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Abstract: ORC technology is one of the most promising technologies for the use of residual energy in
the generation of electrical energy, offering simple and environmentally friendly alternatives. In this
field, the selection of working fluids plays an important role in the operation of the cycle, whether in
terms of the energy efficiency or the minimization of environmental impacts. Therefore, in this paper,
a comprehensive review is presented on the use of R1234yf refrigerant and its mixtures as working
fluids in ORC systems. These fluids are used in low- and medium-temperature applications for the use
of residual energy generated from solar energy, geothermal energy, and internal combustion engines.
It was concluded that R1234yf and its mixtures are competitive as compared with conventional
refrigerants used in ORC.
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1. Introduction

Global energy demand grew by 2.3% in 2018, almost double the average annual
growth rate since 2010, with about 75% of this increase being due to oil, gas, and coal
consumption [1]. In this regard, it is well known that the energy obtained from the
combustion of fossil fuels has negative effects on the environment; in addition, fossil fuels
are limited and their use is not sustainable [2].

Among the alternatives that are promoted to mitigate environmental, access, and
sustainability problems represented by the use of electrical energy is the use of the organic
Rankine cycle (ORC). The Rankine steam cycle has been considered as the main technology
used to convert high-temperature heat into electricity [3]; however, low- to medium-
temperature heat sources have received less attention due to technical difficulties in the
exploitation of these resources [4]. ORCs use organic working fluids, which have lower
boiling points and higher steam pressures than water, allowing an ORC to operate at lower
temperatures than conventional systems [5]. Organic working fluids used in ORC systems
have larger molecular masses, which allow compact designs, high mass flow rates, and
higher turbine efficiencies (up to 80-85%) [6,7]. In addition, heat recovery using ORCs
is considered an important technology among renewable energy processes because of
its ability to generate energy from available waste heat and from natural heat sources
such as solar radiation [8], ocean thermal sources [9], geothermal sources [10], biomass
combustion [11], or waste heat recovery from industrial processes [12] or from internal
combustion engines [13].

In the industrial sector, the amount of rejected heat is estimated at 50% of the initial
load of heat used [14]; therefore, a significant part of this waste heat can be recovered.
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For this heat source, most of the waste heat is found at temperatures below 200 °C [15],
which confirms the interest in the use of ORC systems. The energy production levels
of commercial ORCs range from 10 kW to 10 MW for a heat source temperature range
of between 100 and 300 °C [16]. Several studies on ORC technology have been carried
out over the past few years. For example, Vélez et al. [17] presented an overview of the
technical and economic aspects, as well as the evolution in the market of ORC technologies.
They concluded that the ORC is a promising trend for the conversion of low, and medium-
temperature thermal energy into small-scale electrical or mechanical energy. Other works
have reviewed applications of ORCs in solar pond energy systems, solar reverse osmosis
desalination systems, and Rankine duplex cooling systems [18].

On the other hand, the use of certain working fluids in ORCs contributes to global
warming (GWP) and even to the destruction of the ozone layer (ODP). As examples of
such refrigerants, R245fa, R11, R134a, and R123 can be mentioned, among others. The
use of substances with high GWP has been limited by various regulations in recent years.
Among the most recent regulations is the Kigali [19] agreement, the main objective of
which is to keep global warming below 1.5 °C to 2 °C by reducing and eliminating the use
of high-GWP substances. For this reason, several studies have been carried out with the
aim of developing fluids that have a low GWP, and whose thermophysical properties have
adequate energy efficiency [16].

The selection of refrigerants for energy generation is a complex issue, as several as-
pects must be considered. In the case of an ORC, research on the use of pure fluids and
certain mixtures began years ago in order to achieve better energy efficiency, as well as to
minimize the environmental impacts. In this sense, a new refrigerant belonging to the fam-
ily of hydrofluoroolefins (HFOs), called R1234yf, exhibits more environmentally friendly
properties than conventional refrigerants such as hydrochlorofluorocarbons (HCFCs) and
hydrofluorocarbons (HFCs). Thus, R1234yf has been considered an excellent replacement
for the R134a refrigerant [20], mainly in automotive air conditioning applications [21]. In
fact, Spatz and Minor [22] reported that R1234yf has excellent environmental properties,
such as a low GWP, zero ODP, and a minimal life time in the atmosphere. They also
highlighted that the toxicity and thermodynamic properties of R1234yf are very similar to
those of R134a.

Regarding the use of R1234yf in ORC, Yamada et al. [23] reported the feasibility of
the R1234yf for five cycle configurations. The authors found that ORC using R1234yf and
R134a had similar thermal efficiencies; thus, they noted that R1234yf could be considered a
prime candidate to replace R134a. Jung et al. [24] analyzed an ORC using several working
fluids for heat recovery from exhaust gases in internal combustion engines. For a low
compression ratio, R134a and R1234yf showed high efficiencies. Liu et al. [4] investigated
several HFOs as possible working fluids in an ORC for power generation using geothermal
energy. It was concluded that R1234yf presented the best performance characteristics at the
lowest temperature of 120 °C.

Thus, the use of ORC systems in low-temperature applications using R1234yf refriger-
ant could be a suitable approach. Therefore, this paper presents a comprehensive review
of ORC systems using R1234yf as a pure refrigerant at some of its most representative
mixtures for low- and medium-temperature applications. In the review, the impacts of this
refrigerant on the performance of ORC systems and the various ORC applications based
on solar energy, geothermal energy, and heat recovery from internal combustion engines
is discussed. Finally, this paper aims to provide a fairly comprehensive overview of the
current situation for R1234yf and its future prospects in ORC systems.

