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A B S T R A C T

Zeotropic CO2-based mixtures as working fluids in the power block have the potential to enhance concentrated
solar power (CSP) plants and other high-temperature heat source applications. One promising working fluid is
the CO2/C6F6 mixture, which enables condensation at 50 ◦C – a necessity when dry cooling with ambient air.
Given the many theoretical studies on topics such as potential, optimized performance, or economic assessments,
an experimental validation and a reality-check in a facility of significant size is required to vindicate further
research. The experimental campaign was performed on pure CO2 and the CO2/C6F6 mixture in two compositions
in a test facility (recuperated transcritical cycle). The long-term test (170h) revealed no operational issues,
including no signs of thermal degradation. However, a composition shift - an effect previously regarded as an
issue in closed cycles with zeotropic mixtures - affected the conditions at the vapor-liquid-equilibrium in the
systems tank but also self-stabilizes the system to remain condensing, even at higher ambient air temperatures.
The successful proof-of-concept at cycle temperatures of up to 500 ◦C – significantly higher than earlier studies
on mixtures reported (<300 ◦C) – justifies further research in this area.

1. Introduction

Supercritical carbon dioxide (sCO2) power cycles have been identi-
fied as one of the key enabling technologies for the 3rd generation of
concentrated solar power (CSP) with temperatures of 700 ◦C and higher
[1]. The sCO2 power cycle’s thermal efficiency surpasses that of the
traditional steam Rankine cycle at high maximum cycle temperatures
(turbine inlet temperatures) of >470–650 ◦C while maintaining a simple
Brayton layout of great compactness [2]. However, the advantage in
terms of conversion efficiency strongly reduces at high condensing
temperatures (above 40 ◦C) as the compressor does not operate in its
most favorable conditions [3]: this is the typical situation of CSP plants
which operate in arid and hot environments; dry-cooling therefore
minimizes water consumption [4].

Adding a second component to the CO2 into a binary mixture can
alter the properties of the resulting working fluid by shifting the critical
point to higher temperatures [5], thus shifting the whole two-phase
dome, making condensation possible even at higher temperatures [6].

Apart from power generation, mixtures as working fluids have been
investigated in refrigeration cycles, and heat pump cycles [7,8].
CO2-mixtures have also been studied for heat pumps, mixed with other
refrigerants, such as R32, R143a and R41 [9]. Their use in power cycles
is the most recent in this respect, and requires dedicated investigation on
the account of the completely different operating ranges. Sandia Na-
tional Laboratories have performed some experiments for geothermal
applications (maximum temperature up to 200 ◦C) demonstrating the
validity of the concept [10].

Fig. 1 shows the application fields of mixture power cycles for low,
medium, and high temperatures. Most commonly, the (subcritical)
organic Rankine cycle and the Kalina cycle are applied for low-
temperature heat sources, solar, geothermal or waste heat recovery
[11], where the high share of economization heat and dry expansion
provides benefits with respect to steam Rankine cycles. Ocean thermal
energy conversion, at very low heat source temperatures [18], and,
sometimes even lower heat sink temperatures down to − 162 ◦C using
LNG cold energy recovery, is a potential application of zeotropic
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mixtures with CO2-based working fluids [19].
A relatively new concept is zeotropic mixtures based on supercritical

CO2 in power cycles of a high-temperature heat source such as CSP [12].
Researchers at the EU-funded project SCARABEUS have evaluated a
wide range of second components to fit the application’s specific needs.
Three reoccur: hexafluorobenzene C6F6 [13], titanium tetracloride TiCl4
[3], and sulfur dioxide SO2 [14]. Simulations yield the following results
for the utilization of CO2-based mixtures.

• Two more design parameters have to be considered when compared
to a pure CO2 cycle: (1) selection of the second component and (2) its
concentration (composition of the mixture) [15]. These additional
options lead to different optimal cycle layouts with respect to the
most beneficial ones for sCO2. Based on maximizing the thermal
efficiency at 700 ◦C maximum and 50 ◦C minimum cycle tempera-
ture, Crespi et al. [13] found the recuperated Rankine cycle working
on CO2/TiCl4 and the Recompression cycle working on CO2/SO2,
best performing with thermal efficiencies of 52.0 % and 51.2 %.
Meanwhile, the optimized pure CO2 cycle with a recompression
layout achieves 49.5 % at 700 ◦C. At lower maximum temperatures
of 550 ◦C, the precompression layout working on CO2/C6F6 is the
most interesting solution.

• The thermal efficiency of sCO2-based mixtures exceeds the perfor-
mance of state-of-the-art steam Rankine cycles and the sCO2 cycle
equivalent when optimized [3]. The efficiency gain can be as high as
5 % points.

• As the thermodynamic advantages of the sCO2-based mixture power
cycle strengthen with an increasing ambient/heat rejection temper-
ature, the technology seems an excellent fit for the 3rd CSP genera-
tion. The first techno-economic analysis suggests a cost reduction
when compared to (pure) sCO2 technology [16].

However, inaccurate property calculation might suspend optimiza-
tion efforts – an issue that also arose in zeotropic ORC cycles – and makes
experimental validation of the accuracy of property calculation neces-
sary. Di Marcoberardino et al. [17] studied the influence of equations of
state on the performance of the CO2/C6F6 power cycle. They found a
difference of 1 % point in the cycle performance although the optimal
composition of the best performing cycles per equation of state ranged
between 81 and 87 % molar fraction CO2. Such a deviation affects the
cycle components′ design and highlights the necessity of thoroughly
evaluating the mixture properties.

To summarize, several modelling activities have shown the potential
of CO2-based mixtures in power conversion, but no experimental results
of cycle operation at temperature above 300 ◦C have been recorded so
far.

