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a b s t r a c t

Geothermal energy can play a vital role in the mitigation of climate change due to its CO2-neutral,
renewable and non-fluctuating character. Because of the expensive preparation of the geothermal wells,
the thermal water should be utilized with the highest efficiency. Therefore, the wells are often exploited
in combined heat and power concepts. Consequently, the power plant operates in part load most of the
time. However, this high portion of part load operation is often not fully considered in the design stage of
the plant, due to a lack of suitable simulation models. Therefore, the purpose of this paper is to compare
several approaches to simulate the part load behavior of the geothermal Kalina power plant in Unter-
haching (Germany) and to validate them with operational data. Simulation approaches to calculate the
isentropic efficiency of the turbine and the heat transfer coefficients of the heat exchangers are studied
and compared on component level. An investigation of different combinations of these component
models then follows. The results show that a detailed correlation to model the isentropic efficiency of the
turbine is necessary to achieve sufficient accuracy. Furthermore, modeling plate heat exchangers with a
power law approach for the heat transfer coefficient appears promising.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

In several areas in Germany, it is possible to exploit geothermal
energy, which is a renewable energy source. Currently, there are
nine geothermal power plants in operation with an installed ca-
pacity of about 40MW, which produced 174.21 GW h of electricity
in 2016 [1,2]. The economic potential of hydrothermal geothermal
sources in Germany has been estimated by Eyerer et al. [3] to a total
of 8700 TW h. This value is calculated taking the governmental
subsidies of 25.2 cts/kWh into account. Utilizing this potential in a
sustainable way results in an annual production of 8.7 TW h of
electricity per year and the potential to operate more than 430
plants [3]. These numbers show that there is great expansion po-
tential for geothermal power plants in Germany in the future.

Due to the low temperature level, the most commonly used
technology to generate power from geothermal energy is the
Organic Rankine Cycle (ORC). Several options are being investigated
with the aim of optimizing and improving the ORC process. For
example, multi-pressure systems, transcritical and supercritical
cycles and zeotropic mixtures as working fluid. The goal of these
optimizations is to find a perfect match between heat source,
environmental boundary conditions, and the thermodynamic cycle.

Another promising technology to generate power from low
enthalpy sources is the Kalina cycle (KC) process. The Kalina cycle
utilizes an ammonia-water mixture as working fluid. These two
components form a zeotropic mixture, which is advantageous in
heat transfer because the evaporation does not take place isother-
mally. This reduces exergy destruction during heat transfer and
enables efficiency gains over the ORC process. Several approaches
to compare the KC with the ORC can be found in literature. Zhang
et al. [4] provides a broad literature review of the research on the
KC, including the comparison with the ORC and different correla-
tions for calculating thermodynamic properties of ammonia-water
mixtures. Rodriguez et al. [5] estimate a net power increase of 18%
for the KC compared to a simple ORC at a thermal water temper-
ature of 100 �C, they suggest the KC for low temperatures as an
alternative to the ORC. K€ohler [6] examined geothermal power
plants for a thermal water temperature range between
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100 �Ce200 �C and concluded that the KC with air cooling is ad-
vantageous in the lower temperature range. Although the KC ex-
tracts less energy from the thermal water than the ORC, it uses it
more efficiently. Thorin [7] determines higher electrical power
output for KC in industrial waste heat utilization. DiPippo [8]
compares the operating data of geothermal power plants in oper-
ation and identifies a slightly better performance (3%) of the KC
compared to the ORC processes.Walraven et al. [9] compare various
ORC processes and the KC to generate electricity from geothermal
sources. They conclude that the KC is comparable to the best ORC
designs (transcritical or multi-pressure subcritical) if the thermal
water exit temperature is limited. The papers discussed here show
that the KC can be advantageous for low temperature levels as they
occur in geothermal applications.

Projects using geothermal energy are often combined heat and
power concepts, because these concepts are favorable in terms of
preventing harmful CO2 emissions and they offer economic benefits
due to a higher number of full load operation hours of the plant
[10]. Further information about determining the global warming
impact of geothermal energy production by means of a life cycle
assessment can be found in [11]. Most of these plants are heat-
controlled, which means that they always provide the heat
needed for e.g. district heating and use the excess geothermal en-
ergy to generate power. The high heat demands in wintertime
cause the power plant to only operate in part load or being
completely shut down. In summertime, the lower heat demand
enables full load operation. However, the higher ambient temper-
atures, which define the heat sink of the plant, cause higher
condensation pressures and thus lower power production by the
plant. This behavior is shown exemplary in Fig. 1 for the Kalina
power plant in Unterhaching (Germany) in 2016 by means of the
fraction of the brine mass flow, which is available for power pro-
duction. This power plant is integrated into a parallel combined
heat and power concept, where the geothermal mass flow is
separated into two streams. The first stream is controlled to provide
enough energy to satisfy the demand of the district heating
network. The remaining mass flow is utilized to generate power in
the KC. Due to the high proportion of part load operation during the
year, the part load behavior should be given high priority in the
power plant design for combined heat and power systems.

