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Abstract - In this paper, the performance of a solar-based Organic Rankine Cycle (ORC) using nanofluids in UAE is 
investigated. The solar field is represented by a Parabolic Trough Solar Collector (PTSC) running on Therminol as basic 
working fluid. Silver (퐀퐠) nanoparticles are added to Therminol to form the nanofluids. The effect of the nanoparticles on the 
energy output, thermal efficiency, and exergetic efficiency of the integrated PTSC-ORC is studied and compared. In addition, 
the effect of usingnanoparticles on the annual energy output, Levelized Cost of Electricity (LCE), and net savings of the ORC 
is investigated. The results show that the addition of the nanofluids increases the thermal efficiency and exergetic efficiency of 
the PTSC by 4% and4y% respectively. Moreover, the addition of 5 % silver (Ag) nanoparticles to Therminol increases the 
annual energy output of the ORC by 44퐌퐖퐡, and decreases the LCE from 6.84퐜/퐤퐖퐡 to 6.70 퐜/퐤퐖퐡. 
 
Index Terms -  nanoparticles, Organic Rankine Cycle (ORC), Parabolic Trough Solar Collector (PTSC), exergetic efficiency 
 
1. NOMENCLATURE 
A  : Aperture area (m ) 
A  : Glass cover area (m ) 
Ag     : Silver nanoparticles 
A  : Receiver area (m ) 
C  : Specific heat capacity (kJ/Kg℃) 
D  : Absorber tube inner diameter (m) 
D  : Absorber tube outer diameter (m) 
D  : Glass cover inner diameter (m) 
D  : Glass cover outer diameter (m) 
f : Friction factor (-) 
I  : Solar radiation (W/m ) 
k : Thermal conductivity (W/mK) 
L : Length of collector assembly (m) 
L  : Length of collector (m) 
N : Number of collectors (-) 
N  : Number of loops (-) 
N  : Number of modules (-) 
P : Pressure (bars) 
Re : Reynolds number (-) 
T  : Inlet temperature to PTSC (℃) 
T  : Outlet temperature of PTSC (℃) 
v : Velocity (m/s) 
w : Collector width (m) 
Ẇ  : Net power output of the ORC (MW) 
Ẇ  : Pumping Power (kW) 
Z : Capital cost of the condenser ($) 
Z : Capital cost of the heat exchanger ($) 
Z : Capital cost of the pump ($) 
Z : Capital cost of the PTSC ($) 
Z : Operating cost ($) 
Greek letters 
η : Optical efficiency of the collector (%) 
η : Thermal efficiency of the ORC (%) 
η .  : Exergetic efficiency of the ORC (%) 
η  : Pump efficiency (%) 
η  : Receiver efficiency (%) 
η  : Steam turbine efficiency (%) 
θ : Rim angle (degrees) 

 : Viscosity (Pa ∙ s) 
ν : Kinematic viscosity (mm /s) 
ρ : Density (kg/m )  
φ : Volume fraction (%) 
Subscripts  
f : Fluid 
nf: Nanofluid 
p : Nanoparticles  
Abbreviations: 
EES: Engineering Equation Solver 
LCE : Levelized Cost of Electricity 
PTSC : Parabolic Trough Solar Collector 
ORC : Organic Rankine Cycle 
TES: Thermal Energy Storage 
TMY: Typical Meteorological Year 
 