In this study, we present the results of the recuperated Rankine cycle
with an expansion valve operating with pure CO2 and mixtures of CO2/
C6F6 in compositions of 98.3 %/1.7 % and 93.8 %/6.2 % (molar frac-
tions) proving the feasibility of such a system at a relevant size. This will
be the first results for a power generation cycle utilizing mixtures at

medium-high temperatures above 300 ◦C. The experimental campaign
addresses the following open research questions: Does the mixture
operate under stable conditions over time? Is the composition constant
or is there any composition shift because of the different volatility
during operation, an issue theoretically known from other mixture cy-
cles? What is the impact of the mixture composition on the test facility
operation? The following sections will summarize the research gaps and
how the experimental campaign answers these questions.

2. Previous work

Azeotropic mixtures emerged in the 1950′s as working fluids in
refrigeration cycles [7] but can be treated like pure substances regarding
their phase change. Due to their non-isothermal condensation and
evaporation, zeotropic mixtures experience a temperature glide during
phase change processes. The matching of working fluid and heat sour-
ce/sink leads to a parallel temperature distribution between the fluids in
heat exchangers, which in turn leads to better thermodynamic perfor-
mances of thermodynamic cycles.

Zeotropic mixtures were first studied for heat pumps in the 1980s,
resulting in mixtures such as R-410A [20], which is now among the most
used refrigerants in air-conditioning (although they will be phased out
due to their high GWPs) and are considered as fourth-generation re-
frigerants [21]. One of the first mixture power generation cycles, pub-
lished in 1984, was a modified Rankine cycle – the Kalina cycle - using a
water/ammonia mixture for a low-temperature heat source [22].
Mixture ORCs stem from around the same time (80s–90s) [23], [24],
even under the consideration of supercritical conditions [25].

2.1. Experimental work on power cycles with zeotropic mixtures

Theoretical studies of a wide range of zeotropic mixture working
fluids for ORCs concentrate on thermal efficiency and exergy analyses.
The results reveal that the selection is a matter of fitting the fluid to the
available operating conditions, particularly to the heat source and heat
rejection. Only a handful of experimental works have been published:
Abadi and Kim [26] cite four sources in their 2017 review, and a few
more studies have been published since then, as shown in Table 1.
Although no general approach for selecting a mixture fits all applica-
tions, there are trends in the experimentally tested mixtures: Many of the
tested mixtures feature at least one of the common refrigerants, and all
studies conducted are for low to low-medium temperatures.

The following issues were identified based on a recent review by
Abadi and Kim [26] and the references in Table 1.

• Composition shift and fractionating of mixtures, resulting in a
different circulating flow composition than the filling composition,
must be accounted for during design as this might decrease the sys-
tem’s thermal efficiency.

• Reliable thermodynamic properties are not available for the majority
of mixtures.

Fig. 1. Fields of application of zeotropic mixtures for power generation per hot source temperature level.
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• Heat transfer of mixtures is different from that of pure fluids, often
deteriorated, and therefore has to be investigated specifically.

• The mixture components tested often have high Global Warming
Potentials (1430 for R134a, 1030 for R245fa [27]) and will even-
tually be or are already banned by legislation in the EU, the USA, and
some other countries.

For a low-temperature geothermal application, CO2-based binary
mixtures were proposed, and three mixtures of CO2 with neon, SF6, and
butane were experimentally tested [10]. In the optimal cycle, a modified
recompression Brayton cycle, Conboy et al. [10] found a 3.6 percentage
points higher cycle efficiency for a 10 mol% butane CO2-based mixture
(18.1 %) than in the same cycle with pure CO2 (14.5 %). It is unclear
whether a higher efficiency is also achievable when comparing the
mixture cycle against an optimized pure CO2 cycle. However, the pro-
posed cycle rejects heat at 46.7 ◦C by dry cooling.

Shu et al. [38] present CO2-based mixture transcritical power cycles
for the waste heat recovery of heavy duty-diesel (truck) engines.
Experimental data for the mixture CO2/R134a in a proportion of 0.7/0.3
validate their dynamic Simulink model. They examined the components
of the cycle in off-design conditions and conclude that the finite volume
method and moving boundary method model the heat exchangers suf-
ficiently. They found that the dynamic response time of the system in-
creases with the fraction of the refrigerant.

The EU-funded project Desolination is developing an optimized
power cycle for a desalination system [39]. A demonstration is planned:
The project team are preparing for the operation of their supercritical
CO2 test loop with a CO2/SO2 mixture of 25 % and 40 % molar fraction
SO2 by setting up a dynamic model [40]. They predict that the heat
exchangers and compressors should not face major shortcomings in
capacity when operated in off-design with a mixture working fluid.

2.2. Composition shift and fractionating

Composition shift denotes that the composition of the circulating
fluid in operation is different from the filling composition (sometimes
also referred to as “charge”, “original”, or “bulk” composition). Frac-
tionating describes the tendency to a particular composition variation in

a system with gas and liquid phases. The vapor-liquid equilibrium in a
system with a (for example, binary) mixture in two-phase conditions will
result in a vapor phase comprising a higher degree of the higher volatile
(low boiling point) component, which in our case is CO2 for any addi-
tive. The liquid phase will have more of the lower volatile (high boiling
point) component. Therefore, in our investigated mixture, the circu-
lating flow composition will have a lower CO2 fraction (and a higher
additive fraction) than filling as a part of CO2 is bound in the vapor
phase of the cycle.

In a closed thermodynamic cycle, a composition shift occurs during
the change of conditions at heat rejection: At lower cooling duties,
temperature, and pressure rise while the composition of circulation
fluids changes towards the lower volatile (high boiling point) compo-
nent. Such heat rejection changes must be considered when using
ambient air as a coolant.

Investigations of refrigeration and heat pump cycles have identified
the holdup of working fluid in the two-phase flow heat exchangers
(evaporators and condensers) as a significant contributor to composition
shift [41]. The heat exchangers collect liquid with a higher concentra-
tion in the lower volatile (high boiling point) component and change the
circulating fluid’s composition. Differential solubility of the components
in the compressor oil was reported to affect the composition only
minimally [41].

