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HIGHLIGHTS

« Two-stage ORC with turbine bleeding is investigated for combined heat and power.
« Two-stage concept shows high flexibility for representative isentropic fluids.

« Performance with siloxane is investigated for different ORC-CHP concepts.

« Annual produced electricity is used to compare revenues for different concepts.

« Two-stage concept produces more electricity for high cover ratios of heat demand.
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Articlf history: Combined heat and power is highly favorable in order to prevent harmful CO,-emissions. Besides that,
Received 28 January 2016 economic benefits go along due to higher full load operation hours. The present work investigates the
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An integrated concept for heat decoupling based on a two-stage Organic Rankine Cycle with regener-
ative preheating from turbine bleeding is introduced. The heat extraction to the district heating system is

égzg ]MSC: directly in line with the receiver tank for the preheating. The flexibility of this integrated concept is deter-

99-00 mined for different isentropic fluids and siloxanes. Under general circumstances it is more favorable to
apply a recuperator for dry fluids such as siloxanes, due to the high amount of sensible heat after the tur-

Keywords: bine outlet. It has been shown in this work, that the proposed regenerative preheating concept is more

Organic Rankine Cycle beneficial for combined heat and power. While other concepts are only applicable for base load heat

Combined heat and power demand or for peak load heat demand, this concept is suitable for the entire range of cover ratios of a

Regenerative preheating district heating system. Thus, this concept offers highest flexibility in application and a good capacity

Turbine bleeding it

Working fluid utilisation.
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1. Introduction Besides the working fluid selection, several technological

approaches to increase either the system efficiency or the eco-
The Organic Rankine Cycle (ORC) is an established technique for nomic performance have been investigated in literature. Current

waste heat recovery, as well as for the utilization of biomass, research focusses on the following topics:

geothermal energy and solar thermal energy [1]. Several reviews

on technological aspects and applications can be found in literature 1. Optimized cycle configuration to increase efficiency (e.g. [4-9]).
[1-3]. Its application enables the electricity generation from low 2. Co-generation systems to increase flexibility (e.g. [10-16]).
temperature heat sources and is especially applied in the small 3. Super- and trans-critical cycle operation to increase efficiency
to medium size range (few kW, up to several MW,). (e.g. [1,17-19,6]).

4. Working fluid mixtures to reduce exergy losses, GWP or costs
(e.g. [20-23]).
* Corresponding author. 5. Clontrol strategies to increases operational stability and effi-
E-mail address: wieland@tum.de (C. Wieland). ciency (e.g. [24-27]).
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Nomenclature

Roman symbols

) heat flow rate, W
specific costs, €/ MWh
power, W

pressure, bar

heat, ]

temperature, K
temperature, °C
cover ratio

hours per year, h/a

N XS0 9wo 0

Greek symbols

B average load factor
Bunin minimal load factor
n efficiency

I pressure ratio

o CHP-coefficient

T dimensionless time
Subscripts

a annual

c cooling

cond condensation

crit critical

e electric

flh full load operational hours

gen generator

HP high pressure

is isentropic

LP low pressure

m mechanical

max maximum

min minimum

p pump

pp pinch point

r return temperature
s supply temperature
t thermal

t turbine

u utilisation

Abbreviations

CCGT Combined Cycle Gas Turbine
CHP Combined Heat and Power
DHS district heating system

HFC Hydrofluorocarbons

HFO Hydrofluoroolefins

HS heat source
HTM heat transfer medium
MDM Octamethyltrisiloxane

MM Hexamethyldisiloxane
OMTS  Octamethylcyclotetrasiloxane
ORC Organic Rankine Cycle

Concerning cycle concepts, the majority of studies focus on sim-
ple ORC processes (e.g. [28,22,18,17,6]) or concepts with internal
heat recovery (recuperator) [23,20,6,1]. Almost all of the organic
working fluids have an isentropic (vertical slope of the saturated
vapor curve) or dry expansion behavior (positive slope of the satu-
rated vapor curve). These characteristic thermophysical property
leads to superheated vapor after the expansion, which enables heat
recovery in a so-called recuperator. Superheating of the live vapor
should be avoided [14], because it does not increase the thermody-
namic efficiency [4]. Besides this, recently two-stage ORC with tur-
bine bleeding and regenerative preheating are focused especially
for isentropic fluids. For pure power generation the relevant liter-
ature is summarized in the next paragraph.

Mago et al. [4] compared a two-stage concept with a simple
ORC process for several working fluids (R113, R245fa, R123 and
isobutane). They concluded, that the two-stage concept is more
efficient in terms of thermodynamic and exergetic efficiency and
that this advantage increases with increasing system pressure.
Similar results have been obtained by Yari [29], who compared
recuperation against two-stage regenerative preheating for
geothermal applications with n-pentane, R113 and R123 as work-
ing fluids. The author concluded, that a combination of regenera-
tive preheating and recuperator can reach even higher
efficiencies. However, geothermal applications do not necessarily
favor such efficiency measures, since the system efficiency remains
constant. These efficiency measures go along with a higher re-
injection temperature of the geothermal brine. Also Branchini
et al. [5] compared different cycle designs and several working flu-
ids for high and low heat source temperatures based on a perfor-
mance index. Their results indicate, that recuperation performs
better for MDM than two-stage regenerative preheating for pure
power generation. Also Meinel et al. [7] concluded, that two-
stage regenerative preheating is not favorable for working fluids
with dry expansion behavior. Results showed, that regenerative
preheating is more beneficial than recuperation for wet and

isentropic fluids and offers residual waste heat at significant higher
temperature levels [7]. This residual waste heat can be used for
further purposes, such as CHP. Economic competitiveness of such
two-stage concepts has been also demonstrated by Meinel et al.
[30].

