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Abstract: Organic Rankine Cycle (ORC) power plants have become very popular and have found
their applications in systems with renewable sources of energy. So far their overall efficiencies are not
very impressive and only for the upper temperature of about 300 °C do they exceed 20%. A drawback
of these cycles is the limitation of the cycle upper temperature due to the heat exchanger technology
and the materials used. However, it is possible to overcome these difficulties by certain modifications
of the thermodynamic cycles, a proper choice of the working medium and the optimization of
cycle parameters. In the paper the problems of choosing the working medium and the question of
higher temperature at the turbine inlet have been discussed. Different modifications of the schemas
of the thermodynamic cycles have also been taken into account. The variants of power plants
with regenerators, reheaters and heat exchangers have been considered. The proposed increase in
temperature (in some cases up to 600 °C or higher) and innovative modifications of the thermodynamic
cycles allow to obtain the power plant efficiency of above 50%. The modified cycles have been
described in detail in the paper. The proposed cycles equipped with regenerators and reheaters
can have the efficiency even slightly higher than classical steam turbine plants with a reheater and
regenerators. Appropriate cycle and turbine calculations have been performed for the micro power
plants of turbine output in the range of 10 kW-300 kW (up to several MW in some cases). The best
arrangements achieved very high values of the overall cycle efficiency.
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1. Introduction

At present, due to coal-fired plants, the power systems in many countries, are characterized by
a relatively low efficiency [1,2]. In the case of distributed energy systems, however, the efficiency of
electricity production is even lower [3-5], and the Organic Rankine Cycle power plants achieve
the efficiency which exceeds 10% [6-8] (seldom about 20%). Higher values of efficiency are
obtained by ultra-supercritical steam turbine power plants [9,10], combined gas-steam thermal
cycles [11] or modified ORC cycles [12]. In distributed energy, on the other hand, the technology of
microturbines is developed and, although the efficiency is still relatively low, the research is carried
out intensively [13-16]. For many years the installations of electric output of several hundred kW and
higher have been used in power plants based on biomass combustion [17,18]. Biofuels have become
very popular and have been treated as renewable sources of energy. They can significantly vary in
quality, heating value and other parameters which can cause some serious problems when used as
fuel for stroke engines and gas turbines. In the case of gas turbines it is possible to overcome these
difficulties by some modifications of the gas turbine engine. Instead of a combustion chamber a high
temperature heat exchanger and an external furnace must be applied. In the external chamber it is
possible to combust any fuel and the hot exhaust gases are used in the heat exchanger to warm up the
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air from the compressor before it enters the turbine. Thus, a gas turbine engine is modified to work as
an air turbine which consists, in the simplest arrangement, of a compressor, a heat exchanger and a
turbine. Air is a working medium for both the compressor as well as the turbine [19,20]. This solution
allows us to burn fuels of varying parameters in the external combustion chamber without any harmful
effects on the operation of the air turbine set.

In the case of vapor turbine power plants low-boiling media (as a rule organic ones) can be applied
as working fluids apart from the traditional medium, i.e., steam. Thus, instead of steam Rankine cycle
we have Organic Rankine Cycle. In ORC power plants the most important property of the organic
media is their lower boiling temperature which make them more appropriate for use in the range of
lower temperatures. Owing to that, the ORC plants are very often used with sources of heat of rather
low temperatures (heat emitted from engines, gas turbines and industrial processes or agricultural and
domestic waste). It is a very popular opinion that above 350 °C steam power plants have a higher
efficiency than power plants with organic media [21]. At lower temperatures thermodynamic cycles
with organic fluids can achieve a better efficiency than steam plants [22]. Our analysis shows that
this statement is not entirely correct and may refer to simple cycles and relatively low temperatures
which characterize current practical applications. If we consider more complex cycles and higher
temperatures we may draw different conclusions.

The schema of the simplest typical ORC cycle is presented in Figure 1. It consists of a turbine,
an electric generator, a condenser (low temperature heat exchanger), a pump and a vapor generator
(high temperature heat exchanger). If the expansion in the turbine ends in the zone of superheated
vapor, an additional heat exchanger (so called “regenerator”) can be applied in order to use the heat of
superheating for warming up the working liquid between the condenser and the boiler (Figure 2).
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Figure 1. Standard Organic Rankine Cycle (ORC) cycle for wet fluids; where: I—turbine, [I—generator,

III—condenser, [IV—main pump, V—vapor generator.

The analysis includes some other, more complex, schemas:

e  Cycle with saturated live steam and a regenerator for warming up the working fluid (Variant
1—Figure 2);

e  Cycle with superheated live steam and a regenerator for warming up the working fluid (Variant
2—Figure 2);

e  Cycle with superheated live steam and a regenerator for warming up, vaporization and partial
superheating of the working fluid (Variant 3—Figure 2);

e  Cycle with supercritical live steam and a regenerator for warming up, vaporization and partial
superheating of the working fluid (Variant 4—Figure 2);

e  Cycle with superheated live steam, a regenerator for warming up, vaporization and partial
superheating of the working fluid, and with a compressor (Variant 5—Figure 3);



Energies 2020, 13, 1327 3of11

Cycle with superheated live steam, a regenerator for warming up, vaporization and partial
superheating of the working fluid, with a compressor and an additional heat exchanger (Variant
6—Figure 4);

Cycle with superheated live steam, a regenerator for warming up, vaporization and partial
superheating of the working fluid, with a compressor, an additional heat exchanger and interstage
superheating (Variant 7—Figure 5);

Cycle with superheated live steam, a regenerator for warming up, vaporization and partial
superheating of the working fluid, a compressor, an additional heat exchanger, interstage
superheating and a vapor heater (Variant 8—Figure 6).