Zhao and Bao [42] recently showed a significant performance loss
caused by composition shift with theoretical investigations on zeotropic
mixture power cycles, in this case, an ORC. The validation of their
simulation depends on experimental data of the composition shift during
evaporation in a heat exchanger [43] due to a lack of composition shift
data for (ORC) cycles.

To prevent the composition shift, a previous study suggested limiting
the temperature glide between 5 and 15K [24] so that the vapor and
liquid phase compositions will not differ much. However, the CO2 blend
considered in present study does not meet this criterion: The tempera-
ture glide can be as high as 88.4K (at 77.5 bar) for a CO2/C6F6 mixture of
15 % molar fraction C6F6 as proposed in Ref. [13].

Table 1
Overview of experimental work on zeotropic mixtures in ORCs. Values in brackets for the maximum cycle temperature are estimations based on the heat source
temperature.

Authors Ref. Year Application Max. cycle T Pure Fluid Mixture

Wang et al. [28] 2010 Low-T solar 106 ◦C R245fa R245fa/R152a
Jung et al. [29] 2015 medium-T WHR 136.4 ◦C – R245fa/R365mfc
Li et al. [30] 2015 Low-T geothermal (<110 ◦C) R245fa R245fa/R601a
Abadi et al. [31] 2015 Low-T solar 113 ◦C R245fa R245fa/R134a
Wang et al. [32] 2017 Low-T 104 ◦C R601a R601a/R600a
Blondel et al. [33] 2019 Low-T WHR ​ NovecTM649 NovecTM649/HFE7000
Cai et al. [34] 2020 Low-medium-T (<110 ◦C) – R134a/R245fa
Huang et al. [35] 2023 Low-medium-T (<300 ◦C) – R134a/R245fa
Lu et al. [36] 2023 Low-medium-T (<300 ◦C) – R134a/R245fa
Wang et al. [37] 2023 Low-T (<100 ◦C) R245fa, R141b R245fa/R141b

Fig. 2. T,s-diagram of three possible sCO2-based mixtures in comparison to pure CO2. This diagram shows compositions where the liquid fluid is saturated at 50 ◦C
and 65 bar. For pure CO2, the condensation temperature is 25.43 ◦C at 65 bar. The position of the critical temperature is an estimation.
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3. Methods

3.1. Working fluid selection

The immediate desired property change when employing a CO2-
based mixture instead of pure CO2 is the higher critical temperature,
leading to higher condensation temperatures that could be met by dry-
cooling with air in warm environments suitable for concentrated solar
power. The thermal stability of the component is another immediate
requirement for the second component: Crespi et al. [3] concluded that
the proposed cycle is competitive against steam cycles at maximum
cycle temperatures higher than 550 ◦C in terms of thermal efficiency. A
prerequisite for the binary mixture is the full solubility of the compo-
nents (at desired conditions).

A survey of the literature identified three components as meeting the
above-mentioned minimum requirements: hexafluorobenzene (C6F6),
sulfur dioxide (SO2), and (TiCl4). Their T,s-diagrams of compositions,
where condensation finishes at 50 ◦C and 65 bar, are shown in Fig. 2.
These compositions illustrate the freedom in choosing the working fluid
but careful optimization is necessary to find the ideal concentration of
the mixture. Operating conditions in the design-point and off-design
conditions and the cycle layout play a crucial role in this design pro-
cess [44].

Alongside the thermodynamic aspects, the feasibility of a new
working fluid depends on other criteria, such as safety, environmental
impact, and cost/availability, categories where water/steam and pure
CO2 score highly.

Table 2 shows a matrix of the suitability of the three identified sec-
ond components for testing in the facility. This oversimplified approach
does not cover the nuances nor other desirable thermodynamic prop-
erties used to find an optimized working fluid but highlights the decision
process for choosing our mixture. None of the three components meets
all of the requirements.

Exposure to SO2 poses serious health risks (increased risk of all-cause
and respiratory mortality) even in low concentrations, with no clear
threshold [50]. The Austrian (location of the test facility) government
allows a daily mean of 0.5 ppm and a short-term (<15min) exposure of
1 ppm (mean value) up to 4 times per day according to their protective
law for employees [51].

TiCl4 is highly toxic, corrosive, and reactive with water (even with
air humidity) producing hydrochloric acid and is commonly described
as "most hazardous (worst 10 %) to human health" [52]. The additional
safety installations necessary for handling these components in signifi-
cant quantities are unreasonable for the laboratory scale on the one hand
and are questionable on the industrial scale, especially when – compared
to the conventional water/steam or pure CO2 systems – the efficiency
gain of the power block remains in the low percentage points. Because
TiCl4 hydrolyses quickly, it does not have a significant impact on the

environment although the hydrolysis product hydrochloric acid has, if it
does not dissociate in water. The inert hydrolysis product titanium di-
oxide might accumulate in soil and sediments [53].

Hexafluorobenzene is suitable in view of its low toxicity, flamma-
bility and reactivity but has the disadvantage of being flammable [54].
Although it causes eye and skin irritation, it is easy to handle because
C6F6 is liquid under ambient conditions. However, in the mixture with
CO2, one of the recommended extinguishing materials, it is expected to
be safe in the absence of oxygen and water, which might lead to
degradation products such as CO and HF. The environmental impact is
acceptable, according to the Scientific Assessment of Ozone Depletion
2022 [55], C6F6 has a global warming potential of 9. Moderate critical
pressures of the pure component, ideally lower than the 73.8 bar of pure
CO2, avoid increasing costs by high operating pressures. C6F6′s high
critical temperature of 24 ◦C lies well above pure CO2 (31 ◦C) while the
critical pressure is lower at 32.8 bar compared to 73 bar. Hexa-
fluorobenzene is stable up to temperatures of 600 ◦C when paired with
Inconel 625 [48]. A price of 290€ per kilogram makes the component
expensive [56], at least in the current market purchasing amounts in the
range of 10–50 kg.

