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ABSTRACT

Geothermal power generation by organic Rankine cycle (ORC) is examined in a case study for the 5.5 MWe double-stage power
plant in Kirchstockach, Germany. The power plant consists of two structurally similar modules operating at high (HT) and low
pressure (LT) level. In both units R245fa is chosen as working fluid. A simulation model is validated based on operational data of
the power plant and shows a good agreement. The calculations are performed using the fluid property databases RefProp and
StanMix. A significant deviation of about 10 % between the databases is observed for the enthalpy difference at expansion due to
deviation in the prediction of the slope of the saturation curve. Considering operational data and actual estimations in literature the
isentropic efficiency of the turbine calculated by StanMix seems to be more reliable. Furthermore, sensitivity analyses and
comparisons to alternative power plant concepts are performed based on the validated model. A variation of the split ratio of the
geothermal fluid at the outlet of the LT-evaporator shows a maximum of the second law efficiency for a ratio of 3:1 (HT:LT). A
comparison of the double-stage concepts to single-stage ORC using pure fluids and zeotropic mixtures shows the highest gross
second law efficiency for the single-stage concept and R134a/R245fa as working fluid. However, ORC units using R134a, R600a
or these fluids as mixture component lead to high power requirement regarding the feed pump. As result the investigated double-
stage concept lead to the highest net efficiencies of the considered optimization strategies.

1. INTRODUCTION

Studies on the potential of geothermal energy generation show a significant potential for low-temperature resources (Bertani, 2003;
Stefansson, 2000). Therefore binary power plants, like the Organic Rankine Cycle (ORC) or Kalina Cycle, are suitable as power
generation units. In these systems the thermal energy of the geothermal fluid is coupled to a secondary thermodynamic cycle, where
a low-boiling working fluid is evaporated at a moderate pressure level. The generated vapor flow is expanded in a turbine-generator
unit to a lower pressure level. The cycle is closed by condensing the working fluid and forcing the liquid phase to a higher pressure
level by a feed pump. Single-stage ORC systems consisting of one preheater, evaporator, turbine and condenser, are state-of-the-art
technologies. The first geothermal ORC power plant was set in operation in Russia in 1967 (Lund, 2004). The standard concept can
be adapted to different temperatures of the geothermal fluid by selecting an appropriate working fluid. For the typical temperature
range of the heat source between 80 °C and 200 °C, refrigerants and natural hydrocarbons are favorable. In general, the geothermal
power generation by ORC is limited by the minimal temperature difference, so called pinch point, between the heat source or sink
and the ORC. Innovative concepts to reduce this limitation and to increase the cycle efficiency are the transcritical cycle, the pinch-
point smoothing, the use of zeotropic mixtures or the double-stage ORC concepts.

In this paper the double-stage concept is analyzed under thermodynamic criteria. Two ORC modules operating at different pressure
levels enable a better match of the power generation unit to the temperature profile of the geothermal resource compared to the
single-stage concept. In this context a reduction of exergy losses can be observed. Based on the realized double-stage ORC power
plant in Kirchstockach (Germany) with an electrical power of 5.5 MW (installed electric capacity of the generator 7.0 MW) and
R245fa (1,1,1,3,3-pentafluoropropan) as working fluid, a simulation model is validated by operational data. In this context two
potential fluid property databases and their reliability are compared. Sensitivity analyses are performed concerning the split ratio of
the geothermal fluid mass flow rate and ORC working fluid selection. Furthermore, a thermodynamic comparison of alternative
ORC concepts, in particular the single-stage system and the use of zeotropic mixtures, is presented.