II. INTRODUCTION 
 
The use of renewable energy sources for power 
generation, desalination, and even Air Conditioning 
has become more popular in the recent decade. 
Numerous power generation plants are running on 
renewable energy sources, such as: PTSCs, PVs, 
heliostat fields, wind, geothermal, or a combination of 
the preceding. However, solar energy sources, 
especially PTSCs, are still struggling to equate the 
power generated from burning fossil fuels, which 
labels them as less efficient. Nevertheless, recent 
studies showed that by enhancing the heat transfer 
characteristics of the heating fluid inside the PTSC, 
the performance of the PTSC is improved, which in 
turn improves the power generation of the plant. 
Recent research focused on improving the heat 
transfer characteristics of the fluids by dispersing 
metallic and non-metallic nanoparticles in these fluids, 
a term which is referred to as nanofluids [1]. Research 
showed that the addition of nanoparticles increases the 
thermal conductivity and improves the thermophysical 
properties of the fluids. Patel et al. [2] studied the 
effect of adding Ag and Au nanoparticles to water. It 
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was measured that the thermal conductivity of the 
water increased by 5%-21%. Mwesigye et al. [3] 
studied the effect of adding Al O , Cu , and Ag 
nanoparticles to Therminol inside a PTSC. It was 
determined that the addition of the Ag nanoparticles 
increased the thermal conductivity of Therminol and 
in turn increased the useful energy gain of the PTSC 
by 13.9%. On the other hand, numerous work has been 
carried to study the effect of running an ORC on a 
solar energy source. Helvaci and Khan [4] proposed an 
ORC system running on a flat plate solar collector. 
The results showed that the proposed system can 
produce a net power output of 210 W, with a thermal 
efficiency of 9.64%.  
All the preceding literature work shows that 
nanofluids have advantages to improve the 
performance of a PTSC, and that solar energy sources 
are to run the ORC and obtain the required power 
output. However, the previous research fails to discuss 
the effect that the nanofluids will have on the 
performance of the ORC. In this paper, the effect of 
the nanofluids on the performance of the PTSC and the 
ORC is investigated using TMY values of the city of 
Abu Dhabi.  
The analysis is done based on the monthly and daily 
values of the city of Abu Dhabi, where a comparison 
between running the system on Therminol and on 5% 
Ag/Therminol is presented.  
III. SYSTEM DESIGN 
 
The system under consideration in this paper is a 
1MWsolar-based power generation plant. The solar 
field is represented by PTSCs, while the power block 
is represented by an ORC. Figure 1 shows the 
schematic diagram of the proposed solar-based power 
plant. The heating fluid inside the PTCSs is used to 
heat up the organic fluid in the ORC through the heat 
exchanger. In reality, the PTSCs are replacing the 
boiler in conventional ORCs. Table I shows the 
specifications and design parameters of the ORC.  
 

 
Figure 1: Schematic diagram of the solar-based power plant 

The PTSCs system consists of an array of PTSC that 
has a capability to be connected in series based on the 
required power output. Each PTSC mainly consists of 
a receiver and a collector, where the receiver is broken 
down into the absorber tube and glass cover. The sun 
rays reflect off the collector, which is a parabola 

shaped aluminum sheet, onto to the absorber tube, 
where the fluid is flowing. The glass cover is added to 
minimize the heat loss due to convection and 
radiation. Table I provides the specifications and 
design parameters of the PTSC.  
As specified earlier, the system design is based in the 
city of Abu Dhabi, where a hot and humid climate is 
present. Figure 2 shows the average and maximum 
solar radiation in Abu Dhabi for different months. 
Figure 3 shows the Typical Meteorological Year 
(TMY) values for Abu Dhabi. The design of the 
system is done based on the following solar radiations 
throughout the year. An average solar radiation of 560 
W/m  is selected to carry the system design. 
 

 
Figure 2: Average and maximum monthly solar radiation for 

Abu Dhabi 

 
Figure 3: TMY values for Abu Dhabi 

Table I: Specifications and design parameters of the PTSC 
Parameter Symbol Unit Value 

Absorber tube 
inner diameter 

D  mm 66 

Absorber tube 
outer diameter 

D  mm 70 

Glass cover inner 
diameter 

D  mm 115 



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 
Volume- 6, Issue-7, Jul.-2018, http://iraj.in 

Performance Analysis of a Solar-based Organic Rankine Cycle (ORC) using Nanofluids in UAE 
 

21 

Glass cover outer 
diameter 

D  mm 120 

Glass cover area A  m  38 
Receiver area A  m  22 

Receiver 
efficiency 

η  % 77 

Collector width w m 3 
Collector length L  m 8.33 

Length of 
collector assembly 

L m 100 

Collector optical 
efficiency 

η  % 80 

Rim angle θ ° 80 
Reflective 

aperture area 
A  m  470 

PTSC temperature 
inlet 

T  ℃ 293 

PTSC temperature 
outlet 

T  ℃ 391 

Number of 
modules 

N  - 1 

Number of 
collectors 

N  - 1 

Number of loops N  - 4 
Solar 
radiation 
at design 

I  W
/m  

560 

 
Table II shows the input parameters of the economic 
model utilized to calculate the LCE. 
 