For CHP applications three types of heat utilisation purposes
have to be distinguished [31]:

1. Heat for district heating
2. Heat for commercial buildings
3. Heat for industry (process heat)

Note, that the necessary temperature levels are specific for each
application. Heat for residential applications can be provided at
fairly low temperatures 30-60°C [31]. While the lower limit
accounts for panel heating (e.g. floor heating), the upper bound is
a necessary requirement for hot tap water. Due to heat transfer
pinch points the temperature levels of a corresponding district
heating system (DHS) needs to be at least 70 °C. For industry heat-
ing and drying purposes the necessary temperature levels easily
exceed 100 °C and can be as high as 550 °C [32].

The combined production of heat and power (CHP) with ORC is
a highly favorable option in order to prevent harmful CO,-
emissions. The production of heat and power can enhance eco-
nomic performance by higher full load operation hours [33]. The
share of CHP in the German power sector accounts currently for
about 12% and is expected to increase up to 25% in 2020 [34].
ORC-CHP systems feature great potentials in primary energy sav-
ings and environmental conservation and thus, it is an important
pillar of the energy sector. Scientific literature on ORC-CHP focuses
mainly on low temperature applications, such as geothermal or
solar energy and small scale applications for the residential sector.
Quoilin et al. [2] show in their survey, that biomass CHP can be
considered as state-of-the-art and highlight the CHP potential for
the residential sector. Mago et al. [35] investigate an ORC-CHP
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as a bottoming cycle for an internal combustion engine in the
commercial building sector. Freeman et al. [36] consider ORC-
CHP applications for the residential sector with a solar heat source
in their work. Pernecker and Uhlig [37] report their experiences
from a geothermal ORC-CHP project and give some economic fig-
ures on heat generation costs. Khennich et al. [38] compare two
different ORC-CHP concepts for low temperature geothermal heat
sources and R134a as the working fluid. Peris et al. [39] test a
small scale commercial ORC-CHP for low grade heat sources on
a laboratory test bench and Gewald et al. [40] introduce a com-
mercial small scale ORC-CHP system in the 20kW,. range.
Lecompte et al. [14] optimized the performance of an ORC-CHP
concept with a thermo-economic approach and for different work-
ing fluids (R152a, R1234yf and R245fa). The authors concluded,
that R245fa offers highest efficiencies, but R152a is most
economic.

The afore mentioned two-stage preheating concept has not
been investigated for CHP-applications so far. Concepts for the
integration of heat decoupling to a district heating system have
not been developed. Based on this, it is the aim of this publication
to extend the state-of-the-art in ORC-CHP concepts by introducing
an ORC-CHP concept based on a two-stage ORC with regenerative
preheating. Moreover, the concept is investigated for hydrofluo-
roolefins and compared to similar working fluids.

After an evaluation and comparison of state-of-the-art ORC-CHP
concepts (Section 2), the simulation approach is introduced in Sec-
tion 3. The results are presented in Section 4, where a separate dis-
cussion of isentropic (Section 4.1) and dry fluids (Siloxanes,
Section 4.2) is carried out in terms of PE.—QDHS-diagrams. For OMTS
as a representative of these dry fluids a detailed comparison with
other concepts is performed and an energetic comparison for dis-
trict heating systems is presented based on annual load duration
curves (Section 4.3).

This paper addresses to scientists, researchers and ORC manu-
facturers to develop new and more efficient concepts to end up
in commercial products and to improve energy utilisation.

2. Combined Heat and Power with Organic Rankine Cycle (ORC-
CHP)

After an introduction to ORC-technology this section provides
an overview on state-of-the-art CHP concepts, the flexibility of
these concepts is assessed in terms of CHP coefficient, applicable
heat source and temperature level. The section concludes with an
overview on different operational strategies for CHP plants.

2.1. Organic Rankine Cycle

The standard or simple ORC concept as shown in Fig. 1(a) is
described more thoroughly in literature (e.g. in [41,42,2]). This
concept contains all the basic components for a thermodynamic
cycle: Preheater (1), evaporator (2), turbine (3), condenser (4)
and pump (5). No additional measures to increase the efficiency
are applied.

For high temperature applications (e.g. biomass) siloxanes can
be considered as state-of-the-art fluids. Due to their dry expansion
behavior, the integration of a recuperator is favorable (Fig. 1(b)).
The sensible heat after the turbine outlet is recuperated and used
to preheat the working fluid on the high pressure side before enter-
ing the preheater and evaporator. Further details can be found in
literature (e.g. [1,2,43]).

2.2. Assessment criteria for CHP concepts

The efficiency of electricity production #, is expressed as

Vo=l

(a) Standard ORC Cycle (for isentropic fluids)

L
[T E

|
CI

(b) Recuperator ORC Cycle (for dry fluids)

Fig. 1. State-of-the-art ORC concepts.

— PE
Qus’
with the generated electrical power P, and the heat flow from the
heat source Qps. Instead of the heat input, the available heat source
is taken into account, therefore the electric efficiency is equivalent
to a system efficiency. The combined production of heat and power
is commonly described by a utilisation efficiency #, in dependence
of heat input [44,31]. This utilisation efficiency can be considered

also as a CHP system efficiency and can be expressed by the
equation

Me (1)

_ P, + QDHs
Qs

with Qpys being the heat flow extracted to the district heating net-
work. In order to evaluate the flexibility of CHP concepts, another
parameter is necessary. The CHP coefficient ¢ is therefore intro-
duced, which is defined as the ratio between generated electrical
power P, and the heat flow extracted to the district heating network

QDHS
_ P
 Qons
This CHP coefficient can be either constant or variable depend-
ing on the individual concept.

(2)

u

(3)

2.3. State-of-the-art CHP concepts

Several configurations for CHP with an Organic Rankine Cycle
can be found in literature [2,44,35,14,36]. Commercial products
for these ORC-CHP concepts are also available in different size
ranges (e.g. [45,40]). These concepts are shown in Fig. 2, where
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DHS ORC Condenser

DHS ORC Condenser

ORC

DHS/Cooling tower

(e) Condensation Concept 2

DHS ORC
(b) Parallel Concept

Condenser

ORC DHS

{4

ORC DHS

\

(f) Serial/Condensation Concept

Fig. 2. Different state-of-the-art CHP concepts.

the heat exchanger arrangement and the extraction to the district
heating system (DHS) is highlighted with the dashed line. They are
described in more detail in the next paragraphs.

