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Abstract: 

Among the different renewable sources of energy, solar power could play a primary role in the 
development of a more sustainable electricity generation system. While large scale concentrated 
solar power plants based on the steam Rankine cycle have already been proved to be cost effective, 
research is still under progress for small scale low temperature solar-driven power plants. The steam 
Rankine cycle is suitable for high temperature applications, but its efficiency drastically decreases 
as the heat source temperature drops. In these cases a much more promising configuration is the 
organic Rankine cycle. The purpose of this paper is to optimize a low temperature organic Rankine 
cycle tailored for solar applications. The objective of the optimization is the maximization of the 
solar to electrical efficiency and the optimization parameters are the working fluid and the turbine 
inlet temperature and pressure. Both pure fluids and binary mixtures are considered as possible 
working fluids and thus one of the primary aims of the study is to evaluate whether the use of multi-
component working fluids might lead to increased solar to electrical efficiencies. The considered 
configuration includes a solar field made of parabolic trough collectors and a recuperative organic 
Rankine cycle. Pressurized water is selected as heat transfer fluid and its maximum temperature is 
fixed to 150°C. The target power output for the plant is 100 kWel. A part load analysis is carried out 
in order to define the most suitable control strategy and both the overall annual production and the 
average solar to electrical efficiency are estimated with an annual simulation. The results suggest 
that the introduction of binary working fluids enables to increase the solar system performance both 
in design and part-load operation. 
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1. Introduction 

Solar based power plants are promising in those locations characterised by high values of the direct 
normal irradiation (DNI) and thus much research has been carried out in this field [1,2]. Different 
solar field and power cycle technologies have been investigated. The biggest parabolic trough 
application is the Solar Electric Generation System (SEGS) located in southern California and has 
an overall capacity of 354 MWel [3]. The SEGS power plants are connected to steam Rankine cycles 
and have proved the cost-effectiveness of this solution for large scale, high temperature 
applications. Conversely, the profitability of small scale, low temperature concentrated solar power 
(CSP) plants is still under investigation. When the heat source temperature decreases the efficiency 
of the steam power plant decreases and a much more promising configuration is the organic 
Rankine cycle (ORC) [4]. As reported by Quoilin et al. [5] few solar systems operate with an ORC: 
a 1 MWel power plant using n-pentane is located in Arizona, a 100 kWel system was commissioned 



in Hawaii and some kW-size prototypes are under study for remote off-grid applications. The 
choice of a proper working fluid plays an essential role in the development of an efficient and cost-
effective ORC. The selected organic compound has a huge impact on some of the most important 
characteristics of the power plant: performance and cost of cycle components, system stability, 
safety and environmental impact [6]. The choice of a proper working fluid is affected by many 
factors: the characteristics of the available heat source, the size of the plant and the current 
legislation, and therefore every new power plant has to be analysed on its own.  

The use of ORCs for the exploitation of low temperature heat sources leads to efficiency 
improvements compared to steam Rankine cycles, but still there are some limitations related to the 
fact that the isothermal boiling process creates a non-optimal thermal match between the heat 
source fluid and the working fluidwhich results in large irreversibilities [7]. A possible solution for 
reducing the irreversibilities in the evaporation process is the introduction of a supercritical cycle, 
which is characterised by a non-isothermal phase shift. On the other hand, as reported by Chen et al. 
[8], supercritical cycles usually require higher working pressures and therefore difficulties in the 
plant operation and safety concerns might appear. Another possibility is the introduction of binary 
zeotropic working fluids. This concept enables both to take advantage of the non-isothermal phase 
change process and to avoid the problems related to the high operating pressures. In this case the 
non-isothermal phase shift is related to the unequal concentration of the liquid and vapour phase 
during the phase change process, taking place both in the evaporator and in the condenser. 
Moreover, Chen et al. [7] showed that mixtures can be effectively used even in supercritical 
configurations, leading to lower exergy destruction both in the condenser and in the boiler. 
According to their study, when the heat source temperature is 410 K, a supercritical cycle using a 
R134a/R32 (0.7/0.3) zeotropic mixture improves the exergy efficiency of the condensation process 
and of the heating process by 22.67 % and 7.30 %, respectively, compared to an ORC using pure 
R134. Moreover, the authors recommend that a zeotropic mixture to be used in supercritical 
configurations should have a thermal glide during the condensation process in order to take 
advantage of the non iso-thermal condensation. 

