𝑚ø,øF\,[6G,0E2

𝑥ø,g6\ = ℎø,g6\ − ℎ0 − 𝑇À,0 (𝑆øF\,g6\ − 𝑆0 )
𝑋ø,g6\ = 𝑚ø,g6\ 𝑥ø,g6\
TSource,vap,bubble point = T wf ,bubble@vappressure + Tpinch,vaporizer
Tsource,vap,out = Tsource,vap,bubble point - ΔTbm
*All exergies and other properties (at inlet, dew and bubble point, and
outlet) are computed similarly as presented in this section and throughout
the document.

Preheater
𝑃ø,µ˜,0E2 = 𝑃ø,µ˜,-8 = 𝑃ø,g6\,0E2
𝑚ø,µ˜ = 𝑚ø,øF\,-8 − 𝑚ø,øF\,[6G,0E2

𝑥ø,µ˜,-8B0E2 = ℎø,µ˜,-8B0E2 − ℎ0 − 𝑇À,0 (𝑆ø,µ˜,-8B0E2 − 𝑆0 )
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𝑋ø,µ˜,-8B0E2 = 𝑚ø,µ˜,-8B0E2 𝑥ø,µ˜,-8B0E2
TS,PH,out = Treinjection,des (Optimized later for max power output as function of
vaporizing pressure)

Reinjection pump
𝑃ø,7F-8.F…2-08,0E2 = 20 𝑏𝑎𝑟
vS,reinjection = 1 * (ρS,PH,out)-1
(𝑣ø,7F-8.F…2-08 )(𝛥𝑃7F-8.F…2-08,\E9\ )(100)
∆ℎ7F-8.F…2-08,\E9\ =
(𝜂7F-8.F…2-08,\E9\ )
ℎø,7F-8.F…2-08 = ℎø,µ˜,0E2 + ∆ℎ7F-8.F…2-08,\E9\
𝑚ø,7F-8.F…2-08 = 𝑚ø,øF\,-8 − 𝑚ø,øF\,[6G,0E2

𝑥ø,7F-8.F…2-08 = ℎø,7F-8.F…2-08 − ℎ0 − 𝑇À,0 (𝑆ø,7F-8.F…2-08 − 𝑆0 )
𝑋ø,7F-8.F…2-08 = 𝑚ø,7F-8.F…2-08 𝑥ø,7F-8.F…2-08
Feed pump
𝑃|„,\E9\,-8 = 𝑃|„,G62@TŽ℃
Twf,pump,in = TBubble, condenser - 2℃ = 28℃
𝑃|„,\E9\,0E2 = 𝑃|„,G62@³0-{-8[\0-82 (iterated pressure for maximum power output)
𝑃|„,\E9\,0E2 = 31,40 bar
vwf,pump = 1 * (ρwf,condenser,out)-1
(𝑣|„,\E9\ )(𝛥𝑃|„,\E9\ )(100)
∆ℎ|„,\E9\ =
(𝜂|„,\E9\ )
ℎ|„,\E9\ = ℎ|„,\E9\ + ∆ℎ|„,\E9\

𝑥𝑤𝑓,𝑝𝑢𝑚𝑝,𝑖𝑛−𝑜𝑢𝑡 = ℎ𝑤𝑓,𝑝𝑢𝑚𝑝,𝑖𝑛−𝑜𝑢𝑡 − ℎ0 − 𝑇À,0 (𝑆𝑤𝑓,𝑝𝑢𝑚𝑝,𝑖𝑛−𝑜𝑢𝑡 − 𝑆0 )
𝑋𝑤𝑓,𝑝𝑢𝑚𝑝,𝑖𝑛−𝑜𝑢𝑡 = 𝑚𝑤𝑓,𝑝𝑢𝑚𝑝,𝑖𝑛−𝑜𝑢𝑡 𝑥𝑤𝑓,𝑝𝑢𝑚𝑝,𝑖𝑛−𝑜𝑢𝑡
Recuperator
𝑃@F…,302G-zF = 𝑃|„,G62@TŽ℃
𝑃@F…,…0{zG-zF = 𝑃|„,\E9\,0E2
TRec,hotside,in= Twf,turbine,out
TRec,hotside,out= Twf,pump,out + TRec,pinch
𝑚@F…,302G-zF = 𝑚@F…,…0{zG-zF
hRec,coldside,out= (ℎ <E7³-8F,0E2 − ℎ|„,508z,-8 ) + ℎ|„,\E9\,0E2

𝑥𝑅𝑒𝑐,𝑘 = ℎ𝑤𝑓,𝑅𝑒𝑐,𝑘 − ℎ0 − 𝑇À,0 (𝑆𝑤𝑓,𝑅𝑒𝑐,𝑘 − 𝑆0 )
𝑋𝑅𝑒𝑐,𝑘 = 𝑚𝑅𝑒𝑐,𝑘 𝑥𝑅𝑒𝑐,𝑘 (Exergy properties at the kth state)
Turbine
Turbine Isentropic efficiency = 𝜂 <E7³,-G =

¿…2E6{ |07“
AGF8270\-… |07“

Generator efficiency = 96%
𝑃<E7³-8F,-8 = 𝑃|„,\E9\,0E2 − 𝑃<E7³-8F,237022{F
𝑃<E7³-8F,0E2 = 𝑃|„,G62@TŽ℃
ℎ <E7³,-8 = ℎ|„,g6\,0E2