The review is organized as follows. Section 2 describes the methodology followed
for the presentation of this review. Section 3 presents the main characteristics of R1234yf,
either in pure form or as a mixture. In addition, emphasis is placed on ORC systems based
on solar energy, geothermal energy, and waste heat recovery from internal combustion
engines where R1234yf is listed as a working fluid. Section 4 presents a general discussion
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on the main results in the study on ORC systems from energetic, exergetic, and economic
perspectives. Finally, Section 5 presents a summary.

2. Methodology

To prepare this review, emphasizing the main applications of the use of R1234yf
refrigerant in ORC systems, an exhaustive search was carried out in databases of scientific
articles and technical journals. Thus, a classification was made of the main applications of
ORC systems based on the use of residual energy sources, which were grouped into three
widely developed technologies in this field, namely solar energy, geothermal energy, and
waste heat from internal combustion engines.

In particular, for each investigated study, information was available on the most
relevant characteristics of the refrigerant, such as its intrinsic properties, thermal operating
conditions in the ORC system, cycle configurations, materials, component selection, and
thermal and exergetic efficiency, among others. Such information was reviewed in order to
highlight the feasibility of using R1234yf and its mixtures as working fluids in ORC systems.

Finally, this classification is intended to provide a source of information for research
work on R1234yf in proposals for new configurations of ORC systems, which seek to
take advantage of residual energy from various processes, thus having less impact on the
environment due to the use of alternative low GWP refrigerants.

3. Use of R1234yf Refrigerant in ORC Systems

In ORCs, the working fluid plays an important role in the operation of the system. This
fluid must match the temperature range of the specific application and must be non-toxic
and non-flammable. When using low-temperature heat sources, two properties stand
out that influence the operation and performance of the system, the critical temperature
and the nature of the fluid. Critical temperature shows the most direct relationship with
cycle performance; that is, how the fluid evaporation process matches the heat source
in the subcritical ORC. For some low-temperature heat sources, working fluids with low
critical temperatures may be preferred, as more electrical energy can be produced [25].
R1234yf has a low critical temperature (as shown in Table 1) compared to other fluids
commonly used in the operation of ORC systems (R134a, R141b, R152a, R245fa, R600,
R600a, R1234ze(E)). Since it does not present a high critical temperature, the condensation
pressure does not decrease as much compared to fluids with high critical temperatures,
causing a higher specific volume in the turbine exhaust, and therefore causing a high
cost for this component [26]. Concerning the nature of R1234yf, it is categorized as an
isentropic refrigerant, which along with other dry fluids is more appropriate than wet fluids,
since they overheat even after an isentropic expansion; therefore, partial condensation is
eliminated in the final part of the expansion process within the cycle [27].

Table 1. Properties of R1234yf and of the most common refrigerants used in ORC systems.

Refrigerant GWP Toxicity  Inflammability  Terit [K] Pcrit [kPal] NBP [K]

R1234yf 4 A A2L 368 3382 244
R134a 1300 A Al 374 4059 247
R141b 725 A A2 477 4212 305
R152a 124 A A2 386 4517 249
R245fa 1030 A Bl 427 3651 288

R600 ~20 A A3 3796 3378 273
R600a ~20 A A3 408 3629 261
R1234ze(E) 6 A A2L 382 3635 254

R1234yf is a potential candidate for ORC applications, especially for low- to medium-
temperature heat sources. Thus, R1234yf has been proposed as a replacement candidate
for HFCs, mainly from an environmental perspective, which is a determining factor in the
selection of refrigerant fluids for this type of systems. Table 1 shows a comparison between
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the main characteristics and thermophysical properties of R1234yf with some of the most
common HFCs and HCs in ORC systems. Hydrocarbons are found to be highly flammable
according to the ASHRAE standard [28]. It should be noted that R1234yf is classified as
A2L or low on the flammability index according to the ISO [29] flammability classification
due to its low combustion speed, low heat of combustion, and high minimum ignition
energy. The critical pressure, Pcrit; temperature, Tcrit; and normal boiling point, NBP, are
included as feasibility indicators in typical ORC applications.

ORC power systems have been used to generate electricity from waste heat for several
decades. In addition to the configuration of the standard ORC subcritical cycle, another
configuration consisting of a transcritical cycle has been investigated. Table 2 summarizes
the advantages and disadvantages for each ORC power system configuration [30].

Table 2. Advantages and disadvantages for two ORC power system configurations.

Configuration Advantages Disadvantages

" Low investment -
Subcritical . Low exergy efficiency
Low operating pressures

High exergy efficiency
Good match with the temperature
profile of heat source
Increase in power output [16]

High operating pressures
Various stages of expansion
High investment

Transcritical

The following sections discuss the studies that have been carried out for the different
applications of ORC and the different sources of heat that have used R1234yf as a pure
substance in comparison with other refrigerants.

3.1. R1234yf as a Pure Fluid

The use of R1234yf in ORC systems has been investigated in applications for the use
of low- and medium-temperature heat sources. Working fluids for ORC systems can be
classified according to the slope of the vapor saturation line in a T-s diagram [27]. For
example, R1234yf is an isentropic fluid and has a vertical slope in its saturation curve;
that is, the ratio of change of entropy with respect to temperature is constant, as shown
in Figure 1. Therefore, isentropic fluids do not require superheating, since the fluid at the
outlet of the evaporator has a saturated or superheated vapor state, thus stopping the fluid
entering during the expansion in the turbine from being two-phase, which is a favorable
characteristic compared to other fluids used in ORCs [31]. Similarly, the environmentally
friendly characteristics of the R1234yf suggest that it is a possible candidate for use in
systems that take advantage of solar energy, geothermal heat, and waste heat.