The majority of the ORC studies on mixtures consider a geothermal heat source and aim at the 
maximization of the cycle net power output. Heberle et al. [9] showed that the second law 
efficiency of the best mixture of isobutane and isopentane is 8 % higher than the one for pure 
isobutane. Andreasen et al. [10] proposed a generic methodology for ORC optimization. The result 
indicated that the introduction of binary working fluids can lead to higher power productions and to 
lower pressure levels. When the hot fluid inlet temperature is 120 °C, a mixture of ethane and 
propane enables to reach a net power output 12.9 % higher than pure ethane. Braimakis et al. [11] 
analysed the use of refrigerant mixtures for low temperature waste heat recovery systems. Their 
study indicated that both pure propane and a mixture of propane/butane exhibit better 
thermodynamic performance and favourable size parameter, volume flow ratio and turbine volume 
flow rate compared to pure R245fa. Zhao and Bao [12] investigated the effect of composition shift 
in organic Rankine cycles using zeotropic mixtures. The study showed that composition shift 
significantly influences the performance of organic Rankine cycles leading to a lower net power 
output and thermal efficiency. Wang et al. [13] conducted an experimental study of a low-
temperature solar Rankine cycle system and showed that zeotropic mixtures have the potential to 
increase the overall system efficiency. According to their study, the use of a mixture of 
R245fa/R152a (0.7/0.3) enables to reach an average overall efficiency of 1.28 %, while the 
efficiency is 0.88 % when using pure R152a. Mavrou et al. [14] investigated the annual 
performance of a low temperature ORC system using flat plate collectors and thermal storage. The 
highest power output and thermal efficiency in their analysis were obtained with a mixture of 
neopentane/2-fluoromethoxy-2-methylpropane (0.7/0.3)  



In this paper a CSP plant is considered, aiming at quantifying theperformance gains obtainable with 
the introduction of binary working fluids in design and part-load conditions. In the previous studies 
on mixtures, only the design condition was taken into account and as a consequence, the primary 
purpose of this study is to understand how the use of mixtures relates with part-load conditions and 
in particular with a highly variable heat source like the sun. The paper begins with a description of 
the applied methodology in Section 2, and in Section 3 the obtained results are discussed. Finally in 
Section 4, some conclusions are drawn. 

2. Methodology 

As shown in Fig. 1 the overall system is composed of a recuperative ORC coupled with a parabolic 
trough solar field. The solar field is composed of a single loop of LS-3 parabolic trough collectors 
[1] and the receiver is the 2008 PTR70, whose thermal losses are minimized by coating the absorber 
tube with a selective surface and by using an evacuated annulus between the absorber tube and the 
protective glass [15]. These collector and receiver technologies are usually considered for large 
scale power plants due to their high performances [3], but they can also be considered for smaller 
plants in order to have high efficiencies for the solar field [16]. The ORC configuration is the one 
usually considered for recuperative cycles and includes a boiler, a turbine, an electric generator, a 
water-cooled condenser, a pump and a recuperator. Table 1 lists the considered working fluids, their 
Ozone Depleting Potential (ODP) and their Global Warming Potential (GWP). The selected fluids 
belong to two categories: fluids that have already been proved to be effective in low temperature 
solar systems [17], and fluids whose mixtures have already been proved to lead to performance 
improvements [7,9-10,13,18-20]. Hydrofluorocarbons (HFCs) have not been taken into 
consideration since their phase out has already been proposed [21]. 

 

Fig.1.  Overall CSP system 

The power cycle electrical output is fixed to 100 kWel and is calculated as follows: 

( ) ( ),1265

.
hhmhhmW wfgenwfcycle −−−=  h   (1) 

where wfm is the working fluid mass flow rate, genh  is the electric generator efficiency and h is the 
specific enthalpy. The mechanical losses are neglected, and it is assumed that the efficiency of the 
pump motor is unity.  



