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ABSTRACT

RESUMEN

This paper summarizes a bibliographic review of the main articles published in recent years in the power cycles area, with special 

the characterization of the phase equilibrium that allow obtaining the adjustment parameters are covered in this article. 

los métodos experimentales usados en la caracterización del equilibrio de las fases que permiten la obtención de los parámetros de 
ajuste, también son abordados en este artículo.
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1. Introduction
Due to the growth of the world’s population and the increase 
in per capita energy consumption, it is not surprising that 
there is an imbalance between the capacity to generate energy 
and environmental care. Humanity needs large amounts and 
diverse forms of energy, this trend can be seen in Figure 1. 
As presented, over a period of 46 years, energy consumption 
by economic sectors in the world increased by 44%. Most 
of this energy resource comes from non-renewable sources 
[1], resulting in increased pollutant and greenhouse gas 
emissions such as carbon dioxide (CO2).
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Figure 1. Total energy consumption by economic sector in 
the world in 1971 and 2017 (Mtoe: Millions of tonnes of oil 

equivalent). Source. [1].
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world scenario, given that the national energy mix is strongly 

2020 shows that the electricity supplied to the national 
energy mix from non-renewable sources represents 25.1% 
of the total. That is to say, approximately 1210 MWh of the 
installed capacity - thermal sources are comprised of: coal, 
natural gas, biomass, and diesel–[2]. 

Bearing this in mind, it is evident the importance of 
studying and optimizing the processes to obtain energy, such 
as the power cycles widely used in thermoelectric plants, 
especially in low temperature heat sources (< 316 °C), 
given that this is a large energy source [3-4]. In this sense, 
CO2 emerges not only as a villain, but as a possible ally, 
mainly due to the particular behavior of its thermophysical 

(Cp), in regions close to the critical ones that can translate 

However, its low critical temperature (30.98 °C) imposes 
restrictions on the condensation process when used in the 
Rankine cycles [6], as it requires the temperature of the 

a limitation in tropical regions. On the other hand, the high 
operating pressures of CO2 in such cycles (6-16 MPa) pose 
challenges for system design [7]. In view of this limitation, 

2, appear as an 

Rankine Cycles (ORCs) can be considered. The mixtures 
provide numerous options for obtaining optimal working 

operating conditions [8].

Given the above, this paper describes a comprehensive 
literature review on power cycles using binary mixtures as 

2. The paper begins with historical 
and technical background, mathematical modeling to 

of experimental methods through which the adjustment 
parameters for mathematical modeling can be obtained. 
Although the temperatures at which low-temperature 
sources operate are not the most favorable operating range 
for CO2

2 
remains attractive because of the added environmental 

discontinued for applications in power cycles depending on 
environmental constraints [10].

The document is divided into sections. Section 2 
describes the methodology used and sections 3 to 6 present 
the results of the study as follows: section 3 presents the 
most relevant work in the area of ORC with low temperature 

2 
in power cycles powered by waste heat. Subsequently, 
the concepts of thermodynamic modeling of mixtures are 
pointed out in section 5. Finally, the experimental methods 
of vapor-liquid phase equilibrium with mixtures of CO2 and 

parameters of adjustment of equations of state for mixtures, 
are summarized. It is worth noting that the analysis of the 
information collected is done at the end of each section.

2. Methodology
The advanced search functionality of the ScienceDirect 
platform was used to locate the bibliographic references [11]. 

2 
mixtures. According to the subject of the review, only the 
articles published in the last decade were considered, which 
allowed having a base of articles that oscillated between 
85 and 130 records. The most relevant and most frequently 

It is important to note that ScienceDirect is a website that 

physical and engineering sciences. These journals are used 
for this review article.

when developing an ORC project. [12-13]. This variable 
are essential for these systems to make proper use of the 

allow the economic viability of the installation [14]. The 

to its thermophysical properties. For example, the thermal 

size of the heat exchangers and the turbine. Other no less 

cost, availability and environmental safety given by the 
GWP (global warming potential) and ODP (ozone depletion 
potential) [15].

Several papers in the power cycle literature have focused 

limitations in the environmental issue mainly due to their 

for sensible heat sources such as waste heat because their 
phase change occurs at constant temperatures [16-17-18].