Several approaches to simulate the part load behavior of power
Fig. 1. Fraction of full load operation in 2016 for the
plants are described in the literature. Gabbrielli [12] proposes a
design approach for binary geothermal power plants utilizing a
detailed off-design performance model in order to evaluate the
optimal design point of the power plant. He suggests a widely used
correlation for the isentropic turbine efficiency in part load con-
ditions. Jüdes et al. [13] describe the optimization of cogeneration
plants using mixed-integer nonlinear programming and imple-
ment an empirical correlation to calculate the part load behavior of
the steam turbine. This study compares different modeling ap-
proaches on the part load behavior of geothermal power plants. A
description of the part load models examined in this paper is
provided in Section 5. A detailed model of the KC in Unterhaching
(Germany) is designed in AspenPlus [14] and Matlab [15] and vali-
dated with actual operating data. This model is then compared to
several approaches described in the literature that are used to
simulate part load behavior. The modeled part load behavior is
finally used to estimate the annual power yield of the plant. This
way, the novel part load model developed in this study is compared
to the current state-of-the-art part load models found in the liter-
ature, in order to analyze the improved modeling.

This paper addresses to researchers and scientists in modeling
power plants and energy providers, which operate or design power
plants that mostly operate in part load conditions. This is the case
for many CHP projects in the geothermal energy sector.

2. The Kalina cycle e process layout

The Kalina cycle was introduced in the early 1980s as a new
thermodynamic power cycle using ammonia-water mixtures as
working fluid [16e18]. Fig. 2 a) illustrates the process scheme of the
KC power plant in Unterhaching (Germany). Fig. 2 b) shows the
temperature-enthalpy process chart of the process. This plant has
been successfully producing electricity since 2008 [19] and was the
first KC power plant in Germany. The geothermal brine transfers
energy to the ammonia-water working mixture in the evaporator
(A-B). Thereby the basic solution, which contains 89 ma-%
ammonia and 11 ma-% water, is partially evaporated (2e3). The
working fluid mass flow is controlled in order to reach a temper-
ature of 119.8 �C at the evaporator outlet, which corresponds to a
vapor quality of approx. 0.94. Due to the higher boiling point of
ammonia as compared to water, this two-phase mixture can then
Kalina power plant in Unterhaching (Germany).



Fig. 2. a) Process scheme of the KC power plant in Unterhaching (Germany); b) Temperature-enthalpy process chart of the KC.
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be separated in an ammonia-poor liquid phase (6) and an
ammonia-rich vapor phase (4) in the separator. The vapor stream
expands in the turbine to the lower pressure level of the cycle (5)
and is then mixed with the ammonia-poor liquid stream (7), which
has been expanded to the same pressure by a throttle valve. In the
next step, the internal recuperator recovers a part of the sensitive
heat from (8) to (9) before the working mixture is condensed (10).
The coolant used is water from a wet cooling tower. The fluid cir-
culation pump then compresses the liquid working fluid to the high
pressure level of the cycle (1). In the last step, the fluid is preheated
in the recuperator to state (2) and flows back into the evaporator to
close the cycle.

Fig. 2 b) shows the temperature-enthalpy diagram of the pro-
cess, displaying only the states of the basic solution, therefore states
4, 5, 6, 7 are omitted for the sake of clarity because the mixture
composition is different in these states and the saturation lines of
the diagram are not valid for these compositions. The figure also
illustrates the major advantage of the KC over the ORC: the non-
isothermal evaporation of the zeotropic working fluid mixture
(2e3). Due to the good adaptation of the temperature profiles on
the heat source and the sink, exergy destruction is reduced during
heat transfer. Table 1 summarizes the main design parameters and
component types of the power plant.
Table 1
Main design parameters and component types of the power plant.