Table 1.  List of considered working fluids 
Fluid Category Tc(°C) pc(bar) ODP GWP 
n-butane Natural ref. 151.98 37.96 0 4 
cyclohexane Cyclo alkanes 280 40.7 n.a. n.a. 
cyclopentane Cyclo alkanes 238.55 45.1 0 <25 
n-hexane Alkanes 236 30.6 0 0 
iso-hexane Cyclo alkanes 225 30.4 n.a. n.a. 
Iso-pentane Alkanes 187 33.7 0 0 
Iso-butane Hydrocarbons 135 36.4 0 20 
n-pentane Alkanes 196.5 33.6 0 20 
R1234yf HFO 94.7 33.82 0 4 
R1234ze HFO 109.4 36.36 0 6 

A model of the solar field is derived using Engineering Equation Solver (EES) [22], following the 
method suggested by Forristal [23]. In the present study the heat losses through the support brackets 
(q̇cond,bracket) are neglected since they are low compared with the other heat fluxes, especially at low 
temperatures. Moreover, two additional heat fluxes (q̇'4,SolAbs and q̇'Sol,Refl) are introduced. The 
former considers the solar energy that is transmitted through the protective glass, reflected back 
from the absorber element and absorbed into the inner surface of the glass; the latter takes into 
account the solar energy that is reflected back into the environment and thus does not participate to 
the overall energy balance. The various heat fluxes are depicted in Fig. 2. The energy balances 
considered in the current model are: 

condconv qq ,23,12 ''  = ,    (2) 

condradconvSolAbs qqqq ,23,34,34,3 ''''  ++= ,  (3) 

condSolAbsradconv qqqq ,45,4,34,34 ''''  =++ ,  (4) 

radconvSolAbscond qqqq ,57,56,5,45 ''''  +=+ ,  (5) 

,'''' Re,,57,56, flSolradconvLossheat qqqq  ++= .  (6) 

where q̇'12,conv is the convective heat flux between the heat transfer fluid and the inner surface of the 
absorber, q̇'23,cond is the conductive heat flux between the inner and the outer surface of the absorber, 
q̇'34,conv is the convective heat flux between the outer surface of the absorber and inner surface of the 
protective glass, q̇'34,rad is the radiative heat flux between the outer surface of the absorber and inner 
surface of the protective glass, q̇'cond,bracket is the conductive loss through the support brackets, 
q̇'45,cond is the conductive heat flux between the inner and the outer surface of the protective glass, 
q̇'56,conv is the convective heat flux between the outer surface of the protective glass and the 
environment, q̇'57,rad is the radiative heat flux between the outer surface of the protective glass and 
the environment, q̇'3,SolAbs is the solar irradiation absorbed by the outer surface of the absorber and 
q̇'5,SolAbs is the solar irradiation absorbed by the outer surface of the protective glass. The various 
heat fluxes are estimated using the same heat transfer correlations proposed by Forristal [23]. The 
heat fluxes related to the solar radiation are calculated as follows: 

optpSolAbs AIAMDNIq hq ⋅⋅⋅⋅= )cos(' ,  (7) 

glSolAbsSolAbs qq α =,5' ,  (8) 
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The incidence angle modifier (IAM) is calculated as proposed by Dudley et al. [24], while the 
incidence angle is estimated considering a north south orientation of the parabolic trough system 
[25]. The incidence angle is calculated as: 

( ) ( ) )(sin)(coscoscos 222 ωδqq −= z ,  (11) 

The validation of the current model was performed by changing the heat transfer correlations and 
the heat transfer fluid in order to compare the results with the model of Burkholder et al. [15]. The 
obtained results showed a maximum difference of 1.3 %. The solar field model is fitted with a 
regression curve obtained with DataFit 9.0 (R2 = 99.99 %) [26] and subsequently included in the 
ORC model. The pressure losses along the solar field pipelines are estimated following the 
procedure used by Quoilin et al. [27]. The power system is optimized in design conditions in order 
to maximize the overall solar to electrical efficiency, which is defined as: 
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where pumpsfW ,
 is the electrical power absorbed by the solar field pump, DNI is the direct normal 

irradiation and Stot is the solar field surface area. The cycle efficiency is calculated as follows: 