Table II: Input Parameters to the economic model 
Parameter Symbol Unit Value 

Construction years y  Years 3 
System life time y  Years 25 
Loan interest rate i % 5 

Insurance rate r  % 1 
Power constant C  $/kW 875 

Operating constant C  $/kW 60 
PTSC cost constant C  $/kW 245 

Heating fluid constant C  $/kW 90 
IV. MODELING EQUATIONS 
The thermophysical properties of Therminol, Ag 
nanoparticles, and nanofluids are all temperature 
dependent. The density, specific heat capacity, 
thermal conductivity and kinematic viscosity of 
Therminolcan be calculated from the following 
equations: 
ρ = 0.90797T + 0.00078116T + 2.36 ×
10 T +  1083.25             
  (1) 
C = 0.002414T + 5.9 × 10 T − 2.9 × 10 T  

+1.498     (2) 
k = −8.1 ∗ 10 T− 1.9 ∗ 10 T + 2.5 ∗
10 T + 0.1377              
     (3)  
ν = e( .

. . )           (4) 
The density, specific heat capacity, and thermal 

conductivity of the Ag nanopartilces are obtained from 
[5] and are as follows:   
ρ = 10500                
  (5)  
C = (244 − 0.1195T + 4.1083 × 10 T −
4.25 × 10 T + 1.6667 × 10 T )/1000    
       (6) k = 420.29 + 0.10383T − 3.1536 ×
10 T + 2.4167 × 10 T − 7.1429 × 10 T  
            (7) 
 The density and specific heat capacity of the 
nanolfuidscan be calculated using the following 
models: 
ρ = ρ (1 − φ) − ρ φ           (8) 
C = C (1− φ)− C φ          (9) 
 The thermal conductivity of the nanofluids can be 
calculated by using the Yu and Choi model [6]. The 
equation is as follows:  
k = k φ( )( γ)

φ( )( γ)
         (10) 

where γ is the nano-layer thickness assumed to be 0.1. 
 The viscosity of the nanofluids can be calculated 
using the Batchelor model [7]. The model is as 
follows: 
μ = μ (1 + 2.5φ + 6.5φ )             (11) 
 The pressure drop per unit length in the absorber 
tube of the PTSC can be calculated by:  
∆ = ρ                          (12) 
 The pumping power per unit length for the fluids 
inside the PTSC absorber tube can be calculated by:  
̇

= π D v fρ              (13) 
 The Reynolds number can be calculated by:  
Re = ρ

μ
                 (14) 

The friction factor for Therminol can be calculated by 
the following equation: 
f = 0.3164Re .             (15) 
While the friction factor of the nanofluids can be 
calculated by the following equation: 

f = 0.3164Re .  ρ

ρ  

. μ

μ

.
         (16) 

A full detailed analysis of the PTSC model can be 
found in [8] where the equations for the energy output, 
thermal efficiency, and exergetic efficiency is 
provided. In addition, a complete energy and mass 
balance model is carried on the ORC to find the annual 
energy output and the performance at each state. All 
required thermophysical properties of the organic fluid 
are obtained through the Engineering Equation Solver 
(EES) software. The thermal efficiency of the ORC 
can be calculated by: 
η =

̇
̇               

 (17) 
While the exergetic efficiency of the ORC is 
calculated by:  
η , = (h h ) ( )

         
 (18) 
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Where h  and h  are the enthalpies at the turbine inlet 
and the dead state (environment) respectively. While 
s  and s  are the entropies at the turbine inlet and 
environment respectively. T is the environment 
temperature which is 25 ℃. 
The LCE is calculated using the following equation: 
LCE = ( )

̇                          
(19) 
Where: 

α = ( ) ( )

( ) + r         

   (20) 
Z is the capital cost of the turbine given by: 

Z = 150(ṁ w ) 1 + e . ,
̇

.
    

