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Abstract: The organic Rankine cycle (ORC) is widely accepted to produce electricity from low-grade
thermal heat sources. In fact, it is a developed technology for waste-heat to electricity conversions.
In this paper, an ORC made up of super-heater, turbine, regenerator, condenser, pump, economizer
and evaporator is considered. An optimization model to obtain the maximum performance of such
ORC, depending on the super-heater pressure, is proposed and assessed, in order to find possible
new working fluids that are less pollutant with similar behavior to those traditionally used. The
different super-heater pressures under analysis lie in between the condenser pressure and 80% of
the critical pressure of each working fluid, taking 100 values uniformly distributed. The system and
optimization algorithm have been simulated in Matlab with the CoolProp library. Results show that
the twelve working fluids can be categorized into four main groups, depending on the saturation
pressure at ambient conditions (condenser pressure), observing that the fluids belonging to Group
1, which corresponds with the lower condensing pressure (around 100 kPa), provide the highest
thermal efficiency, with values around η = 23− 25%. Moreover, it is also seen that R123 can be
a good candidate to substitute R141B and R11; R114 can replace R236EA and R245FA; and both
R1234ZE and R1234YF have similar behavior to R134A.

Keywords: organic Rankine cycle; maximum performance; optimum super-heater pressure;
low-GWP; low-ODP; working fluids

1. Introduction

During the last decades, electricity demand has increased considerably, mainly due
to population and industrial growth. The International Energy Agency estimates that
the global electricity demand in 2030 will be 50% higher than in 2018 [1]. In fact, several
scenarios until 2050 for both generation and demand trends have already been proposed
and analyzed for different regions of the world [2–4]. Moreover, this electricity demand
must be provided while reducing fossil fuel dependence, minimizing greenhouse emissions
and promoting renewable energy sources (RESs) [5]. With this aim, different energy
and climate policies have been promoted and supported to achieve such energy and
climate targets [6], for instance, the U.S. Intended Nationally Determined Contribution
[7], UK community energy strategy [8] and EU 2030 framework [9]. Under this scenario,
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alternative technologies have emerged to convert renewable sources into electrical or/and
mechanical energy.

With regard to electricity generation, thermal power plants are commonly included in
current power systems. Steam power plants, which are most of the conventional power
plants, are based on the Rankine cycle (RC) (i.e., coal-, nuclear- and oil-fueled power plants).
Together with this, some RESs such as biomass-fueled, solar-thermal and geothermal power
plants, use the RC to generate electricity. According to the International Energy Agency,
which provides global statistics about electricity consumption [10], in 2018 more than 50%
of the overall electricity generation came from power plants based on the RC, as can be seen
in Table 1. For high-temperature applications and large power plants, water is considered
the most suitable working fluid, whereas for medium- and small-scale power plants with
low/intermediate temperature heat sources, the conventional steam RC cannot provide
a high performance [11,12]. In such cases, organic Rankine cycle (ORC) systems, which
use an appropriate organic working fluid instead of water, are considered as a mature and
viable technology [13,14]. Moreover, the ORC has a high potential for waste heat recovery
(WHR) applications, where the temperature level of waste heat is usually medium or low.
For instance, waste energy in the exhaust gases of internal combustion engines (ICEs) can
be exploited with WHR systems and the ORC, which are considered as the promising
candidates for improving the global performance of ICEs. While industrial applications
typically operate in steady conditions, there is a great challenge in coupling these two
machines, the ICE and the ORC, due to the differences in their operating modes, transient
in ICEs and stationary in the ORC. Consequently, the working fluid used in the ORC has
a key role to determine the performance of the power plant [15–17] and to increase the
performance for WHR systems, i.e., exhaust gases of ICEs [18,19].

Table 1. Generation by source in 2018 [10].