,
)( ,, outhfinhfw

cycle
cycle hhm

W
−

=



h   (13) 

The optimization process is carried out with the genetic algorithm available in the Matlab 
optimization toolbox. For every couple of working fluids the mixture composition, the cycle 
maximum pressure and turbine inlet temperature (TIT) are optimized. The cycle maximum pressure 
is left free to vary between 1 and 40 bar, while the considered range for the TIT is 60-140 °C. The 
mixture composition is described by means of the mass fraction of the first component. The 
optimization is run with a population size of 200 individuals for 200 generations. The parameters 

Fig.2.  Solar field: (a) considered heat fluxes (b) a shortened view of the receiver [15] 



that are fixed are listed in Table 2. The design values for the DNI and the generator efficiency are 
selected referring to similar studies available in literature [17,27]. 

A part-load model was also developed. The purpose of the part-load model is to investigate the 
behaviour of the solar system as the available solar energy decreases. The input parameters for the 
part-load model are the available DNI, the zenith angle, the hour angle and the declination angle, 
which vary with the time of the year. The variation of the power output due to the ambient 
temperature and the wind speed is neglected. In the study, the plant is operated until the decrement 
of the available DNI results in the violation of the pinch point temperatures or in a negative net 
power output from the overall system. Recuperator, pre-heater, evaporator (discretized into 3 steps) 
and super-heater are modelled by means of UA values with the relationships used by Patnode [28], 
while the turbine is modelled using the Stodola equation [29]. The condensing pressure is 
maintained at the design value when the system operates in part-load conditions. The part-load 
performances of the electric generator and turbine are estimated using the relationships presented by 
Haglind and Elmegaard [30] and Schobeiri [31], respectively. The pump part-load efficiency is 
obtained from [32]. The input of the part-load model is the solar collected energy per unit of solar 
field surface area: 

),cos(q⋅⋅= IAMDNIEcol   (14) 

The solar field pump is operated so that to keep a constant value for the solar field outlet 
temperature, while three possible control strategies have been investigated for the ORC: 

1. Constant turbine inlet temperature 
2. Constant super-heating temperature (difference between T5 and Tsv) 
3. Constant hot fluid outlet temperature 

Table 2.  Fixed parameters in the optimization process 

Heat transfer fluid Pressurized water at 8 bar 
Absorber type 2008 PTR70 
Solar collector LS-3 
IAM 1 
Incident angle 0° 
Optical efficiency 0.8448 
Design DNI 800 W/m2 
Design ambient temperature 25 °C 
Design wind speed 2 m/s 
Cooling water temperature increase 5 °C 
Boiler pinch point temperature, ΔTpp 8 °C 
Turbine isentropic efficiency, ηis,t 0.70 
Pump isentropic efficiency, ηis,p 0.70 
Solar field pump efficiency, ηSolarField,pump 1 
Electric generator efficiency, ηgen 0.98 

Based on the part-load model and the irradiation data for Sevilla (Spain) an annual simulation is 
carried out in order to analyze the behaviour of the different power plants during a full year of 
operation. In order to decrease the computational time required for this evaluation the part-load 
model has been fitted with a regression curve obtained with DataFit 9.0 (R2=99.9%) and the 
maximum power output has been set to the design value. The annual analysis is performed only for 
the best performing pure fluid and mixture and the selected control strategy is the one that enables 
to have the widest range of operation of the plants. It is however possible that a sub-optimal 
solution at steady state could result in a better overall annual performance after considering part-
load operation. 