The interpretation of the above cycles in the temperature-entropy diagram is shown in Figure 7

with hexamethyldisiloxane (MM) as an example.

5

IV

Figure 2. ORC cycle with regenerator; where: I—turbine, II—generator, Ill—condenser, [IV—pump,
V—vapor generator, VI—regenerator (Variant 1, 2, 3, and 4).

When choosing the working media, the most important features were taken into account, such as

low toxicity, chemical stability, low potential for decomposition and low flammability [7]. The following
media have been included in the analysis:

Acetone (chemical formula—Cj1H,4, commercial name—acetone, [23]);
Octamethylcyclotetrasiloxane (chemical formula—CgH»4045i4, commercial name—D4, [24]);
Dodecamethylcyclohexasiloxane (chemical formula—C1,H36045is, commercial name—D6, [24]);
Octamethyltrisiloxane (chemical formula—CgH,40,Si3, commercial name—MDM, [24]);
Hexamethyldisiloxane (chemical formula—CgH;3OSip, commercial name—MM, [24]);
1,1,1,3,3-pentafluoropropane (chemical formula—CsH3Fs5, commercial name—R245fa, [24]);
1,1,1,3,3-pentafluorobutane (chemical formula—C4HsF5, commercial name—R365mfc, [24]);
Methylcyclohexane (chemical formula—C7H14, commercial name—clcc6, [24]);
N-propylcyclohexane (chemical formula—CgH;1g, commercial name—c3cc6, [24]);

Undecane (chemical formula—C;1Hj4, commercial name—C11, [24]);
1-chloro-3,3,3-trifluoroprop-1-ene (chemical formula—C3H,ClF;, commercial name—R1233zd, [25]).

The calculations have been performed assuming the schema of the thermodynamic cycle,

the working medium and its upper and lower parameters. Standard thermodynamics formulae
have been used, occasionally applying the iteration method. The parameters of the working media
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have been determined using REFPROP [26] media library. Unfortunately, there is no sufficient
information concerning the chemical stability of most of the organic media. Thus, the maximum
temperature for particular fluids have been assumed according to the data provided by REFPROP
media library. The thermodynamic calculations have been carried out for 11 various fluids and
8 different cycles. The values of initial pressure and temperature have been determined taking into
account particular schema of the cycle, media stability limitation and the maximum value of the cycle
efficiency. The pressure in the condenser has been estimated assuming the temperature of the cooling
water equal to 15 °C. The efficiencies of particular elements (typical of micro power plants) are shown
in Table 1 [3,4,6,7,27].

Table 1. Assumed values of the efficiencies of particular cycle elements.

Description Symbol Value Unit
Turbine efficiency nr 0.85 [-]
Compressor efficiency TNcom 0.85 [-1
Pump efficiency npG 0.80 [-]
Mechanical efficiency Mm 0.98 [-1
Leakage efficiency Mn 0.98 [-]
Generator efficiency ngG 0.90 [-1
Regenerator efficiency MR 0.95 [-]
Pressure drop in heaters and regenerators Pi/pi-1 0.98 [-]

VI

Figure 3. ORC cycle with regenerator and compressor; where: I—turbine, Il—generator, Ill—condenser,
IV—pump, V—vapor generator, VI—regenerator, VII—compressor (Variant 5).

Vil

Figure 4. ORC cycle with regenerator, compressor and reheater; where: I—turbine, [I—generator,
III—condenser, IV—pump, V—vapor generator, VI—regenerator, VII—compressor, VIII—heat

exchanger (Variant 6).
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VI

Figure 5. ORC cycle with regenerator, compressor, reheater and interstage superheater; where:
Ia, Ib—turbines, II—generator, Ill—condenser, IV-pump, V—vapor generators, Va—interstage
superheater, VI—regenerator, VII—compressor, VIII—heat exchanger (Variant 7).
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Figure 6. ORC cycle with regenerator, compressor, reheater, interstages superheater and heat
exchanger; where: Ia, Ib—turbines, II—generator, Ill—condenser, IV, IVa—pumps, V—vapor generators,
Va—interstage superheater, VI—regenerator, VII—compressor, VII[—heat exchanger, IX—vapor heater

(Variant 8).
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Figure 7. Cycle interpretation in T-s diagram for all analyzed variants (hexamethyldisiloxane (MM)
working fluid). The numbers in the graphs refer to the characteristic cycle points shown in Figures 2-6:
(a) Variant 1-Figure 2; (b) Variant 2-Figure 2; (c) Variant 3-Figure 2; (d) Variant 4-Figure 2; (e) Variant
5-Figure 3; (f) Variant 6-Figure 4; (g) Variant 7-Figure 5; (h) Variant 8-Figure 6.