Source Generation (GWh) Rankine Cycle Percentage (%)

Coal 10,159,646 Yes 38.01
Natural gas 6,150,200 No –

Hydro-power 4,325,111 No –
Nuclear 2,710,430 Yes 10.14

Wind 1,273,409 No –
Oil 783,703 Yes 2.93

Biomass 637,240 Yes 2.38
PV 554,382 No –

Geothermal 88,956 Yes 0.33
Others 35,669 No –

Solar thermal 11,321 Yes 0.04

Total 26,730,067 – 53.84

Regarding the organic working fluids, two main parameters must be taken into
account from the environmental point of view: (i) the ozone-depleting potential (ODP),
which shows the impact of the fluid on the ozone depletion; and (ii) the global warming
potential (GWP), which determines the greenhouse effect of the fluid [20]. In 2006, Europe
started to limit the emissions from air conditioning systems in motor vehicles with Directive
2006/40/EC [21]. These limitations continued in 2014 with Regulation No 517/2014 on
fluorinated greenhouse gases [22]. Restrictions to working fluids with high GWP and ODP
have been approved in most developed countries around the world [23] and, consequently,
new working fluids with less environmental impact have been under development, such as
R1234YF and R1234ZE [24]. In fact, some working fluids can increase the greenhouse gas
emissions, which, at the same time, cause ozone depletion [25]. Consequently, the fluids
with low GWP and ODP must substitute those with higher GWP and ODP and, at the same
time, try to maintain—or even increase—the overall efficiency of the ORC [26]. Hence,
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optimization of the main ORC components and working fluids are currently major research
fields to improve the ORC system performance [27].

In the specific literature, there are a few studies focused on comparing different low
GWP and/or ODP working fluids among multiple alternatives. For instance, in [28]
three low-GWP fluids were investigated in an ORC system to replace R245FA; Gil et al.
identified different hydrofluoroolefins and their application in the ejector refrigeration
cycle to substitute fluid R134A [29]; and in [30], an analysis about the working fluid R463A
as an alternative to R404A was carried out. Under this scenario, this paper aims to optimize
an ORC system using a variety of new working fluids with low GWP and ODP (R114,
R123, R1234YF and R1234ZE), comparing them to conventional fluids (R11, R134A, R141B,
R236EAL R244FA and R507A, as well as ammonia and water). The proposed methodology
uses an iterative analysis to optimize the ORC system performance in the steady-state,
based on the critical temperature of the fluid and depending on the super-heater pressure.
Different working fluid groups are proposed depending on such output super-heater
range pressures and maximum efficiency, specifying in each case which working fluid is
preferable to use based on GWP and ODP.

The rest of the paper is structured as follows: Section 2 describes the ORC under
analysis considering a steady-state and two cycles, excluding and including irreversibilities;
Section 3 presents the proposed methodology; Section 4 analyzes and discusses the results;
and, finally, conclusions are given in Section 5.

2. Organic Rankine Thermodynamic Cycle Under Analysis

The ORC under analysis consists of seven main elements: (i) super-heater, (ii) turbine,
(iii) regenerator, (iv) condenser, (v) pump, (vi) economizer and (vii) evaporator. Both the
elements and the T–s diagram are depicted in Figure 1. Two cycles are considered in the
analysis: the ideal cycle (in which irreversibilities are not considered) and a second cycle
including the irreversibilities in the turbine (ηt) and in the pump (ηp). The ideal cycle
is represented in the T–s diagram with the states 1s and 6s (for the pump and turbine,
respectively), whereas when considering the irreversibilities, such states are denoted as
1 and 6. Referring to such figure, note that the working fluid follows several processes:

• Process 1–2: The working fluid increases its temperature as it flows at constant
pressure through the regenerator;

• Process 2–3: The working fluid increases its temperature until it is a saturated liquid
as it flows at constant pressure through the economizer;

• Process 3–4: The working fluid keeps its temperature and pressure while changing
from saturated liquid to saturated steam through the evaporator;

• Process 4–5: The working fluid increases its temperature as it flows at constant
pressure through the super-heater;

• Process 5–6: The working fluid expands through the turbine, reducing both tempera-
ture and pressure;

• Process 6–8: The working fluid decreases its temperature as it flows at constant
pressure through the regenerator;

• Process 8–9: The working fluid transfers heat as it flows through the condenser to the
saturated liquid;

• Process 9–1: The working fluid compresses in the pump, increasing both temperature
and pressure to the liquid region.

Note that the turbine shaft is directly connected to an electrical generator (point 7,
saturated steam).

From Figure 1b, it is deduced that

p1 = p2 = p3 = p4 = p5 , (1)

and
p6 = p7 = p8 = p9 . (2)
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Figure 1. ORC cycle under analysis. (a) Elements; (b) T–s diagram.