Serial Concept. This concept is investigated e.g. by Khennich
et al. [38] and is shown in Fig. 2(a). Heat to DHS is extracted
directly from the heat source. It uses the residual heat after the
ORC, which limits in turn the supply temperature level of the
DHS. Note, that the heat amount to the DHS can be increased when
the ORC is operated in part load, which results in a variable CHP
coefficient (variable o).

Parallel Concept. This concept is investigated e.g. by Hueffed and
Mago [33] and shown in Fig. 2(b). Heat to DHS is extracted directly
from the heat source. It is connected in parallel with the ORC to the
heat source and thus the supply temperature is only limited by the
temperature level of the heat source. Note, that the heat source can
be used flexibly either in the ORC or the DHS, which results in a
flexible CHP coefficient ¢. The concept can be applied to heat
sources with low and high temperatures.

Serial/Parallel Concept. This concept is reported e.g. by Pernecker
and Uhlig [37] for the geothermal plant in Altheim and is shown in

Fig. 2(c). It combines the advantages of the afore mentioned con-
cepts. While the Parallel Concept offers high temperature levels
for the district heating system, the Serial Concept allows a high
utilisation of the heat source. This utilisation is only limited by
the return temperature of the DHS.

Condensation Concept 1. This concept is investigated e.g. by
Khennich et al. [38] and Clemente et al. [46] and is shown in
Fig. 2(d). The heat to the DHS is extracted from the condenser of
the ORC. The condensation pressure is limited by the necessary
supply temperature of the DHS and due to the direct connection
of DHS with ORC, the CHP coefficient ¢ is constant. Note, that this
concept is only suitable for fairly high heat source temperatures
and comparatively low temperature levels of the DHS.

Condensation Concept 2. This concept is shown in Fig. 2(e). Com-
mercial products can be found by Orcan Energy AG for small scale
applications [40]. Apart from an additional cooling device, this con-
cept is similar to the Condensation Concept 1. Note, that the addi-
tional cooling tower allows a variable CHP coefficient ¢ and a
power production with the ORC also in periods with less heat
demand.
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Serial/Condensation Concept. This concept is shown in Fig. 2(f)
and it combines the advantages of the Serial Concept with the Con-
densation Concept. In case of high temperature applications, it
allows a higher utilisation of the waste heat source.

Note, that the CHP concepts need a controllable heat source to
cover base load heat demand, which limits their applicability for
dynamic waste heat sources. This drawback can be overcome by
the application of additional heat storage systems to buffer the
dynamic behavior.

2.4. Flexibility of CHP concepts

A qualitative characterization of the flexibility in terms of a

PQ—QDHS—diagram is shown in Fig. 3. Note, that the above consider-
ations neglect any heat losses resulting from heat transfer and
within the district heating system and part load behavior, apart
from assuming a minimal part load for the ORC of
Ppin = 0.4 - Pyygx. Condensation Concept 2 (e) is highlighted with
the grey shaded area. It shows a higher flexibility of heat provision
than the Condensation concepts (d) and (f). However, this flexibil-
ity is associated with a lower overall utilization efficiency of the
heat source. For the Serial and Parallel Concepts (a)-(c) the diago-
nal curves denote full load operation with the highest heat source
utilization. Since all of these concepts have a variable CHP coeffi-
cient, operational points can be located in the hatched area, when
lower utilisation efficiencies are accepted. The horizontal lines of
concepts (a)-(c) at the bottom of the diagram show the heat-only
mode, which is able to provide higher heat amounts to the district
heating system when the ORC is switched off.

A qualitative comparison of the concepts is also given in Table 1.
It can be concluded that the applicability and suitability of the
state-of-the-art CHP concepts are strongly depending on the tem-
perature level of the (waste) heat source Tys and the temperature
level of the DHS Tpys. While the condensation concepts (Fig. 2
(d)-(f)) are only suitable for medium to high temperature heat
source application and for fairly low DHS supply temperatures,
the parallel concepts (Fig. 2(b) and (c)) are suitable for high and
low temperature heat sources, where the supply temperature to
the DHS is only limited by the temperature level of the heat source.
Note, that the Serial Concept (2 (a)) is only suitable for medium to
high temperature applications and the achievable temperature
level is strongly influenced by the ORC and limited by the heat
source.

Based on this characterization, the concepts can be allocated to
cover specific heat loads. For this purpose, an annual load duration
curve is exemplary shown in Fig. 4. In this figure base load, mid
load and peak load are shown qualitatively by the highlighted
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Fig. 3. Qualitative P.-Qpys-diagram for different CHP concepts.

areas. While base load is supposed to lead to high full load opera-
tion hours (>6000 h/year), peak load has fairly small operational
hours (<2000 h/year) [47]. Everything in between is considered
as mid load. The more flexible a CHP system is, the more suitable
it is to achieve a high coverage of the heat demand. In most cases
peak load is covered by a fossil fuel fired peak load boiler.

2.5. Operational strategies of CHP systems

Andrews et al. [49] distinguished four major operation modes
for CHP plants: (1) Matching the electrical base load. Additional
power is purchased from the grid and heat is covered either by
CHP or additional boilers; (2) Matching the thermal base load in
combination with a peak load boiler; (3) Matching the electrical
load. For heat provision an additional boiler is used; (4) Matching
the thermal load. Additional power is purchased from the grid.
Operation modes (3) and (4) can be considered as the classical
electricity-driven and heat-driven operation.

A least cost strategy has been investigated by Hawkes and Leach
[50], which can be a mix of the above mentioned strategies. This
operation mode is depending on the season, the overall coverage
of the heat demand and market prices. Except for highly efficient
systems such as fuel cells, the heat-driven operation leads always
to minimal CO,-emissions because it reduces unused waste heat
[50,33], which is directly linked to primary energy consumption.
In order to obtain a high coverage of the heat demand and to
reduce the back-up capacity of fossil fuel fired peak load boilers,
flexible CHP systems are favorable.