Thermal water
Temperature 122 �C
Pressure 9 bar
Volume flow 140 l/s
Process parameters of the power plant
Nominal power 3,36MW
Live steam temperature 119.2 �C
Live steam pressure 19 bar
Condensing pressure 6.8 bar
Components of the KC
Turbine Single stage radial turbine
Heat exchanger type Plate heat exchangers
Cooling system Wet cooling tower
3. Preparation of operating data

This study utilizes the operation data of the Kalina power plant
in Unterhaching (Germany) from 2016. The data of the power plant,
the district heating network, and the geothermal water pump were
recorded and stored for 884 different measuring points. To validate
the different models described in this paper, data in 15-min time
steps is used for the entire year of 2016. Since the power plant only
operates at full load in the summertime, the operation in the design
state defined in Table 1 never occurs, due to the higher ambient
temperatures, which result in higher condensation pressures and
lower power output (see Fig. 1). Therefore, the maximum operating
point is determined from the power plant operation data. The
methodology is as follows: The complete dataset is examined for
times at which several important operating parameters differ by a
maximum of 5% of the corresponding maximum value. The oper-
ating parameters considered here were the pressure after the fluid
circulation pump (1), the power output of the turbine, the tem-
perature after the evaporator (3), the brine volume flow (B), the
working mixture volume flow after the fluid circulation pump (1),
and the condensation pressure (9) (the indication of the states
corresponds to Fig. 2 (a)). The measured values are then averaged
over time to obtain the maximum operating point (see Table 2).

It should be mentioned at this point that the measured data is
partly inconsistent. For example, the transferred heat from the hot
Table 2
Process parameters for the maximum operating point in 2016.

Power output 2364 kW
Live steam temperature 119.98 �C
Live steam pressure 18.7 bar
Condensing pressure 8.6 bar
Working mixture mass flow 29.2 kg/s
Turbine mass flow 28.42 kg/s
Brine mass flow 121.7 kg/s
Brine inlet temperature 123.9 �C
Brine inlet pressure 9.1 bar



Fig. 3. Comparison between isentropic efficiency calculated from the measured
operation data and calculated from the developed correlation.

Table 3
Measured pressure losses of the maximum operating point for the
components.

Component Pressure loss [bar]

Mixing point 0.1705
Condenser 0.0597
Recuperator hot side 0.23
Recuperator cold side 0.3091
Evaporator hot side 0.6832
Evaporator cold side 1.342
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side of the evaporator does not match the absorbed heat on the
working medium side. This is probably the result of a combination
of measurement uncertainties related to themeasuring devices and
difficulties in taking measurements within the thermal water cir-
cuit, due to problems like scaling [20]. In addition, the enthalpy of
the ammonia-water mixture is very sensitive to changes in pres-
sure and temperature in the two-phase region, which leads to
rather substantial uncertainties in the calculated enthalpy with
only slight measurement uncertainties.

4. Process model and calculation of the annual power yield

4.1. Process model and relevant assumptions

This section provides a detailed description of the novel
designed model for the KC in Unterhaching (Germany). A special
focus is put on the simulation of the part load behavior of the power
plant. The KC was modeled with the commercial Software Aspen-
Plus V8.8 [14], utilizing Aspen Exchanger Design and Rating (EDR) to
model the detailed geometry of the evaporator and the recuperator.
Since the fluid circulation pump has only a small influence on the
overall process, it is modeled with a constant isentropic efficiency
of 0.8. The plate heat exchangers (evaporator and recuperator) are
modeled by utilizing their detailed geometry, such as the number of
channels for the hot and the cold side, horizontal and vertical di-
mensions of the plate, plate thickness, compressed plate pitch,
number of plates and the chevron angle, within the EDR tool. The
EDR tool is able to calculate pressure drop, heat exchanger duty,
overall heat transfer coefficient, outlet temperatures, and several
other values for part load conditions. The separator separates the
vapor and liquid phases of the partially evaporated working
mixture after the evaporator. It is assumed to be adiabatic and
operates isothermally at the evaporator outlet temperature with no
pressure drop. The following valve then throttles the liquid stream
isenthalpic to the turbine outlet pressure. The vapor stream ex-
pands to the condenser pressure in the turbine. In order to model
the part load behavior of the turbine, the following empirical cor-
relation was derived from the operational data:

hs;T ¼ hs;T;MP
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With a00 ¼ � 0:0429; a10 ¼ 1:781;a01 ¼ 0:2718; a20 ¼
�0:5579; a11 ¼ �0:4609 and the isentropic efficiency at the
maximum operation point hs;T ;MP ¼ 0:6618 This correlation de-
fines the isentropic efficiency of the turbine as a function of the
ratio between actual and maximum operation point values of
working fluid mass flow and condensation pressure. It was derived
from the operating data from 2016. The root-mean-square devia-
tion (RMSD) is 0.011 and is calculated as follows:

RMSD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1ðydata � ymodelÞ2
n

s
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Fig. 3 illustrates the good fit between the modeled isentropic
efficiency of the turbine and the one calculated from measure-
ments. The isentropic efficiency is calculated by the specific en-
thalpies in state (4) and (5) and the theoretically achievable
enthalpy in state (5) for an isentropic expansion:

hs;T ¼ h4 � h5
h4 � h5;s

(3)
The enthalpies at state (4) and (5) are determined with the
measured operational data: the temperature at state (4) T4, the
measured pressure at state (4) p4 and (5) p5, the working fluid
mass flow in the turbine _m4 and the power output of the turbine
PT .