For these reasons, we chose to test C6F6 in two compositions. Due to
C6F6′s high cost, the lowest possible amounts for the low and high
concentration compositions were chosen. For the low concentrations,
the difference of the mixtures bubble line and CO2′s saturation line
should be higher than 3K, well above the measurement accuracy. For the
high concentrations, the saturation pressure at the highest condensation
temperature (50 ◦C) to be tested at the low-pressure side should not
exceed the design pressure of 100 bar. The resulting compositions are
reported in Table 3.

The filling procedure contains three steps, first, flushing the system
twice with pure CO2, then, filling the liquid hexafluorobenzene per
funnel at ambient conditions, and finally, applying pressure via CO2
from liquid-filled gas bottles. The amount of filled components is
weighed. A pressure difference between the gas bottles and the facility,
both in vapor-liquid conditions after filling the first few kilograms, is
created by operating the condensers at full capacity, reaching temper-
atures of 10–15 ◦C in the system while ambient temperatures are usually
above 20 ◦C.

3.2. Experimental facility

The cycle’s layout is a recuperated Rankine cycle due to the
simplicity of the equipment involved and the necessary control infra-
structure. The working fluid being in subcritical two-phase conditions
allows for considerations on the vapor-liquid-equilibrium.

The setup of the test facility with measurement devices can be seen in
Figs. 3 and 4 with the range of conditions shown in Table 4. The gaseous
and liquid working fluid is present in the tank (State 0). Before entering
the piston pump at State 1, it is subcooled with cold water. On the high-
pressure side of the test facility, a strainer rids the working fluid of po-
tential particles from construction or corrosion. The mass flow rate and
density are measured at this position. The working fluid is preheated in
the recuperator, a printed circuit heat exchanger, and then enters the
primary heat exchanger for heat input. The flue gas is supplied by a gas
burner operated with natural gas. At State 4, the working fluid is at its

Table 2
Suitability matrix for selecting from three possible second components for
testing in the facility. + suitable, (+) acceptable, ? inconclusive data, -
unsuitable.

C6F6 SO2 TiCl4

High critical temperature +, 244 ◦C [45] +, 157.6 ◦C
[46]

+, 366.0 ◦C
[47]

Thermal stability up to
550 ◦C

+, up to
600 ◦C [48]

+, up to
2000 ◦C [49]

+

Thermal stability up to
700 ◦C

– [48] ?,a ?,a

Low toxicity, flammability
and reactivity

+ – –

Environmental impact + (+) (+)
Cost effectiveness (+) + +

a A mismatch between results obtained by University of Brescia and from the
literature lead to the hypothesis that the pairing of material of the test pressure
vessel and the contained component influences the thermal stability.

Table 3
Compositions of tested working fluids.

molar fraction/
CO2/C6F6

mass fraction
C6F6/-

total mass
C6F6/kg

uncertainty molar
fraction C6F6/-

Pure
CO2

100 %/0 % 0 % 0 0

MX1.7
%

98.3 %/1.7 % 7.0 % 7.9 ±0.05 %

MX6.2
%

93.8 %/6.2 % 21.9 % 31.7 ±0.18 %
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highest temperature. Instead of a turbine, an expansion valve reduces
the pressure in the system.1 The working fluid enters the hot and low-
pressure side of the recuperator at State 5. Pure CO2 exits the

recuperator overheated at State 6; the mixture is partially condensed
due to restrictions in the maximum cycle temperature. Depending on the
conditions of the working fluid and ambient airside, if the ACC is able to
condense the flow, then the water condenser is bypassed. Otherwise, the
working fluid is condensed to State 9. The condenser’s duty/outlet
temperature (control on temperature) determines the saturation pres-
sure and, therefore, the low-pressure side.

Table 5 shows details of the experimental campaign with identifiers
to match them to the presented data. The pure CO2 experiments are for
reference as the mixture properties introduce an uncertainty that the
pure substance does not. Three sets of preliminary investigations were
conducted on the low concentration mixture MX1.7 %. The goal was to
test the filling concentration, a proof-of-concept and no signs of thermal
degradation at elevated temperatures and to understand how reliable
the vapor-liquid-equilibrium predicts the conditions on the low pressure
side of the test facility. The MX6.2 % experiments showed the reliability
of the mixture for a prolonged period of continuous operation, the
robustness of the predicted properties and a deeper insight into the
composition shift effect in power cycles with mixtures.

The filling method of the test facility worked thanks to the excellent
mixing properties of CO2 and C6F6: Filling in C6F6 first, and then CO2

Fig. 3. Schematic view of the test facility.

Fig. 4. Test facility during different stages of construction. (a) left part, (b) right part (behind air-cooled condenser and wall of picture (a)). The wall is part of a (now
finished) fire-resistant safety installation.

Table 4
Operational range of key cycle parameters.

Parameter Range (operational)

Heat source temperature/◦C 50–830
Maximum pure CO2 temperature/◦C 600
Maximum mixture temperature/◦C 507
Working fluid mass flow rate/kg/s 0.1-0.6
Low pressure/bar 45–98
High pressure/bar 80–135

1 The expansion valve was installed for budgetary reasons, as the scope of the
funded project (mixtures and heat exchangers) was to demonstrate the concept
and did not require a turbine. However, a valve is not a perfect replacement
since the process sees a lower temperature reduction than that which a turbine
would facilitate.
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(instead of filling a pre-mixed composition). At the piston pump, small
leakages occur, leading to a loss of working fluid over time.

The process control and data acquisition are conducted in a distrib-
uted control system. If not otherwise marked, the operating points in this
study are 2-min mean values at steady-state. Further information on
measurement devices and their uncertainties is available in the re-
pository. We refrain from showing error bars indicating uncertainties to
improve the figure readability.

3.3. Thermodynamic property models

The pure CO2 properties are calculated as published by Span and
Wagner [57] and realized via the software MATLAB.

For the calculation of the mixture vapor-liquid equilibrium, the
Peng-Robinson (PR) equation with a quadratic mixing rule (van-der-
Waals) was chosen after Di Marcoberardino et al.′s characterization
based on their own and experimental data from the literature [48]. They
fit the binary interaction parameter as a function of temperature, as
reported in.