Z_p
T4 daT

P1

-7

v

Figure 1. Scheme of the T-s diagram for an isentropic fluid.
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Several studies on temperature-based ORC energy systems, whose heat sources are
between 50 and 250 °C and which operate with R1234yf as a pure substance, have focused
primarily on energy analysis. The parameters of greatest interest are the thermal efficiency
and power generated by the cycle. Table 3 shows an overview of these studies, as well as
the most relevant characteristics.

Table 3. Summary of ORC systems that operate with R1234yf to take advantage of different heat sources.

Heat Source Operating Conditions  Operating Technology Investigated Work Fluids Refs.
R1234yf, R1234ze(E), n-butane,
Pevap = 40 bar Parabolic cylinder solar  cyclohexane, cyclopentane, n-hexane, [32]
Tin,t =140 °C collector + ORC iso-hexane, iso-pentane, iso-butane,
n-pentane
Solar Flat pl 1 11 R1234yf, R1234ze(E), R245fa, R245
. Coeo o at plate solar collector yi, ze(E), a, ca,
Tinw =75°Cy 120°C and parabolic + ORC n-pentane [33]
. o Flat plate solar collector R1234yf, R1234ze(E), R290, R161,
Tin,t = 60-120 °C + ORC R152a, R134a, R600a, R227ea [34]
3 o . R1234yf, R134a, R600, R245fa,
Tevap =90-115°C Basic ORC HFE7000, SES36, R123, R601 (351
Ths = 120-180 °C R1234yf, R1225ye(Z), R1234ze(E),
Geoth | Tin,t = 30-110 °C ORC with preheater R1234ze(Z), R1243zf, R1225zc, [4]
eotherma Pevap = 2.5-30 bar R1234ye(E)
ATevap=6-22 °C
ATcond = 1-7 °C ORC with reheater R1234yf, R”%gggg' ggOOa, R1233zd, [36]
ATrec = 1-13 °C ¢
Tevap = 60-82 °C
Tcond = 25-35 °C ORC with reheater R1234yf, Iﬁtifi;fg;oa' R152a, [37]
Tin,t = 100-130 °C
_ ORC with preheater R1234yf, R717, R134a, R152a, R124,
Interna.l Pevap = 5-75 bar and reheater R142b, RC318 [38]
Combustion
Engine Tin,t = 120-220 °C .
Pin,t = 34-66 bar ORC with preheater R1234yf [39]

Tcond = 30-40 °C

and reheater

Tevap = 50-70 °C
Tcond = 2545 °C

Dual-Loop ORC

R1234yf, R245fa, R600, R1234ze

[40]

3.1.1. ORC Power Systems Based on Solar Energy

Solar energy has several advantages, including its availability in many regions of the
world and it being a clean energy source because it does not emit polluting gases during
operation. This type of renewable energy represents one of the most promising and viable
options for energy generation currently and in the future [41]. The studies on solar-based
ORC energy systems have typically been limited to heat source temperatures between 80
and 150 °C [42].

A solar-powered ORC system consists of a subsystem that collects solar energy to
activate an ORC. The use of these systems with R1234yf has been based on two types of
technology, as shown in Figure 2. The thermal energy of the sun is used by a solar collector
that acts as an evaporator to heat the working fluid of the ORC, either directly (Figure 2a)
or indirectly through the use of a heating fluid (Figure 2b) [32,34,41].

Figure 3a presents a schematic of a basic ORC consisting of the following processes:
(1-2 s) isentropic pumping, (2-3) addition of heat at constant pressure and temperature,
(3—4 s) isentropic expansion, and (4 s—1) heat rejection at constant pressure and temperature.
Figure 3b shows the T-s diagram for the representation of an ORC for a pure fluid, where
the different thermodynamic states are indicated.
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Figure 2. Scheme showing technologies for the use of solar energy: (a) direct steam generation; (b) indirect generation.

Turbine
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Condenser / /

(a) (b)

Figure 3. (a) Scheme of the operation of an ORC system for the use of solar energy. (b) Scheme of the T-s diagram of the

basic ORC system.

Additionally, Table 4 shows the different solar collector technologies commonly used
in ORC, their typical temperature ranges, and the corresponding capacity of each tem-
perature range. The working fluids can be heated in the low-temperature range below
240 °C through flat plate collectors or parabolic collectors. Concentrating collectors such
as parabolic troughs and Fresnel type collectors can heat the working fluid to medium
temperature ranges between 240 and 400 °C [41]. The use of the R1234yf stands out, as
it is suitable for the temperature ranges in which concentrating solar collectors are most
commonly used for high-capacity installations, as their efficiency is reasonable in the
medium and high temperature ranges. In contrast, non-concentrated solar collectors are
more suitable for low-capacity installations.

With the aim of improving cycle performance, some researchers have evaluated the
effects of coupling a regenerator or internal heat exchanger (IHX) in the cycle. In this
regard, Baldasso et al. [32] incorporated three heat exchangers into the ORC cycle operating
with R1234yf and cyclohexane—a heat exchanger on the low-temperature side, a preheater,
and a superheater in the evaporation stage. The capture of the heat source was achieved
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using a solar collector of parabolic cylinders. The cycle efficiency with R1234yf presented a
reduction of 27.5% compared to cyclohexane. Barbazza et al. [33] performed small-scale
Rankine cycle optimization for domestic solar applications. They analyzed two case studies,
in the first using flat plate solar collectors to obtain hot water at 75 °C, while in the second
using parabolic solar collectors to obtain hot water at 120 °C. As for the cycle of operation,
they included an economizer in the ORC as an additional element, which operated as
a preheater of the fluid before entering the evaporator. For the 75 °C heat source, the
R1234yf presented the best performance, obtaining output power values of 2 to 4.5 kW.
The optimum evaporation temperature of the R1234yf was 57 °C and the cycle efficiency
ranged from 4.3 to 4.7%. For the highest temperature heat source, the best performance
was offered by R1234ze(E), another HFO that the authors analyzed in the operation of the
system. Zheng et al. [34] investigated an ORC system, which powered a vapor compression
cycle for cooling. This system used a different approach, whereby the source of the solar
energy was used to directly power a refrigeration system. In this work, the authors used
R1234yf and a zeotropic mixture. The use of pure R1234yf showed an 8.5% lower cycle
efficiency relative to the use of R600a. Regarding the COP achieved for the refrigeration
cycle, R1234yf represented the lowest performance.