3. Results 

The results of the design case optimizations are depicted in Tables 3 (pure fluids) and 4 (mixtures). 
The performance increment of the various mixtures is calculated with respect to the best pure fluid 
among the two fluids in the mixture. The results suggest that the hydrofluoroolefins (R1234ze and 
R1234yf) are less performing than the other candidates. The hot source outlet temperature is a free 
parameter in the optimization process and as a consequence the best performing configurations are 
those where the heat is absorbed at the highest possible temperature level. In this context 
supercritical configurations are penalised by higher temperature drops which lead to lower cycle 
efficiencies. On the other hand subcritical configurations, where most of the heat is absorbed during 
the evaporation process, enable to reach higher values for the overall efficiency. For the 
hydrocarbons the optimization process results in a temperature drop of the heat source that ranges 
between 14 and 17°C. In a similar study by Quoilinet al. [27] an optimum value of 15°C has been 
found for this parameter. When the temperature drop is lower than this value, the power absorbed 
by the solar field circulating pump increases resulting in a decrement of the overall efficiency. 
Conversely, higher values for the pressurized water temperature drop are related to less performing 
power cycles (the heat absorption for the ORC takes place at a lower temperature level). It also 
appears that the best performing solutions are characterised by higher values of the turbine size 
parameter (SP) and volume flow ratio (VFR) and thus require more expensive turbines. According 
to the guidelines provided by Astolfi et al. [33] three stages are required for VFR > 16, while two 
stages are required when 4< VFR <16. 

The best configuration that uses a binary working fluid is given by a mixture of cyclohexane and 
cyclopentane (0.84/0.16); see Table 5. In this case the overall efficiency is 2.27 % higher than the 
optimized configuration using pure cyclohexane. The efficiency increase results in a reduction of 
the heat input to the cycle and a decrease in the pressurized water mass flow rate (-4.81 %). This 
enables a 15 % reduction in the power consumption of the solar field pump. 

Table 3.  Pure fluids result for the overall system optimization 

Fluid p5 (bar) TIT (°C) Thf,out(°C) SP (m) VFR (-) ηcycle (-) ηoverall (-) 
cyclohexane 3.80 140.00 135.94 0.089 19.80 0.1562 0.1193 
hexane 5.25 140.00 135.46 0.075 19.27 0.1544 0.1187 
iso-hexane 6.38 140.00 135.22 0.067 17.44 0.1546 0.1182 
cyclopentane 8.26 140.00 134.70 0.054 14.20 0.1515 0.1159 
pentane 11.43 140.00 133.55 0.046 13.93 0.1483 0.1149 
iso-pentane 13.53 140.00 132.81 0.042 12.82 0.1483 0.1140 
butane 24.85 140.00 122.00 0.029 9.68 0.1360 0.1053 
iso-butane 29.07 140.00 111.73 0.027 8.13 0.1297 0.1007 
R1234ze 36.99 140.00 89.20 0.029 6.94 0.1178 0.0917 
R1234yf 40.00 140.00 83.63 0.028 5.54 0.1133 0.0882 

On the other hand the configuration using a mixture is characterised by higher UA values for the 
heat exchangers, especially for the evaporator (11 %) and for the condenser (47 %) which suggest 
higher investment costs for the heat exchangers. Furthermore, as shown by Radermacher and 
Hwang [34] the mixtures are characterised by lower values for the heat transfer coefficients 
compared to pure fluids thus adding to the heat transfer area requirement of the heat exchangers 
when using mixtures. 

 



Table 4.  Mixtures result for the overall system optimization 

Fluid 1 Fluid 2 p5 
(bar) 

TIT 
(°C) 

x1  
(-) 

Thf,out 
(°C) 

SP 
(m) 

VFR 
(-) 

