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Abstract: Industrial waste heat recovery by means of an Organic Rankine Cycle (ORC) can contribute
to the reduction of CO2 emissions from industries. Before market penetration, high efficiency modular
concepts have to be developed to achieve appropriate economic value for industrial decision makers.
This paper aims to investigate modularly designed ORC systems from a thermoeconomic point of
view. The main goal is a recommendation for a suitable chemical class of working fluids, preferable
ORC design and a range of heat source temperatures and thermal capacities in which modular ORCs
can be economically feasible. For this purpose, a thermoeconomic model has been developed which
is based on size and complexity parameters of the ORC components. Special emphasis has been
laid on the turbine model. The paper reveals that alkylbenzenes lead to higher exergetic efficiencies
compared to alkanes and siloxanes. However, based on the thermoeconomic model, the payback
periods of the chemical classes are almost identical. With the ORC design, the developed model and
the boundary conditions of this study, hexamethyldisiloxane is a suitable working fluid and leads to
a payback period of less than 5 years for a heat source temperature of 400 to 600 ◦C and a mass flow
rate of the gaseous waste heat stream of more than 4 kg/s.

Keywords: Organic Rankine Cycle; thermoeconomics; waste heat recovery; modular design; siloxane;
cost function

1. Introduction

The Organic Rankine Cycle (ORC), a thermodynamic cycle which is based on organic working
fluids instead of water, has been widely discussed to exploit a broad range of renewable heat sources.
However, only for geothermal heat sources and in biomass fired power plants, business cases for
economic feasibility have been found and market penetration has been reached in the last decades.
For geothermal heat sources, the drilling costs are predominant compared to the cost of the ORC.
Therefore, tailor-made power plants with partly cost intensive methods to increase the efficiency, e.g.,
double-stage design, are still profitable. For biomass, profitability is increased by selling standardized
units including thermal oil circuit to connect ORC and biomass combustion to a wide range of
customers (economy of volume).

Furthermore, ORC has attracted interest for industrial decision makers in terms of waste heat
recovery as the member states of the European Union have committed themselves to increase energy
efficiency by 20% by 2020 [1]. Increasing the energy efficiency in industry plays a key role to reach
this goal. In many processes, large amounts of hot air or flue gasses are disposed of a chimney
being potential ORC heat sources. However, typical payback periods must be achieved even without
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politically imposed subsidies but with market level electricity costs. This is only possible if highly
efficient ORC units with low specific investment costs are designed. Hence, it is necessary to identify
efficient working fluids and ORC designs including the advantages of economy of volume.

Concerning fluid selection, thermodynamic process simulations are mostly carried out for some
countable number of ORC working fluids available in some kind of simulation program (see e.g.,
highly cited publications and review papers [2–5]). A review of more advanced methods based
on the powerful Computer Aided Molecular Design (CAMD) tool is given by Linke et al. [6].
Schwoebel et al. [7,8] screened more than 72 million chemical substances from the public available
PubChem database. Regardless of the applied methodology, one major drawback of almost all available
publications is the focus on a specific temperature level of the heat source. However, investigation of a
broad range of heat source temperatures is necessary to design a modular ORC for waste heat recovery
which can be applied in several different applications [9]. Furthermore, the influence of ORC scale is
mostly neglected in the literature. However, this is a crucial aspect of waste heat recovery in industries.
If ORC units are too small, specific investment costs increase dramatically due to economy of scale
(in the chemical industry, the 6/10th-factor is often applied as a rule of thumb in this context [10,11]).
However, the smaller ORC units represent a higher possible number of sold units (economy of volume).
Lastly, literature lacks on appropriate data on the dependence between increased complexity of ORC
design and increasing specific costs [12].

Hence, Colonna et al. [13] identified in their overview on ORC technology a gap in the current
literature for thermoeconomic investigation of modular-based ORC units for industrial waste heat
recovery. This paper aims to contribute to this field of research by proving the following hypothesis:

“It is possible to develop a thermoeconomic model for modular-based ORC units which
helps to identify suitable working fluids and plant configurations that lead to economically
feasible waste heat recovery plants in industry for a broad range of heat source temperatures
and thermal capacities.”

The hypothesis can be broken down to the following research questions answered in this study:

1. Which chemical class of ORC working fluids can be applied in a wide range of heat
source temperatures?

2. Which ORC design is favorable to cover also a broad range of heat source thermal capacities?
3. Which aspects must be included in a thermoeconomic model to allow for a robust and holistic

evaluation of modular ORC units?
4. For which range of heat source temperatures and thermal capacities are ORC units

economically feasible?