h4 ¼ hðT4; p4Þ

h5 ¼ h4 �
PT
_m4

h5;s ¼ hðp5; s4Þ
Since the electrical power output of the KC plant is used for the

calculation of the isentropic efficiency mechanical losses and
generator losses are also taken into account by the isentropic effi-
ciency defined in equation (3). After the turbine, the two separated
streams are reunited in themixer and flow through the recuperator
to the condenser. The condenser fully condenses the working fluid
to saturation state. A detailed modeling of the cooling circuit is
omitted, since the wet cooling towers are not controlled and
operated independently of the operating point. The pressure losses
in the mixing point and the condenser are set to the values of the
maximum operating point. Table 3 summarizes them. There are
two controlled variables in the model. The working fluid mass flow
is adjusted in order to set the temperature at the evaporator outlet
to the value of the maximum operating point, as in the control
mechanism of the real power plant. In addition, the fluid circulation
pump outlet pressure is manipulated to set the live steam pressure
to the value of the maximum operating point. Boundary conditions



F. Dawo et al. / Energy 174 (2019) 625e637 629
of the process simulation are the brine inlet conditions (tempera-
ture, pressure, mass flow) and the condensation pressure. The
condensation pressure is used as a boundary condition instead of
the ambient temperature because it is closer to the process.
4.2. Methodology to calculate annual power yield

The previous section described the general model to determine
the part load behavior of the KC plant. The annual power yield is
now calculated with this model by the following methodology.
Therefore, the condensation pressures occurring during 2016 are
discretized into six levels. Fig. 4 a) shows these condensation
pressure levels. The lowest level contains all pressures below
5.5 bar, the highest all pressures over 9.5 bar. In between, the levels
are divided equidistantly in 1 bar steps. Subsequently, the power
output of the turbine is calculated for all pressure levels while
Fig. 4. Methodology to model the annual power yield. a): Condensation pressure in 2016 w
cumulative power in 2016. c) Fit between brine mass flow and turbine power output for ex
varying the brine mass flow. The modeled relation between brine
mass flow and turbine power output is then fitted with a third-
degree polynomial for every condensation pressure level as a
function of the brine mass flow. Fig. 4 c) illustrates the fit between
turbine power output and brine mass flow exemplarily for three
pressure levels. The figure also shows the corresponding measured
turbine power output for the illustrated pressure levels. A good
match between model and operating data can be observed. This
figure also illustrates the general distribution of the operating
points depending on the boundary conditions. With increasing
condenser pressure (increasing ambient temperature) the turbine
power decreases. For an increasing brine mass flow (decreasing
heat demand in the district heating network) the power output
rises. In the last step, the turbine power is calculated for every time
step of 2016. Therefore, the appropriate fit function (depending on
the corresponding condensation pressure level) is used to
ith pressure levels (dashed lines). b) Comparison of model and operating data for the
emplarily chosen pressure levels.
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determine the power output as a function of the current brine mass
flow. This power is considered to be constant for the individual time
steps and used to calculate the annual power yield. Fig. 4 b) shows
the modeled cumulative power output over the year 2016 and
compares it with the measured operating data. The comparison
shows a good match between model and data.The model only
slightly overestimates the power output. While the annual yield of
the power plant in 2016 was approximately 9.31 TW h, the model
calculates a power yield of 9.62 TW h, which corresponds to a de-
viation of about 3%. The good agreement between model and
operating data leads to the conclusion that the model depicts the
part load behavior with sufficient accuracy. This model will be used
as a reference to evaluate several literature approaches to simulate
part load behavior.
Fig. 5. Comparison of three approaches to model the isentropic efficiency at part load
5. Approaches used in the literature to simulate part load
behavior and definition of studied models

Several attempts to simulate part load behavior of power plants
can be found in the literature. In the KC process, the turbine and the
heat exchangersmainly determine part load behavior, which is why
this paper focuses on these components.
conditions.
5.1. Turbine part load behavior

Gabbrielli [12] evaluates the isentropic turbine efficiency in part
load conditions with the following formula:

hs;T ¼ hs;T;D sin

2
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The subscript D marks the design conditions. Several authors
use this equation to calculate the off-design behavior of turbines in
power plant simulations [21e23].

Jüdes et al. [13] present another approach to calculate the
isentropic efficiency of steam turbines in part load conditions. They
developed an empirical correlation of the isentropic efficiency as a
function of the ratio of actual mass flow and design mass flow:
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This efficiency has to be corrected for part load conditions
where the outlet steam quality differs from the design conditions
by the following equation:

hs;T ;corr ¼ hs;T � 0:5 $xe (6)

Fig. 5 compares the three different approaches to model the
isentropic efficiency of turbines in part load conditions by means of
a parity plot. The model developed in this study achieves the best
agreement with the operating data with an RMSD of 0.011. The
empirical correlation in Jüdes et al. [13] does not quite match the
data as well. The RMSD for this approach is 0.073. The largest de-
viation between model and operating data results for the approach
based on Gabbrielli [12] with a RMSD of 0.099.