. The PR approach was chosen to find the current liquid composition
based on the density ρ (at D2), temperature T (at FDT*2), and pressure p
(at P2) measurement,2 according to:

composition= fPR(p,T, ρ) (1)

All properties except VLE data were computed with the PC-SAFT
(perturbated chain statistical associating fluid theory) with a fitted bi-
nary interaction parameter (see Table 6). The necessary pure component
parameters were used as suggested by Di Marcoberardino et al. [17].
Although its VLE results are inferior to PR’s, PC-SAFT was selected to
calculate the other properties since it models the Helmholtz free energy,
which allows for directly obtaining enthalpy, entropy, and specific heat.

For the property robustness analysis, an energy balance at the
recuperator’s high (HP) and low (LP) pressure side was calculated and
compared, with the enthalpy calculated via PC-SAFT:

Q̇LP = − ṁ(h6 − h5) (2)

Q̇HP = ṁ(h2 − h3) (3)

h= fPC− SAFT(composition, p,T) (4)

With the mass flow rate ṁ (measured at position F2), the composition
(either filling composition or as calculated using Eq. (1)), the pressure p
(at positions P2, P3, P5, P6), and the temperature T (at T*2, T3, T*5, and
T6).

The software Aspen Plus V12.1 computed the mixture properties in a
discretized manner. The fitting of discretized data and subsequent linear
interpolation was performed in MATLAB.

3.4. Static equilibrium model for vapor-liquid-equilibrium

The “static equilibrium model” treats the test facility as a fixed vol-
ume filled with a constant mass of a certain filling concentration of CO2/
C6F6. The system is fully defined when assuming a uniform temperature
distribution in the volume. Following this, all other conditions can be
derived from the equilibrium data (correlation of temperature, pressure,
and density for a fixed concentration) using the equation of state:
pressure, gas and liquid phase compositions, and the amount of gas/

Table 5
Experimental campaign with purpose of testing and number of 2-min. steady-state measurement points; additional information on the experiments are documented in
the repository.

ID Date and Time Working
fluid

Purpose Number of Measurement
Points

E/CO2 8 individual days of experiments
27.07.23–14.09.23

pure CO2 • Reference for comparisons (cycle conditions and property robustness in
energy balance)

36

E/
CO2/
2

07.03.23 09:00–07.03.23 10:30 pure CO2 • Vapor-liquid equilibrium test 8

e0 19.12.23 18:30–19.12.23 22:45 MX1.7 % • Preliminary investigation: testing filling procedure
• Proof of concept

19

e1 20.12.23 09:00–20.12.23 18:30 MX1.7 % • Proof of concept: high temperature 9
e2 21.12.23 10:00–21.12.23 15:30 MX1.7 % • Testing reliability of prediction of vapor-liquid equilibrium 19
E3 15.01.24 08:00–15.01.24 08:40 MX6.2 % • Start-up (homogenization of working fluid) /
E4 15.01.24 08:40–16.01.24 08:00 MX6.2 % • Start-up and steady-state 6
E5 16.01.24 08:00–16.01.24 18:20 MX6.2 % • Vapor-liquid equilibrium tests 18
E6 16.01.24 18:20–16.01.24 22:00 MX6.2 % • Vapor-liquid equilibrium tests 14
E7 16.01.24 22:00–16.01.24 24:00 MX6.2 % • Vapor-liquid equilibrium tests with varied high pressure 9
E8 17.01.24 00:00–17.01.24 04:00 MX6.2 % • Increasing temperature for Proof-of-concept test 11
E9 17.01.24 04:00–17.01.24 07:00 MX6.2 % • Proof-of-concept test at highest possible maximum temperature & at

design and reduced mass flow rate
2

E10 17.01.24 07:00–17.01.24 16:00 MX6.2 % • Steady-state, fixing broken sensor 1
E11 17.01.24 16:00–18.01.24 02:40 MX6.2 % • Tests varying: high pressure, high temperature and mass flow rate 26
E12 18.01.24 02:40–18.01.24 07:15 MX6.2 % • Vapor-liquid equilibrium tests varying: high pressure 6
E13 18.01.24 07:15–18.01.24 16:15 MX6.2 % • Steady state 27
E14 18.01.24 16:15–18.01.24 22:30 MX6.2 % • Vapor-liquid equilibrium tests varying: high pressure, mass flow rate 18
E15 18.01.24 22:30–19.01.24 11:15 MX6.2 % • Air-cooled condenser testing varying: duty at fan; mass flow rates, low and

high pressure
20

E16 19.01.24 11:15–19.01.24 18:00 MX6.2 % • Air-cooled condenser testing varying: duty at fan; mass flow rates, low and
high pressure

17

E17 19.01.24 18:00–20.01.24 18:30 MX6.2 % • Steady state, Air-cooled condenser testing varying: duty at fan; mass flow
rates, low and high pressure

19

Table 6
Fitted binary interaction parameters according to Ref. [48].

EoS Value/formula Comment

for PR kij = 0.163–0.000395T T in K
for PC-SAFT kij = 0.1023-0.0005574/(T/298.15) T in K

2 For this composition-calculation approach, positioning of the Coriolis
sensor FDT* would be even more beneficial at location 1 as the sensor would
record the liquid density. In real life, this results in a pressure drop high enough
to produce gas bubbles (and therefore a false, fluctuating density) and
cavitation-like issues at the pump. The sensor is now located at position 2.
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liquid. For the static equilibrium model, we use the Peng-Robinson EoS
(see Section 3.3).

Given and resulting example conditions are indicated in Fig. 5. When
dealing with a real system, three of the four conditions are already fixed
(volume, mass, filling composition). For such a system, a direct relation
exists between saturation pressure and saturation temperature. How-
ever, leakages might occur in a real system and influence the VLE [58].