2. Theory

2.1. Industrial Waste Heat

Data on the amount of industrial waste heat are scarce for most of the countries and regions
worldwide. Some studies give the potential of the electric power in GW which can be generated in
an ORC, other focus on the thermal energy generally given in TWh. Figure 1 gives an overview of
available data where each point in the diagram represents data from one of the following studies.
The energy supplier Enova SF from Sweden carried out a study with a bottom-up approach by
surveying 72 industrial sites [14]. Based on annual operating hours of 8760 h, 0.8 GW electric power
can be obtained from waste heat above 140 ◦C. Pehnt et al. [15] adapted the study to Germany
and published a value of 10.0 GW. A further study for Germany gives a potential of 2.5 GW in
the temperature range from 80 ◦C to 300 ◦C [16]. Hamm et al. [17] specified a potential of 0.6 GW
for Germany, 2.4 GW for the EU15 and 22.4 GW worldwide. Further studies include the Austrian
cement industry with 6.8 MW [18], the United States with 750 MW [19] and the Canadian energy
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intensive industry with 8.1 GW [20]. The potential for Canada is consistent with the value given
by Zhang [21] (10.9 GW), however, the two values for the US (750 MW compared to 35 GW) differ
significantly. The U.S. Department of Energy [22] determined a potential of 3.02 GW for temperatures
lower than 230 ◦C, 2.34 GW for 230 ◦C to 650 ◦C and 0.72 GW for temperatures higher than 650 ◦C.
For the UK, four different values (171 MW, 309 MW, 338 MW and 685 MW) are given [23]. Lastly,
Campana et al. [24] calculated a potential of 2.7 GW for EU27. To summarize, it can be stated that for
industrial waste heat:

• The values for the electric power potential from waste heat recovery differ significantly, however,
it is a common fact that a huge potential is available.

• The thermal capacity of industrial waste heat flows strongly depends on application ranging from
a few kW up to several MW.

• Industrial waste heat covers a broad range of heat source temperature, however, 300 ◦C and
600 ◦C seems to be a promising range for electricity generation from waste heat [25].
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It is obvious from these results that the approach of modular ORC units which can serve a broad
range of heat source temperature and thermal capacity is highly relevant for market penetration of
ORC in the field of industrial waste heat recovery.

2.2. Organic Raninke Cycle

The basic ORC in Figure 2 (left) consists of just four components: pump, heater, expander, and
condenser. The pump can be a continuous-flow or a displacement machine. The low viscosity of most
organic fluids leads to reciprocating pumps, like for example piston diaphragm pumps, especially
for mini- and small-scale applications. For medium- and large-scale geothermal plants, centrifugal
pumps are common. Depending on heat transfer rate, temperature and pressure, shell and tube heat
exchangers, plate heat exchangers or plate-and-shell heat exchangers are applied in state-of-the-art
ORC units. For high absolute temperature and temperature change as well as for high pressure, mostly
shell-and-tube heat exchangers are chosen. In biomass fired power plants and high-temperature waste
heat recovery from industries, an additional thermal oil circuit is still used to protect the working fluid
from thermal degradation [3,26–28]. Different types of expander have been discussed in literature and
are applied in commercial ORC units. In mini- and small-scale applications, scroll expanders are often
used. The volume flow ratio between outlet and inlet is in the range of 2.7 to 5.4, isentropic efficiency
ranges from 42% to 68% [29–31]. Screw expanders are an alternative to scroll expanders especially for
wet working fluids (negative slope of the dew line) as gap losses are reduced for vapor fractions of
80% to 95% [32,33]. Next to volumetric expanders, turbomachines are commonly applied in medium-
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to large-scale and frequently discussed for small-scale applications. Brasz et al. [34,35] investigated
radial turbines, while Klonowicz et al. [36,37] studied hermetically sealed turbo-generator-units.Energies 2017, 10, 69 4 of 23 
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To increase the efficiency of ORC units compared to the basic configuration, approaches with
and without additional components have to be distinguished. For the latter, the most commonly
known are the integration of an internal recuperator [38–41], additional preheating of the working
fluid by use of an economizer [42,43] and multi-stage processes [44–52]. Methods without additional
components mainly focus on improving the temperature match between heat source, working fluid
and environment. In this context, fluid mixtures lead to temperature glide during evaporation and
condensation [53–55]. For supercritical mode of operation, phase change just occurs in the condenser
but not in the heater. Compared to the basic ORC, efficiency increase can only be achieved by the
better temperature match in the heater [56–60].

3. Methodology

3.1. Approach for Modular Design of ORC Units

Due to the variability of heat source characteristics in industrial processes, ORC units have to be
adjusted on a case by case based on the heat source temperature and mass flow rate. This tailor-made
approach is both time- and cost-intensive. From an engineering point of view, modularly-designed
ORC units could be a solution to reduce the costs. In the best case, it would be possible to use one and
the same concept for a broad range of temperature and power by slightly adjusting only one reference
plant (see Figure 3). To develop such a module and apply it in industrial waste heat recovery, the ORC
configuration has to be simple and robust but highly efficient at the same time.
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temperatures and mass flow rates from one reference plant (Ref.).