3. Simulation approach

This section provides an overview on the simulations and the
working fluids applied. Furthermore, an innovative two-stage
ORC-CHP concept is described, which will be compared against
state-of-the-art concepts.

3.1. Simulation and assumptions

All cycle simulations are carried out in Aspen V8.8, which is a
well-known simulation tool for process engineering and offers dif-
ferent component libraries, modules as well as fluid databases.
Note, that the Peng-Robinson equation of state is used in Aspen
to calculate fluid properties for these simulations.Simulation mod-
els have been developed for the Parallel Concept, Condensation
Concept 1 & 2 as well as the proposed two-stage ORC concept for
CHP applications. An overview of the applied boundary conditions,
parameters and constraints is given in Table 2 and will be
described in this section.

The heat source is assumed to be a hot gas stream coming from
an internal combustion engine (ICE) or direct combustion of fuels
and has a temperature level of tys =490 °C at ambient pressure
[51]. For simplification reasons the heat source fluid is assumed
to be air. For reasons of comparability the energy content of

Qus =5 MW,, with a reference temperature of 490 °C. A thermal
oil loop transfers this heat to the ORC. In the present study, thermal
oil temperatures of 240 °C and 340 °C are used, which are typical
for waste heat from an ICE [51] and biomass [43], respectively.
Tetradecamethylhexasiloxane (MD4M) is used as heat transfer
fluid.

A pinch point of 10 K has been assumed for the design case at
maximum duty of all heat exchangers. This pinch point is deter-
mined by a minimal temperature approach in Aspen, where the
heat exchanger is discretized into 25 finite segments. The mod-
elling of the part load behaviour for heat exchangers is based on
the assumption of a constant UA-value, which is determined from
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Table 1
Qualitative comparison of state-of-the-art CHP concepts.

483

T of heat source T limitation of DHS g DHS heat extraction
(a) Serial Concept High Tys > Tpys Variable Heat source
(b) Parallel Concept Low/high Tys = Tpus Variable Heat source
(c) Serial/Parallel Concept Low/high Tus = Tpus Variable Heat source
(d) Condensation Concept 1 High Tys > Tpys Constant Condenser
(e) Condensation Concept 2 High Tus > Tpus Variable Condenser
(f) Serial/Condensation Concept High Ths > Tpus Constant Condenser + heat source
100 r In order to circumvent environmental-related issues, like high
global warming potential, new molecules with lower impact on
X 80 | > the climate are available. Thus, representatives of Hydrofluo-
g roolefins (HFO) also called fourth generation fluids are included
§ in the analysis, which are promising replacements for currently
o 60f applied fluids [55]. Namely R1234zeZ and R1233zd-E are
2 \ considered.
&N 40+t ) Cyclobutane, Cyclopentene, Furan and 2,5-Dihydrofuran are
g selected from the group of cyclic molecules due to suitable critical
8 20} ) parameters in the range of the chosen heat source temperatures.
Z For readability, Furans are distinguished from the other two cyclic
‘ . . . working fluids in respective figures.
00 2000 4000 6000 8000 Cc?mmerc.ially available systems for high temperature biomass
and industrial waste heat applications are mainly operated by
h/year siloxanes. Siloxanes feature high critical temperatures in conjunc-

Fig. 4. Annual load duration curve for a district heating network in Germany [48]
with an indication of different load bands.

the design case. Rovira et al. [52] investigate supercritical com-
bined cycle gas turbine (CCGT) systems and mention, that this
approach is appropriate for a first approximation of the part load
behaviour. Moreover, they state, that the actual part load perfor-
mance of a heat exchanger is always better due to the actual over-
sized heat exchangers [52], which in turn reduce pinch point
limitations. Furthermore, this approach is also used in Ebsilon®
Professional, a commercial software tool for cycle simulations.
Note, that the part load behaviour for the expansion machine is
not further specified, but a minimum load of P, = 0.4 - Py iS
defined as a boundary condition.

The live vapor pressure of the cycle has been determined for
maximum power output. The assumed temperatures of the district
heating with 80 °C are in line with literature values found e.g. in
[53,54].

3.2. Working fluid selection

In this study the focus is on isentropic working fluids and silox-
anes, where the latter are dry in nature and state-of-the-art for bio-
mass applications. This section describes the working fluid
selection in more detail.

Among others, fluorinated alkanes such as R245fa and the
related R245ca are considered, which are so called Hydrofluorocar-
bons (HFC). In particular R245fa is an often applied and
investigated fluid, which is also used in experimental test rigs
[55,39] and operating plants nowadays.

tion with good safety and environment related properties. Thus, in
the present study OMTS is considered in the analysis as a represen-
tative siloxane. To conclude, representatives of HFC, HFO, cyclic
compounds (cyclic) and Siloxanes are investigated. Table 3 lists
the considered working fluids and corresponding critical parame-
ters as well as fluid type and the condensation pressure at 30 °C.

3.3. Two-stage ORC concept for CHP applications

In the literature a two-stage ORC with turbine bleeding has
been investigated (e.g. [4,29,5,7,30]). This concept is shown
schematically in Fig. 5(a), where vapor from the turbine is
extracted in order to saturate the liquid working fluid in a direct
contact heat exchanger at an intermediate pressure level. This
measure increases the thermal efficiency of the ORC. Meinel
et al. [7] have shown, that this concept is especially suitable for
wet and isentropic organic fluids and that the performance
increase is significantly better compared to a recuperator concept
operated with the same fluid. They concluded from simulations,
that the highest thermal efficiency increase was obtained at extrac-
tion pressure levels which correspond to a saturation temperature
of about 80 °C for R245fa. These findings support the idea of inte-
grating the DHS heat extraction directly between the two turbine
stages and the direct contact heat exchanger. The turbine bleeding
pressure level and mass flow rates are adjusted in order to meet
the boundary conditions from the DHS. The heat exchanger is rated
for maximum heat decoupling and a pinch point of 10 K. In part
load the determined UA value is kept constant. This concept is
shown in Fig. 5(b).