As shown in Fig. 5, the gas phase of the system consists mainly of
CO2. In contrast, the liquid phase has a higher concentration of C6F6
than filling, which is favorable since the liquid phase is the relevant one
as it constitutes the working fluid in the transcritical power cycle.
Overall, a difference of liquid composition from the filling composition
by 1 % occurs supporting the discussion reported in Section 2.2.

From the shape of the lens in the T,x,y-diagram in Fig. 5 (b), it is clear
that the composition of the gas phase stays high in CO2 for a wide range
of conditions while the liquid composition undergoes a noticeable
composition shift.

Fig. 5 (c) demonstrates the resulting conditions in the p,T-diagram:
the resulting pressure/temperature condition lies in the two-phase re-
gion of the filling composition. The liquid composition’s bubble and gas
composition’s dew-point line intersect at the resulting conditions.

A fixed volumetric system with a specific filling composition will be
entirely filled with liquid when the liquid composition is the filling
composition – which is the case at the filling composition’s bubble line
(dotted line in Fig. 6). Therefore, the phase boundary between the liquid
and two-phase region is reached at the filling composition’s bubble line:
When more mass is in the system, the conditions are liquid (left of the
bubble line), and with less mass, two phases are present. Due to the
proximity of the operating point to the filling composition’s bubble line,
many authors approximate the correlation of condensation tempera-
ture/pressure with the bubble line [59].

A two-phase system of a fixed volumetric size filled with a certain
composition without leakages undergoes changes in conditions along
the lines of constant mass, as indicated by A- > B in Fig. 6. Moving to
higher temperatures results in higher pressure and less of the higher-
volatile (lower boiling point) component in the liquid. With increasing
mass in the system, constant-mass- and constant-liquid-composition-
lines become parallel because less vapor phase is in the system.

A leakage in the system leads to a movement away from the bubble
line; lower pressures are the result when controlling the low-pressure
side to the same temperature (vertical down-movement in Fig. 6).

Based on this understanding of the binary system, we discuss the
results of the closed cycle in Section 4.4.

4. Results and discussion

4.1. Proof of concept and comparison to pure CO2

In the proof-of-concept experiment with the MX1.7 % mixture,
shown in Fig. 7, a maximum temperature of 507 ◦C was reached (at
position T*4) at a mass flow rate of 0.4 kg/s and 100 bar on the high
pressure side. The operation showed no signs of thermal degradation
over the 19 h of testing – the VLE-results presented in Fig. 10 (recorded
the day after the proof-of-concept of Fig. 7) showed the predicted cor-
relations. A potential thermal degradation would influence the vapor-
liquid-equilibrium significantly.

The T,s-diagram in Fig. 8 shows an example of comparable operating
conditions of the mixture and pure CO2 experiments.

For pure CO2, the condensation at ~21 ◦C results in a condensation
pressure of 61.5 bar. The low-pressure isobaric line of MX1.7 % has a
similar slope trend while the working fluid condenses between 28 and
72 ◦C (temperature glide of 44 K) at 64.7 bar. Condensation in the
recuperative heat exchanger occurs at the low-pressure side. Even
though this condition is representative of CSP-optimized CO2-mixture
cycles [3], it was not accounted for in the design phase for the test fa-
cility. Potential risks are plug flow or flow instabilities, such as water
hammer, but these did not occur.

A direct result of operating the cycle at a higher minimum temper-
ature (see Fig. 8, MX6.2 %) is the increased low pressure – although this
effect can be mitigated by using a higher concentration of C6F6 as it has a
pure-substance critical pressure of 33 bar, which is lower than CO2′s.
Consequently, using a mixture directly influences the pressure ratio and
specific work of the cycle.

Slightly more heat is transferred by the recuperator using pure CO2
and the MX6.2 % mixture. As the transferred heat is most sensitive to the
temperature in condition 5 (high inlet temperature) and less so for
pressure, a direct comparison without a detailed model accounting for
the actual conditions in the heat exchanger is inconclusive. However,
there is no significant indication of a penalized heat transfer using a
mixture, which might have been expected due to an earlier condensation
or higher resistance from the concentration change of the condensing
mixture [60].

4.2. Solubility of additive (C6F6) in CO2

The results confirm excellent solubility of C6F6 in CO2: Fig. 9 shows
the density measured after the pump. Before starting up the pump, the

Fig. 5. Visualization of full equilibrium model, (a) inputs in blue, outputs in orange, (b) T,x,y-diagram, and (c) p,T-diagram of this system. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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working fluid is gaseous at the density sensor (FDT*2). When the liquid
reaches the sensor, the density increases, but the fluctuations indicate
gas bubbles are present. The drop at 08:12 is recorded when the working
fluid composition is richer in CO2. Another slight decrease is visible with
the bare eye but, after circulating through the test facility twice, the

working fluid composition is homogenized.
The density trend over the full period of experiments stayed rela-

tively constant with some deviation that could be traced back to
composition shifts due to changed conditions in the cycle, which are
discussed in Section 4.4. The two significant drops at day 3 were caused
by the breakage of a temperature sensor that lead to a safety procedure
allocating the cooling water to the condensers while shutting off the
cooling of the pump, thus, leading to a temperature increase and drop in
density.

4.3. Vapor-liquid equilibrium

The condensation at the cycle’s low-pressure side determines the
position of the transcritical cycle. The conditions at the tank of the cycle,
measured by T9 and P0, represent the vapor-liquid-equilibrium. The
pure CO2 data points align well with the Span and Wagner prediction
and also show the accuracy of the measurement devices involved, see
Fig. 10.

Results from the mixture confirm the concept of the CO2-based
working fluids at a pilot scale and in a representative environment: The
condensation pressure of the mixture is lower than for pure CO2 and
decreases for higher concentrations of C6F6. In both cases, MX1.7 % and
MX6.2 %, the measured VLE data points are close to the approximate
prediction: the bubble line (liquid saturation line). When comparing the
Peng-Robinson to the PC-SAFT prediction, the higher concentration’s
prediction neatly overlaps while the lower shows a significant differ-
ence. This deviation could indicate that the actual filling concentration
of MX1.7 % is lower but based on convergency issues at PC-SAFT phase
boundaries of low C6F6 concentrations the authors do not deem this
hypothesis reasonable.

