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Abstract: The efficiencies of the Organic Rankine Cycle (ORC) are not very high and only very seldom
do they exceed 20%. The increase and optimization of initial parameters and certain modifications
of the thermodynamic cycle make it possible to overcome these drawbacks. A new modified
cycle has been described and analyzed in detail in the paper. Similarly to the Ericsson cycle for
gas turbines, isothermal expansion in the turbine is suggested for the power plant with organic
media. The new cycle and the typical ORC power plants have the same block diagram. The only
difference is that expansion in the proposed cycle occurs not adiabatically but as an isothermal process.
The thermodynamic calculations have been carried out for 11 various fluids and 4 different cycles.
The obtained results have clearly shown that cycles with isothermal expansion (isothermal turbines)
are characterized by remarkably higher efficiency than typical power plants with adiabatic turbines.
The increase in efficiency varies from 6 to 12 percent points for cycles with saturated live vapor and
from 4 to 7 percent points for cycles with superheated live vapor. The performed analyses have
shown that it is possible to achieve a very high efficiency (over 45%) of organic cycle, which is a very
competitive value. In such cases the proposed power plants can achieve an efficiency which is higher
than that of modern steam turbine plants with supercritical parameters.

Keywords: subcritical thermodynamic cycles; organic media; efficiency; isothermal expansion;
adiabatic expansion

1. Introduction

The European power system will face a number of changes due to climate restrictions. This
is imposed by emission standards mainly for carbon dioxide [1,2]. The activities of the European
Union are focused on reducing electricity consumption, increasing the efficiency of energy conversion,
and increasing the share of renewable energy in the energy production process [3]. Systems with
steam turbines operating on supercritical and ultra-supercritical parameters are developing very
intensively [4,5], as are combined gas-steam systems [6,7]. Moving away from carbon applications,
new units are being introduced using a variety of biomass and biogas fuels [8-10]. At present, in
distributed energy systems the technology of steam and gas microturbines is being applied and although
the efficiency is still relatively low, the research is being carried out intensively [11-13]. As a rule,
microturbine sets, working in distributed systems, use biomass as a source that fits in perfectly with
the current trends [14]. The microturbine sets are equipped with neodymium electricity generators [15]
as well as appropriate automation and control systems [16,17], which enable operation at partial
load [18]. In the case of Organic Rankine Cycles the organic low-boiling media are applied [19-21].
If the expansion in the turbine ends in the zone of superheated vapor, the typical ORC power plant
consists of a turbine, an electric generator, a condenser (low temperature heat exchanger), a pump,
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a vapor generator (high temperature heat exchanger), and an additional heat exchanger (the so-called
“regenerator”, in order to use the heat of superheating for warming up the working liquid between
the condenser and the boiler, Figure 1).
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Figure 1. Standard Organic Rankine Cycle (ORC) cycle for wet fluids (a) and cycle with modified vapor
generator and isothermal expansion (b); where: I—turbine, Il—generator, Ill—condenser, [V—main
pump, V—vapor generator, Va—regenerator and vapor generator, VI—regenerator, q;,—heat delivered
in vapor generator, 41;—heat delivered during isothermal expansion, g,—heat rejected with the water
cooling condenser.

The ORC plants are very often supplied with sources of heat of rather low temperatures, for
example, waste heat [22,23], geothermal energy [24], heat emitted from engines [25], gas turbines [26],
and industrial processes [27,28] or agricultural and domestic waste. The Organic Rankine Cycle
power plants achieve low efficiency, which exceeds 10% but only seldom reaches higher values (about
20%) [29].

The efficiency of power plants can be higher if we increase upper temperature and modify
the cycles [30], making them more complex and applying additional elements [31]. As in the case of
steam power plants, there are ways to increase efficiency by using inter-stage superheating in the steam
generator [32], regenerative heating [33], or supercritical parameters [34]. We can also try to increase
the efficiency of particular elements of power plants, though we may come across certain barriers, such
as technological, material, or strength constraints. We cannot apply very low values of the lower cycle
temperature due to the surrounding conditions, nor can we increase the upper temperature because of
material limitations. It appears that the efficiencies of particular cycle elements are extremely high and
it is very difficult to expect remarkable progress in that field. If, for example, we consider the most
advanced ultra-supercritical steam power plants in design or operation, we usually find two interstage
superheaters, a number of feedwater heaters (including the heater for supercritical parameters), live
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steam temperature as high as 760 °C, and live steam pressure of about 35 MPa, which can be treated
as limit values for those parameters today. We observe a very impressive growth of the efficiency of
power plant elements: turbines (up to 95% or more for medium pressure steam turbines), pumps (up to
85%), electric generators (up to 99%+), or steam boilers (up to 95%). The efficiency of gas turbines (max.
44%-+) and the efficiency of combined gas-steam power (above 62%) are considered to be extremely
high values. We are still trying to find a better solution; for example, intensive efforts are being made
to develop nuclear power plants with reactors of new types or power plants with high parameters and
other working media such as supercritical CO; cycles.