Another widely used approach for modeling part load behavior
of steam turbines is Stodola's ellipse law [12,13,21e23]. It links
turbine outlet and inlet pressure andmass flow through the turbine
and is valid for uncontrolled multistage expansion turbines to high
vacuum [24,25]:

pout ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2in �

�
_m
_mD

�2�
p2in;D � p2out;D

�s
(7)

If the inlet and outlet pressure as well as the mass flow at one
operating point are known (e.g. at design conditions), one of the
three dependent variables can be calculated with the help of the
other two.

All these suggested correlations for the part load behavior of
turbines have in common, that they do not require any geometric
data of the turbine itself and therefore can be used even if the
detailed design of the turbine is unknown. If the geometry is
known, more sophisticated models for the turbine part-load
behavior are viable. Fuhaid et al. [26] predicted the off-design
performance of a radial inflow turbine and validated their model
with experimental data. Du et al. [27] did a study on control ap-
proaches for the Kalina cycle utilizing a radial-inflow turbine with
variable nozzles. They evaluated the performance of the cycle with
a detailed part load model of the turbine. Fiaschi et al. [28] dis-
cussed the off-design performance of radial turbo-expanders for
ORC applications for several working fluids with a zero-
dimensional model for the design of the turbine. Another radial-
inflow turbine for ORC systems is investigated by Song et al. [29].
They proposed a one-dimensional analysis method to describe the
off-design performance of the turbine. Zheng et al. [31] utilized
another one-dimensional model for the design and off-design
performance of a radial-inflow turbine and also did 3D CFD
steady state simulations of the turbine.

In general, it is very important to check the validity of the uti-
lized correlations. Usually these correlations are valid for a very
specific turbine type and working fluid. Unfortunately there is a
lack of accessible correlations for the part load operation of some
turbine types. Therefore, in many cases a not perfectly matching
correlation has to be chosen.
5.2. Heat exchanger modeling in part load conditions

For heat exchanger modeling, three different approaches were
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chosen. The first approach is the above-mentioned detailed
modeling in Aspen Exchanger Design and Rating (EDR), which is also
utilized by [12]. The second method is the definition of constant
overall heat transfer coefficients (ohtc) for the different heat ex-
changers [10,30], and the third approach is the implementation of
heat transfer coefficients as a function of mass flow. The commer-
cial thermodynamic cycle simulation software EBSILON Professional
[32] also uses this approach. Therefore, the ohtc and the mass flow
at the design point (or any other operating point) need to be
known. The ohtc at part load conditions is then easily computed
with the following power law equation:

U ¼ UD$

�
_m
_mD

�a

(8)

This study utilizes the working fluid mass flow in equation (8)
because it is assumed that measurements uncertainties are
smaller in the power cycle than in the brine mass flow, since there
is no scaling. Yoon et al. [23] use this approach with an exponent a
of 0.8. This exponent is derived from the Dittus-Boelter correlation
[33] and is valid for pipe flow. Therefore, this approach is able to
simulate shell and tube heat exchangers very well. To obtain a
better match between operating data und model for the plate heat
exchangers in the power plant in Unterhaching (Germany), the
exponent a was fitted to 1.12 for the evaporator and 1.16 for the
recuperator by using the operating data. Fig. 6 shows the plots for
the power law approach with the exponent from literature and the
exponent from this work and the operating data. The ohtc was
determined with the logarithmic mean temperature difference
(LMTD) concept [34]:

DTlm ¼ DTA � DTB

ln
�
DTA
DTB

� (9)

U ¼
_Q

DTlm$Aex
(10)

The logarithmic mean temperature difference is the logarithmic
average of the temperature differences between the two ends of a
Fig. 6. Comparison of the different exponents for the power law approaches to model
heat exchangers for the evaporator.
heat exchanger (A and B). The ohtc is then calculated with the
exchanger duty _Q and the heat exchanger area Aex. However, this
approach to compute the ohtc is only an approximation, due to the
non-linear temperature gradient of the ammonia-water mixture
during heat transfer (see Fig. 2 b)) [35].