ηoverall 
(-) 

increase 
(%) 

butane iso-pentane 16.24 140 0.20 130.85 0.039 13.42 0.1148 0.69 
cyclohexane cyclopentane 4.61 140 0.84 135.52 0.082 20.97 0.1220 2.27 
cyclohexane hexane 4.39 140 0.59 135.88 0.081 22.37 0.1203 0.81 
cyclohexane iso-hexane 5.01 140 0.55 135.69 0.078 20.44 0.1217 2.03 
cyclohexane iso-pentane 4.19 140 0.97 135.69 0.086 21.20 0.1212 1.55 
cyclohexane pentane 4.30 140 0.95 135.78 0.085 21.35 0.1216 1.89 
cyclopentane hexane 6.42 140 0.31 135.14 0.067 18.64 0.1201 1.22 
cyclopentane iso-pentane 10.56 140 0.58 134.08 0.049 14.75 0.1181 1.92 
cyclopentane pentane 9.53 140 0.65 134.37 0.051 14.55 0.1169 0.86 
hexane iso-hexane 5.71 140 0.76 135.35 0.072 19.02 0.1191 0.34 
hexane iso-pentane 5.92 140 0.93 135.18 0.072 20.43 0.1206 1.64 
hexane pentane 6.18 140 0.86 135.00 0.070 20.15 0.1209 1.89 
iso-hexane pentane 8.04 140 0.76 134.59 0.060 18.30 0.1205 1.90 
iso-hexane iso-pentane 7.35 140 0.90 134.88 0.063 18.52 0.1203 1.77 
 

Table 5.  Parameter comparison between the pure fluid and mixture configurations 

Parameter Unit cyclohexane cyclopentane/cylohexane Δ % 
wfm  [kg/s] 1.35 1.30 -3.45 

wm  [kg/s] 10.61 10.10 -4.81 

pumpsfW ,
  [kW] 1.85 1.58 -14.75 

Pcond [bar] 0.18 0.21 +15.41 
Stot [m2] 1028.71 1008.68 -1.95 

plantW  
[kW] 98.15 98.42 +0.28 

ηcycle [-] 0.1562 0.1593 +1.98 
ηoverall [-] 0.1193 0.1220 +2.27 
UAevaporator [W/K] 35483 39629 +11.68 
UAcondenser [W/K] 37334 55133 +47.66 

Figure 3 shows the results of the part-load analysis carried out for cyclohexane and 
cyclopentane/cyclohexane. In both cases the relative net power output (defined as the fraction of the 
design power output) is computed as a function of the collected solar energy for the three control 
strategies. The plots indicate that the widest operating range is achieved with the constant turbine 
inlet temperature control strategy. When the super-heating temperature is kept fixed during part-
load, the plants can also operate in a wide range of collected solar energy, but the corresponding 
power production is lower compared to the previous strategy. Lastly the power plants are less 
flexible when the solar field inlet temperature is kept constant: for this control strategy the 
minimum required solar collected energy are respectively 640 W/m2and 660 W/m2, respectively. 

For the constant TIT control strategy, the mixture configuration is able to operate at lower loads: the 
minimum required collected energy is 140 W/m2 (relative power = 8%) while this value increases to 
220 W/m2 (relative power = 17%) for pure cyclohexane. Nevertheless the minimum load of a power 
plant is usually related to the minimum acceptable load of the turbine. In the following two analyses 
the relative power output is constrained to 10 and 15 % in order to investigate the influence of such 
a minimum limit for the turbine load.  



The results of the annual simulations, listed in Table 6, suggest an overall annual production of 
221.37 MWh for the pure fluid configuration and of 223.44 MWh for the mixture (when the 
minimum turbine load is set to 15 %). This result amplifies the differences obtained in the design 
case: the mixture configuration is able to produce more power and is characterised by a higher value 
for the annual efficiency. The relative increments for these two parameters are respectively 0.95 % 
and 3 %. The mixture configuration performance further increases when the minimum turbine load 
is set to 10 %. In this case the annual production reaches 224.83 MWh (1.56 % more than for pure 
cyclohexane) and the annual efficiency increases by 3.56 % compared to the pure fluid system.  