Table 4. Operational characteristics of solar thermal collectors.

Collector Type ,?e I:E;Ztrl:ti lia[r:%; Application Category
Flat plate collector 30-100 Low
Advanced flat plate collector 80-150 Low
Compound parabolic collector 70-240 Low
Parabolic cylinder collector 70-400 Low-Medium
Linear Fresnel reflector 100400 Low-Medium

3.1.2. ORC Power Systems Based on Geothermal Energy

The use of geothermal resources has emerged as a measure to address environmental
impacts. The geothermal heat source is one of the forms of renewable energy with which a
sustainable type of energy can be achieved. The studies that have focused on ORC systems
for the use of geothermal heat have been based on low to medium operating temperatures,
which oscillate between 70 and 150 °C, a range in which R1234yf can operate according to
its characteristics and thermophysical properties.

The system used for geothermal energy sources is based on the basic cycle of an ORC,
which integrates four main components: an evaporator, a turbine or generator, a condenser,
and a pump (Figure 4). It should also be noted that many studies on the use of this type
of energy seek to improve the efficiency of the cycle by integrating equipment with a
particular function in the regeneration process, such as a recuperator or a liquid heater in
the feeding stage of the evaporator. As with solar energy, the geothermal energy source
integrated into an ORC can be used in two configurations: (1) direct heat exchange between
the waste heat source and the working fluid and (2) a secondary circuit to transfer the heat
from the waste heat site to the evaporator.

One of the investigations of the use of R1234yf in ORC systems without modification
to the cycle and intended for the use of a medium-temperature geothermal energy source
(180 °C) was carried out by Quuoilin et al. [35]. The R1234yf presented 2.54 kW of net work
output, which was 47.6% lower than that produced by n-butane. Liu et al. [4] investigated
several HFOs in an ORC for power generation using a geothermal energy source. A
preheater was included in the system cycle. The authors varied the temperature of the
heat source over the range of 120 to 200 °C and found that the highest performance for
R1234yf was at 120 °C; this performance was the highest at this operating point among
all of the fluids evaluated. However, as the temperature of the heat source increased,
the performance of the R1234yf decreased considerably, becoming less suitable for this
operating range. As for the pressure range (20-30 bar), the R1234yf showed the best
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performance, being up to 83% higher than the efficiency of R1225ye(E) at a pressure
of 30 bar.

Geothermal
| Theat sourcel |
~
Evaporator
Turbine |, G
Generator
Pump . Condenser .
P
| ‘[Cooling |
Water

Figure 4. General scheme of the ORC system used for geothermal heat sources.

Yang et al. [36] optimized the economic performance of an ORC for geothermal
applications with low-GWP fluids. In the modeling of the cycle, they added a reheater
and established a 100 °C heat source. The ORC working with R1234yf presented the best
performance among the fluids evaluated, with a production rate of 335.65 kW, being higher
by 2.5% and 2.4% than R1234ze (E) and R600a, respectively. The authors also reported that
R1234yf resulted in the highest operating costs as compared to the other working fluids.

3.1.3. ORC Power Systems Based on Waste Heat Recovery from Internal
Combustion Engines

Another focus in this area is based on the residual energy of internal combustion
engines. It is estimated that about 60-70% of total fossil fuel is consumed by internal
combustion engines, of which 40-50% is used in the automotive sector [43]. In general, in
conventional vehicles, 40% of the fuel’s energy is converted into useful energy for driving
a vehicle, while the remaining 60% is wasted in the exhaust gases and in the refrigeration
system. The waste heat from the exhaust gases reaches temperatures above 200 °C, while
that from the refrigeration system is in the range of 80 to 120 °C [44]. The technology
that recovers this heat and converts it into useful energy is known as waste heat recovery
(WHR). The use of an ORC system adapted for WHR is considered a promising method
due to the simple setup and high efficiency [45].

One of the ORC systems adapted for the use of waste heat in internal combustion
engines is shown in Figure 5, which presents the use of mainly exhaust gases from a diesel
engine [46], one of the applications that has highlighted R1234yf as working fluid. For
the use of waste heat in such engines, the working fluid absorbs heat from the exhaust
gases of the engine in the evaporator, where the working fluid is converted into vapor
at high temperature and pressure. This vapor then flows into the expander to produce
energy. After this, a low-pressure superheated vapor enters the condenser and condenses
to liquid. Finally, the refrigerant in liquid state is pumped back into the evaporator and a
new cycle begins.



Sustainability 2021, 13, 5864

9of21

Diesel engine

000000,

Exhaust gas

y

B —
Compressor Turbine
Air intake
Al D
(Y| | s | | 5
Evaporator
Expander Pump
Generator
Condenser
q |
(Y| | —
CoolingT
water

Figure 5. Scheme showing a diagram of an ORC using the energy from the exhaust gases of an
internal combustion engine.