Table 2

Global specifications of the simulations.
Parameter Value
Mechanical efficiency N =0.98
Generator efficiency Ngen = 0.95
Pump isentropic efficiency Nisp = 0.9
Turbine isentropic efficiency Nis: = 0.8
Design pinch point ATp, =10K

Heat source scale Qus = 5 MW,

Parameter Value

Supply temperature in heating network Ts=80°C

Return temperature in heating network T,=50°C
Condensation temperature Teong =30°C
Temperature of heat transfer medium Thrm = 240 °C/340 °C
Heat source temperature Tys =490 °C
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Table 3
Investigated working fluids including fluid type and critical parameters.

Working fluid Fluid type teie [°C] Perie [bar] Deona(30 °C) [bar]

1,1,1,3,3-Pentafluoropropane R245fa Isentropic 154.29 36.50 1.77

1,1,2,2,3-Pentafluoropropane R245ca Isentropic/dry 174.58 39.30 1.21

cis-1,3,3,3-Tetrafluoropropene R1234zeZ Isentropic 150.08 35.30 2.10

trans-1-Chloro-3,3,3-trifluoro-1-propene R1233zd-E Isentropic 165.56 35.70 1.55

Cyclobutane Isentropic 187.05 49.88 1.83

Cyclopentene Isentropic/dry 23411 48.05 0.61

2,5-Dihydrofuran Isentropic/dry 269.1 55.13 0.29

Furan Isentropic/dry 217.26 55.13 1.00

Hexamethyldisiloxan MM Dry 245.68 19.13 0.070

Octamethyltrisiloxane MDM Dry 290.94 14.15 0.008

Octamethylcyclotetrasiloxan OMTS Dry 313.49 13.38 0.003
these isentropic working fluids and the Two-stage CHP concept
as shown in Fig. 5(b). Due to the dry expansion behaviour of silox-
anes the recuperation of the sensible heat after the turbine outlet
becomes more and more favorable. Therefore, a second section
deals with a comparison of four different concepts for siloxanes
as a working fluid. A final section presents a method to estimate
annual electricity generation based on annual load duration curves.

> 4.1. Comparison of isentropic working fluids
g In Fig. 6, results of the CHP simulations with the Two-stage Con-
cept for isentropic working fluids are shown. Two different tem-
perature levels of the thermal oil are investigated, which
ORC Condenser

(a) Two-stage ORC concept with turbine bleeding

DHS

el

ORC Condenser
(b) Two-stage ORC-CHP concept with turbine bleeding

Fig. 5. Two-stage ORC concepts for regenerative preheating.

The advantages of this proposed Two-stage Concept is the ther-
mal efficiency increase of the ORC and the possibility to integrate
the CHP heat extraction into the direct contact heat exchanger,
which only slightly increases the system complexity. In case of
continuous base load heat demand, the size of other components
can be reduced as well (e.g. low-pressure turbine and condenser).
However, the necessity of additional components results in higher
investment costs compared to simple concepts. These higher
investments can be compared by economic assessment.

4. Results

Since Meinel et al. [7] have already shown that the efficiency of
a two-stage concept with turbine bleeding performs best with
isentropic working fluids, the first section focuses specifically on

represent waste heat from internal combustion engines (240 °C)
and biomass application (340 °C). For the 240 °C case, Fig. 6(a)
shows, that all the fluids perform similar and only minor differ-
ences are observed. Among the fluids, Furan performs best gener-
ating up to 787.6 kW.. The next ranked fluids in terms of electric
power output are Cyclobutane (—1.0%) and Cyclopentene (—1.0%)
with slightly less power output compared to Furan. Note, that at
a condensing temperature of 30 °C Cyclopentene, Furan and 2,5-
dihydrofuran expand into vacuum (Table 3), which causes high
sealing efforts for turbine and condenser to avoid non-
condensable gases in the cycle. Noteworthy alternatives are
Cyclobutane (—3.0%) and R1233zd-E (—8.5%). Especially R1233zd-
E represents a good trade-off between environmental-related
(low global warming potential, no ozone depletion potential), ther-
modynamic (relative high power output) and economic aspects (no
vacuum expansion).

For a thermal oil temperature of 340 °C only 2,5-dihydrofuran
and cyclopentene as working fluids offer higher power outputs
compared to the 240 °C case. This increased power output is based
on the fact, that the pinch point location changes from preheater
outlet (240 °C) to the preheater inlet (340 °C) which increases effi-
ciency. For the other fluids no significant increase in the power
output is observed. With 2,5-dihydrofuran as the working fluid
1031.66 kW, are generated followed by Cyclopentene with
939 kW, (—11.6%) and Furan (—17.3%). The power output of Cyclo-
butene with 787 kW, is almost identical with the calculated power
output from the 240 °C case. The HFC and HFO fluids haven’t been
investigated due to significant thermal degradation above temper-
atures of 250 °C.

4.2. Comparison of siloxanes

Since siloxanes are suitable for high temperatures and mainly
used for biomass applications, the comparison of these working
fluids focuses only on high temperature thermal oil (340 °C).

Recuperation is a favored option for efficiency increase with
these working fluids. Since commercial products for ORC-CHP with
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Fig. 6. Performance of the two-stage concept for isentropic fluids and two different
thermal oil temperatures in a P.-Qpys-diagram.

biomass and waste heat are available, the following concepts are
considered as state-of-the-art [45]:

1. Parallel Concept with a recuperator to increase the thermody-
namic efficiency (Figs. 1(b) combined with 2(b)).

2. Condensation Concept 1 without a recuperator (Fig. 2(d)). This
concept is state-of-the-art for biomass fired power plants and
residential, low temperature heating purposes.