2. Results and Discussion

In the case of the simplest standard ORC cycle (Variant 1, Figure 2) the overall efficiency varies
from 12% to 28% depending on the working medium and the parameters, Figure 8a.

For ORC cycle with superheated steam (Variant 2, Figure 2) higher values of efficiency can be
obtained from 20% (R1233zd) to about 34% (C11), Figure 8b.

In Variant 3 (Figure 2)—the cycle with superheated live steam and the regenerator for warming
up, vaporization and partial superheating of the working fluid the efficiencies vary from 28% (R245fa)
to about 47% (C11), Figure 8c.

Variant 4 (Figure 2) is similar to Variant 3 except for the supercritical parameters at the turbine
inlet allowing to obtain the efficiency from 30% (R245fa) to about 47% (D6)—Figure 8d.

In Variant 5 (Figure 3) the unusual element for ORC cycles appears: the compressor for vapor
(Figure 3). The efficiencies of these plants vary from 30% (R245fa) to about 47% (C11)—Figure Se.

In Variant 6 (Figure 4) the additional heat exchanger is applied and the efficiencies vary from 28%
(R245fa) to above 47% (C11)—Figure &f.

In Variant 7 (Figure 5) the interstage superheater is introduced and the efficiencies vary from 37%
(R245fa) to nearly 50% (C11), Figure 8g.

Variant 8 (Figure 6) appears to be the most complex of the considered cycles (the heat exchanger
with vapor bleeding from high pressure turbine (HP) is added). In this case the highest efficiencies
ranging from 37% (R245fa) to nearly 52% (MM) may be obtained—Figure 8h.

The numbers in the Figure 7 refer to the characteristic cycle points shown in Figures 2-6, respectively.

In particular variants of the power plants and the applied working fluids the values of the upper
temperature and pressure vary remarkably. For example, the temperature and pressure of live vapor
in Variant 1 are presented in Figure 9. The temperature changes from 145 °C (R245fa) to 372 °C (D6),
while the pressure from 0.95 MPa (D6) to about 3.5 MPa (acetone). In Variant 8 the temperatures and
pressure are shown in Figure 10. The temperature changes from 380 °C (R245fa) to 770 °C (C11), while
the pressure from 9.59 MPa (D4) to about 22.14 MPa (acetone).
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Figure 8. Overall efficiency for different working media: (a) Variant 1; (b) Variant 2; (c¢) Variant 3;
(d) Variant 4; (e) Variant 5; (f) Variant 6; (g) Variant 7; (h) Variant 8.

As far as the interstage superheater is considered, the pressure varies even more remarkably;,
Figure 11. In Variant 8, for example, it changes from 0.012 MPa (D6) to 1.55 MPa (R245fa).

Thus, comparing the efficiencies of various considered cycles the values of upper temperatures
should be taken into account. Very high overall efficiency (52%) was achieved for the MM medium in
Variant 8 (Figure 12).
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The examples of turbine flow parts in Variants 1, 6 and 8 are presented in Figures 13-15. All the
examples can be treated as micro turbines (turbines of very small output) with vapor of MM as the
working medium. The variants have been designed as multistage turbines with disc rotors (impulse
turbines). In Figure 13 a 4-stage turbine of 75 kW is shown and in Figure 14 a flow part of the 8-stage
turbine of 240 kW is presented. While Figure 15 shows flow parts of 5-stage high pressure (HP) turbine
and of 3-stage low pressure (LP) turbine of total output equal 220 kW.
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Figure 9. Values of temperature (a) and pressure (b) of live vapor optimized for different working
media (Variant 1).
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Figure 14. Turbine flow part for Variant 6 and MM working fluid.
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Figure 15. Flow part of high (a) and low pressure (b) turbine for Variant 8 and MM working fluid.
3. Conclusions

Nowadays, only very simple ORC cycles are applied and described in bibliography (Figures 1
and 2). They are limited to 4 or 5 main elements: the turbine, the condenser, the pump, the vapor
generator and the regenerator. The temperature of live vapor in these solutions is relatively low
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(lower than 300 °C). The presented analyses have been performed for far more complex cycles, for higher
values of temperature (even 700 °C) and for higher values of the initial pressure. New elements, such as
additional heat exchangers, interstage superheaters and compressors have been included in the cycles.
These types of ORC power plants have not been discussed in bibliography so far. The obtained results
of the presented analysis can be considered for future applications.

The performed analyses clearly prove that it is possible to build ORC power plants of relatively
high efficiency even exceeding that of 50%, which is a very competitive value. In such cases ORC
power plants can achieve an efficiency which is higher than that of modern steam turbine plants with
supercritical parameters. The statement seems to stand in contradiction with the opinion that above
350 °C steam power plants have a higher efficiency than power plants with organic media. It is also
very important to underline that even the most complex cycle (Variant 8 with MM working fluid) is
cheaper and much simpler than modern supercritical steam power plants of large output with similar
maximum efficiency.
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