According to our analysis there exists one more solution: a new thermodynamic cycle of remarkably
higher efficiency. First, let us consider the situation in gas turbine engines. They work according to
the Brayton cycle (cycle A-B-C-D-A in Figure 2) or the Brayton cycle with modifications (regenerator,
intercooling, sequential combustion). In the ideal case, when an infinite number of intercoolers, an
infinite number of sequential combustion chambers, and 100%-effective regeneration are considered,
the so-called Ericsson cycle is obtained. Its interpretation in the temperature-entropy diagram is
presented in Figure 2. In this cycle, the heat is added during the isothermal expansion 3—4 and heat
is rejected during the isothermal compression 1-2. In the perfect regenerator, the temperature of
the medium during the isobaric process 2-3 increases due to the heat delivered by the hot gases whose
temperature decreases during the isobaric process 4-1.

3,C 4
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Figure 2. Comparison of Brayton cycle (dotted blue line) and Ericsson cycle (red line) (interpretations
in T-s diagram).

The efficiency of the Ericsson cycle is equal to the efficiency of the Carnot cycle between the upper
temperature T3 and the lower temperature T;. Similar cycle is proposed for organic media as working
fluids. The block diagram of this cycle is exactly the same as in ORC power plants while the only
difference is that expansion in the turbine occurs not adiabatically but as an isothermal process.

The authors have proposed a new cycle for vapor power plants which increases the efficiency in
the same temperature range by several percent points (from 4 to 12 percent points in the considered
variants). The most important innovation here is that a new turbine of isothermal type is applied in
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the cycles. The performed analyses have proved that it is possible to build organic power plants whose
efficiency is competitive with modern supercritical steam turbine plants. These types of power plants
have not been described in the literature so far.

2. Modelling

The block diagram is identical for all the analyzed power plants. However, the cycles vary in
the function of the regenerator and in the type of expansion in the turbine. When saturated dry vapor
is generated in a boiler, the regenerator is used only for warming up the working fluid, whereas when
superheated live vapor is produced, the regenerator is used for warming up, vaporization, and partial
superheating of the working fluid.

Thus, the analysis includes 2 variants of thermodynamic cycles with different functions of
the regenerator:

Variant 1: cycle with saturated live vapor and the regenerator for warming up the working fluid;
Variant 2: cycle with superheated live vapor and the regenerator for warming up, vaporization, and
partial superheating of the working fluid.

Each cycle has been calculated assuming the adiabatic (AD) and isothermal (IZT) expansions in
the turbine, thus 4 cases of the cycle have been analyzed for each working medium.

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 [19].
The following media have been included in the analysis:

e  Acetone (chemical formula—C;1Hjy4, commercial name—acetone, [35]);

e  Octamethylcyclotetrasiloxane (chemical formula—CgH4045i4, commercial name—D4, [36]);

e Dodecamethylcyclohexasiloxane (chemical formula—C1,H3504Sis, commercial name—De6, [36]);

e  Octamethyltrisiloxane (chemical formula—CgH,40,Si3, commercial name—MDM, [36]);

e  Hexamethyldisiloxane (chemical formula—CgH;3OSip, commercial name—MM, [36]);

e 1,1,1,3,3-pentafluoropropane (chemical formula—C3H3F5, commercial name—R245fa, [36]);

e 1,1,1,3,3-pentafluorobutane (chemical formula—C4Hs5Fs5, commercial name—R365mfc, [36]);

e  Methylcyclohexane (chemical formula—C;H;4, commercial name—clcc6, [36]);

e  N-propylcyclohexane (chemical formula—CgH;g, commercial name—c3cc6, [36]);

e  Undecane (chemical formula—C1Hy4, commercial name—C11, [36]);

e  1-chloro-3,3,3-trifluoroprop-1-ene (chemical formula—C3H,CIF;3, commercial
name—R1233zd, [37]).

The calculations have been performed assuming upper and lower parameters of the working
medium. Standard thermodynamics formulae have been used, occasionally applying the iteration
method (when values of specific heat, which depend on other thermodynamic parameters, have been
calculated).