2. DOUBLE-STAGE ORC IN KIRCHSTOCKACH, GERMANY

In literature the terms double-stage, two-stage or two-level ORC is associated with different power plant concepts. Kosmadakis et
al. (2010a and 2010b) and PreiRinger et al. (2012) describe a cascading system as double-stage ORC for solar and biomass
applications. In these studies the evaporation of a lower boiling working fluid is realized by the condensation of a higher boiling
working fluid. In addition, ORC systems which include two expanders in series are labeled as two-stage ORC (Smolen, 2011).
Meinel et al. (2014) extend such a two-stage expansion by a saturator to use extracted vapour from the first stage turbine for
internal heat recovery. In two-level or two-pressure systems examined by Drescher (2008) and Walraven et al. (2013) the ORC
mass flow is splitted at the outlet of the low-temperature preheater into a low and high pressure stream. At outlet of the turbines
both streams are mixed again and the condensation as well as the pressure rise to the lower level take place in one component each.
For a better modularization also separate ORC systems are suitable for a two-stage concept. Therefore, two identically structured
modules could be arranged in series. The module supplied with the higher temperature of the geothermal fluid operates at higher
ORC pressures. A further development of this concept in form of splitting the geothermal mass flow is examined by Kanoglu
(2002). The double-stage ORC in Kirchstockach (Germany) analyzed in this work is shown in Figure 1. The power plant consists
of two separate ORC modules a high-temperature (HT) and a low-temperature (LT) ORC. The power plant has been in operation
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since 2013 and has a nominal electric capacity of 5.5 MW referred to an ambient temperature of 8 °C, a mass flow rate of 120 kg/s
and a temperature of 138 °C of the geothermal fluid.

Figure 1: Double-stage ORC power plant in Kirchstockach, Germany (Source: Geothermie Kirchstockach)

A scheme of the power plant is shown in Figure 2. In both ORC modules, the same working fluid (R245fa) is used due to
advantages with respect to storage and legal requirements. The two modules are nearly identically structured. The HT-ORC
operates at higher pressure compared to the LT-ORC. The thermal energy of the geothermal fluid is coupled to the ORC in the
preheater and the evaporator of each module. In case of the HT-ORC the preheating is divided into two steps, the LHT- and HHT-
preheater. Therefore the mass flow of the geothermal fluid is separated at the outlet of the LT-evaporator and coupled parallelly to
the LT- and HT-cycle. In general, at the outlet of the evaporators saturated vapour is obtained and expanded in the turbine.
Furthermore, an air-cooled condenser and a feed pump are part of each module.
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Figure 2: Scheme of the double-stage ORC power plant in Kirchstockach, Germany

3. METHODOLOGY
3.1 Process simulations

The steady-state process simulations are performed using the software Cycle Tempo V5.0 (Woudstra and van der Stelt, 2002). The
calculation of fluid properties is based on the databases RefProp V9.1 (Lemmon et al., 2013) and StanMix (Angelino and Colonna
di Paliano, 1998). Within RefProp the model of Lemmon and Span (2006) is used for R245fa. All properties of fluid mixtures in
this work are calculated by RefProp and the model of Kunz et al. (2007). For the simulations heat losses are neglected. Operational
data from the real power plant serve for input data regarding the simulation and validation of the results. The data are collected at
full load and the ambient temperature corresponds to the design point of the power plant (T, = 8 °C). Boundary conditions for the
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simulation are set as constant, like mass flow rate and temperature of geothermal fluid or pressure levels of the ORC modules are
highlighted in Table 3.

3.2 Turbine efficiency

Operational data of the temperature at the outlet of the LT- and HT-turbine are not available due to missing measurement devices.
Therefore, the isentropic efficiency 77 is calculated based on Equation (1) and manufacturer design data for pressure p and

temperature T at turbine inlet and outlet. The design parameters Tjo°%9", pPesi9™ TLeESI™ ang pPesio™are fisted in Table 1. The

manufacturer indicates the tolerance of the design parameters with + 1 °C for temperatures and + 0.2 °bar for pressures.

hin — hout 1)

775,T = h m_h
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The enthalpy at inlet h;, and outlet hy is calculated by RefProp and StanMix based on the temperature and pressure at inlet and
outlet of the turbines at the design point. hsq, represents the enthalpy in case of isentropic expansion. In Table 1, the resulting
isentropic efficiencies of the turbines are listed.