Based on the literature described in the previous section, a single-stage ORC with internal
recuperator in sub- and supercritical mode of operation is chosen for subsequent analysis. Pure fluids
are used, as fluid mixtures lead to a significant increase in heat exchange area [61]. The IR increases
the thermal efficiency for dry working fluids and reduces the cooling of the heat source so that acid
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formation is inhibited which can be crucial for industrial waste heat flows. Multi-stage ORCs and the
usage of a regenerator cause higher complexity and higher effort for measurement and control of the
system. The thermal oil circuit normally used for high-temperature applications is excluded, instead,
more efficient direct contact heaters are applied. In this study, a diaphragm pump covers the necessary
broad range of absolute pressure and pressure ratio. Shell-and-tube heat exchangers withstand high
temperature and pressure. Following the trend from ORC manufacturers and based on the relatively
high volume flow ratio, a turbine is chosen as expander.

3.2. Selection of Working Fluids

Publications have shown that trends for the behavior of thermodynamic and constructional
parameters can be observed within a chemical class of working fluids [2,50]. Hence, instead of
single and random fluids, whole chemical classes of working fluids are investigated in this study:
n-alkanes, alkylbenzenes, linear and cyclic siloxanes. As the investigated temperature range in this
study is high compared to usual ORC applications, a conventional Rankine Cycle based on water
may be promising as well. However, Shu et al. [62] showed that some organic working fluids in
a high-temperature ORC can reach similar output power and electricity production costs as water
does. However, they did not include personnel costs during operation. In some European countries
(like Germany) conventional Rankine Cycle devices need 24 h a day surveillance compared to ORC
units which can be remotely controlled with personnel costs of 3–5 h/week (Table A2). Furthermore,
water has different other drawbacks like bigger size, necessary superheating and water-treatment
systems [63]. Hence, we concentrate on the evaluating of the mentioned chemical classes of organic
working fluids. Furthermore, typical low-temperature working fluids like synthetic refrigerants R245fa
and others are excluded in this study as these fluids are not competitive in the high-temperature range.

Within the homologous series from n-pentane to n-dodecane, physico-chemical properties behave
continuously as the number of methyl groups increases and so the van-der-Waals forces increase
gradually. The working fluid can be adapted in an optimal manner to the heat source and n-alkanes
are cheap working fluids. However, flammability issues require high safety measures. This is also true
for alkylbenzenes. Linear and cyclic siloxanes are far less flammable. The regular structure of Si-O-Si
bonds and methyl-groups leads to a continuous behavior of fluid properties which is comparable to
n-alkanes. The specific evaporation enthalpy is lower for siloxanes than for n-alkanes. Comparing
linear and cyclic siloxanes, cyclic siloxanes have higher critical temperatures due to their ring bonds.
All chemical classes fulfill recent legislation concerning zero ODP and GWP less than 150 [64,65].
Thermodynamic properties and T,s-diagrams are shown in Appendixs A and C.

3.3. Boundary Conditions

Process simulation is carried out using AspenPlus© [66]. Hot air with 78 mole-% nitrogen,
21 mole-% oxygen, and 1 mole-% argon serves as heat source. The mass flow rate is fixed to 5 kg/s
for the thermodynamic analysis. Constructional boundary conditions for turbomachinery and heat
exchanger are given in Table 1. For the maximum pressure in subcritical mode of operation and the
minimum temperature after the heater relative values based on the maximum entropy of the dew line
are chosen [67]. Other boundary conditions are in accordance with typical values from literature.

The Peng-Robinson-Boston-Mathias (PR-BM) model is chosen among the 82 available equations of
state that are implemented in AspenPlus©. It is based on the cubic Peng-Robinson equation of state [68].
The main advantages of the model are the available volume transformation for the liquid molar
volume and the additional alpha function for the supercritical mode of operation (Boston-Mathias
alpha function [69]).

The accuracy of the model is validated for the working fluids n-pentane and hexamethyldisiloxane
by comparison with the work of Lai et al. [2] who applied the BACKONE equation of state [70] for
hydrocarbons and the PC-SAFT equation of state [71] for siloxanes. The maximum relative deviation
is 0.4% for the maximum temperature in the process, 2.1% for the volume flow rate at the outlet of the
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turbine, 1.9% for the heat flow rate in the heater, 1.4% for the heat capacity flow rate and 2.0% for the
thermal efficiency.

Table 1. Boundary conditions for process simulation.

Efficiencies Value

isentropic, turbine 75%
mechanical, generator 95%

isentropic, pump 80%
electromechanical, pump 85%

Minimum Temperature Approach of Heat Exchangers

heater 35 K
internal recuperator 10 K

condenser 10 K

Pressure and Temperature

maximum pressure subcritical p(smax)
minimum pressure supercritical 1.02·pcrit
maximum pressure supercritical 1.30·pcrit

minimum temperature after heater T(smax)

3.4. Thermodynamic and Constructional Evaluation Parameters

Evaluation of thermodynamic and constructional analysis is based on the following parameters:
the main thermodynamic parameter is the exergetic efficiency of the process which is directly
proportional to the net power output of the cycle via the exergy of the heat source. The net power
output is the absolute turbine power minus the power of the pump. The exergy of the heat source is
calculated with regard to the dead state temperature T0 = 15 ◦C:

ηex =
Pnet
.
EHS

=
|Pt| − Pp

.
mHS × [h− h0 − T0 × (s− s0)]

(1)

The heat exchangers are evaluated by the heat exchanger capacity which is the ratio of heat flux
.