The results from “MX6.2 %, water cond.” (E10, E11) seem to lie at
the bubble line of a lower C6F6 concentration, in contrast to the “MX6.2
%, ACC” (E7, E8). Besides the variation in controlled low-pressure side
temperature T9, the only difference in the experiments is the duty of the
in-series condensers. In (E10, E11), the condensation starts in the ACC
(or even earlier, in the PCHE) and the water condenser condenses the
flow to liquid conditions; whereas in (E7, E8), the water condenser is
bypassed and the condensation fully completes in the ACC. The devia-
tion between the experiments hints at a composition shift taking place,
probably caused by the different hold-up of working fluid in the con-
densers. Section 4.4 expands on the composition shift using the PC-SAFT
property method to calculate the composition’s trends when process
parameters are changed. However, the authors suggest using the Peng-
Robinson method for predicting the VLE of the CO2/C6F6 mixture
because of the better fit at lower concentration.

4.4. Composition shift

The results in Fig. 11 show the concentration of the circulating fluid

Fig. 6. p,T-diagram for a system with a fixed volume and filling composition of the zeotropic mixture CO2/C6F6 based on the static equilibrium model.

Fig. 7. Main cycle parameters over time of proof-of-concept experiment (e1)
with CO2/C6F6 mixture (MX1.7 %).
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as calculated after the pump (sensor FDT*2) as a function of tempera-
ture, pressure, and density. The concentration is close to the filling
composition with an expected trend to higher C6F6 fractions at higher
VLE pressures (and, subsequently, temperatures). It ranges from 6.4 to
8.4 % molar fraction of C6F6. The calculated concentrations show higher
C6F6 concentrations than filling, as expected from fractionating. The
results show higher concentration values (6.7–7.0 % C6F6) than were
expected from the p,T-diagram of Fig. 10 (lower than filling concen-
tration of 6.2 % C6F6). The range of concentrations is a magnitude higher
than the uncertainty from filling.

During “VLE” experiments E5, E5, E16, the concentration uniquely
correlates with the VLE conditions at the test facilities′ low-pressure side,
as the full equilibrium model suggests. The experiments have similar
conditions throughout the test facility, as the high pressure and the
supply temperature were controlled. The differences of E5, E6 and E16
are likely due to leakages as they were recorded at the beginning and the
end of the prolonged operation (140h). The lost mass was also visible
from the movement of the boundary layer/VLE, as it was matched by
sensors T8 and T9 at different times during the experiments. The trend is
consistent with the model from Fig. 6: at the same temperature, the
earlier experiments (with a higher mass) show lower C6F6 concentra-
tions. However, in the range of 7.25–7.6 % C6F6 fraction, two degrees of
freedom (pressure and concentration) have the same trend while the
temperature trend differs, which - assuming this model is correct -

should then also follow the same trend. This might indicate the flaw in
the model, the constant filling composition. With the leakage located at
the pump, there is likely a loss of working fluid at the circulating con-
centration higher than the total (filling) composition, which means we
deal with a changing overall concentration. Another possible explana-
tion of the mismatch is that (neither) T8 or T9 pick up the exact VLE
temperature due to the boundary layer being at different heights.

In “VLE, var. HP” experiments E2 and E7, the expansion valve po-
sition was fixed, allowing the high pressure to vary slightly. Especially at
lower temperatures, E7, the results differ from E1, E11 experiments.

Four sets of experiments concerning the ACC, here depicted as
“holdup”, demonstrate the change of composition towards lower con-
centrations in the circulating fluid caused by an increased holdup in the
condensers of the cycle. While controlling the VLE temperature (sensor
T9 before the tank) via the amount of cooling water in the water
condenser, the cooling power was shifted from the water condenser to
the ACC by increasing the air volume flow, leading to lower tempera-
tures in the ACC and therefore, a higher holdup of working fluid as more
liquid already condenses there.

The “TVLE,max” experiments (E8) show a seemingly stagnant con-
centration. Two opposed mechanisms may explain this behavior: The
effect of the holdup is due to a higher pressure on the high-pressure part
(P4) towards a lower C6F6 fraction balancing the effect of an increased
VLE pressure and temperature, which shifts the composition to higher

Fig. 8. T,s-diagrams of pure CO2 and mixture operating conditions at design mass flow rate of 0.6 kg/s, exemplarily showing the conditions of a steady-state
operation point of the experiments E/CO2, e1 and E8. Properties are shown for adjusted compositions.

Fig. 9. Density of working fluid at start-up after filling test facility, experiment E3. P = 45–58 bar, T~11 ◦C. Diagram in right corner shows trend over the full time of
continued operation.
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C6F6 fractions.
Consequences on the cycle are possible in off-design conditions but

the effects self-stabilize the system. Higher condensation temperatures
lead to a lower volatile (higher boiling point) circulating working fluid.
This composition change is favorable and some authors even suggest
“composition tuning” to match varying heat sink conditions by intro-
ducing a composition tuning sub system [61]. Increasing the conden-
sation temperature means increasing the saturation pressure
(low-pressure). With an additive whose critical pressure is lower than
CO2′s, the pressure increase due to condensation temperature rise at the
low-pressure side of the condensing cycle experiencing a compositions
shift will be lower than in a system with a constant composition. From
the turbine’s perspective, an increased low pressure (back pressure of

the turbine) in comparison to its design point will penalize its efficiency
significantly [62]. The composition shift therefore also somewhat miti-
gates the high-condensation-temperature-penalty on the turbine’s effi-
ciency due to high back pressure. The composition shift will likely
influence the heat transfer and lead to a different temperature distri-
bution [63]. Since the properties only change slightly in reasonable
ranges of composition shift (a few percentage points), we deem this
effect small, unless a different heat transfer regime appears due to earlier
condensation. When comparing the recuperator’s duty for pure CO2 and
the mixtures, our results support this theory (see Fig. 8).