In addition to the basic cycle for recovery of waste heat from exhaust gases, research
on the performance of R1234yf has also been carried out on ORC systems, which in addition
to recovering heat from exhaust gases, recover waste heat from the engine refrigeration
system [37]. In Figure 6, it can be observed that the refrigerant absorbs heat from the engine
cooling fluid in the evaporator, and therefore becomes a saturated vapor. Afterwards, the
refrigerant heats up during its passage through the exchanger, where the exhaust gases of
the engine circulate, becoming a superheated steam, then later passing through the turbine
and generating energy. The above can also be seen reflected in the T-s diagram. It can be
seen that between the points (2-3), the use of the residual heat of the engine refrigerant is
shown, as well as the use of the residual heat of the exhaust gases (3—4). Thus, the working
fluid in the ORC reaches a temperature higher than its critical temperature (4), producing a
favorable effect in the expansion process and positively impacting the power generation of
the cycle [37].

According to the thermophysical properties of R1234yf, in this type of system the
refrigerant offers acceptable vapor density and latent vaporization heat, good thermal
conductivity, and a low specific heat from the liquid. These characteristics result in a
decrease in the size of the system equipment, low energy consumption in the pump,
and an increase in the output power. Several studies are found in the literature for the
use of this waste heat source in ORC-R1234yf systems. For example, Yang et al. [37]
thermoeconomically optimized an ORC for heat recovery from a diesel engine for marine
applications. Under optimal operating conditions and a turbine inlet temperature of 110 °C,
R1234yf showed better behavior than the other analyzed fluids, whereby the net power
generated at these conditions was 320.3 kW, with a thermal efficiency of 9.45%, which was
the highest. For the pressure range of 0.4 to 3 MPa, R1234yf offered the highest output
power values; however, the operating costs for R1234yf in such conditions were the highest
within the group of fluids evaluated.
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Figure 6. Scheme of an ORC system using two heat sources from an internal combustion engine.

Some studies have focused on the use of a dual-loop system for the use of waste
heat from internal combustion engines, commonly called a dual-loop organic Rankine
cycle (DORC). Unlike the commonly used single-loop system, two cycles occur in the
DORC: the first cycle, where the high-temperature waste heat from the exhaust gases
is used; and the second cycle, where the waste heat from the engine cooling fluid is
recovered. In the high-temperature cycle, it is more convenient to operate with high critical
point refrigerants; conversely, fluids with low critical point properties are more suitable
for the low-temperature cycle. For this last cycle, the investigations using R1234yf are
interesting. An example is the study by Yang et al. [40], who carried out a multiobjective
optimization process from a thermoeconomic point of view for a DORC system using R600
and R245fa in the high-temperature cycle, with the use of R1234yf as one of the fluids used
in the low-temperature cycle. However, the lowest performance was obtained when using
the combination of R1234yf-R600 and R1234yf-R245fa in relation to the other refrigerant
compositions used. This study took into account the net power output, the total investment
cost, the cost of electricity production, and the heat transfer area.

Among the investigations that have included the incorporation of other components
into the cycle, in their search to improve the performance of the ORC, Tian et al. [38] added
a preheater and a superheater. In the thermoeconomic evaluation they carried out for a
group of working fluids, R1234yf presented lower thermal efficiency within a range of 1.2
to 3 MPa as compared to R142b. Yang et al. [39] evaluated the incorporation of three heat
exchangers for greater recovery of residual heat when using R1234yf as the working fluid
in an ORC. The results showed that with input temperature variation (110 to 140 °C) in
the expansion device, the thermal efficiency of the cycle increased, whereby the largest
output power value occurred at 120 °C. On the other hand, from an economic point of view
and with a temperature range at the entrance of the expander of 125 to 130 °C, the lowest
operating costs for the cycle were achieved using R1234yf.

3.2. R1234yf Mixtures in ORC Systems

The use of the R1234yf in ORC systems was discussed in the previous sections. How-
ever, there are some considerable deficiencies in the heat transfer process in ORC heat
exchange equipment as a consequence of the constant temperature behavior of the pure
fluid when it undergoes a phase change. The constant temperature in the evaporation
stage leads to a significant temperature difference between the source and the working
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fluid, which causes a greater amount of exergy destruction [47]. Figure 7 shows the thermal
behavior between the fluid (pure and mixed) and the heat source in ORC systems.

o Heat source ° Heat source

2 5

o S

@ &

=3 o

g Pure refrigerant g Zeotropic mixture
= [

(a) (b)

Figure 7. Scheme of the thermal behavior between the fluid and the source: (a) pure fluid;
(b) zeotropic fluid mixture.

The main advantages of the use of mixtures is that they allow a decrease in irreversibil-
ity in the heat transfer processes, thus improving the work output in the heat source [48].
Unlike when using R1234yf as a pure refrigerant, the zeotropic mixture has non-isothermal
phase change lines at high and low-temperatures, thus leading to an improvement in the
overlap between the lines of the heat source and the mixture in evaporation and conden-
sation processes. Figure 7 shows the differences in thermal behavior between the pure
fluid and the zeotropic mixture, whereby the use of zeotropic mixtures reduces the thermal
difference between the refrigerant and the heat source, resulting in a reduction in the
irreversibility of the heat exchangers.

In addition, Figure 8 shows a T-s diagram comparison of the behavior in the phase
change process in the heat exchange equipment for both the pure fluid and a zeotropic
mixture in an ORC. The red line represents the heat source and the blue line represents the
current in the heat dissipation process; therefore, this figure illustrates the “glide” present
in the phase change processes of the zeotropic mixture.

Heat source Heat source
Pure
: refrigerant
/ mrﬂ/ ‘ Heat sink .
S S

Figure 8. T-s diagrams showing the differences between a pure fluid and a zeotropic mixture.