Q and logarithmic mean temperature difference LMTD:

kA =

.
Q

LMTD
=

.
Q

∆T2−∆T1
ln(∆T2/∆T1)

(2)

∆T1 and ∆T2 are the temperature differences at inlet and outlet of the heat exchanger. Assuming
a constant heat exchange coefficient as a first estimation for all working fluids, the heat exchange
capacity is proportional to the heat exchanger area and to its cost.

The turbine is described by three parameters. The size parameter SP according to Angelino et al. [72]
accounts for the dimension of the turbine. It depends on the volume flow rate at the outlet of the
turbine

.
Vout,t and the isentropic enthalpy drop ∆his,t:

SP =

√ .
Vout,t

∆his,t
1/4 (3)

The volume flow ratio Vratio between outlet and inlet is a measure for the complexity of the turbine:

Vratio =

.
Vout

.
Vin

(4)

Last, the rotational speed n is calculated based on the specific speed Ns defined by
Angelino et al. [72] and has a value of Ns = 0.10 [73]:
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n =
∆his,t

3/4 · Ns√ .
Vout,t

(5)

3.5. Overall Flow Chart

Different datasets have been used for the analyses in the following chapters. Figure 4 displays
these datasets and summarizes the main results from each dataset to provide a guide through the
results of Sections 4–6.

Energies 2017, 10, 69 7 of 23 

 

3.5. Overall Flow Chart 

Different datasets have been used for the analyses in the following chapters. Figure 4 displays 
these datasets and summarizes the main results from each dataset to provide a guide through the 
results of Sections 4–6. 

 
Figure 4. Overview of datasets (defined in Section 3.5) used in each chapter and results of related 
parameters (defined in Sections 3.4 and 5.2). 

In Section 4, all 17 working fluids are simulated for 31 heat source temperatures, 50 subcritical 
and 30 supercritical working pressures within AspenPlus (see Section 3.3). The main goal is to 
analyze how thermodynamic and constructional parameters depend on heat source temperature. 
Therefore, the mass flow rate of the heat source is set to a constant value. By selecting the optimum 
working pressure for each fluid and heat source temperature, dataset 4B leads to the exergetic 
efficiency over the heat source temperature. After excluding the supercritical mode of operation, 
dataset 4C gives the result of constructional parameters. 

Section 5 transforms the thermodynamic and constructional parameters into the economic 
indicators of payback period (PBP) and discounted cash flow (CF) via a self-made Matlab-tool but 
still based on the results from the AspenPlus simulation. For this purpose, the working pressure 
which leads to the highest profitability, not the one which leads to the highest exergetic efficiency, is 
selected from dataset 5A. Subsequently, this leads to dataset 5C and the correlation between payback 
period, cash flow, and heat source temperature. 

Finally, within Section 6, dataset 6A and 6B take the mass flow rate of the heat source into 
account to analyze the influence of the size of the ORC on the thermodynamic, constructional and 
economic parameters. In the end, dataset 6B leads to recommendations for a modular ORC design. 

Figure 4. Overview of datasets (defined in Section 3.5) used in each chapter and results of related
parameters (defined in Sections 3.4 and 5.2).

In Section 4, all 17 working fluids are simulated for 31 heat source temperatures, 50 subcritical
and 30 supercritical working pressures within AspenPlus (see Section 3.3). The main goal is to analyze
how thermodynamic and constructional parameters depend on heat source temperature. Therefore,
the mass flow rate of the heat source is set to a constant value. By selecting the optimum working
pressure for each fluid and heat source temperature, dataset 4B leads to the exergetic efficiency over
the heat source temperature. After excluding the supercritical mode of operation, dataset 4C gives the
result of constructional parameters.

Section 5 transforms the thermodynamic and constructional parameters into the economic
indicators of payback period (PBP) and discounted cash flow (CF) via a self-made Matlab-tool but still
based on the results from the AspenPlus simulation. For this purpose, the working pressure which
leads to the highest profitability, not the one which leads to the highest exergetic efficiency, is selected



Energies 2017, 10, 269 8 of 23

from dataset 5A. Subsequently, this leads to dataset 5C and the correlation between payback period,
cash flow, and heat source temperature.

Finally, within Section 6, dataset 6A and 6B take the mass flow rate of the heat source into account
to analyze the influence of the size of the ORC on the thermodynamic, constructional and economic
parameters. In the end, dataset 6B leads to recommendations for a modular ORC design.