Table 1: Isentropic efficiency of the LT- and HT-turbine based on design data

Turbine Tglesign (°C) TOD;’:ign (OC) p:.;esign (bar) pgz:ign (bar) ns;fProp (%) ngt;anix (%)
HT 106.7 48.5 133 13 81.78 88.28
LT 725 38.8 5.8 1.2 75.26 82.72

Obviously the chosen databases for fluid properties lead to a significant difference in the calculated isentropic efficiencies of the
turbines, which are considerably lower using RefProp fluid properties. The described difference would lead to noticeable deviations
regarding the simulations and estimation of power output as well as cycle efficiency. To analyse the reliability of the fluid
properties calculated by RefProp and StanMix a comparison to alternative equation of states (EOS) and experimental data is
discussed briefly in the next paragraph.

In Table 2 the enthalpy difference at expansion dh; is shown for RefProp and StanMix as well as for the Peng-Robinson EOS
(Peng and Robinson, 1976) and Redlich-Kwong Soave EOS (Soave, 1972).

Table 2: Enthalpy difference at expansion for selected EOS

Turbine dhFPP (kJjkg) ARyt et™M™ (KJ/kg)  dhp® (kJ/kg) dh®¥S (kJ/kg)
HT 35.90 39.21 39.43 39.72
LT 21.85 24.37 24.47 24.56

The results show that the enthalpy differences calculated by StanMix are in a good agreement with Peng-Robinson EOS and
Redlich-Kwong Soave EOS. The relative deviations between these models range between 0.13 % and 1.30 %. In contrast, the
values calculated by RefProp show differences up to 10.34 % compared to StanMix. Extensive analysis of the fluid properties and
comparison to experimental data shows that the heat capacity of the liquid phase shows high deviations for RefProp and StanMix.
In Figure 3 the heat capacity for the liquid phase of R245fa depending on temperature is shown. In addition, experimental data of
Hwang et al. (Hwang et al., 1992) are included. The deviation of the liquid heat capacity, calculated by RefProp and StanMix,
increase with rising temperature. Near the critical temperature the use of RefProp lead to 32.36 % lower values compared to
StanMix. In context of relevant process parameters for the examined double-stage ORC, the liquid heat capacity calculated by
StanMix is 2.72 % lower (condensation level) respectively 6.76 % higher (HT-evaporation level) compared to RefProp. The slope
of the dew line in the T,s-diagram differs noticeably between the considered EOS due to the structure of the EOS and the
considered heat capacity of the ideal gas. The normalized T,s-diagram (s(T = 20 °C; x = 0) = 1) of Figure 4 illustrates in particular
the deviations for fluid properties in case of saturated or slightly superheated states, which leads to the differences of dhy listed in
Table 2. The differences are considerably weakened in case of relevant superheating. Exemplarily, a superheating of 10 K
decreases the deviation of dhyyr to 3.83 % between RefProp and StanMix. The same interrelation between deviations of heat
capacity and deviations of enthalpy differences at expansion can be observed for R134a. In case of natural hydrocarbons like
isobutane (R600a) or isopentane (R601a) the deviations are less pronounced. A comparison of RefProp and StanMix to
experimental data for the liquid density of R245fa shows good agreement. The averaged deviation in case of RefProp is 0.07 % and
for StanMix 1.96 %. A validation or clear statement concerning the reliability of the examined EOS is not possible due to the lack
of experimental data in the gas phase. Nevertheless, the isentropic efficiencies of the turbine based on StanMix seem to be more
reliable and are used in the simulations. In this context, a comparison to real power plant data available in literature shows that the
values calculated by RefProp are reached and partly exceeded by small scale units and power plants set in operation in 1989 and
2001 (Aneke et al., 2011; Kanoglu, 2002; Bayerisches Landesamt fir Umweltschutz, 2001). Actual theoretical studies regarding
geothermal power generation assume 85 % for isentropic efficiency of the turbine (Astolfi et al., 2014).
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Figure 3: Liquid heat capacity of R245fa depending on temperature
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Figure 4: Normalized T,s-diagram of R245fa based on the databases RefProp and StanMix

3.3 Analysis

The simulation results are analyzed according to the second law of thermodynamics. Therefore, gross and net second law
efficiencies of the ORC system are calculated based on the power output of the turbine Py and the power consumption of the feed
pump Pp. Other parasitic power requirements regarding the well pump or fans for the air condenser are not considered.