There are very few studies on the use of R1234yf-based mixtures for ORC applications.
The most representative studies in this area are mentioned below. For example, Kang
et al. [49] evaluated zeotropic mixtures R1234yf/R600a and R1234yf/R601a for a heat
source input temperature of 110 °C. The authors varied the mass fraction of R1234yf in
each one of the analyzed mixtures, aiming to obtain the most effective proportion in the
operation of the analyzed system. For the R1234yf/R601a mixture, with a mass fraction of
0.7 for R1234yf, the highest net power output was achieved for an evaporation temperature
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range of 55 to 95 °C. For the R1234yf/R600a mixture, with a mass fraction of 0.8 for
R1234yf, the best power values for low evaporation temperatures were obtained. The
R1234yf/R601a mixture also achieved the best performance for the entire evaporation
temperature range under study.

In the use of solar energy as a heat source, minimal studies have been performed on
R1234yf mixtures. As such, one study stands out in which the researchers implemented a
configuration focused on the use of solar energy by directly coupling a vapor compression
refrigeration system [34]. This coupling is known as organic Rankine cycle-vapor compres-
sion cycle (ORC-VCC) coupling. The authors used the same mixture in both cycles and
incorporated an internal heat exchanger (IHX) in the ORC. Figure 9 shows the scheme of
the system with the respective T-s diagrams of both cycles; the coupling between the axes
of the ORC expander and the VCC compressor can be noticed. The authors analyzed the
R1234yf/R600a mixture under certain operating conditions, demonstrating that this mix-
ture gave the lowest performance with this system, with a 50:50 composition ratio being the
most suitable mixture. However, the incorporation of the IHX contributed positively to the
efficiency of the system, resulting in a viable alternative for this type of ORC-VCC system.

a2
S
T A
Condenser Evaporator
Pump
5
1 Throttling >
valve S

Figure 9. General scheme and T-s diagram of an ORC-VCC system based on solar energy.

Luo et al. [16] evaluated the behavior of R1234yf, as well as different mixtures, among
which R365mfc/R1234yf stood out. The ORC model consisted of a basic system using a low-
temperature energy source. The analysis conditions were based on a heating fluid (water)
temperature of 138 °C, with a temperature of 15 °C for the heat dissipator. For a mass
concentration at a ratio of 5:95 for the R365mfc/R1234yf mixture, a power value of 28.8 kW
was obtained, with this result being 10% greater than the best behavior obtained for R1234yf.
Among the causes of this favorable result was the operation of the R365mfc/R1234yf
mixture above the critical point.

The use of R1234yf mixtures has also been investigated with the use of waste heat
produced by internal combustion engines. For this type of energy source, one of the
prominent configurations is a DORC, such as the one used by Zhou et al. [50], configuration
of which is shown in Figure 10. For the high-temperature circuit corresponding to the source
of residual heat from engine exhaust gases, the authors used water as the working fluid in
order to avoid the decomposition of an organic fluid at high temperatures. For the low-
temperature cycle, they analyzed three mixtures, namely RC318/R1234yf, R600/R1234yf,
and RC318/R245fa, which have a lower critical temperature and are more suitable for
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the working temperature range. In this part of the cycle, the waste heat from the cooling
water and the waste heat from the high-temperature cycle are recovered. Evaluating the
performance of the R1234yf mixtures in the low-temperature cycle, the authors found the
maximum thermal efficiency for the R600/R1234yf mixture, which was 8.4% for mass
fractions of 0.64:0.36. When they varied the mass fraction from 0 to 1, they observed that all
of the mixtures offer better efficiency in relation to the pure fluids as a consequence of better
adaptation of the temperature lines of the mixture and of the heat exchange source in the
condensation process. In terms of heat recovery in the cooling water, the RC318/R1234yf
mixture was able to increase this by up to 17.3%. This was also reflected in relation to the
efficiency of the system, since the R600/R1234yf mixture presented the highest exergetic
efficiency at close to 55%.
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1 e
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, 1194
Evaporator

Turbine |——

Pump
L/

ﬁ

~ Condenser
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water
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N Pump  Condenser

Heat sink
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Figure 10. Scheme of the DORC heat recovery system for R1234yf mixtures.

Among the studies that have investigated mixtures with R1234yf in transcritical
organic Rankine cycle (TORC) systems, in the study conducted by Yang et al. [51], the
authors used a mixture of two low-GWP refrigerants, namely R1234yf and R32. This type
of system operates in conditions above the critical level of the refrigerant fluid. Figure 11
shows the configuration of the cycle that the authors worked on, as well as a T-s diagram
of the TORC system. The figure shows the energy transfer of the heat source under
transcritical conditions for the working mixture, due to the fact that the fluids that work
near or above the critical point often lead to high use of heat. For a heat source of 180 °C, the
authors evaluated the influence of the mass fractions of the refrigerants in the composition
of the mixture, finding an optimal mass of R32, whereby the results reflected a substantial
improvement in the use of the R1234yf/R32 mixture compared to using these refrigerants
as pure fluids.

Following research on ORC systems in conditions above the critical point of working
fluids, in the study by Dai et al. [52], the authors used CO2 (R744) as the base refrigerant
and varied the second component to experiment with different mixtures, among which
R744 /R1234yf stood out. The system they analyzed was a basic ORC system involving the
use of low-temperature energy sources. Additionally, they took into account the adaptation
of a regenerator with the aim of achieving an improvement in cycle performance. The
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best ratio for the R744/R1234yf mixture that the authors found was 0.4:0.6 for the mass
fraction, which provided a thermal efficiency of 9.75%. Furthermore, with the coupling of
a regenerator they managed to significantly improve the thermal efficiency of the cycle,
especially for medium-high concentrations of R744 in each of the mixtures.