During the phase change process (liquid-vapor), a 
zeotropic mixture has a variable temperature [18]. This 
feature can be used to produce a better correspondence 
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the evaporation stage and, therefore, the irreversibilities 
of the system can be minimized [19]. Another advantage 

thermodynamic properties similar to those of their pure 
constituents, by combining the fractions of the components. 
The impact of zeotropic mixtures on a Rankine cycle can 
be observed in the work of Chys et al. [20]. In this study, 
the authors evaluated the heat recovery potential of 12 pure 

considering two temperatures of the heat source (150 °C and 
250 °C). In the analysis, the authors determined the optimal 
concentration to produce maximum power without risk of 
mixture fractionation. The results showed that the zeotropic 

improving up to 20% the generation of electrical energy with 
a 150 °C source. This increase was less pronounced with a 
250 °C source. The authors concluded that the inclusion of a 
third component in the mixture has small impacts on system 
performance parameters, (Figure 2).

Multi-objective optimization studies were also performed 

ORC. The results showed that blends exhibit an improvement 

show the potential for improvement in the performance 
parameters of the system. However, a large number of these 

toxicity, and environmental aspects. These problems have 
been addressed in several studies through CO2 mixtures. 
In general, such mixtures have shown a suppression of 

2 ratio exceeds 30% 

Figure 2. Maximum electrical power generated depending on the 
temperature gradient of the heat source. The size of the circle in 

: 
[20].

[23]. In addition, the GWP value decreases as CO2 in the 
mixture increases [24-25]. Therefore, it can be observed 
that, in addition to overcoming environmental and safety 
limitations, CO2 mixtures provide acceptable performance 
parameters [26-27].

4. CO2 mixtures in Rankine power cycles 
Few papers have been published in the literature on CO2 

2 
mixtures with a mass fraction of 30% CO2, as well as their 
performance in a Rankine cycle was evaluated by [28]. In 
the analyses, the authors considered irreversibilities in the 
components, pressure drops, and pinch point values of 5 and 
10 °C in the recuperator and heat exchangers, respectively. 
The condensation temperature was 30 °C, and 300 °C for the 
sensible heat source. The results showed that the mixtures 
of CO2 and isopentane show a high irreversibility, mainly in 

considerable improvements with the mixture of CO2 and 

and CO2 were also studied by [29]. This work aimed to 
determine the impact of SF6 concentrations in the mixture on 
the size of the components (heat exchange area), heat transfer 

heat source at 160 °C. The authors showed that, under the 
modeled conditions, a mole fraction of 20% SF6 produced 

A qualitative analysis considering zeotropic CO2 
mixtures with various refrigerants, particularly HFCs 
(HydroFluoroCarbons), was carried out by [25]. In that 
study, it was assumed that the cycle operated in a transcritical 
condition, and temperatures of 150 and 12 °C were assumed 

obtained from the Reference Fluid Thermodynamic and 
Transport Properties Database (REFPROP) of the National 
Institute of Standards and Technology. In the results, the 
authors emphasize the advantages of the mixtures in terms 

toxicity), and the mixtures of CO2/R-161, CO2/R-1234ze 
and CO2

waste heat recovery systems. A Rankine cycle similar to that 
of the reference [25], but with a CO2/Propane mixture was 
studied by [30]. The optimal values of net power and cycle 

temperature heat exchanger (in which heat is added to the 

Noriega et al. [5] presented the performance of CO2/
refrigerant mixtures in a Rankine cycle in which the working 

is in the condition in which the heat recovery process from 
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the heat source takes place – This type of cycle is known 

mixture composition, turbine inlet pressure, and heat source 
temperature on cycle performance were addressed, and it 
was concluded that the cycle operating with larger mass 
fractions of refrigerant exceeds the cycle performance with 
near pure CO2.

mixtures with CO2 to overcome the problem of condensation 
at high critical temperatures. Single and multiple objective 
optimizations were performed to achieve the best system 
performance. The results show that transcritical power 
cycles using binary mixtures with CO2 could obtain better 
thermodynamic and exergo-economic performances 
compared to those using pure CO2 for low and high 
temperature heat sources.

The above analyses are theoretical, therefore, the 
thermodynamic properties of these mixtures are based on 
data from literature-validated and widely accepted property 
packages [31-32]. However, certain precautions should be 
taken when the adjustment parameters of these mixtures are 
not experimentally validated, as the properties are estimates 
and therefore the results may be compromised. Therefore, 

experimental approaches available in the literature for 
the treatment of mixtures and obtaining the adjustment 
parameters, in particular those with CO2.