ORC P (2)

i gross = &=
Ecr

ore _ R —Pp (3)
Mipet =2

Eer

The maximum power output of the geothermal source, the exergy flow Egy, is obtained by multiplying the specific exergy with the
mass flow rate of geothermal fluid rigg:

Eer = Mgre (4)
The specific exergy e is based on:
e=h—hy —Ty(s—5,) ©)

The state variables temperature To, enthalpy hy and entropy s, are related to ambient conditions. Regarding the validation of the
simulation model, the relative deviation of the real power plant data and the simulation results is calculated by

de |AX|-100% (6)
X
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4, RESULTS
4.1 Validation

The simulation using the fluid property databases RefProp and StanMix are validated based on real power plant data shown in
Table 2. Additionally, the relative deviation between the power plant data and the simulation results is listed.

Table 3: Real power plant data, simulation results and the corresponding relative devaitions

No.  Parameter Real power Simulation Simulation rd /% rd/ %
plant data RefProp StanMix RefProp StanMix
HT-ORC
1 Pump inlet temperature (°C) 22.71 23.04 22.81 0.11 0.03
1 Pump inlet pressure (bar)* 1.49 1.49 1.49 0.00 0.00
1 Mass flow rate (kg/s) 99.66 111.01 109.61 11.39 9.98
2 Pump outlet temperature (°C) n.a. 24.22 24.01 - -
2 Pump outlet pressure (bar)* 15.24 15.24 15.24 0.00 0.00
3 Preheater (HHT) inlet temperature (°C) 62.23 59.47 60.23 0.82 0.60
4 Preheater (HHT) outlet temperature (°C)  99.40 103.08 103.16 0.99 1.01
5 Evaporator outlet temperature (°C) 103.79 104.15 104.23 0.10 0.12
5 Evaporator outlet pressure (bar)* 13.85 13.85 13.85 0.00 0.00
5a Turbine outlet temperature (°C) n.a. 44.09 47.7 - -
LT-ORC
7 Pump inlet temperature (°C) 22.88 23.24 23.03 0.12 0.05
7 Pump inlet pressure (bar)* 1.55 1.55 1.55 0.00 0.00
7 Mass flow rate (kg/s) 57.80 70.72 69.72 22.35 20.61
8 Pump outlet temperature (°C) n.a. 23.71 2351 - -
8 Pump outlet pressure (bar)* 6.75 6.75 6.75 0.00 0.00
9 Preheater outlet temperature (°C) 61.56 67.22 67.37 1.69 1.74
10 Evaporator outlet temperature (°C) 68.72 69.22 69.37 0.15 0.19
10 Evaporator outlet pressure (bar)* 5.97 5.97 5.97 0.00 0.00
10a  Turbine outlet temperature (°C) n.a. 37.46 40.02 - -
Geothermal fluid
A HT evaporator inlet temperature (°C)* 135.14 135.14 135.14 0.00 0.00
A Total mass flow rate (kg/s)* 122.37 122.37 122.37 0.00 0.00
B HHT preheater inlet temperature (°C) 105.47 106.94 106.96 0.39 0.39
C LT evaporator inlet temperature (°C)* 92.95 92.95 92.95 0.00 0.00
D LHT preheater inlet temperature (°C)* 70.37 70.37 70.37 0.00 0.00
D LHT mass flow rate (kg/s)* 67.89 67.89 67.89 0.00 0.00
E LT preheater inlet temperature (°C)* 70.37 70.37 70.37 0.00 0.00
E LT mass flow rate (kg/s)* 54.48 54.48 54.48 0.00 0.00
F LT preheater outlet temperature (°C) 51.62 51.84 52.13 0.07 0.16
G LHT preheater outlet temperature (°C) 51.66 51.66 51.66 0.00 0.00
H Injection temperature (°C) 51.50 51.87 51.87 0.11 0.11
ORC gross generator power (kW) 5313.41 5288.85 5309.64 0.46 0.07
LT feed pump (kW) 60.67 59.76 59.76 1,52 1.52
HT feed pump (kW) 234.15 225.96 226.21 3.62 3.51
ORC gross second law efficiency (%) 52.26 52.01 52.22 0,46 0.07
ORC net second law efficiency (%) 49.36 49.20 49.41 0.31 0.01
Ambient temperature (°C) 8.67 8.67 8.67 0.00 0.00