Waste heat T
I l source ,
(] k =02
N Vapor /2 R1234yf/R32
generator (0.8/0.2)
Expander _
Pump y=0 3
: R1234yf—\/ > _
o ! R R32
3 / 1 3 f
Condenser { : A
. . .
A 7 ; !
L/ L7/ 4 I \
W l /5/ ! \\
Cooling Water : »

Figure 11. General scheme and T-s diagram for a TORC system with R1234yf/R32 fluid [51].

4. General Discussion

Most of the research on the use of the R1234yf refrigerant and its different zeotropic
mixtures have focused mainly on analysis of the thermal performance of different ORC
configurations, with few studies having focused on or that include the exergetic and
economic aspects. However, within the revised literature, there are results for certain
operating conditions in which ORC systems provide a greater perspective on the operability
of R1234yf and its mixtures.

The feasibility of R1234yf and its respective mixtures depends on the cycle configura-
tion, for example the incorporation of heat exchange equipment into the basic cycle, such
as preheaters, reheaters, or an internal heat exchanger. In addition, as described in previous
sections, the operating conditions and intrinsic characteristics of the fluid determine the
system performance. Among these factors are the temperature of the heat source, the
evaporation pressure, and the critical temperature of the fluid.

4.1. Energy Aspects

In this section, the reviewed studies focus on comparing the performance of R1234yf as
a pure fluid and its mixtures in different ORC systems, with the most common evaluation
parameters being energy aspects, the thermal efficiency of the cycle, and the net power
output. Table 5 shows comparisons between different ORC systems that use R1234yf as a
working fluid, as well as R1234yf mixtures.

From an energy point of view, the use of geothermal energy in ORC systems using
R1234yf provides adequate energy performance under certain operating conditions when
coupled with a reheater [36]. In this sense, there are few studies on the use of this type of
energy source that have included R1234yf among the fluids of interest. Figure 12 shows a
summary of the energy assessments in ORC systems for a fixed 100 °C heat source [36]. It
can be observed that R1234yf shows the best energy performance, as well as greater energy
production, as compared to the other refrigerants that are currently being investigated for
their environmental characteristics. Thus, R1234yf is shown to be a viable alternative under
operating conditions involving a heat source and a low temperature range. In addition, the
inclusion of the reheaters is advantageous in improving the performance of the R1234yf in
such systems.
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Table 5. Energy behavior of R1234yf and its mixtures in ORC systems.

Reference Application Heat Source Configuration R1234yf Therma}o}j)f ficiency Izﬁvvﬁr Recommended Fluid
ORC with IHE,
[32] Solar variable preheater and Pure 11.33 100 set Cyclohexane
reheater
133] Solar 75 and 120 °C ORC with THE Pure 45 33 R1234yt for a 75 °C heat
source
[34] Solar - ORC with IHE Pure 19.2 - R600a
R1234yf/R600a 25.2 - R161/R600a
[49] Geothermal 110°C ORC R1234yf/R601a 145 29 R245fa/R600a
R1234yf/R600a - 20
[4] Geothermal 120-200 °C ORC with Pure 58 - R1234yf for 2120 °C
preheater heat source
[36] Geothermal - ORC with Pure 8.36 335.65 R1234yf
reheater
[50] ICE 83.3°C DORC Butane/R1234yf 8.4 13.6 Butane/R1234yf
RC318/R1234yf 7.5 13.8
170 °C (exhaust gases) .
[37] ICE 90 °C (Cylinder-Jacket ORC with Pure 9.45 3202 R1234yf
reheater
water)
ORC with
[38] ICE 519°C preheater and Pure 6.5 24 K] /kg R141b
reheater
[24] ICE 477 °C ORC Pure 6.2 - R245fa
[53] ICE 83.3°C DOR.C Pure 11.96 394 R1234yf
subcritical
[43] ICE variable DORC-LT Pure 8.6 36.77 R1234yf
[44] ICE - DORC-LT Pure 10.9 14.55 R1234yf and R1233zd
[39] ICE 260 °C (exhaust gases) ORC basic Pure 9.26 2132.17 R1234yf
90 °C (eylinder cooling ORC-reheater Pure 9.08 2391.14
water)
76 °C (:Eicavenge air ORC-preheater— Pure 786 3048.84
cooling water) preheater
290 °C (exhaust gases)
90 °C (cylinder cooling
y water) ORC with
[54] ICE 76 °C (scavenge air reheater Pure 13.41 3159.85 R152a
cooling water)
60.2 °C (lubricating oil)
338 8.4
— 33 ] AR T
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Figure 12. Scheme of the energy performance parameters in an ORC system involving the use of geothermal energy.

According to the reviewed literature, R1234yf and its mixtures show the best energy
efficiency performance when used in an ORC system operating in the low-temperature
range as the heat source, thus representing a competitive alternative to traditional refriger-
ants; in addition, it has environmentally friendly characteristics. An IHX or reheater can
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also be incorporated in the ORC configuration, contributing to improvements in thermal
efficiency and power output.

4.2. Exergy Aspects

The zeotropic mixtures with R1234yf have shown improvements in the use of the heat
source; for example, Figure 13 compares the exergetic aspects of a DORC system. The use
of organic fluids is viable in the low-temperature cycle, while the use of water is commonly
viable in the high temperature cycle. It can also be observed that for certain conditions,
R1234yf generates the best performance at an exergetic level, surpassing refrigerants that
are used in different systems for the use of residual energy.
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Figure 13. Scheme showing the exergy efficiency variation in a DORC system [43].