5. Thermodynamic modeling of mixtures
Knowledge of high-pressure equilibrium data is vital to 
understanding and optimizing countless processes. To search 
for such information, the experimental approach requires 
high costs and time. Bearing this in mind, a wide variety of 
alternative approaches have been developed, ranging from 
empirical or semi-empirical correlations to molecular models 
based on statistical mechanics, from which it is possible to 
predict the phase equilibrium and, consequently, reduce the 
amount of experimental work [33].

5.1 Cubic Equations of State 
Any equation that relates the temperature, pressure, and 

(EOS). When the substance is constituted by a mixture of n 
components, it is necessary to know the fraction (x) of n - 1 
components to be considered in the EOS of the mixture – 

of a mixture is always equal to the unit.

by Van der Waals in 1873. Despite its limited accuracy, 

the coexistence of the liquid and vapor phases [34]. The 

qualitative success of the Van de Waals equation to describe 
the liquid and vapor phases and their transition, including the 
critical point, encouraged the development of improved EOS, 
such as Peng-Robinson EOS [35]. The Peng-Robinson EOS 
in terms of the compressibility factor and the expressions for 
the parameters a (attractive forces between molecules) and 
b (volume occupied by the molecules) are presented from 
Equation (1) to Equation (5):

where Z is the compressibility factor, T the temperature, V 
the molar volume, R the universal gas constant, ω the acentric 

pressure, respectively. Due to its simplicity and robustness 
in relation to the large number of existing databases, the 
Peng-Robinson equation is one of the most widely used 
EOS in the industry. This equation works well with non-
polar molecules such as light hydrocarbons or in mixtures 
such as those contained in natural gas. Reasonable results 
can also be found in more complex systems, and even for 
polar molecules, but not for systems that have some kind of 
molecular association, for example, hydrogen bonds [36].

One method that seeks to circumvent the behavior of 
strongly non-ideal mixtures (i.e. with strong molecular 

of the components in the liquid phase using an Excess Gibbs 

composition at constant pressure. Several of these models 
take the form of empirical expressions containing a set of 
parameters that can be obtained by adjusting the experimental 
VLE (vapor–liquid equilibrium) data of the mixture.
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      equations of state 
The limitation of the EOS in the case of mixtures with strongly 
non-ideal behavior can also be mitigated by choosing a 
suitable mixing rule. An attractive way to combine them is to 

used in the EOS. The aim of this approach is to determine the 
a and b parameters of the EOS by matching the excess Gibbs 
energy predicted by the EOS with that given by an activity 

7. Conclusions
This literature review shows much of what has already been 
developed with respect to the use of organic and CO2 mixtures 

temperature heat recovery. In view of the above, the qualities 
of the mixtures for this type of application become evident; 
therefore, they are an appropriate option to be used in the 

of EOS to calculate and model the phase equilibrium, as well 
as the experimental techniques to obtain equilibrium data, 
were also studied.

In general, the works reviewed show that hydrocarbons 
and organic refrigerants have desirable thermodynamic 
properties for use in Rankine power cycles. However, they 

disadvantages (high GWP) when used pure in this kind 

overcome the above limitations when high fractions of non-
2) are 

incorporated among their components.

indicate that there is a need for more complete studies in 
which the optimization of the components of the mixture is 
incorporated in the analyses, so that all possible combinations 
can be evaluated and an optimal solution can be determined.

The Peng-Robinson cubic equation of state stands out 
for being the most cited EOS model in the literature for 

equation ends up being limited to correlate equilibrium data 
of molecules with high molecular complexity or with strong 
molecular interactions. However, its predictive capacity 

incorporated into the mixing rules, especially in the case of 

model. [38].

6. Experimental methods for high-pressure phase  
    equilibrium

at high pressures are presented and discussed in the literature 
[39-41-42]. As shown in Figure 3, these methods can be 

The analytical method allows sampling of the equilibrium 
phases for analysis. Although this implies a complication for 
the experimental apparatus, additional advantages, such as 
the possibility of investigating multiphase systems, make 
this method widely used [43-44-45].

Unlike the analytical method, the synthetic method seeks 
to observe the behavior of the phases in an equilibrium 
chamber of a mixture whose general composition is precisely 
known. The pressure and temperature conditions are pre-set, 
resulting in a homogeneous solution. As sampling is not 
necessary, synthetic methods can be applied in situations 
where analytical methods fail; for example, in the vicinity of 

similarity of the coexisting phase densities [46-47-48-49-50]

Figure 3. 
pressure phase equilibrium. Source: [40].
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methods is essential for choosing the most suitable method 
for a given measurement task, since there is a wide spectrum 
of methods and therefore each technique has advantages and 
disadvantages.
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