=

3hi B3mnb,3
3hi B3mnb,-

= 80,8 %
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ℎ0E2,ø = PropsSI(‘H’,‘P’, Pwf,pump,out, ‘S’, STurb,in ,Fluid$) in SI units
ℎ0E2,¿ = ℎ-8 − 𝜂 <E7³,-G (ℎ-8 − ℎ0E2,ø )
𝑊<,-G = 𝑚(ℎ-8 − ℎ0E2,ø )
𝑊<,6…2E6{ = 𝑚(ℎ-8 − ℎ0E2,¿ )

𝑥𝑇𝑢𝑟𝑏𝑖𝑛𝑒,𝑖𝑛−𝑜𝑢𝑡 = ℎ𝑇𝑢𝑟𝑏𝑖𝑛𝑒,𝑖𝑛−𝑜𝑢𝑡 − ℎ0 − 𝑇À,0 (𝑆𝑇𝑢𝑟𝑏𝑖𝑛𝑒,𝑖𝑛−𝑜𝑢𝑡 − 𝑆0 )
𝑋𝑇𝑢𝑟𝑏𝑖𝑛𝑒,𝑖𝑛−𝑜𝑢𝑡 = 𝑚𝑇𝑢𝑟𝑏𝑖𝑛𝑒,𝑖𝑛−𝑜𝑢𝑡 𝑥𝑇𝑢𝑟𝑏𝑖𝑛𝑒,𝑖𝑛−𝑜𝑢𝑡
*All mass balances are computed as indicated in their respective sections throughout the
document, e.g. working fluid mass flow rate in section 2.4.3.2.
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Appendix B: Thermoeconomics
Component numerical modelling
The modelled linear system for the component balancing costs is computed as it follows
<
𝑐™,g6\ (𝑋g6\,0E2 − 𝑋g6\,-8 ) = 𝑐™,-8 𝑋³7-8F,g6\,-8 + 𝑍g6\
<
𝑐™,2E7³ 𝑋2E7³,0E2 − 𝑐|,2 𝑊2E7³,0E2 − 𝑐™,g6\ 𝑋2E7³,-8 = 𝑍2E7³
<
𝑐™,7F… 𝑋…08zF8GF7,-8 − 𝑐™,2E7³ 𝑋2E7³,0E2 − 𝑐™,\E9\ 𝑋\E9\,0E2 = 𝑍7F…
<
𝑐™,…08z 𝑋|„,…08zF8GF7,0E2 − 𝑐™,7F… 𝑋…08z,-8 − 𝑐˜ø 𝑋…0{z |62F7,-8 = 𝑍…08z
<
𝑐™,…08z 𝑋|„,…08zF8GF7,0E2 − 𝑐™,7F… 𝑋…08z,-8 − 𝑐˜ø 𝑋…0{z |62F7,-8 = 𝑍…08z
<
𝑐™,\3 𝑋\3,0E2 − 𝑐™,7F… 𝑋\3,-8 = 𝑐™,-8 𝑋³7-8F,\3,-8 + 𝑍\3

(1)
(2)
(3)
(4)
(5)
(6)

The linear system is numerically modelled and the linear regression is computed as it follows
𝑪“ =

𝑐™,“ 𝑿“ + 𝑍“<

𝑐™ = 𝑿<|„ 𝑿|„

BU

(7)

𝑿<|„ Υ

(8)

Where the superscript T denotes the transposed matrix operator and Υ is the right side of the
component linear system, e.g. the equivalence vector vector(equations 1-6, appendix B).
Linear system

𝑿|„ =

(𝑋g6\,0E2 −𝑋g6\,-8 )

0

0

0

0

0

−𝑋g6\,0E2

𝑋2E7³-8F,0E2

0

0

𝑊2E7³-8F

0

𝑋7F…,0E2

−𝑋2E7³-8F,0E2

0

−𝑋\E9\,0E2

0

0

−𝑋7F…,0E2

0

𝑋\E9\,-8

0

0

0

0

0

−𝑋\E9\,-8

𝑋\E9\,0E2

0

𝑊\E9\,0E2

(𝑋µ˜,0E2 − 𝑋µ˜,-8 )

0

0

0

0

0

(10)

𝑇

𝐶𝐹,𝑔𝑒𝑜,𝑖𝑛 + 𝑍𝑣𝑎𝑝
𝑇

𝑍𝑡𝑢𝑟𝑏
𝑇

Υ=

𝑍𝑟𝑒𝑐

(11)

𝑇

𝑍𝑐𝑜𝑛𝑑
𝑇

𝑍𝑝𝑢𝑚𝑝
𝑇

𝐶𝐹,𝑔𝑒𝑜,𝑖𝑛 + 𝑍𝑃𝐻
The least squares regression is computed, and the specific exergy costs are then found. The cost of
exergy destruction is a hidden cost and is computed after the component balancing costs have been
found and the specific exergy prices have been determined. This is modelled as per equation (3.13b),
and is calculated as
𝐶N,“ = 𝑐™,“ 𝑋N,“
(12)
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Turbine work cost flow
The cost is derived from the turbine cost balance as per
<
𝐶g6\ − 𝐶2E7³ + 𝑍2E7³
= 𝐶|,2
𝐶|,2,37 = 𝐶|,2 (3600 s/h)

(13)
(14)

The specific cost can be derived from the turbine work cost flow
𝑐|,2 =

5–,b
}b

(15)

Since exergy losses are unuseful stream of exergies, all cost of exergy losses are assumed to
equal 0. An example is given in section 3.3.2, in the heat sink cost flow model
𝐶˜ø = 𝑐{0GG,˜ø 𝑋508z,…0{z,-8B0E2 = (0) (𝑋508z,…0{z,-8B0E2 )
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