To determine the rest of the parameters (temperature T, quality x, enthalpy h and
entropy s):

• Note that some states are saturated (liquid or vapor). In fact, states 4 and 7 are
saturated vapor (x4 = x7 = 1), whereas 3 and 9 are saturated liquid (x3 = x9 = 0),
as previously presented.

• To calculate the temperatures of the different states, all of them are determined
from other parameters, but for state 2, where it considers the effectiveness of the
regenerator (εreg):

T2 = T1 + εreg · (T6 − T1) . (3)

It is important to bear in mind that T2 must be in the liquid state, not being allowed a
phase change. Temperature for state 5 (T5) is assumed to be known, and it is equal to
the critical temperature (Tcrit) of the working fluid according to [31]. These authors
found out that the global exergy efficiency is strongly linked to the critical temperature
of the working fluid. The temperature of the regenerator (T8) is considered as 2 ◦C
over the saturated temperature at p8.

• Most of the enthalpies are obtained knowing the temperature and pressure of each
state. Only for states 1 (h1) and 6 (h6) are the energy balance of the pump (Equation (4))
and the turbine efficiency (ηt, Equation (5)) needed, respectively:

h1 = h9 + Wp , (4)

h6 = h5 − ηt · (h5 − h6s) . (5)

• The entropies are obtained knowing the pressure and enthalpy of each state.

With the different enthalpies calculated, it is possible to determine the specific work
developed by the turbine (Wt):

Wt = h5 − h6 , (6)

as well as the specific thermal power exchanged in the economizer (Qin,eco), evaporator
(Qin,evap) and super-heater (Qin,sh):

Qin,eco = h3 − h2 , (7)

Qin,evap = h4 − h3 , (8)

Qin,sh = h5 − h4 . (9)

The specific work demanded by the pump is calculated with the isoentropic value.
The pump efficiency is then determined as:

Wp,s = v9 · (p1− p9)→Wp =
Wp,s

ηp
. (10)
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The overall performance of the ORC is estimated from:

η(%) = 100 · Wnet

Qin
, (11)

where Wnet is the net specific work developed by the cycle and Qin is the specific thermal
power supplied to the cycle:

Wnet = Wt −Wp , (12)

Qin = Qin,eco + Qin,evap + Qin,sh . (13)

3. Methodology

The aim of the paper is to determine the maximum performance of the ORC presented
in Section 2 as a function of the super-heater pressure. In order to determine such parameter,
several aspects are taken into account:

• The pressure of the condenser (pcond = p6 = p7 = p8 = p9) is determined considering
a 293.15 K temperature and a saturated state [32,33]→ pcond = p(x = 1, T = 293.15 K);

• The pressure of the super-heater (psh = p1 = p2 = p3 = p4 = p5) stays in between the
pressure of the condenser and 80% of the critical pressure pcrit of the working fluid [34].
A homogeneous distribution of 100 values of psh are considered to determine the
optimum value for maximum performance→ psh,min = pcond; psh,max = 0.8 · pcrit;

• When considering the irreversibilities of the turbine and the pump, their performances
are 85% [35] and 80% [36,37], respectively→ ηt = 0.85; ηp = 0.80;

• The effectiveness of the regenerator is considered as 50%. According to the literature
review, several values are proposed [38–41], and authors decide to use an averaged
value→ εreg = 0.5;

• The output temperature of the super-heater (T5) is considered to be equal to the critical
temperature Tcrit of the working fluid, as explained in Section 2→ T5 = Tcrit;

• In case the state 6 is inside the saturation curve, its quality must be over 90% [42]
→ x6 > 0.9.

Twelve different working-fluids were selected for analysis, summarized in Table 2.
Their critical pressure (pcrit), the maximum super-heater pressure (psh,max), the critical
temperature (Tcrit), which will be equal to the output temperature of the super-heater
(T5), GWP and ODP are included in the table. Among them, R134A and R141B are
common working fluids [43], together with water, which is the fluid used to carry out the
conventional RC [44]. Moreover, R134A and 1234YF have previously been analyzed by
some of the authors of this work [45,46]. Together with this, R114, R123, R1234YF and
R1234ZE have both low ODP and GWP (GWP < 150), and the authors’ aim is to try to
replace conventional pollutant working fluids with less-contaminant fluids, at the time
that the overall efficiency of the ORC is improved.