(21) 
Z is the capital cost of the pumps given by: 

Z = 442 ṁ w
.

1.41 1 + .       

   (22) 
Z is the capital cost of the condenser given by: 
Z = 248

̇

.
+ 659

̇

.
                 

(23) 
Z is the capital cost of the heat exchanger given by: 
Z =

1.53 + 1.27 h,
.

10 . .
̇

.    (24) 
Z is the capital cost of the PTSC given by: 
Z = A C + A C                               
(25) 
Z is the operating cost of the system, given by: 
Z = Ẇ C + Ẇ C                        
(26) 
V. SELECTION OF ORGANIC FLUIDS 
In selecting the optimum organic fluid to be used in 
the organic cycle, simulation analyses are carried out 
among different fluids such as cyclohexane, 
cyclopentane, benzene, butene, n-pentane, and 
toluene. Those fluids were chosen to match the 
pressure requirement in the organic cycle turbine 
which is about 40 bars. Table II shows the critical 
temperature and pressure of some selected organic 
fluids that are commercially used in organic cycles.. 
The organic fluids are then compared in terms of their 
required pumping power, thermal efficiency, and the 
exergetic efficiency of the ORC.It is seen from the 
results of Table III that the highest critical temperature 
and pressure of Benzene are 289oC and 48.94 bars.  
Figure 4 shows the thermal efficiency and exergetic 
efficiency of the ORC using different working fluids. 
The analysis is done based on steady state operating 
conditions of the ORC and PTSC-solar based system. 
It is seen that Benzene, butene, and cyclopentane 
indicate the highest thermal efficiency of 21.3%, 
22.74%, and 21.44%; respectively. However, benzene 
presents the highest exergetic efficiency of 15.08%, 
compared to cyclopentane 14.82%, and butene 14.2%. 
as shown in Figure 4. Thus in design, benzene, is 

considered to be the most efficient organic fluid to be 
used due to its highest exergectic efficiency.   
 

Table III: properties of different organic fluids 
Parameter/fluid Critical 

Temperature (℃) 
Critical 
Pressure 

(bar) 
Cyclohexane 281 40.81 
Cyclopentane 239 45.71 

Benzene 289 48.94 
Butene 146 40.05 

n-Pentane 197 33.64 
Toluene 319 41.26 

 

 
Figure 4: Comparison between the thermal and exergetic 

efficiencies of the ORC for different fluids 
Table IV presents the specifications and design 
parameters of the organic cycle using Benzene. 
 

Table IV: Specifications and design parameters of the ORC 
with the selected organic fluid 