The thermodynamic calculations have been carried out for 11 various fluids and 4 different
cycles. The values of initial pressure and temperature have been determined, taking into account
particular schema of the cycle. For the calculations of the cycles according to subcritical variant 1
(cycle with saturated live vapor and a regenerator for warming up the working fluid), the saturation
temperature in the vapor generator was assumed to be 20 °C lower than the critical temperature for
a particular medium (in order to make sure that the process of vaporization takes place and that
the expansion in the turbine is realized in superheated vapor region). Consequently, the initial pressure
was read as the saturation pressure for that temperature. The parameters of the working media have
been determined using the REFPROP [38] media library. For all the calculated examples of variant 1
the initial temperature and pressure are shown in Table 1.
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Table 1. Initial temperatures and pressures for different working media for cycle variant 1 (cycle with
saturated live vapor and a regenerator for warming up the working fluid).

No. Fluid Initial Temperature T [°C] Initial Pressure py [MPa]
1 MDM 270.94 1.0462
2 D6 352.63 0.7115
3 D4 293.34 0.9910
4 MM 225.56 1.4205
5 R245fa 134.01 2.5298
6 Acetone 214.95 3.4810
7 R365mfc 166.85 2.3040
8 clccb 279.05 2.7188
9 c3ccb 337.65 2.2492
10 R1233zd 145.60 2.5329
11 c1 345.65 1.5030

For the calculations of the cycles according to variant 2 (cycle with superheated live vapor and
the regenerator for warming up, vaporization, and partial superheating of the working fluid) the values
of initial pressure and temperature have been determined taking into account the media stability
limitation and the maximum value of the cycle efficiency. The problem of the stability of organic
media is quite complicated and uncertain. There is a lack of proper experimental data and hardly
any recommendations. The mechanism of chemical decomposition of the compounds has not been
sufficiently investigated and described. The medium can lose its stability in a given temperature and
become stable again when the temperature increases. In practice, it is the amount of the decomposed
media that plays an important role during power plant operation. From time to time, the installation is
refilled with some amount of new media, so minor decomposition is not treated as a problem. The latest
literature provides access to information on the latest scientific research on the analysis of working
media at high temperatures and pressures, e.g., for MDM [39], MM [40], c1lcc6 [41], n-dodecane [42],
R134a [43], n-decane [44], R152, R236fa [45], R245fa [46], or titanium tetrachloride [47]. However,
there are still no more detailed analyses of operating media for power plants. To be on the safe side,
a margin of 50 °C below the maximum temperature given in the REFPROP library was assumed. For
all the calculated examples of variant 2 the initial temperature and pressure are shown in Table 2.

Table 2. Initial temperatures and pressures for different working media for cycle variant 2 (cycle with
superheated live vapor and a regenerator for warming up, vaporization and partial superheating of

the working fluid).

No. Fluid Initial Temperature T [°C] Initial Pressure po [MPa]
1 MDM 686.00 1.0462
2 Dé6 686.00 0.7115
3 D4 686.00 0.9910
4 MM 686.00 1.4205
5 R245fa 335.00 2.5298
6 Acetone 501.00 3.4810
7 R365mfc 420.00 2.3040
8 clcco 570.00 2.7188
9 c3cch 650.00 2.2492
10 R1233zd 500.00 2.5329
11 C11 700.00 1.5030

The pressure in the condenser has been estimated assuming the temperature of the cooling water
to be 15 °C, but no lower than 3 kPa. The efficiencies of particular elements (typical of micro power
plants) are shown in Table 3 [19,21,48].
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Table 3. Assumed values of the efficiencies of particular cycle elements.

Description Symbol Value Unit
Turbine efficiency nr 0.85 [-1
Pump efficiency npG 0.80 [-]
Mechanical efficiency Tm 0.98 [-]
Leakage efficiency Tn 0.98 [-1
Generator efficiency ng 0.90 [-1
Regenerator efficiency MR 0.95 [-]
Pressure drop in heaters and regenerators pi/pi-1 0.98 [-]

3. Results and Discussion

The interpretation of the two variants of the thermodynamic cycles for the adiabatic and isothermal
expansion in the turbine are presented in Figures 3 and 4. As an example of the working medium
the C11H24 (undecane C11) has been chosen.
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Figure 3. Interpretation of Variant 1 for adiabatic (a) and isothermal (b) expansion (working medium:
undecane-C11); where: limit line—red and cycle—blue line.
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Figure 4. Interpretation of Variant 2 for adiabatic (a) and isothermal (b) expansion (working medium:
undecane-C11); where: limit line—red and cycle—Dblue line.

The comparison of overall efficiency (the relation between the electric output to the heat delivered
to the power plant) for different working media for adiabatic and isothermal expansions is presented
in Figures 5 and 6, for variant 1 and variant 2, respectively.
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Figure 5. Variant 1—overall efficiency for adiabatic and isothermal expansions (red bars—isothermal
expansion, blue bars—adiabatic expansion).
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Figure 6. Variant 2—overall efficiency for adiabatic and isothermal expansions (red bars—isothermal
expansion, blue bars—adiabatic expansion).