3. Condensation Concept 2 without a recuperator (Fig. 2(e)). This
concept is state-of-the-art for small scale CHP and enables max-
imum electricity generation for a heat-driven operation from a
continuous heat source due to the flexible CHP coefficient.
These above concepts will be compared against the proposed
two-stage ORC concept for CHP applications.

4. Two-stage ORC-CHP Concept as shown in Fig. 5(b). This concept
is beyond state-of-the-art CHP applications for ORC.

Fig. 7 shows the results of the four concepts for OMTS as refer-
ence working fluid, since it is found in commercial products [2]. It
can be seen, that the Two-stage Concept offers a significantly
higher power output compared to the Parallel Concept, if the
decoupled heat to the DHS exceeds 1.45 MW, indicated by the ver-
tical line in Fig. 7.

The Condensation Concept 1 shows the lowest electricity out-
put for all operational conditions and equals the Two-stage Con-
cept with maximum heat decoupling. The Condensation Concept
2 is able to produce constant electricity output over the entire
range of heat demand, but produces less electricity compared to

1.2
Two-stage
1 \ — — — Parallel
~o | Condensation 1
08 ~. |- Condensation 2

Electricity in MW
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<
)
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Fig. 7. Performance of dry fluids with different CHP concepts in a P.-Qpus-diagram.

the Two-stage Concept. Note, that the CHP coefficients of the Par-
allel Concept, the Two-stage Concept and the Condensation Con-
cept 2 are variable, as was already described in Section 2 and
Table 1. Operational points for these concepts can be found also
below the respective performance curve, if lower utilisation effi-
ciency is accepted. The shaded triangle in Fig. 7 denotes opera-
tional points for OMTS, where the proposed Two-stage Concept is
more beneficial compared to the other investigated concepts.

Note, that the recuperator cycle needs in general higher invest-
ments for the additional heat exchanger, which is an expensive
component due to its size. This large size of the recuperator comes
from the low heat transfer coefficient for the vapor phase in con-
junction with the desired low pressure losses after the turbine out-
let and the condenser. On the other hand side, the Two-stage
Concept needs additional components, such as an additional pump,
a two-stage or multi-stage expansion machine and a receiver tank.
This causes higher costs as well. It is not the scope of this work to
quantify these costs due to high uncertainties associated with
available cost functions [56]. Before assessing additional benefits
from electricity sales, the Two-stage Concept is analyzed in terms
of operating behavior.

The major difference of the Two-stage Concept compared to the
other ORC-CHP concepts is the expansion with fluid extraction
after the first stage. In order to analyze this concept in more depth,
the extraction pressure is depicted in Fig. 8 for the whole operating
range in terms of heat demand. As stated in Section 3.1, the extrac-
tion pressure is adjusted such, that the rated UA-value of the DHS
heat exchanger is kept constant in part load condition. However,
for a small amount of heat decoupling, the extraction pressure
has been fixed to 0.012 bar, which corresponds to a pressure ratio

0.03

0.025 |

0.02 1

0.015 ¢

Extraction Pressure in bar

0.01

0 1 2 3 4
Heat in MW

Fig. 8. Extraction pressure level for the turbine bleeding as a function of heat
extraction.
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of 4.4 bar for the low pressure stage. This is shown in Fig. 8, with
the horizontal line at low heat demands.

It can be seen, that the extraction pressure varies by a factor of
2.25 from 0.012 bar for no heat demand up to 0.027 bar for the
rated heat demand. This necessary variation of the extraction pres-
sure is caused by the oversized heat exchanger area in part load
condition leading to a decreasing pinch point.

This effect is shown in Fig. 9, where the T-Q diagram of the DHS
heat exchanger is depicted for the rated heat demand (solid line)
with a specified pinch point of 10 K as well as the part load condi-
tion with a heat demand of 2 MW (dashed line) and a pinch point
of only 3.1 K. The decreasing pinch point in part load conditions
leads to decreasing condensation temperatures and thus, to
decreasing pressure.

However, the variation of extraction pressure in part load con-
dition has huge influence on the expansion machine, since the
pressure ratio of both, the high pressure stage and the low pressure
stage is changing significantly as it is depicted in Fig. 10. The pres-
sure ratio of the high pressure stage changes from 1000 at low heat
demand to 400 at rated heat demand. However, the pressure ratio
and its variation in part load is very high, it is possible with radial
turbines to guarantee this performance. For example, Uusitalo et al.
[57] analyzed a high-speed turbogenerator with a radial turbine
using different siloxanes as working fluids. They investigated a
recuperative cycle design with two different condensation temper-
atures concluding with turbine pressure ratios between 200 and
1700 for OMTS.

In the low pressure stage, not only the pressure ratio varies in
part load but also the mass flow rate, because of changing extrac-
tion mass flow. At maximum heat demand almost no mass flow is

250
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Fig. 9. T-Q diagram for full load and part load heat extraction.
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Fig. 10. Pressure ratios in the high pressure and low pressure part as a function of
heat extraction.

directed to the low pressure stage, while with no heat demand,
only a little part is extracted after the high pressure stage. This
causes huge variation of the volume flow rate and the flow velocity
at the expander inlet. With these operation condition a turboma-
chine might not be suitable. Instead, a volumetric expander, such
as a scroll or a screw expander, can be used as low pressure stage.
In such machines the volume flow rate is directly linked to the
rotational speed of the machine due to a fixed built-in volume
ratio. In case of a constant mass-flow rate, a reduction of the rota-
tional speed leads to an increase in live vapor pressure ratio over
the low pressure expander. In that way, the variation in the pres-
sure ratio as well as the changing flow rates can be dealt with a
speed control. Furthermore, the necessity of the fixed extraction
pressure at low heat demands becomes clear due to a maximum
rotational speed of the expander.