Fig. 7 compares the four approaches to simulate the part load
behavior of heat exchangers. The results for the ohtc, the LMTD, and
the heat exchanger duty are exemplarily shown for varying heat
source mass flows in the evaporator. The working fluid mass flow is
chosen to set the outlet temperature on the cold side to 119.98 �C.
The inlet conditions are the same as in the maximum operating
point and the values of the EDRmodeling at this operating point are
used to calculate the normalized values plotted in Fig. 7. The figure
shows that the calculated transferred heat barely differs for the four
considered approaches and that the duty declines with declining
mass flow as expected. For the mean temperature difference and
the heat transfer coefficient, a different picture emerges. The EDR
approach results in the highest LMTD because the other approaches
underestimate this value systematically due to the non-linear
temperature profile. This underestimation is compensated with a
higher calculated ohtc in the power law and constant ohtc
approach, with the result that the transferred heat hardly differs.
Another aspect worth mentioning is that for all approaches except
the fitted power law with increasing part load (decreasing heat
source mass flow), the heat exchanger performance seems to in-
crease (decreasing LMTD).

5.3. Definition of studied model combinations

The different modeling approaches described in the previous
section, are divided into three groups: isentropic turbine efficiency,
turbine outlet pressure, and heat exchanger models. Based on these
three groups and the above-mentioned different approaches, five
combinations of the respective approaches are defined to form a
corresponding part loadmodel of the power plant (see Table 4). The
model in the first column is the one developed in this study (see
Section 4). The design point model utilizes the constant values of
the maximum operating point for the isentropic efficiency, the
turbine outlet pressure, and the heat transfer coefficients for every
operating point. The literature model uses the equation of Gab-
brielli [12] to model the isentropic turbine efficiency, Stodola's el-
lipse law to compute the turbine outlet pressure, and the power law
approach to calculate the overall heat transfer coefficient in part
load conditions with the exponent a ¼ 0:8 from the literature.
Model-4 and Model-5 are intended to illustrate the difference be-
tween the constant turbine outlet pressure and the pressure levels
approach, which was described in Section 4.2. Therefore, both
apply the isentropic turbine efficiency model developed in this
study and use the improved power law for heat transfer coefficient
calculation (a¼ 1.12). The EDR tool is not used for these twomodels
for three reasons: First, the difference between the EDR and the
improved power law approach can be illustrated by this method-
ology by comparing the model in this study and Model-5. Second,
the approach is numerically very expensive and convergence
problems occur regularly. Third, the detailed geometry of the heat
exchangers is needed to use this approach, which often is not
available. Jüdes [13] approach is not investigated further because it
is similar to the approach used in this study and results in a poorer
agreement with the operating data because the turbine outlet
pressure is not considered.

6. Validation for several operating points

As a first step, the defined models are validated with several
stationary operating points. Table 6 in the appendix section



Fig. 7. Comparison of the different approaches to model heat exchangers for the evaporator.

Table 4
Classification of the described model approaches and definition of the studied combinations for the part load model of the plant.

Model in this study Design point model Literature model Model-4 Model-5

Isentropic turbine efficiency

This study X X X
Constant X
Gabbrielli X
Jüdes

Turbine pressure outlet

Pressure levels X X
Constant X X
Stodola X

Heat exchanger models

EDR X
Constant U X
Power law (literature) X
Power law (fit) X X
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summarizes the operating data, the RMSD and the MAPE for all five
part load models for gross power, working fluid mass flow, and the
temperatures and pressures at the different plant locations defined
in Fig. 2. T5, T7 and p7 are not listed since no operating data are
available for these parameters. Note that there are three different
operating points at a mass flow of about 20 kg/s, resulting in
different gross powers due to variations in condenser pressure.
Fig. 8 illustrates the validation for two important plant perfor-
mance indicators, the gross power output a) and the working fluid
mass flow b) as parity plots. The range for a maximum of 10% de-
viation is shown in dashed lines. All models match with the oper-
ating data reasonably well at the maximum operating point
(z2360 kW and z29 kg/s), which is not surprising since the indi-
vidual component models were designed for this point. For part
load conditions, the quality of the models spread quite far. In the
case of gross power output, the model in this study, the design
point model and Model-5 show promising results with RMSD
smaller than 155 kW (see Table 5). The simulated values for these
models are almost without exception in the 10% deviation range.
The literature model and Model-4 show larger deviations in part
load conditions and are outside of the 10% deviation range. This is
probably a consequence of the error resulting from determining the
condensation pressure. Stodola's law does not seem to predict the
turbine outlet pressure very accurately (RMSD in p8 of 6.4 bar, see
Table 6), which results in an underestimation in gross power due to
the smaller pressure drop in the turbine. In the case of the working
fluid mass flow, the relative deviations are not as large. Along with
the model in this study and Model-5, Model-4 matches the oper-
ating data very well with the lowest RMSD of 1.09 kg/s. The liter-
ature model and the design point model show rather poor
predictions for the working fluid mass flow in part load conditions.
Table 6 also includes the mean absolute percentage error (MAPE) to
compare the quality of the different models. TheMAPE is calculated
as:

MAPE ¼ 1
n

Xn
i¼1

����ydata � ymodel

ydata

���� (11)

In comparison to the RMSD, the MAPE is not scale-dependent
and can therefore be used to evaluate the quality of the whole
model and not only for single variables. Themodel in this study and
Model-5 obtain the lowest values for the MAPE (see Table 5).