4. Thermodynamic and Constructional Evaluation

4.1. Thermodynamic Results

Thermodynamic process simulation for each of the selected fluids is the first step of the
thermoeconomic analysis. The results for subcritical and supercritical mode of operation are displayed
in Figure 5. For each heat source temperature, the most efficient working fluid among the chemical
class is taken. For the homologous series of alkanes, a shift between one working fluid and the other
occurs about every 50 to 60 K (in total six shifts occur). For supercritical mode of operation, the shift
occurs about 10 to 20 K later. The other chemical classes show a similar trend with two shifts of the
optimal working fluid within the investigated temperature range.
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The general behavior can be explained by the location of the pinch point and by the fluid properties
in Table A1 in the Appendix A. For an efficient operation, the heating curve of the working fluid
must fit the cooling curve of the heat source to reach small mean temperature differences during heat
transfer. Hence, the smaller the area between those two heat flows in a temperature/heat flux-diagram
is, the lower are the exergy losses and the higher is the exergetic efficiency. If the critical temperature of
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the working fluid is close to the heat source temperature or even higher, the pinch point for subcritical
processes is located at the beginning of the evaporation and high exergy losses are observed during
preheating. However, if the critical temperature is far lower than the heat source temperature, the
pinch point is located at the beginning of the preheating and exergy losses during evaporation increase.
For high-temperature applications and high reduced pressures p/pcrit, the system is most efficient if
the preheating just shifts from evaporation to preheating (see Figure 6, middle). Therefore, the higher
the heat source temperature, the higher the critical temperature of the working fluid must be for an
efficient system. However, an optimal value which is valid for all chemical classes and, therefore,
a rule like “the critical temperature always has to be X K below the heat source temperature” cannot
be established as next to the critical temperature, the slope of the boiling point line also influences the
location of the pinch point.
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The maximum increase in efficiency for the supercritical mode of operation compared to the
subcritical system is low (1.9% for n-alkanes, 1.1% for alkylbenzenes, 2.2% for linear siloxanes and 0.4%
for cyclic siloxanes). As supercritical ORCs have higher requirements concerning constructional effort
(high pressures) and heat exchanger design (dramatic change of fluid properties near the pseudocritical
point), supercritical mode of operation is excluded at this stage of the study.

4.2. Analysis of Constructional Parameters

Next to the efficiency, constructional parameters for heat exchanger and turbine have to be taken
into account. Figure 7 summarizes heat exchange capacity, volume flow ratio, size parameter and
rotational speed of the most efficient working fluid for each heat source temperature. The change in the
most efficient working fluid (see Figure 5) for each chemical class also cause a leap in the constructional
parameters. The leap in the heat exchange capacity is small as the efficiency also depends on the heat
input in the heater (available heat) and the logarithmic mean temperature difference (measure for the
irreversibilities). Hence, as the exergetic efficiency increases gradually in Figure 5, the heat exchange
capacity in Figure 7 does as well. The thermodynamic dependency between heat exchange capacity
and exergetic efficiency also explains that alkylbenzenes have lower values than alkanes (+10%) and
siloxanes (linear +31% and cyclic +27%). Compared to this steady behavior, the turbine parameters
show a clear leap from one fluid to the other as the working pressure of the fluids differs significantly
due to the deviating critical pressures. Although the volume flow ratio for temperatures lower than
380 ◦C is almost the same for all chemical classes, linear siloxanes show favorable behavior, especially
for high heat source temperatures. Based on the definition in Equations (3) and (5), the size parameter
and the rotational speed behave contrary. In average, linear siloxanes have 1.9 times larger turbines
than alkylbenzenes but the latter have more complex turbines due to a 1.6 times higher rotational
speed. Thermodynamic and constructional analysis can be shortly summarized as follows:

• Alkylbenzenes are favorable working fluids concerning exergetic efficiency, dimension of the
turbine (SP) and heat exchanger (kA).
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• Linear siloxanes have significant advantages concerning the complexity of the turbine due to low
rotational speed.

• n-Alkanes combine the disadvantages of both formerly mentioned chemical classes.
• None of the chemical classes outperforms in all relevant parameters.
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The last issue emphasizes the importance of a more sophisticated analysis in which
thermodynamic and constructional parameters are correlated to economic behavior during the
operational lifetime of an ORC. Hence, the following chapter investigates the chemical classes based
on a thermoeconomic approach.

5. Thermoeconomic Evaluation

5.1. Thermoeconomic Modeling

Section 4 made clear that no chemical class of working fluids is advantageous in all
thermodynamic and constructional aspects. Therefore, the specific parameters have to be weighted
to allow a holistic approach. In this study, a thermodynamic and constructional model is developed
and, subsequently, integrated into an economic analysis. The main elements and fundamentals of this
model are presented and discussed in the following section, details can be found elsewhere [74].