Table 2. Working fluids under analysis [47–54].

Name pcrit (kPa) psh,max (kPa) Tcrit (K) GWP (100 Years) ODP

R11 4394.00 3515.20 471.06 4000 1
R114 3257.00 2605.60 418.83 3.9 0
R123 3672.00 2937.60 456.83 77 0.02

R1234YF 3382.20 2705.76 367.85 4 0
R1234ZE 3634.94 2907.95 382.52 6 0

R134A 4059.28 3247.42 374.21 1300 0
R141B 4212.00 3369.60 477.50 630 0.11

R236EA 3420.00 2736.00 412.44 710 0
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Table 2. Cont.

Name pcrit (kPa) psh,max (kPa) Tcrit (K) GWP (100 Years) ODP

R245FA 3651.00 2920.80 427.01 950 0
R507A 3704.90 2963.92 343.77 3300 0

Ammonia 11,333.00 9066.40 405.40 0 0
Water 22,064.00 17,651.20 647.10 0 0

The Matlab commercial software package, combined with the CoolProp library [47]
was used to optimize the cycle performance through an iterative process. The maximum
performance (ηmax) and optimum super-heater pressure (psh,opt) for the ORC presented in
Section 2 are determined as follows, see Figure 2.

Calculate p, T, h, s, x
with psh,i for states 1-9

ηmax = 0

i = 0

ηi > ηmax?

Save ηi & psh,i

yes

i > 100?

yes

no

i = i + 1

no

Determine psh,max

yes

no ηi = 0

Determine ηi

x6 > 0.9?

Figure 2. Flowchart to determine the maximum performance and the super-heater pressure.

1. To determine the maximum performance of the fluid, the initial performance is set as
ηmax,[i=0] = 0%. The performance is compared to the previous maximum performance
for each iteration, and it is increased depending on such comparison.

2. The maximum super-heater pressure (psh,max) is estimated from psh,max = 0.8 · pcrit
(refer to Table 2). The minimum super-heater pressure will be equal to the con-
denser pressure psh,min = pcond, which is calculated from the temperature of 293.15 K
and knowing it is in saturated state. From such two pressures (psh,min and psh,max),
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100 values of pressure are uniformly distributed. These 100 values are the super-heater
pressures (psh,i) that will be tested to determine the maximum cycle performance.

3. The different variables of the 9 states of the ORC depicted in Figure 1 are determined
(p, T, h, s and x).

4. They are tested if the quality of state 6 (x6) is over 90%:

(a) If the quality is over 90% (x6 > 0.9), the algorithm proceeds to the next step.
(b) If the quality is below 90% (x6 ≤ 0.9), the cycle cannot take place due to the

erosion of the turbine blades [42]. Consequently, the cycle performance is set
to 0 (ηi = 0) and the algorithm goes to the last step.

5. The performance of the cycle (ηi) is calculated from Equation (11) and it is compared
with the maximum performance:

(a) If the performance of the cycle exceeds the maximum performance (ηi > ηmax),
the value of ηmax is updated (ηmax = ηi) and the super-heater pressure (psh,i)
is saved. After that, the algorithm proceeds.

(b) If the performance of the cycle does not exceed the maximum performance
(ηi < ηmax), the algorithm goes to the last step.

6. The following (i = i + 1) super-heater pressure is determined, repeating the algorithm
from step 3. It finishes when the 100 values of psh,i have been considered to determine
the optimum performance (i > 100).