*set variables for simulation

In general, the simulation results are in a good agreement to the real power plant data. Therefore, the simulation model can be used
for further analysis. In average the relative deviation for the simulation based on RefProp and StanMix differs only slightly
(0.48%). However, a significant difference for the outlet temperature of the turbines can be observed due to the behavior discussed
in chapter 3.2. In this context, RefProp leads to 0.82% (LT) and 1.14 % (HT) lower temperatures at the turbine outlet.
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A calculation of the double-stage ORC based on RefProp and the turbine efficiency of Table 1 would lead to a power output of
4875 kW, 9 % below the measured value. Furthermore, the outlet temperature of the preheaters shows a noticeable deviation to the
operational data. According to the design point of the power plant the preheater outlet temperature is set 2 K below the saturation
temperature. In contrast, the real power plant data show a far higher subcooling at the evaporator inlet. Finally, the LT- and HT-
ORC mass flow rate differs considerably from the operational data. According to the manufacturer, the uncertainties of the
integrated flow rate sensors are responsible for this deviation. It should be highlighted here that the calculations of turbine
efficiency in chapter 3.2 (see Equation 1) are independent of ORC mass flow rate. Regarding the reliability of the mass flow rate of
the geothermal fluid, the measured value of Table 1 is compared to an additional implemented mass flow meter and doubled-
checked by an external measurement device. In relation to the sensor used for the analysis, the alternative devices show a deviation
below 1.69 %. This good agreement confirms the reliability of the cycle analysis and in particular the calculations of turbine
efficiency.

4.2 Performance analysis

The second law efficiency of the examined double-stage power plant is higher compared to existing units with similar boundary
conditions (DiPippo, 2005, 1999). The gross efficiency according to the first law thermodynamics is 12.29 % and the net
efficiency is 11.62 %. The calculated isentropic efficiency of the LT-feed pump is 50 % and in case of the HT-feed pump 52 %.

The temperature, enthalpy flow-diagram of Figure 5 illustrates the transmitted heat flow and a good match of the temperature
profiles of heat source and ORC.
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Figure 5: Temperature, enthalpy flow-diagram for the double-stage ORC in Kirchstockach
4.2 Sensitivity analysis

To identify the most efficient process parameters of the double-stage concept a variation of the LHT-mass flow rate (state points E
and F) is performed. As boundary conditions, the geothermal parameters, turbine efficiencies, ORC pressures and pinch points of
the heat exchangers (HT preheater, HHT preheater and LT preheater) are set constant. For the LHT-preheater a minimal pinch point
of 3 K is defined. Figure 6 shows the gross second law efficiency and the temperatures of the geothermal fluid at the state points C
and F as well as the LT-ORC mass flow rate as a function of the LHT mass flow rate of the geothermal fluid.
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Figure 6: Gross second law efficiency and temperatures of the geothermal fluid at state points C and H as a function of the
LHT mass flow rate
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In the range of 30 kg/s and 80 kg/s the second law efficiency increases linearly with rising LHT mass flow rate. Due to an
increasing LHT mass flow rate the LHT-preheater plays a bigger role in preheating the working fluid in the HT-ORC. In this
context, the temperature of the geothermal fluid Tgg ¢ in state point C increases considering the assumption of a constant pressure
level in the HT-ORC and a constant pinch point in the HT-evaporator. As a result, the mass flow rate of the LT-ORC increases and
the temperature of the geothermal fluid Tgg ¢ in state point F decreases. Summing up, a higher thermal energy is coupled to the LT-
ORC and the power output, respectively, the second law efficiency increases. The maximum efficiency is reached for 80 kg/s with
53.49 %. In case of a LHT mass flow rate higher than 80 kg/s the minimal pinch point in the LHT-preheater (3 K) is reached. Thus
the temperature of the geothermal fluid Tggc in state point C is constant at 95.1 °C. As a result, the mass flow rate of the LT-ORC
and second law efficiency stay constant, too.