The model is mainly based on the exponential dependency of investment cost I and capacity C,
which was first introduced by Williams [10]:
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Ii
Ii,re f

=

(
Ci

Ci,re f

)m

(6)

The exponential factor m is specific for each component. In the denominator of the terms in
Equation (6), the investment costs and the capacity of a reference plant have to be inserted. We used
the direct costs of an existing ORC unit described by Obernberger et al. [75] compared to using
absolute cost functions from the literature [76]. We converted the costs to the current price level by
assuming an annual inflation of 2.3%. The total specific costs of the ORC then account for 2620 €/kW.
The total costs are divided by the share of each component which is assumed to be 35% for the heat
exchangers, 10% for the pump, 15% for the piping and 40% for the turbine-generator-unit [77–79].
For each component, a specific capacity has to be inserted into Equation (6) as follows.

5.1.1. Heat Exchanger

The capacity parameter of condenser, internal recuperator and evaporator is the area of the heat
exchanger. Shell-and-tube heat exchangers (STHE) are used in this study due to the simple scaling
for modular ORC units (increasing the number and/or length of the tubes) and the broad pressure
and temperature range in which STHE can be applied. Plate heat exchangers which are commonly
used in low-temperature and small-scale ORCs [63] are excluded due to limited stability in case
of high-temperature differences compared to STHE which are also used for high temperatures in
mobile ORCs [80]. The model in the one-phase region is based on the Nusselt correlation according
to Gnielinski [81] whereas the correlation of Konakov [82] predicts the pipe friction factor ζ. K is a
correction factor for the difference between the wall temperature and the bulk temperature:

Nu =
(ζ/8) · Re · Pr

1 + 12.7 ·
√

ζ/8 · (Pr2/3 − 1)
·
[

1 +
(

d
L

)2/3
]
· K (7)

The evaporator is modeled with the approach of convective boiling, whereas the heat transfer
coefficient αx is related to the vapor fraction [83]:

αx =

 (1− x)0.01 ·
[
(1− x)1.5 + 1.2 · x0.4 · R0.37

]−2.2

+x0.01 ·
[

αg0
αl0

(1 + 8 · (1− x)0.7 · R0.67)
]−2


−0.5

· αl0 (8)

R is defined as the ratio between liquid and gas density, αg0 is the heat transfer coefficient of the
gas phase and αl0 of the liquid phase according to Equation (7).

The correlation of Shah [84] describes the local Nusselt number for each vapor quality in the
condenser with pr being the reduced pressure p/pcrit:

Nu = 0.023Re0.8 · Pr0.4 ·
{
(1− x)0.8 +

3.8(1− x)0.04x0.76

p0.38
r

}
(9)

Subsequently, the heat exchanger area is calculated by using the NTU of an ideal countercurrent
heat exchanger (index i,c) and applying the correction factor F based on Roetzel and Spang [85] for one
outer and two inner passes in the shell (a, b, c, d are fit parameters):

F =
NTUi,c

NTU
=

1

(1 + aRdb
i NTUb

i )
c , i = 1, 2 (10)

A =
NTUi ·

.
Qi

k
, i = 1, 2 (11)

.
Q is heat flux and k overall heat transfer coefficient. Exponential factor m for STHE is 0.59 [86].
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5.1.2. Pump

The power of the pump is inserted as capacity factor and m is set to 0.43 [87].

5.1.3. Turbine

For the turbine, a more complex model is developed as in the literature the exponential factor m
is just available for large-scale steam turbines, however, not for small- to medium-scale ORC turbines.
Most models focus on the size of the turbine, not on its complexity [73,88] or use the mentioned cost
functions for steam turbines [89,90]. The newly developed model aims to account for both, the size
and also the complexity of the turbine and to be ORC specific. Furthermore, turbine and generator are
defined as one constructional combined assembly, the turbine-generator-unit (TGU). This approach
reduces the investment costs, increases the efficiency and especially matters for a power output of less
than 500 kW. Some ORC manufacturers already offer such systems successfully on the market [91,92].
Second, the investment costs for the TGU are subdivided into three main cost types: material input
and processing, bearings and engineering. The share is chosen to 70%, 20%, and 10%. Each of the cost
types is correlated with a constructional parameter: material costs depend on the size of the turbine
and, therefore, on the size parameter (Equation (3)); costs of bearing and engineering are complexity
parameters correlated to the rotational speed of the turbine (Equation (5)). The share of each cost
type and the exponential factors within Equation (12) are chosen based on intensive discussions with
turbine manufacturers:

ITGU
ITGU,re f

=

0.7 ·
(

SPt

SPt,re f

)2.5

+ 0.1 ·
(

nt

nt,re f

)1.5

+ 0.2 ·
(

nt

nt,re f

)1.5
 (12)

As Equation (12) is based on continuous functions, it still does not account for technology leaps.
However, such leaps can increase the investment costs of TGU tremendously when constructional
parameters reach specific values. For TGU in ORC systems, the turning point between one-stage
turbines and two-stage turbines is between a volume flow ratio of 50 and 220 [92–96]. In this study,
we increase the investment costs of the TGU by 25% if the value exceeds a conservative mean value
of 100. Furthermore, the costs for the bearings increase dramatically for rotational speeds of more than
30,000 revolutions/min as expensive magnetic bearings have to be used instead of cheap ball bearings.
Hence, the costs of the TGU are increased by a factor of 1.9 in such cases:

ITGU =

{
ITGU · 1.25 for VRatio > 100
ITGU · 1.90 for n > 30, 000 1

min
(13)

5.1.4. Piping

The piping is scaled based on the diameter of the pipes with an exponential factor of 1.33 [86].