4. Results

The algorithm presented in Section 3 was run for the 12 working fluids under anal-
ysis (refer to Table 2) in Matlab and the CoolProp library. The maximum performance
of the ORC (ηmax), together with the optimum super-heater pressure (psh,opt) were ob-
tained. These results are summarized in Table 3. As can be seen, when considering the
irreversibilities of the turbine and the pump, the maximum performance is slightly re-
duced, as the performances of such elements are considered (ηt = 0.85; ηp = 0.80). It is
also interesting to remark that the optimum super-heater pressure (psh,opt) is not always
the same for both ideal and real cycles (R11, R123, R134A, R141B, R245FA, ammonia
and water). However, in such cases, both optimum super-heater pressures are similar,
with a maximum difference of 2.5% for the working fluid R245FA. Only for ammonia and
water is such difference increased, as the quality at the turbine output is not fulfilled in
many cases. For the other five fluids (R11, R141, R1234YF, R1234ZE and R236EA), this
optimum pressure (psh,opt) is the same for both cycles, and equal to the maximum value
considered (psh,max), which was set to 80% of the critical pressure, as presented in Section 3.
Figure 3 shows two examples of working fluids, including both the ideal and real ORC,
and the maximum performances (ηmax) and the super-heater pressures at which such ηmax
are obtained. As can be seen, working fluid R141B reaches its maximum performance at
different super-heater pressures depending on the kind of ORC (ideal or real), as was men-
tioned previously. In contrast, R1234YF achieves the maximum performance at the same
super-heater pressure, which matches up with the last pressure considered. The reason
why some working fluids get their performance at such maximum super-heater pressure
under analysis is due to Carnot’s efficiency, as the higher the heat input temperature of the
hot source, the higher the equivalent cycle efficiency.

Table 3. Maximum performance (ηmax), optimum super-heater pressure (psh,opt) and output super-
heater temperature (T5) for each working fluid under analysis.

Ideal Cycle Real Cycle

R11
ηmax (%) 27.3 23.7

psh,opt (kPa) 3099.9 3030.6
T5 (K) 471.1 471.1
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Table 3. Cont.

Ideal Cycle Real Cycle

R114
ηmax (%) 21.8 18.6

psh,opt (kPa) 2605.6 2605.6
T5 (K) 418.8 418.8

R123
ηmax (%) 26.2 22.7

psh,opt (kPa) 2793.1 2764.1
T5 (K) 456.8 456.8

R1234YF
ηmax (%) 14.6 12.2

psh,opt (kPa) 2705.8 2705.8
T5 (K) 367.9 367.9

R1234ZE
ηmax (%) 16.8 14.2

psh,opt (kPa) 2907.9 2907.9
T5 (K) 382.5 382.5

R134A
ηmax (%) 15.4 12.9

psh,opt (kPa) 3247.4 3166.3
T5 (K) 374.2 374.2

R141B
ηmax (%) 28.4 24.6

psh,opt (kPa) 3102.6 3069.2
T5 (K) 477.5 477.5

R236EA
ηmax (%) 21.1 18.0

psh,opt (kPa) 2736.0 2736.0
T5 (K) 412.4 412.4

R245FA
ηmax (%) 22.9 19.7

psh,opt (kPa) 2892.5 2836.0
T5 (K) 427.0 427.0

R507A
ηmax (%) 10.3 8.4

psh,opt (kPa) 2963.9 2963.9
T5 (K) 343.8 343.8

Ammonia
ηmax (%) 18.60 16.23

psh,opt (kPa) 5998.3 6910.4
T5 (K) 405.4 405.4

Water
ηmax (%) 29.22 28.71

psh,opt (kPa) 358.88 1072
T5 (K) 647.1 647.1

ηmax 

ηmax 

3102.63069.2 

(a)

ηmax 

ηmax 

2705.6

(b)

Figure 3. Example of performance evolution for two working fluids considering ideal and real ORC.
(a) R141B; (b) R1234YF.
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In Figure 4, the evolution of the real ORC performance for most of the fluids is
depicted. Only ammonia and water are excluded, and will later be analyzed in Figure 5.
From Figure 4, four different groups of working fluids can be identified:

• Group 1. These fluids start to carry out the ORC even if the super-heater pressure is
psh ≈ 100 kPa. They quickly increase the performance of the ORC. In fact, they have
performances around 20% for psh ≈ 1000 kPa. The maximum performances are in
between 23 and 25% for 3000 ≤ psh ≤ 3600 kPa. R141B, R11 and R123 are included
in this group. Moreover, the output temperature of the super-heater (T5) for these
working fluids is in the range 450 ≤ T5 ≤ 480 K. Among the three working fluids
included in Group 1, the authors recommend the use of R123 due to the lower values
of GWP and ODP.