4.3 Alternative working fluids and concepts

In this chapter, a comparison of the examined double-stage power plant compared to alternative working fluids and configurations
is presented. First the second law efficiency for selected working fluid combinations regarding the LT- and HT-ORC are calculated.
In addition, the double-stage concept is compared to single-stage cycle with pure fluids and fluid mixtures.

4.3.1 Working fluids

Next to R245fa as a working fluid, common candidates like R600a and R134a are investigated. The low boiling refrigerant R134a
seems to be suitable for the LT-module. Therefore, a combination of R134a (LT) and R245fa (HT) as well as R134a (LT) and
R600a (HT) is considered. Furthermore a use of R600a in the LT and HT is investigated. For different working fluids in the LT-
and HT-unit, an additional storage tank has to be installed. In the context of flammable fluids like R600a legal regulations and
higher requirements regarding insurances have to be taken into account. For the simulations the boundary conditions like
geothermal parameters, turbine efficiencies, pinch points of the heat exchangers and pressure losses are equal to the R245fa/R245fa
system. The ORC pressure is maximal 80 % of the critical pressure.
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Figure 7: Gross second law efficiency depending on LHT mass flow rate

As indicated for R245fa/R245fa as well as for R600a/R600a the gross second law efficiency increases with increasing LHT mass
flow rate. For a mass flow rate of 85 kg/s a maximal efficiency of 56.13 % is reached due to the minimal temperature difference of
3 K in the LHT-preheater. Compared to R245fa/R245fa an increase in efficiency of 4.7 % can be reached by choosing R600a in
both ORC units. In case of R134a/R600a and R134a/R245fa the gross second law efficiency shows a local maximum. In addition to
the pinch point limitation in the LHT-preheater, the pinch point in the LT-preheater shifts from the outlet to the inlet of the heat
exchanger. This leads to a minimal temperature of the geothermal fluid in state point F for a certain LHT mass flow rate (see
Figure 8). As a result, the maximal gross second law efficiency for the working fluid R134a/R600a is 58.71 % for a LHT mass flow
rate of 80 kg/s. For higher LHT mass flow rates, the temperature of the geothermal fluid in state point F remain constant and
additionally, the temperature of the geothermal fluid in state point G increases. A lower amount of thermal energy is coupled to the
double-stage ORC for LHT mass flow rates higher than 80 kg/s and consequently the second law efficiency decreases.

4.3.2 Concepts

The investigated double-stage ORC is compared to a state-of-the-art concept, a single-stage ORC with pure working fluids, and
another innovative approach, a single-stage ORC with zeotropic fluid mixtures (Angelino and Colonna di Paliano, 1998 and
Heberle et al., 2012). For the single-stage ORC R245fa, R134a and R600a are considered as working fluids. In addition,
simulations for the single-stage ORC with the mixtures R134a/R245fa, R245fa/R365mfc and R600a/R601a are performed. The
mole concentration for R134a/R245fa and R600a/R601a is 90 % of the more volatile component (R134a and R600a). In case of
R245fa/R365mfc an equimolar composition is chosen. The selected mixtures show zeotropic characteristics, so that at evaporation
and condensation a temperature glide can be observed. This leads to a better match of the temperature profiles of heat source or
sink and ORC compared to pure fluids. For the simulations again the geothermal conditions of Kirchstockach are chosen. The
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boundary conditions for the ORC are defined equally compared to the double-stage concept. This includes the pinch points of the
heat exchangers, subcooling at the outlet of the air-cooled condenser, neglecting heat losses and the maximal ORC pressure
(0.8-perir)- As isentropic efficiency of the turbine for the single-stage concept 85 % is defined according to Astolfi et al. (Astolfi et
al., 2014). All single-stage simulations are performed without internal recuperator and the maximum ORC process pressure is
chosen according to the efficiency maximum. For the working fluids R134a and R134a/R245fa, a superheating of 10 K at the outlet
of the evaporator is assumed to avoid droplets in the turbine. A comparison between the single-stage ORC with the pure fluid
R245fa and the zeotropic mixture R134a/R245fa shows the temperature, enthalpy flow-diagram of Figure 9.
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Figure 8: Temperature, enthalpy flow-diagram for a double-stage ORC using R134a (LT) and R600a (HT) as working
fluids
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Figure 9: Temperature, enthalpy flow-diagram for single-stage ORC using R245fa and the mixture R134a/R245fa as
working fluids