In summary, the evaluation of the models based on the part load
operating points does not provide a clear result. Therefore, the



Fig. 8. Validation of the studied models for several stationary operating points for gross power (left) and working fluid mass flow (right).

Table 5
RMSD and MAPE of gross power for the studied models.

This study Design point model Literature model Model - 4 Model - 5

RMSD [kW] 120 220 717 317 155
MAPE [¡] 0.04 0.10 0.39 0.13 0.06
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methodology to calculate the annual power yield (see Section 0) is
applied to all models in the next section.
7. Calculation of annual power yield

Applying the methodology described in Section 0, the annual
gross power yield is calculated for the five part load models studied
here. Fig. 9 illustrates the simulated cumulative gross power for the
studied models a) and compares those values with the operating
data in b). Horizontal segments (slope equals zero) indicate that no
electricity is produced. Themodel developed for this study achieves
the smallest difference for the annual power yield. Model-5 and the
design point model show reasonably good agreement with oper-
ating data, whereby the design point model overestimates and
Model-5 underestimates the annual yield. The overestimation by
the design point model is probably due to the constant isentropic
efficiency, which is too high for most part load conditions. Table 5
summarizes the RMSD between model and operating data for
gross power in 2016. These values also prove the quality of the
novel developed model in this study, Model-5 and the design point
model. Fig. 9 b) allows a more detailed analysis of the quality of the
investigated part load models for the different seasons. In the
figure, the difference in cumulative power of modeled and oper-
ating data is plotted for 2016. A perfect model would therefore lie
on the x-axis over the entire time span. Negative values represent
an underestimation by the model and positive values an over-
estimation, respectively. The plot illustrates the poor agreement
with operating data of the literature model over the entire year
(RMSD of 717 kW). This is the result of the false prediction of the
turbine outlet pressure by Stodola's law, which computes turbine
outlet pressures that are too high. This is probably the consequence
of the non-compliance with the requirements to apply Stodola's
law, since the turbine installed in Unterhaching (Germany) is a
controlled single-stage turbine. These high outlet pressures in turn
lead to reduced pressure differences over the turbine and therefore
reduce the gross power output. Model-4 predicts the gross power
much better (RMSD of 317 kW). An interesting observation is that
Model-4 shows relatively small deviations from operating data
during summertime but rather large deviations in spring and fall
(indicated by high gradients). This is an effect of the constant
condenser pressure inModel-4. The utilization of different pressure
levels inModel-5 results in a significant increase in accuracy (RMSD
of 155 kW). Compared to Model-4, the gradients in spring and fall
are reduced and the match is quite good in summer (almost no
gradient). Model-4 and Model-5 both underestimate the produced
gross power. Since the only difference between Model-5 and the
model in this study is the heat exchanger approach, this underes-
timation is probably a consequence of the power law approach to
calculate the ohtc. Fig. 7 also supports this assumption because the
heat exchanger duty is the highest for the EDR approach and
increased heat transmission from the brine to the Kalina cycle leads
to higher gross powers. The design point model has worse accuracy
than Model-5 and the model developed in this study (RMSD of
220 kW) but better accuracy than Model-4. It calculates the gross
power reasonably well in winter and overestimates the power
output in summer. The good agreement between data andmodel in
winter is a consequence of the maximum operating point, which is
somewhat similar to operating conditions in winter. The assump-
tion of a constant isentropic turbine efficiency leads to the over-
estimation of gross power because this value is not valid in
summertime operating conditions. However, the comparable good
agreement of the design point model with the operational data is
an interesting finding. As mentioned above, the design point model
does not account for any part load behavior, but only applies con-
stant values of the isentropic efficiency and the overall heat transfer
coefficient. Since this model shows better performance than the
part load model based on the literature, the importance of having a
validated part load model for the specific plant can be concluded.
The accuracy of the design point model would increase further if
the main share of the operating time is in the vicinity of the design



Fig. 9. Simulated cumulative power for the studied part load models (left) and difference between simulated cumulative power and operating data (right).
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point. Fig. 10 illustrates the brine mass flow distribution which is
available for power production in the KC power plant in Unter-
haching (Germany) for 2016.