4.5. Property robustness analysis

Fig. 12 shows the energy balance of the recuperator. The pure CO2
results in Fig. 12 (a) show excellent agreement between the high- and
low-pressure sides at high transferred heat flows and a slightly worse but
still good agreement at lower heat flows. The higher deviation at lower
heat flows might be due to higher relative heat losses and, therefore,
values for the low-pressure side heat that are too low.

The results for the mixtures also show a better agreement at a higher
heat transferred. Starting from 150 kW, the results are within ± 10 %.
Results of MX6.2 % below 80 kW are scattered. The MX1.7 % at small
transferred heat (<60 kW) follows a clearer trend but significantly dif-
fers between the hot and cold side. The difference is not due to the
properties calculated at the filling composition. Fig. 12 (b) shows the
results with properties at the compositions derived in the previous
section.

Comparing Fig. 12 (a) with (b), the results with adjusted composition
follow a more cohesive, less scattered trend, supporting this correction
which is necessary for obtaining performance-related information about
the cycle. The discrepancy at lower transferred heat cannot be explained
by heat losses or uncertainties since the pure CO2 results do not support
this theory. Instead, the trend hints at issues with the properties, prob-
ably at the low-pressure side where condensation happens and the
enthalpy after the recuperator (state 6) was in the two-phase region.

5. Conclusions and future research

CO2 blends offer a promising solution to enhancing power cycle
conversion efficiency with respect to steam or sCO2 cycles. This
advantage is even more pertinent in the presence of dry cooling with
high ambient temperatures which are typical locations of CSP plants.
However, a working fluid constituted by two compounds might lead to
operational issues such as composition shift and there was no experi-
mental test facility operated at temperature above 300 ◦C to assess the

Fig. 10. p,T-diagram showing the VLE conditions at the low-pressure side of
the test facility’s tank for pure CO2 and the mixtures. Dashed lines show the
predicted bubble lines (liquid saturation lines) of the filling compositions and
the saturation line for pure CO2. There is a noticeable difference between the
experiments with the water condenser and the ACC, hinting at a composition
shift, probably caused by a different hold-up in the condensing heat exchangers
(see next Section 4.4).

Fig. 11. Calculated concentration (Eq. (1)) of the circulating fluid over main operating conditions of the test facility. The results demonstrate that the static
equilibrium model cannot represent the conditions – a holdup in various parts of the test facility has to be considered.
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impact of these potential issues. In the present study, the first recuper-
ated Rankine cycle operating with a CO2-based mixture up to temper-
atures of 500 ◦C in a relevant-sized setting has been presented. Among
the proposed working fluids in literature, CO2/C6F6 is selected for the
experimental campaign considering two different mixture compositions:
98.3 %/1.7 % and 93.8 %/6.2 % (molar fractions). The cumulative 170
h of operation confirm the soundness of the proposed concept as no is-
sues arose during the operation.

The prediction of the vapor-liquid equilibrium via minimally fitted
EoS – namely Peng-Robinson – was confirmed as accurate, and the
experimental data at the low-pressure side of the test facility correspond
well with the predicted for most operating conditions.

However, the working fluid showed a significant composition shift
due to several effects.

1. gas and liquid separation,
2. varied temperature control at the low-pressure side,
3. varied cycle conditions (maximum cycle conditions, liquid holdup).

A composition shift was shown experimentally by observing density
shifts that experience an expected behavior at the change of operating
conditions in the system. As a consequence, the correlation between
saturation conditions at the low-pressure side of the cycle, temperature
and pressure, do not (in all conditions) follow the bubble line of the
mixture’s filling composition. The concentration shifts favor the CO2-
based-mixture-concept and mitigate efficiency penalties at high
condensation temperatures because higher condensation temperatures
lead to a lower volatile (higher boiling point) circulating working fluid.
The gas phase is almost pure CO2, while a higher-than-filling concen-
tration of the lower volatile (high boiling point) C6F6 constitutes the
liquid phase which is circulating the cycle. Changing the temperature at
the low-pressure side, as could happen during the day when heat
rejection is accomplished with ambient air, results in a composition
shift. At higher condensation temperatures (and the corresponding
higher condensation pressures), the circulating fluid contains more C6F6
(lower volatile/high boiling point component). Cycle conditions at the
high-pressure side, such as high pressure or maximum temperature, lead
to a composition shift. A higher holdup of liquid in the condensers
caused by a different temperature profile along the condensers, while
maintaining the condensation temperature control, results in the
working fluid having a lower concentration of C6F6.

A simple VLE model, here referred to as a static-equilibrium-model,
which represents the whole test facility as a volume where the gas phase
is in full equilibrium with all the liquid and circulating working fluid,
could not predict the measured VLE conditions. This inadequate corre-
lation means the working fluid experiences a pseudo-equilibrium at the

gas-liquid boundary layer in the tank. Future research must provide a
sound and accessible model for the design process to predict the
composition shifts. So far, only detailed models that have solely been
verified with insufficient data and are based on discretized heat
exchanger models relying on heat transfer correlations are available.

Using operational data (temperature, pressure, density) to determine
the composition based on EoS-predictions is a fast and inexpensive way
of monitoring the current composition that only requires a Coriolis
sensor and look-up tables.

For analysis and, subsequently, for design and operational optimi-
zation, knowledge of the circulating fluid’s composition is vital since the
saturation conditions will directly impact a turbine. A closer look into
heat transfer effects due to a shifted composition is necessary to un-
derstand the impact on a real system. Due to the rare use of C6F6, its
properties and especially properties in the mixture with CO2 are not
abundantly available and will need to be assessed before conducting
deeper investigations.

The selection of the additive to the CO2-based working fluid needs
more attention, accounting for the CO2/SO2 mixture’s thermal stability
in comparison to CO2/C6F6, and thus, whether it can further exploit the
benefits of the proposed cycle despite the additional safety issues.
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