In the case of variant 1, with adiabatic expansion in the turbine, the smallest efficiency was obtained
for R245fa (13%) and for r1233zd (14%), while the highest value of about 26% were calculated for clcc6.
For isothermal expansion, the smallest efficiency was also for R245fa (20%) and for r1233zd (22%),
while the highest value of about 35% was estimated for clcc6. Of course, in every case the efficiency
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of the cycle with isothermal expansion was remarkably higher than the efficiency of the cycle with
adiabatic expansion. The increase in efficiency varied from 5 percent points for D6 and up to 12 percent
points for acetone.

In the case of variant 2 with adiabatic expansion in the turbine, the smallest efficiency was obtained
for R245fa (25%) while the highest values of about 41% were calculated for MM, clcc6, and c3cc6. For
isothermal expansion the smallest efficiency was also for R245fa (29%), while the highest values of
about 47% were estimated for clcc6 and c3cc6, and about 46% for MM. Of course, in every analyzed
case the efficiency of the cycle with isothermal expansion was higher than the efficiency of the cycle
with adiabatic expansion. The increase in the efficiency varied from 4 to 7 percent points.

From the above calculations it follows that the cycles with isothermal expansion (isothermal
turbines) are characterized by remarkably higher efficiency than typical power plants with adiabatic
turbine. Heat gy is added to the working medium during its flow in the turbine. In this way we
realize the expansion at a constant temperature, and at the same time we increase the average value
of the temperature delivering heat to the cycle. The rise in the average upper temperature leads to
the increase in cycle efficiency. Calculations of heat g1, have been performed with the use of standard
approach:

g1y = To-As = To-(s2 —s0) 1)

where T—temperature, s—specific entropy, and g—specific heat.
For all the considered variants, heat 411, equaled from 37.56% to 56.33% of the whole heat delivered
in the cycle (Table 4).

Table 4. Heat delivered during isothermal expansion (g1p) in relation to the total heat supplied in
Table 1 and variant 2.

No. Fluid Variant 1 gq3/q4 [%] Variant 2 q13/q4 [%]
1 MDM 46.52 51.09
2 D6 37.65 43.85
3 D4 43.18 48.47
4 MM 47.02 54.02
5 R245fa 40.07 37.80
6 Acetone 51.80 51.28
7 R365mfc 42.26 4415
8 clccod 53.24 56.33
9 c3cchd 52.82 55.79
10 R1233zd 41.56 44.36
11 C11 47.05 51.04

4. Conclusions

The authors have proposed a new cycle for vapor power plants and have performed an analysis
proving that it is possible to increase power plant efficiency in the same temperature range by several
percent points. The increase in the efficiency varies from 5 to 12 percent points for cycles with saturated
live vapor, and from 4 to 7 percent points for cycles with superheated live vapor, which is a very
impressive result. Nowadays, in the case of large output advanced gas turbine units, a one point
increase in efficiency costs millions of dollars and years of intensive research.

At present, only very simple ORC turbine power plants have been applied and described in
the literature (Figure 1). As a rule, in these turbines adiabatic expansion of the working media takes
place in order to generate power. The temperature of live vapor in these solutions is relatively low
(lower than 300 °C). The presented analyses have been performed for higher values of temperature
(even 700 °C) and for higher values of the initial pressure. However, the most important innovation
is that instead of a classical approach with an adiabatic turbine, a new turbine of isothermal type is
applied in the cycles. These types of power plants with organic media have not been discussed in
the literature so far.



Energies 2020, 13, 4340 9of 12

The performed analyses clearly have proved that it is possible to build organic power plants of
relatively high efficiency (over 45%), which is a very competitive value. In such cases the proposed
power plants can achieve an efficiency which is higher than that of modern steam turbine plants with
supercritical parameters. It is also very important to underline that the organic power plants with
isothermal turbines are cheaper and much simpler than modern supercritical steam power plants of
large output working within the same range of design parameters.

So far, no power plant with isothermal turbines has been constructed in the world but our team
has successfully designed, built, and tested an experimental isothermal turbine which will soon be
described in a separate paper (Figure 7 shows the experimental variant of a gas turbine working
according to the Ericsson cycle). Thus, the obtained results of the presented analysis can be considered
for future applications.

(a) | (b)

Figure 7. The example of the experimental variant of a gas turbine working according to the Ericsson
cycle (a), turboset research stand with isothermal expansion (b), where: 1—electric generator,
2—compressor, 3—turbine rotor, 4—expansion nozzle, 5—burner, 6—built-up turboset.
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