5.2. Thermoeconomic Results

The exergetic efficiency of Figure 5 and the constructional parameters of Figure 7 are transformed
by the equations of Section 5.1 into economic indicators. Figure 8 shows exemplarily the payback period
(PBP) and the discounted cash flow (CF) after operating time for different heat source temperatures.
Main boundary conditions for the economic analysis are given in Table A2 in the Appendix B. Due to
low-rate environment at the moment, the study is based on 100% share of loan capital with an interest
rate of 4%. Note that a 4% discount factor is an example which is used for the economic computation.
Higher values would lead to correspondingly higher PBP and lower CF.

The observed change of the most efficient working fluid every 50 to 60 K is not valid anymore if
the economic behavior is analyzed. Among n-alkanes, n-heptane is most valuable in terms of cash
flow up to 330 ◦C, n-nonane from 360 ◦C to 440 ◦C and n-octane at all other heat source temperatures.
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For the linear siloxanes, MDM has to be chosen from an economic point of view within the temperature
range of 330 ◦C to 430 ◦C, otherwise, MM is advantageous. The difference between MM and MDM,
however, is small. MDM has higher net power output for temperatures above 390 ◦C and has lower
rotational speeds of the turbine. Due to the higher evaporation enthalpy (see T,s-diagram in Figure A1),
MM leads to lower heat exchanger area. Furthermore, the volume flow ratio and the dimension of the
turbine are lower. This overcompensates the lower power output above 430 ◦C.Energies 2017, 10, 69 13 of 23 
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Section 5.2 can be summarized as follows: considering thermoeconomic criteria and optimizing
economic indicators, the number of advantageous working fluids decreases compared to the optimized
net power output approach. Furthermore, the difference between two working fluids which seem to be
significant in terms of exergetic efficiency and, therefore, net power output, may be neglected from an
economic point of view. Same is true if we compare different chemical classes. Although alkylbenzenes
and alkanes have higher exergetic efficiencies, siloxanes reach a similar payback period with a slightly
lower cash flow due to favorable constructional parameters. Due to lower safety requirements of
siloxanes, their thermal stability [97] and the broad knowledge in biomass fired power plants, siloxanes
seem to be a promising chemical class for high-temperature ORC applications. Hence, the following
chapter aims to derive a modular based ORC system for a broad range of heat source temperatures
and mass flow rates by applying just one working fluid from one chemical class instead of adapting
the working fluid to the heat source temperature. MM is chosen for this purpose.

6. Modularly-Designed ORC

To derive recommendations for modularly-designed ORC systems, the boundary condition of
a constant mass flow rate of the heat source is neglected in this section. Hence, next to heat source
temperature the mass flow rate is also varied for sensitivity purposes. Figures 9–14 show in each
combination of heat source temperature and mass flow rate the thermodynamic state point of MM, i.e.,
the working pressure of MM, which leads to the highest cash flow of the power plant. As expected,
the net power output and the heat exchanger area increase gradually with increasing heat source
temperature and mass flow rate. This behavior is beneficial for a modular concept of ORC systems as
the chosen shell-and-tube heat exchangers can also be adapted gradually by increasing the number
or length of the pipes. The turbine parameters, however, behave differently. As the maximum cash
flow is reached at working pressures lower than the maximum pressure for heat source temperature
below 400 ◦C, an unsteady behavior of rotational speed, volume flow ratio, and size parameter is
observed at this point. If one increases the heat source temperature further the maximum cash flow is
always reached at the highest possible working pressure of 17.4 bar. The pressure is constant and the
turbine parameters become steady as well. To summarize, a modular concept for ORC systems based
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on MM as working fluid is favorable for the temperature range of 400 ◦C to 600 ◦C. In this temperature
range, the working pressure remains constant. Hence, the design of the ORC components remains
unchanged, just the size must be adapted. This leads to lower cost of development and engineering
and, therefore, to more profitable units.Energies 2017, 10, 69 14 of 23 
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7. Conclusions

Four different chemical classes of working fluids were investigated for high-temperature industrial
waste heat recovery based on the Organic Rankine Cycle (ORC). A thermoeconomic approach was
applied and modularly-designed ORC systems were evaluated. The research questions from the
introduction can be answered as follows:

1. Taking into account thermodynamic, construction and economic parameters, linear siloxanes and
within this group, the working fluid hexamethyldisiloxane is a promising candidate for waste
heat recovery in a broad range of heat source temperatures and capacities.

2. A concept with direct contact evaporator, internal recuperator, and expansion by a turbine is a
favorable design for modularly-based ORC units.