4.3. Estimation of energetic benefits

This calculation procedure is based on annual load duration
curves. If no measured data is available, models are found in liter-
ature to approximate such curves. One of these models is the
Sochinsky model (e.g. [58]), which determines the time dependent

heat demand Qpys(7) in dependence of specific parameters

Ooms(7) = Qorsiman (1 — (1= B rﬁ’/'fm/f") 4)

with the maximum heat demand of the district heating system
Qbus max and the dimensionless hour of the year 7, the minimal load
factor of the DHS p,;, and the mean load factor of the DHS f
throughout the year. This mean load factor can be considered as
equivalent to the ratio of full load operational hours per year zg,
and the total heating hours per year z, < 8760 h/a

- Zn
b=7 ()

The minimal load factor g,;, can be calculated as the ratio

between Qpysmin and Qpysme being the minimum and maximum
heat demands in the DHS, respectively:

P = 2205 ©
QDHS,max

The resulting normalized annual load duration curve assuming
Z, =8760h/a (continuous heat demand), zm, =2500h/a and

Qphsmin = 0.1 - Qppsmax is shown in Fig. 11. In addition to that, the
grey curve represents data from a real district heating network in
southern Germany. It can be seen, that both load profiles differ
significantly. Note, that annual load duration curves for a real
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Fig. 11. Annual load duration curve according to the Sochinsky model and real
operational data for a district heating network.
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DHS differ, because they strongly depend on the type and number
of consumers and are individual for each DHS. In order to take
these variations into account, both curves will be used for further
investigations.

The integration of a CHP system into the DHS is described by a
cover ratio Xqyp which denotes the share of the maximum heat
demand in the district heating system Qppus max that can be covered

by the CHP system at full load operation Qcupmax

XCHP _ Q_CHP.max ] (7)
DHS,max
A cover ratio of 0.3 is shown by the dashed line in Fig. 11. This
cover ratio is varied for the investigated CHP concepts and the
cumulated generated electricity from a heat-driven operation
strategy is compared. Note that the part load of the ORC is limited
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Fig. 12. Annual cumulated electricity production for CHP depending on the cover
ratio.

Table 4

by Puin = 0.4 - Py Fig. 12 shows the cumulated electricity as a
function of the cover ratio for the different concepts and the differ-
ent annual load duration curves. For high cover ratios the Parallel
Concept exceeds the Two-stage Concept, while the Two-stage Con-
cept is similar to the Condensation Concept for low cover ratios. In
between the generated electricity from the Two-stage Concept is
significantly higher than for the other concepts. These findings
are valid for the Sochinsky model as well as the real DHS. There-
fore, it can be concluded that the Two-stage Concept is suitable
for the whole range of cover ratios, while the condenser concept
and the Parallel Concept are either limited in their application or
in the produced electricity.

According to [59] cover ratios of 0.1 < Xcyp < 0.4 are common
for real CHP plants and offer best profitability due to high full load
operation hours. For Xqp = 0.3 - highlighted by the additional
shaded arrow line in Fig. 12 - the data are shown in Table 4. For
the annual load duration curve of Sochinsky (Fig. 12(a)), the
Two-stage Concept is able to generate almost 5164 MWh,/a, while
the Condenser Concept 1 (3972 MWh,/a), the Condenser Concept 2
(5073 MWhe/a) and the Parallel Concept (2383 MWh,/a) produce
less electricity. For the DHS based on real data (Fig. 12(b)), the
results are even more beneficial: While the Two-stage Concept
produces 5675 MWh,/a, the Condenser Concept 1 produces 35%
less electricity output. The Condenser Concept 2 (—10.6%) and
the Parallel Concept produce 51% less electricity output with an
efficiency of 10.6%.

For estimating the economical benefit, revenues are calculated by
taking electricity prices into account, which range around
Cerex ~ 40 €/MWh, at the European stock exchange and
Cerrc = 105.50 €/ MWh, for biomass applications with CHP
according tothe Germanrenewable energy act[60]. These prices lead
toannualrevenuesof R, (EEX) = 206,556 €/aand R.(EEG) = 544,791 €/
a for the Two-stage Concept and the Sochinsky-like DHS. For the real
data DHS the respective values are R.(EEX)=227,005€/a and
R.(EEG) = 598,725 €/a. Compared to the Parallel Concept the rev-
enues of the Two-stage Concept are R, (EEG) = 293,431 €/a higher.

5. Discussion

Two-stage ORC concepts have been already addressed in recent
literature. There it has been shown, that the regenerative preheat-
ing is more beneficial than recuperation for isentropic fluids [5,7].
Therefore, the proposed Two-stage ORC-CHP cycle has been inves-
tigated for different fluid families which show an almost isentropic
behavior of the saturation curve. The selection of the fluids is con-
sidered to be representative and of relevance. The P.-Qpus-diagram
for these fluids reveals, that the best power output can be achieved
for heat source temperatures of 240 °C with Furan and for a heat
source of 340 °C with 2,5-Dihydrofuran, however both fluids are
flammable. The HFO fluid family are promising alternative working
fluids to replace conventional refrigerants of the HFC family, since
they combine environmental and safety aspects [55]. However,

Concept comparison for Xqp = 0.3 for electricity output and two different gratuity cases.

MWh Integrated Parallel Condenser 1 Condenser 2
Real data 5675.12 2782.51 3689.92 5072.82
Sochinsky 5163.90 2382.56 3971.56 5072.82
Real data (40 €/ MWh) 227004.76 € 111300.52 € 147596.79 € 202912.73 €
Sochinsky (40 €/ MWh) 206556.18 € 95302.54 € 158862.47 € 202912.73 ¢
Real data (105.50 €/MWh) 598725.04 € 293555.13 € 389286.53 € 535182.33 €
Sochinsky (105.50 €/ MWh) 544791.93 € 251360.45 € 418999.76 € 535182.33 €
Real data (A) Reference -50.97% —34.98% -10.61%
Sochinsky (A) Reference —53.86% —23.09% -1.76%
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Table 5
Comparison of CHP-flexibility for isentropic fluids.