Parameter Symbol Unit Value 
Selected ORC 
working fluid - - Benzene 

Critical 
Temperature T  ℃ 289 

Critical 
Pressure P  bars 48.94 

Net Power 
Output Ẇ  MW 1 

Turbine 
Pressure P  bars 40 

Turbine 
Efficiency η  % 85 

Pump 
Efficiency η  % 78 

 
VI. RESULTS AND DISCUSSION 
 
The first step in the analysis is to calculate the 
thermophysical properties of Therminol, Ag 
nanoparticles, and 5% Ag/Therminol nanofluid. The 
properties are calculated for a temperature range of 
293 ℃ to 391 ℃, which are the operation temperature 
of the PTSC. It is seen that the addition of the Ag 
nanoparticles increases the thermal conductivity and 
improves the viscosity of Therminol. Subsequent, the 
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pressure drop and pumping power of Therminol and 
5% Ag /Therminol are calculated inside the PTSC 
absorber tube. The analysis of the pressure drop and 
pumping power is done based on the assumption that 
the convective heat transfer coefficient is the same for 
Therminol and 5% Ag/Therminol.  Figure 5 shows the 
effect of the temperature on the pressure drop of 
Therminol and 5% Ag /Therminol inside the PTSC 
absorber tube. It is seen that the nanofluids result in a 
higher pressure drop when compared to Therminol. 
Figure 6 shows the effect of the temperature on the 
pumping power of Therminol and 5% Ag/Therminol. 
It is seen that 5% Ag/Therminol requires less pumping 
power when compared to Therminol. In addition, it is 
seen that the pumping power decreases with the 
increase in temperature, until a temperature of 360 ℃, 
where the pumping power starts to increase. This can 
be attributed to the fact that the fluids are nearing their 
boiling point and phase change is about to occur. 
The effect of the nanofluids on the power output, 
thermal efficiency and exergetic efficiency of the 
PTSC is studied for different months of the year. 
Figure 7 shows the variation of the month on the 
power output of the PTSC for Therminol and 5% 
Ag/Therminol. It is seen that the presence of the 
nanofluids increase the power output of the PTSC 
regardless of the month. In addition, it is seen that the 
month of May shows the highest power output for both 
Therminol and 5% Ag/Therminol. It was established 
that on average, the nanofluids increased the power 
output of Therminol by 3%. 
 

 
Figure 5: The variation of the temperature on the pressure drop 

of Therminol and 5% Ag/Therminol 
Figure 8 presents the effect of the month on the 
thermal efficiency of the PTSC for Therminol and 5% 
Ag/Therminol. While Figure 9 shows the variation of 
the month on the exergetic efficiency of the PTSC for 
Therminol and 5% Ag/Therminol. It is seen that the 
presence of the nanofluids increase the thermal and 
exergetic efficiencies of the PTSC by 4% and 3% 
respectively. 
After studying the effect of the nanofluids on the 
PTSC, the effect of the nanofluids on the ORC is 

investigated. A simulation is carried based on the solar 
radiation values of the city of Abu Dhabi and by 
carrying energy balance on the each component of the 
ORC. Table III shows the performance and cost 
parameters of the ORC for Therminol and 5% 
Ag/Therminol. 
 

 
Figure 6: The variation of the temperature on the pumping 

power of Therminol and 5% Ag/Therminol 
 

 
Figure 7: The effect of the monthly solar radiation on the power 

output of the PTSC for Therminol and 5% Ag/Therminol 
 

  
Figure 8: The effect of the monthly solar radiation on the 

thermal efficiency of the PTSC for Therminol and 5% 
Ag/Therminol 
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Figure 9: The effect of the monthly solar radiation on the 
exergetic efficiency of the PTSC for Therminol and 5% 

Ag/Therminol 
 

Table II: Performance of the ORC for Therminol and 5% 
Ag/Therminol 

Parameter Therminol 5% 
Ag/Therminol 

Annual Energy 
(MW) 2240 2288 

Gross-to-net 
conversion (%) 77 78.8 

LCE (c/kWh) 6.84 6.70 
Net Savings 

($) 60,037 66,086 

  
It is seen that the addition of the nanofluids increases 
the annual energy of the ORC and decreases the LCE. 
In addition, the presence of the nanofluids improve the 
overall cost of the system and increase the net savings 
per year. 
 
CONCLUSION 
 
In this study, the selection of the optimum organic 
fluid was investigated among other commercial 
organic fluids. Then the effect of using nanofluids as 
heating fluids inside the PTSC absorber tube was 
investigated. The effect of the nanofluids on the 
performance of the PTSC and ORC was evaluated. 

The results show that using nanofluids increases the 
thermal and exergetic efficiencies of the PTSC by 4% 
and 3%; respectively. Moreover, the addition of the 
nanofluids cause an increase in the energy output of 
the ORC by 44 MWh, and decreased the LCE by about 
0.14 c/kWh. For future work, the authors recommend 
the addition of a Thermal Energy Storage (TES) 
system to enable the ORC system to operate for more 
hours, even when the PTSC is shut. In conclusion, it is 
established that the addition of the nanofluids is one of 
the practical and efficient methods to enhance the 
performance of a small-scale ORC system. 
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