Due to the better match of the temperature profiles a higher amount of thermal energy is coupled to the ORC with the zeotropic
mixture as working fluid. The reinjection temperature of the geothermal fluid can be decreased from 59 °C to 53.5 °C compared to
the ORC with R245fa. As a result, the heat input is 2.85 MW higher and the electrical power output is 1.01 MW (22.58 %) higher.
An overview of the gross and net second law efficiency of considered power plant concepts is shown in Figure 10. In addition, a
double-stage concept without splitting the geothermal mass flow is included in the analysis (R245fa 2st).
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Figure 10: Net and gross second law efficiency of the selected concepts at same geothermal boundary conditions

The single-stage concept (1st) with the mixture R134a/R245fa as working fluid leads with 54.17 % to the highest gross second law
efficiency. However, as well as the single-stage ORC with R600a or R134a, the power of the feed pump is relatively high. Due to
the low power requirements of the feed pumps, the double-stage concept (R245fa 2st (split)) realized in Kirchstockach leads with
50.52 % to the most efficient technical solution regarding the net second law efficiency. In the simulations, the reinjection
temperature of the geothermal fluid is limited to 50 °C due to the rising risk of mineral deposits in the heat exchanger for lower
temperatures. The described limitation has a significant influence regarding the ORC with R134a. If lower reinjection temperatures
would be possible the pinch point shifts to the inlet of the preheater and a gross second law efficiency of 60.83 % (net second law
efficiency 54.46%) is obtained. The reinjection temperature in this case is 29.8 °C. In this context, another advantage of fluid
mixtures as working fluids next to the temperature glide at phase change becomes apparent; by adding higher boiling component
like R245fa to R134a, the fluid properties can be adapted to the boundary conditions. As a result, an efficient cycle and a
reinjection temperature above 50 °C are realizable. To sum up: Optimization strategies like the selection of an appropriate pure
fluid or a double-stage concept without mass flow split lead to an increase in net efficiency in the range of 1.61 % and 4.59 %
compared to the single-stage ORC with R245fa. For the given geothermal boundary conditions, only the double-stage concept with
geothermal mass flow split and the single-stage with R134a/R245fa lead to a significant efficiency increase (17.50 % and 13.05 %)

3. CONCLUSIONS

The comparisons of real power plant data and process simulations for the examined double-stage ORC in Kirchstockach (Germany)
match very well. However, significant deviations for the calculation of the enthalpy difference at expansion between RefProp and
StanMix should be highlighted. Especially for saturated or slightly superheated states at turbine inlet, as they are common for ORC,
these differences have to be taken into account. Analyses of the fluid properties show that differences mainly for the liquid heat
capacity. Responsible for the deviations of the behavior in the T,s-diagram are the considered heat capacity of the ideal gas and
differences in the structure of the EOS. A validation or clear statement concerning the reliability of the examined EOS is not
possible due to the lack of experimental data in the gas phase.

Regarding the optimization potential of the investigated double-stage concept a variation of geothermal LHT mass flow rate shows
that maximum second law efficiency is reached at 80 kg/s due to the pinch point limitations in the LHT preheater. Regarding
alternative power plant concepts the use of the zeotropic mixture R134a/R245fa in a single-stage ORC leads to a higher gross
second law efficiency compared to the examined double-stage concept. However, systems using low-boiling working fluids like
R134a and R600a show high power requirements for the feed pumps. In this context the double-stage ORC with R245fa leads to
the highest net second law efficiency.

Next to the described thermodynamic aspects, economic and legal requirements concerning safety issues or feed-in tariffs have a
significant influence on the choice of the power plant concept. In further work such aspects will be integrated into the analysis in
form of case studies. In addition, potential concepts for combined heat and power generation will be examined for the double-stage
concept in form of quasi steady-state and dynamic simulations.
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