3. A holistic thermoeconomic approach has to be based on scaling and complexity parameters.
Especially for the turbine, the typically used exponential cost estimation method is not appropriate
as technology leaps can occur depending on the working pressure.

4. For the boundary conditions and turbine model within this study, a modular concept based on
hexamethyldisiloxane, a temperature range of 400 to 600 ◦C and a mass flow rate exceeding
4 kg/s can be recommended.

Future work will include experimental evaluation of ORC turbines and direct contact heat
exchangers in the newly built test field of our Center of Energy Technology at the University of
Bayreuth. Hence, it will be possible to investigate the approach within this study from an experimental
point of view. Furthermore, as the thermoeconomic model is implemented in Matlab, the adaption to
different ORC design and related cost function, e.g., for scroll expanders, is possible.
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Nomenclature

Abbreviations
a year
CF Cash flow
D3 hexamethylcyclotrisiloxane
D4 octamethylcyclotetrasiloxane
D5 decamethylcyclopentasiloxane
MD2M decamethyltetrasiloxane
MDM octamethyltrisiloxane
MM hexamethyldisiloxane
O oxygen
ORC Organic Rankine Cycle
P plant
PBP payback period
PR-BM Peng-Robinson Boston-Mathias
Ref reference plant
Si silicium
STHE shell-and-tube heat exchanger
sub subcritical
super supercritical
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Subscripts
0 dead state
c countercurrent
crit critical
ex exergetic
g gaseous
HS heat source
i component i
is isentropic
l liquid
max maximum
p pump
r reduced
s specific
s saturation
t turbine
TGU turbine-generator-unit
Symbols Unit
T temperature ◦C, K
A heat exchanger area m2

C capacity W, m2

D diameter m
F correction factor -
h specific enthalpy kJ/kg
I investment costs €
kA heat exchanger capacity W/m2

L length m
LMTD logarithmic mean temperature difference K
M exponential factor -
M molar mass g/mol
.

m mass flow rate kg/s
n rotational speed 1/s
NTU number of transfer units -
Nu Nusselt number -
Pr Prandl number -
.

Q heat flux W
R density ratio -
Re Reynolds number -
s specific entropy kJ/kgK
SP size parameter M
.

V volume flow rate m3/s
x vapor fraction -
Greek symbols
η efficiency
ζ pipe friction factor

Appendix A Physico-Chemical Properties of Evaluated Working Fluids

Table A1. Molar mass M, saturation temperature Ts at 1 bar, saturation pressure ps at 85 ◦C, critical
temperature Tcrit and pressure pcrit for evaluated working fluids.

Name Abbreviation M Ts (1 bar) ps (85 ◦C) Tcrit pcrit

g/mol K bar K bar

n-pentane 72.15 309.22 4.16 469.70 33.70
n-hexane 86.18 341.88 1.63 507.60 30.25
n-heptane 100.20 371.58 0.67 540.20 27.40
n-octane 114.23 398.83 0.28 568.70 24.90
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Table A1. Cont.

Name Abbreviation M Ts (1 bar) ps (85 ◦C) Tcrit pcrit

g/mol K bar K bar

n-nonane 128.26 423.97 0.12 594.60 22.90
n-decane 142.28 447.30 0.05 617.70 21.10

n-undecane 156.31 469.08 0.02 639.00 19.50
n-dodecane 170.34 489.48 0.01 658.00 18.20

methylbenzene toluene 92.14 383.78 0.46 591.75 41.08
ethylbenzene 106.17 409.35 0.20 617.15 36.09

n-propylbenzene 120.19 432.39 0.10 638.35 32.00
hexamethyldisiloxane MM 162.38 373.67 0.63 518.70 19.14
octamethyltrisiloxane MDM 236.53 425.70 0.12 564.40 14.40

decamethyltetrasiloxane MD2M 310.69 467.50 0.02 599.40 12.27
hexamethylcyclotrisiloxane D3 222.46 408.26 0.21 554.20 16.63

octamethylcyclotetrasiloxane D4 296.62 448.15 0.05 586.50 13.32
decamethylcyclopentasiloxane D5 307.77 484.10 0.01 619.15 11.60

Appendix B Boundary Conditions for Economic Evaluation

Table A2. Boundary conditions for economic analysis.

Parameter Value Unit Reference

operational life time 20 a
full load hours 8000 h/a

price of electricity 12.88 €-Cent/kWh [98]
ancillary costs 35 % of invest [28]

specific cost of cooling 0.1288 €-Cent/kWhth [28,99,100]
specific cost of maintenance 2.0 % of invest per year [99]

specific cost of insurance 2.0 % of invest per year [101]
specific cost of process integration 20 % of invest [101]

specific cost of personnel 40 €/h
working hours of personnel 260 h/year [75]

inflation electricity 4.0 %
inflation general 2.0 %

tax rate 28.8 %
interest rate 4.0 %

share of loan capital 100 %
redemption time 20 a
redemption rate 5.0 %
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