240 °C District heat demand: 0 MW, District heat demand: 3 MW,

Working fluid e N 4 e Ny o
R245fa 13.7% 13.7% 0 7.6% 67.6% 0.13
R245ca 15.0% 15.0% 0 8.9% 68.9% 0.15
R1234zeZ 14.1% 14.1% 00 7.6% 67.7% 0.13
R1233zd-E 14.8% 14.8% 0 8.4% 68.4% 0.14
Cyclobutane 15.6% 15.6% 00 8.9% 68.9% 0.15
Cyclopentene 15.6% 15.6% ) 9.2% 69.2% 0.15
2.5-Dihydrofuran 15.5% 15.5% 0 8.8% 68.8% 0.15
Furan 15.7% 15.7% 00 8.9% 68.9% 0.15
340 °C District heat demand: 0 MW, District heat demand: 3 MW,

Working fluid e UM 4 e My o
Cyclobutane 15.41% 15.41% 0 8.84% 68.86% 0.15
Cyclopentene 18.78% 18.78% 9] 12.31% 72.33% 0.21
2.5-Dihydrofuran 20.63% 20.63% 00 13.94% 73.96% 0.23
Furan 17.57% 17.57% S 10.72% 70.74% 0.15

Table 6
Concept comparison of CHP-flexibility for OMTS.

340°C District heat demand: 0 MW District heat demand: max

Working fluid e My 4 e My 4

Two-stage Concept 16.1% 16.1% 9 11.6% 86.6% 0.15 3.7 MW,
Parallel Concept 20.2% 20.2% 00 10.3% 60.0% 0.21 2.5 MW,
Condensation Concept 1 5.0% 35.3% 0.16 11.6% 86.6% 0.16 3.7 MW,
Condensation Concept 2 11.6% 11.6% o0 11.6% 85.9% 0.16 3.7 MW,

they do not offer the highest power outputs as compared to cyclic
molecules. Nevertheless, their system efficiencies performs slightly
better than with R245fa.

The applied part load behavior in the simulations is based on
the assumption of a constant UA-value. This results in a higher
power output due to the overrated heat exchangers when operated
in part load, which in turn reduces pinch-point limitations. How-
ever, a detailed heat exchanger rating is advised for future work
in order to take pressure losses and the exact heat transfer coeffi-
cient into account, as it has been applied in [14].

The part load behaviour of the expansion machine should be
included as well in future modelling work in order to assess possi-
ble implementation. So far only a limitation of P, = 0.4 - Py is
applied. Stodola law and additional loss mechanisms are expected
to influence the results.

Since recuperation is supposed to be most beneficial for silox-
anes, a detailed concept comparison is performed for different
ORC-CHP concepts with OMTS as the working fluid. The bench
mark has been chosen in accordance with available commercial
products [45]. For low heat demands (e.g. <1.4 MW,) the Parallel
Concept with recuperator is still the preferred option. But for
higher heat demands the Two-stage Concept becomes significantly
more efficient and performs for high heat loads similar to a con-
densation concept.

Additional revenues caused by the higher efficiency are signifi-
cantly larger than for other concepts. Note, that additional compo-
nents, such as pump, two-stage turbine and receiver tank cause
higher costs of the proposed system. Therefore the energetic ben-
efits due to the increased efficiency are estimated. This approach
is based on representative annual load duration curves and a
heat-driven operation strategy. These calculated benefits depend
strongly on heat and electricity prices. Thus, they can be consid-
ered as market dependent. The advantage of this method is, that
it does not suffer the drawback of high uncertainties associated
with cost functions for specific components. However, in order to

have a complete economic assessment, the component costs need
to be taken into account in future work.

Note, that the utilisation of the heat source is fluid dependent.
Therefore the maximum heat to the district heating system
depends also on the fluid and is not the same for all the fluids.
For this reason, the characteristic parameters from Section 2.2
are referred to a common heat demand of 3 MW. Tables 5 and 6
show the system efficiencies of the 5 MW heat source, which takes
the recuperable heat into account. Based on the electric efficiency
and the utilisation efficiency the CHP-coefficient is determined.
Table 5 shows the fluid comparison of isentropic fluids. If there
is no heat demand of the district heating system, the utilisation
efficiency is equivalent to the electric efficiency. At a heat demand
of 3 MW, the utilisation efficiency is in the range of 67-69%
(240°C) and 68-74% (340 °C). The electric efficiencies increase
significantly from 240 °C to 340 °C. Table 6 shows the concept
comparison for siloxanes. It can be seen, that the Parallel Concept
offers highest electric efficiencies, but the available district heat is
limited to 2.5 MW for co-generation. In contrast to this, the
condensation concepts have low electric efficiencies, but a
significantly higher available heat. Based on the parameters,
the proposed Two-stage Concept is a good trade-off between
Parallel Concept and Condensation Concept with excellent
performance.

6. Conclusion

A Two-stage ORC-CHP system has been proposed, where heat
extraction to the DHS is integrated into the regenerative preheating.
The following conclusions can be drawn from the presented results:

1. For different isentropic working fluids the performance and the
flexibility of the Two-stage ORC-CHP system was investigated
and shows a flexible CHP coefficient combined with high



C. Wieland et al./Applied Energy 183 (2016) 478-490 489

electric efficiencies. A comparison of isentropic working fluids
showed, that Furan and 2,5-Dihydrofuran perform best for tem-
peratures of 240 °C and 340 °C of the heat transfer fluid.

2. It was shown, that the excess heat transfer area during part load
condition has a positive effect on the electricity production,
since pinch point limitations are reduced during part load
operation.

3. Moreover, advantages for dry fluids were identified as well.
Since the proposed concept shows a high and continuous elec-
tricity production during heat decoupling to the DHS, the sys-
tem becomes beneficial for high heat demands. However, for
small heat demands, a Parallel ORC-CHP concept with recuper-
ator is still the best option.

4. Large cover ratios of the DHS heat demand, lead to a significant
part load operation of the ORC. Therefore, the Two-stage Con-
cept becomes more beneficial for such large cover ratios.

5. Finally, the benefits of such a Two-stage ORC have been sup-
ported by annual cumulated electricity revenues. However,
these additional revenues depend strongly on the shape of the
annual load duration curve as well as heat and electricity prices.
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