Fig. 11 compares the modeled and the operating data for gross
power by means of a parity plot. For the sake of clarity, the indi-
vidual data points (about 20k per model) are not plotted, but the
envelope around the point cloud, which marks the scatter area of
the model, is indicated. However, the areas contain no information
about the distribution of the operating points. Therefore, they can
only be considered as qualitative comparison criteria. For a quan-
titative evaluation of the models, refer to the RMSD and MAPE in
Table 5. The figure confirms the results discussed above. All models
predict the operating data rather well for high power outputs in the
vicinity of the maximum operating point. For lower gross powers,
only the model of this study, Model-4 and Model-5 show reason-
ably good agreement between simulated values and operating data,
due to the use of the empirical correlation for the turbine efficiency
Fig. 10. Distribution of brine mass flow values in 2016.
defined in equation (1).
8. Conclusion

The off-design behavior of power plants is especially important
for combined heat and power concepts. Due to the low heat de-
mand in the summer, the energy from geothermal water during
this time of the year and the excess geothermal energy in the
winter can be utilized to generate power. These power plants are
obviously operated under various load conditions, because they
have to adapt to the heat demand. Numerical thermodynamic
modeling is a very common way of investigating power plants
under part load conditions. This paper compares several ap-
proaches to simulate the behavior of the Kalina power plant in
Unterhaching (Germany) in off-design conditions and validates the
models with real operating data from 2016. Different part load
models for the two most important components in the cycle, the
heat exchangers, and the turbine are investigated. Different ap-
proaches to model the isentropic efficiency are presented for the
turbine simulation. The turbine outlet pressure, respectively the
condensation pressure, is simulated in three ways: Stodola's law,
constant pressure, and discretized pressure levels. The heat
exchanger models vary greatly in terms of level of detail. The most
basic model utilizes constant heat transfer coefficients calculated
from a maximum operating point. A more complex model calcu-
lates these heat transfer coefficients via a power law approach as a
function of the mass flow. The most sophisticated approach simu-
lates the heat exchangers by employing the detailed geometry of
the installed plate heat exchangers in the KC in Unterhaching
(Germany). Various combinations of these component models are
used to simulate the whole power plant. These plant models are
then compared to the operating data for the purpose of evaluating
them. As evaluation criterion, the RMSD and the MAPE were
calculated for several operating points. Furthermore, the annual
power yield of the plant is computed and compared to the oper-
ating data. The following conclusions can be drawn from this
comparison:

1. The implementation of Stodola's law to calculate the turbine
pressure outlet has to be donewith caution and the assumptions
of the approach have to be considered. For example, ORC often



Fig. 11. Comparison of scatter area of the studied models for gross power in 2016.
utilize single-stage turbines because the enthalpy difference of
the organic working fluids in preheating, evaporation, super-
heating, and expansion is lower than compared to water [36].
However, Stodola's law is only valid for uncontrolled, multistage
turbines.

2. A well-matching correlation for the isentropic efficiency of the
turbine is needed to calculate the gross power output. Therefore,
a function of mass flow and turbine outlet pressure seems
promising.

3. Heat exchanger modeling with a power law approach to calcu-
late the heat transfer coefficient yields rather accurate results.
For plate heat exchangers, an exponent of approx. 1.1 was
derived from the operating data for the ammonia-water
mixture.

4. The implementation of the detailed plate geometry in the EDR
tool allows for very accurate results. However, the method is
numerically expensive and the geometry data is required, which
commonly is a manufacturing secret.

5. The modeling approach with constant efficiencies and heat
transfer coefficients, taken from a design point, is rather easy to
implement and achieves good accuracy in the vicinity of the
design point. It is a feasible approach to simulate part load
behavior if the load conditions of the simulated plant do not
vary too much. A distribution plot (see Fig. 10) could visualize
this. Furthermore, the design point approach is suitable if only
less information about the specific components is known. In
that case, it is worth using this approach instead of the models
used in the literature.
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Nomenclature
Acronyms and abbreviations
CHP combined heat and power
EDR Aspen Exchanger Design and Rating
ohtc overall heat transfer coefficient
KC Kalina cycle
LMTD logarithmic mean temperature difference
MAPE mean absolute percentage error
ORC Organic Rankine Cycle
RMSD root mean square deviation
Subscripts and superscripts
corr correlation
D design point
ex exchange
eva evaporator
in inlet
lm logarithmic mean
out outlet
s isentropic
MP maximum operating point
T turbine
Variables
D Difference, e
h Efficiency, e
r Density, kg/m3
a Correlation parameter, e
A Area, m2
h Specific enthalpy, J/kgK
_m Mass flow, kg/s
n Number of data points
p Pressure, bar
_Q Heat flow, W
T Temperature, K
U Overall Heat transfer coefficient, W/m2K
x Vapor quality, e
Appendix

The operating data for the operating points used for the vali-
dation are provided here. In addition, the RMSD and MAPE of the
studied models are summarized for the corresponding values.
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