• Group 2. These working fluids start to carry out the ORC for super-heater pressures
between 100 ≤ psh ≤ 200 kPa. Their performances do not increase as quickly as
for Group 1, having performances around 15% for psh ≈ 1000 kPa. The maximum
performances are in between 15 and 20% for 2500 ≤ psh ≤ 3000 kPa. This group
includes R245FA, R114 and R236EA, which have an output temperature of the super-
heater (T5) in between 410 ≤ T5 ≤ 430 K. Among the three working fluids included
in Group 2, the authors recommend the use of R114 due to the lower values of GWP
and ODP.

• Group 3. They need a super-heater pressure between 400 ≤ psh ≤ 600 kPa to start to
carry out the thermodynamic cycle. The performance increases slower than in the two
previous groups, with values between 5 and 10% for psh ≈ 1000 kPa. Moreover, their
maximum performances are in between 10 and 15% for 2500 ≤ psh ≤ 3000 kPa.
R1234ZE, R134A and R1234YF are included in this group. In this case, the output
temperature of the super-heater (T5) is in the range 360 ≤ T5 ≤ 380 K. Among the
three working fluids included in Group 3, the authors recommend the use of R1234ZE
and/or R1234YF due to the lower values of GWP and ODP. This has previously been
proposed in several works [55–57].

• Group 4. They need a super-heater pressure over psh ≥ 1000 kPa to start to carry out
the thermodynamic cycle. The performance increases very slowly, with a maximum
value under 10% for psh ≈ 3000 kPa. This group includes R507A, which has an output
super-heater temperature of T5 ≤ 350 K.

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600
0

5

10

15

20

25

psh (kPa)

η
(%

)

R11 R114 R123 R1234YF R1234ZE R134A R141B R236EA R245FA R507A

Figure 4. Performance evolution considering real ORC.
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As a consequence, those working fluids included in Group 1 are the best option for
ORC installations, as they have the widest super-heater pressure range together with the
highest overall performance.

Figure 5 depicts the performance evolution considering water and ammonia as work-
ing fluids. In these cases, the quality of the fluids in state 6 is inside the saturation curve.
Consequently, there are several super-heater pressures that cannot be used, as the quality
of the fluid at the output of the turbine is under 90%. Ammonia can only work between
4000 ≤ psh ≤ 7000 kPa, with a maximum performance between 10 and 20%. In contrast,
the ORC with water as the working fluid can have a performance up to 30%. Indeed, a per-
formance in between 20 ≤ η ≤ 30% is reached with a super-heater pressure in the range
180 ≤ psh ≤ 1000 kPa. Consequently, it can be considered as a working fluid of Group
1, following the categorization previously proposed and analyzed. The main difference
between water and the working fluids included in Group 1 is the output temperature of
the super-heater (T5), which is 650 K for water, around 200 K over the range of the working
fluids included in Group 1 (450 ≤ T5 ≤ 480 K).

Figure 5. Performance evolution for water and ammonia considering real ORC.

Figures 6–8 show the T–s diagrams for working fluid Groups 1 and 2, Groups 3 and 4,
and ammonia and water, respectively. Only the real ORCs are presented for the sake of
clarity. Note that the same X (0 kJ/(kg K) ≤ X ≤ 9 kJ/(kg K)) and Y (200 K ≤ Y ≤ 700 K)
axis limits are considered in the three figures, in order to ease the comprehension of
the diagrams. With these figures, it is easy to understand the four groups previously
defined, as they have similar T–s diagrams and similar differences between the super-
heater pressure and the condenser pressure, which, in fact, causes the similar behavior
of the performance of the ORC with fluids of the same group, as shown in Figure 4. In
addition, an important difference between the T–s diagram of the organic fluids and those
of water and ammonia can be seen, not only because of the higher temperatures and
entropies of water and ammonia, but also because of the symmetry of the saturation curve
in these two fluids. Together with this, Figure 8 also depicts the fact that state 6 for both
ammonia and water lies inside the saturation curve, whereas it is outside for the other
organic working fluids (refer to Figures 6 and 7).