Table 6.  Annual simulation results 

Configuration Annual production 
(MWh) 

Annual 
efficiency 

Annual specific production 
(kWh/m2 year) 

Pure fluid 221.31 8.95 215.19 
Mixture (min load = 15%) 223.46 9.22 224.54 
Mixture (min load = 10%) 224.83 9.27 222.89 

Figure 4 shows the variation of the heat exchanger UA values and the turbine efficiency during part-
load operation for the first control strategy (constant TIT). The UA value of the pre-heater, 
evaporator and the super-heater have the same part load variation, thus only the pre-heater is shown 
in the figures. The variation of the UA value of the recuperator is only related to the decreasing 
value of the working fluid mass flow rate, while for the pre-heater, evaporator and super-heater the 
variation is also dependent on the decrease of the pressurized water mass flow rate. The relative 
decrease in the UA value for the recuperator is therefore less than for the remaining heat 
exchangers. The part-load performance of the turbine is high in the entire operating range. This is 
because the part-load efficiency of the turbine is a function of the isentropic enthalpy difference 

Fig.3.  Part load model results: (a) cyclohexane (b) cyclohexane/cyclopentane 

Fig. 4.  Variation of ηis,t and UA during part-load: (a) cyclohexane (b) cyclohexane/cyclopentane 



across the turbine, which does not change much during part-load. 

4. Conclusions 

In this study an overall CSP power plant has been modelled and optimized. The results suggest that 
a primary factor in the definition of system performance is the temperature decrease of the transfer 
fluid in the boiler and that its optimum value ranges between 14 and 17 °C. The configurations 
characterised by lower values of this parameter are penalised by high power absorption for the solar 
field circulating pump, while the power cycle efficiency decreases when the temperature drop 
increases (the temperature level at which the heat is absorbed in the cycle decreases and this leads 
to lower efficiencies). The use of mixtures leads to reduced irreversibility both in the boiler and in 
the condenser, but is penalised by the lower temperature drop of the heat source. The best 
performance is reached with a mixture of cyclohexane and cyclopentane (0.84/0.16) which enables 
to increase the overall system efficiency by 2.27 % compared to the pure cyclohexane 
configuration. A comparison of these the two fluids suggests that the use of mixtures leads to an 
increased cycle thermal efficiency which results in a lower circulating mass flow rate in the solar 
field. This enables to reduce the power absorbed by the solar field circulating pump and thus to 
reach higher values for the overall efficiency. From an economical point of view the main 
difference between the two configurations lies in the surface area required for the heat exchangers: 
the current study suggests that the UA values are higher for the mixture, especially for the 
condenser (+47 %) and for the boiler (+11 %). Results from an annual simulation indicate that the 
mixture produces slightly more power than the pure fluid. When the minimum acceptable load is 
fixed to 15 %, the use of cyclopentane/cyclohexane results in an increment of the annual electricity 
production by 0.95 % and of the annual efficiency by 3 % compared to pure cyclohexane. Greater 
performance increments are possible with lower values for the turbine minimum load. 

In conclusion, this study suggests that the introduction of binary working fluids in an ORC tailored 
for solar applications enables to increase the solar system performance both in design and part-load 
operation. It also appears that the UA values for the heat exchangers are higher for the mixtures, 
leading to more expensive heat exchangers. Further studies need to be carried out in order to 
evaluate the use of mixtures from an economic perspective, considering both initial costs and the 
performance of the CSP plant. 

Nomenclature 
Ap collector aperture, m 
h specific enthalpy, kJ/kg 
HFC hydrofluorocarbon 
HFO hydrofluoroolefin 
ṁ mass flow rate, kg/s 
p pressure, bar 
q̇' specific heat flux, kW/m 
S surface, m2 

SP turbine size parameter, m 
T temperature, °C 
VFR turbine volume flow ratio 
x mass fraction 
W  power, kW 

Greek symbols 

http://en.wikipedia.org/w/index.php?title=Q%CC%87&action=edit&redlink=1


α absorptance 
δ declination angle 
η efficiency 
θ incidence angle 
θz zenith angle 
ρ reflectance 
τ transmittance 
ω hour angle 

Subscripts 

abs absorber 
el electrical 
c critical 
coll collected 
gen generator 
gl glazing 
hf hot fluid 
in inlet 
is isentropic 
out outlet 
p pump 
sv saturated vapour 
sf solar field 
t tubine 
w water 
wf working fluid 
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