Other aspects not often analyzed in ORC systems involving the use of R1234yf are the
concepts of exergy destruction and exergetic efficiency. Figure 14 analyzes each component
within a DORC. It can be seen that the turbine makes the greatest contribution to the
irreversibility of the entire system, while the pump contributes least. In the same figure it
can be seen that the heat exchange processes between the working fluid, the exhaust gases,
and the engine refrigerant have a more significant influence on the exergetic performance
of the system, making this heat exchange equipment the main optimization focus [43].
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Figure 14. Scheme showing the exergy destruction and exergy efficiency of a DORC system using R1234yf [43].
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Another study involved similar conditions to the previous one but with the use of
R1234yf mixtures, as presented in Figure 15, which shows the exergy loss distribution
in each of the components of the DORC system, while the recovery of residual energy is
presented in an ICE. It can clearly be seen that the heat exchange equipment generates
the highest values in terms of exergy destruction. However, through the use of R1234yf
mixtures, an improvement on exergetic performance can be seen.
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Exergy loss distribution
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S = W e O 3 ®
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RC318/R1234y1 butane/R1234yT RC318/R245fa

Figure 15. Scheme of the exergy loss distribution in a DORC system used to recover residual energy
from an ICE [50].

4.3. Economic Aspects

Economic aspects are scarcely studied in ORC systems. Fluid mixtures often offer
better thermodynamic performance, however in certain cases their performance is lower
than that of R1234yf in terms of the heat exchange area, which represents an associated
investment cost [42]. The use of residual energy sources from ICE has been the subject of a
greater number of studies using R1234yf. This is highlighted in Figure 16, which offers a
comparison of the output power of the system by operating cost of the cycle. The system
is based on an ORC with a superheater, which uses the energy from the exhaust gases of
a marine diesel engine. In the figure, an evaluation of the power connected to the cycle
cost factor is presented for different water inlet temperatures in the motor shroud. It can
be observed that R1234yf produces the highest power level by operating cost in relation
to the other fluids studied. Similarly, there are operating factors such as the temperature
of the cooling water that directly influence the optimization of the economic resources in
the cycle.

Finally, it can be concluded that the highest investment cost is for the ORC configura-
tion that involves additional equipment such as preheaters, IHXs, and reheaters.

4.4. Research Perspectives

According to the review, it has been observed that for a residual energy source, ORC
systems using R1234yf refrigerant or R1234yf mixtures operating near or above the critical
point have achieve better use of the heat source. This causes a greater generation of power;
in addition, there is a pairing between the thermal profiles of the heat source and the
working fluid, which is favorable in the reduction of irreversibilities generated in the
energy transfer stage. This is one of the focal factors that make R1234yf and its mixtures
competitive against conventional refrigerants, thus contributing to a larger area of research.

On the other hand, to achieve better operating conditions for the ORC the incorpo-
ration of heat exchangers is common, which should lead to more comprehensive studies
in terms of energetic, exergetic, economic, and environmental aspects, which will more
clearly reflect the advantages and disadvantages of coupling energy exchange equipment
and other factors in an ORC.
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Figure 16. Scheme of the net power per operating cost for an ORC system with a reheater based on
residual energy from a diesel ICE [37].

Optimization is another area to be explored in ORC configurations involving the use
of environmentally friendly fluids such as R1234yf in order to achieve maximum power
and performance under certain operating conditions.

5. Summary

This paper has presented a detailed review of the use of R1234yf refrigerant and its
mixtures in ORC systems. The main results of the different studies that have investigated
R1234yf using residual energy from various heat sources were discussed, as well as the
operating conditions and technologies or typical configurations of these systems. The main
conclusions on the applicability of R1234yf in ORC systems are list below.

R1234yf represents an environmentally friendly alternative due to its low GWP in
relation to the conventional refrigerants used in ORC systems. In addition, it allows safer
operating conditions in relation to its lower flammability index.

Among the applications that offer the best energy performance when taking into
account the thermal efficiency and the net output power of the ORC are systems based on
the recovery of residual energy from internal combustion engines. This area represents a
major research focus in terms of the performance of R1234yf.

The redesign or coupling of components, such as preheaters, reheaters, or IHX, in a
basic ORC system plays an important role in the use of heat sources, where the properties
of R1234yf have resulted in improvements in thermal performance, allowing R1234yf and
its mixtures to become alternatives to HFCs.

Regarding ORC systems based on solar energy, the research is limited, however unfa-
vorable results have been achieved for R1234yf in comparison with other fluids. However,
redesigns of the cycle or even the use of mixtures based on R1234yf has resulted in compet-
itive results. In addition, for the application range of R1234yf in this technology, which is
set at medium temperatures, the system costs can be reduced, since the investment in terms
of the solar collection system for this temperature range is usually the most economical.

The use of R1234yf and its mixtures is suitable in ORC systems where medium
temperature ranges are handled for the heat source, making R1234yf suitable for solar
and geothermal applications. Regarding the technology used in the recovery of residual
heat from internal combustion engines, due to the fact that the exhaust gases present high
temperatures, the DORC configuration is the most appropriate.

Finally, the mixtures involving R1234yf are more favorable compared to the pure
R1234yf refrigerant, which is true for the three most prominent technologies in solar,
geothermal, and WHR of combustion engines, in relation to the energy efficiency of ORC
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Nomenclature

P Pressure, bar

s Entropy, k] /kg K

T Temperature, °C

Greek symbols

Y mass fraction

Subscript

cond condenser

crit critical

evap evaporator

hs heat source

in inlet

rec reheater

t turbine

w water

Acronyms

cor Coefficient of Performance
DORC Dual-Loop Organic Rankine Cycle
GWP Global Warming Potential
HC Hydrocarbon

HEFC Hydrofluorocarbon

HFO Hydrofluoroolefin

ICE Internal Combustion Engine
IHE Internal Heat Exchanger
NBP Normal Boiling Point

obr Ozone Depletion Potential
ORC Organic Rankine Cycle
TORC Transcritical Organic Rankine Cycle
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