In Figure 9 the maximum performance of the ORC depending on the fluid and the
output super-heater temperature is presented. Organic fluids are grouped according to the
classification proposed from Figure 4. Considering this figure, ammonia could be included
in Group 2, as the output super-heater temperature is within the range specified for such
group (410 ≤ T5 ≤ 430 K) and similar maximum performance of the ORC (ηmax ≈ 16%) is
obtained. However, its super-heater pressure to reach that maximum performance is nearly
7000 kPa, which is twice the value of the super-heater pressure needed in the organic fluids
of Group 2 to obtain a similar maximum performance.
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(a) (b)

(c) (d)

(e) (f)

Figure 6. T–s diagrams for fluids of Groups 1 (R11, R123 and R141B) and 2 (R114, R236EA, R245FA).
(a) R11; (b) R123; (c) R141B; (d) R114; (e) R236EA; (f) R245FA.

(a) (b)

Figure 7. Cont.



Energies 2021, 14, 2548 12 of 16

(c) (d)

Figure 7. T–s diagrams for fluids of Groups 3 (R1234YF, R1234ZE and R134A) and 4 (R507A).
(a) R1234YF; (b) R1234ZE (c) R134A; (d) R507A.

(a) (b)

Figure 8. T–s diagrams. (a) Ammonia; (b) water.

Figure 9. Maximum performance depending on the output super-heater temperature.

The authors have also determined the ORC performance if the inlet turbine tempera-
ture is different to the critical value. In such a case, the temperature under analysis is 10
K over the saturated temperature at point 4, see Figure 1. Low GWP and ODP working
fluids were analyzed (i.e., R114, R123, R1234YZ and R1234ZE) considering the real cycle.
Results are summarized in Table 4. As can be seen, the performance of the ORC is slightly
reduced (around 1%) for R114, R1234YF and R1234ZE working fluids; as they present
similar temperatures to the critical value. However, the inlet temperature for R123 is
reduced by nearly 10%, having a severe impact on the overall performance of the ORC
with a reduction of nearly 37%. This fact is in line with the Carnot’s cycle performance,
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as the higher the temperature difference between cold and hot reservoirs, the higher the
equivalent cycle efficiency.

Table 4. Comparison of performance (η) depending on the inlet turbine temperature.

Working Fluid Tcrit (K) ηTcrit (%) Tpcald+10 (K) ηTpcald+10 (%)

R114 418.83 18.65 415.80 18.45
R123 456.83 22.68 419.22 14.33

R1234YZ 367.85 12.22 366.66 12.12
R1234ZE 382.52 14.21 381.14 14.09

5. Conclusions

From the sensibility analysis carried out in this work, varying the super-heater pres-
sure in the ORC shows that the different organic working fluids can be categorized into
four main groups. Moreover, in each group except the fourth one, there are low GWP
and ODP working fluids, consequently being considered as the optimum fluids to use.
Group 1 includes the fluids with lower working pressures (with a pressure in the condenser
around 100 kPa) and higher temperatures at the turbine inlet (between 450 and 480 K).
These fluids present the higher performance in terms of cycle efficiency (between 23 and
25%) and the optimum fluid to use is R123 due to the low GWP and ODP. As the pressure
in the condenser increases, the thermal efficiency of the cycle is progressively reduced,
up to values lower than η < 10% for R507A, with a pressure in the condenser around
1100 kPa. Therefore, it is recommended to use fluids with properties similar to the ones
described in the fluids of Group 1 to reach higher thermal efficiencies having low GWP
and ODP. In the analysis carried out, the maximum super-heating temperature of ORC has
been fixed equal to the critical temperature of the fluid used. Therefore, it is possible to
obtain a classification of the most suitable fluid depending on the temperature of the heat
source available to use. We also conclude that the working fluids with similar turbine inlet
temperatures provide similar performances.
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The following abbreviations are used in this manuscript:

ε Effectiveness
η Efficiency, performance
cond Condenser (subscript)
crit Critical (subscript)
eco Economizer (subscript)
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evap Evaporator (subscript)
min Minimum (subscript)
max Maximum (subscript)
p Pump (subscript)
reg Regenerator (subscript)
sh Super-heater (subscript)
t Turbine (subscript)
h Enthalpy
p Pressure
s Entropy
v Volume
x Quality
Q Thermal power
T Temperature
W Work
GWP Global warming potential
ICE Internal combustion engine
ODP Ozone depleting potential
ORC Organic Rankine thermodynamic cycle
RC Rankine thermodynamic cycle
RES Renewable energy source
WHR Waste heat recovery
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