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A B S T R A C T   

Nanofluids are considered as a new generation of heat transfer fluids since they exhibit thermophysical prop
erties improvements compared with conventional heat transfer fluids. The high thermal conductivity of nano
fluids and even the isobaric specific heat enhancements over conventional liquids make these colloidal 
suspensions very attractive in many research areas, including solar energy. In this work, nanofluids based on 
tungsten disulphide (WS2) nanosheets have been prepared from the thermal oil currently used as heat transfer 
fluid in Concentrating Solar Power (CSP) plants. The high aspect ratio of WS2 bidimensional nanostructures 
provides high long-term colloidal stability to the nanofluids and facilitates heat transport. Cetyl
trimethylammonium bromide and polyethylene glycol have been used as surfactants to improve the exfoliation 
process and enhance the colloidal stability of the nanomaterial dispersions. Some properties such as density and 
viscosity of the base fluid have not been significantly altered by the presence of WS2 nanosheets in the base fluid. 
However, studies on the thermal properties of nanofluids have shown promising results with increases in thermal 
conductivity of up to 33% and heat transfer coefficient by 21% over the base fluid. Furthermore, it has been 
estimated that the overall efficiency of the CSP system could be improved by 31% by replacing the conventional 
thermal fluid with 2D-WS2-based nanofluids.   

1. Introduction 

The term nanofluid was introduced for the first time in 1995 by Choi 
in the Argonne National Laboratory [1]. These colloidal suspensions of 
nano-sized particles in a liquid medium have been of interest to scien
tists since its discovery. In contrast to conventional heat transfer fluids, 
nanofluids exhibit high thermal conductivities and heat transfer co
efficients [2–6]. The addition of solid nanoparticles to a fluid can lead to 
a suspension with improved thermophysical properties as solids exhibit 
higher thermal conductivity values than liquids. In addition, the high 
specific surface area of nanoparticles prevents the settling problems 
inherent in fluids with micrometric or millimetric particles [7,8]. As a 
result of their interesting properties, nanofluids are being studied in a 
plethora of engineering applications such as electronic applications [9, 
10], solar energy systems [11–13], cooling systems [14–16] or 
biomedical applications [17–19]. In recent years, attention has been 
focused on the use of nanofluids as heat transfer fluids in concentrating 
solar power (CSP) plants [20,21]. Concentrating solar power is 

considered as a clean, renewable and sustainable energy with a signifi
cant energy potential to become an alternative to polluting fossil 
fuel-based technologies. The operational principle of CSP systems lies in 
the use of mirrors that reflect incident solar radiation onto a receiver 
where solar energy is converted into useful heat. Among CSP collectors, 
parabolic trough collectors (PTC) are the most mature technology, 
comprising almost 90% of the currently CSP technology installed 
worldwide [22,23]. In CSP plants based on parabolic trough collectors, 
concave mirrors reflect incoming sunlight onto an absorber tube located 
at the focal line of the collectors. The absorber tube, coated with a se
lective absorber material, contains a heat transfer fluid (HTF) which 
reaches high temperatures. The thermal energy absorbed by the HTF is 
transferred to the power block to produce electricity through a ther
modynamic Rankine cycle [24–26]. However, one of the factors hin
dering the growth of CSP energy is its high levelized cost. Considerable 
efforts are being made to reduce the capital cost of CSP and make it 
comparable to other electricity generation options [27–29]. In this re
gard, the replacement of the thermal oil used in the absorber tubes of 
PTC collectors with nanofluids has been explored over the last few years 
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with the aim of increasing the thermal efficiency of CSP plants [30,31]. 
Currently, the most commonly used heat transfer fluid in CSP collectors 
is an eutectic mixture of biphenyl and diphenyl oxide that is capable of 
reaching temperatures of up to 400 ◦C without decomposing [32]. In the 
literature, the vast majority of nanofluid studies use water [33] as the 
base fluid or molten salts for high temperature applications [34,35] 
instead of this kind of thermal oil [36] or silicone oils which are being 
studied in recent times [37,38]. In addition, it is necessary to open up 
the research area to other nanoparticles besides the typical metals and 
metal oxide already studied [39–41]. 

Therefore, the study of nanofluids based on the eutectic mixture of 
biphenyl and diphenyl oxide as the base fluid should be developed in 
order to optimize this kind of nanofluid for being applied in CSP plants 
due to the need to improve the overall efficiency of this kind of plants. 
Also, to analyse the effect of the use of nanofluids in CSP plants should 
be performed for knowing the performance of nanofluidos for this 
application. Some previous work have been performed about this topic 
using several nanomaterials, typically metals such as Pd nanoplates [42] 
or metal oxides as CuO [43]. But, advanced nanomaterials with amazing 
properties should be tested in order to maximise the performance of 
nanofluidos in this application. Thus, the present work addresses the 
research of nanofluids based on two-dimensional tungsten disulphide 
nanostructures as heat transfer fluid in CSP plants. The 2D morphology 
of the nanomaterial provides advantageous characteristics to the 
nanofluids in comparison to classical spherical nanoparticles. Hence, the 
higher aspect ratio of nanosheets increases the colloidal stability of the 
resulting nanofluids. Furthermore, heat is transferred faster through 
nanosheet networks than through isolated spherical nanoparticles 
dispersed in the fluid. Tungsten disulphide is a layered compound where 
a hexagonally packed of W atoms are sandwiched between two layers of 
S atoms. Within the layers, the atoms are bound by covalent bonds, but 
the layers are held to each other by weak Van Der Waals interactions 
[44–46]. As a consequence of these weak interactions, bulk WS2 can be 
easily exfoliated and separated into nanolayers. In this work, nanofluids 
based on WS2 nanosheets have been prepared through the liquid phase 
exfoliation procedure. Cetyltrimethylammonium bromide and poly
ethylene glycol have been used to obtain a high efficiency in the exfo
liation process. The resulting nanofluids have been studied from the 
point of view of their stability and thermal properties. Finally, in order 
to assess the feasibility of the prepared nanofluids, the increase in effi
ciency of different CSP configurations with the implementation of 
2D-WS2-based nanofluids has been analytically estimated. 

2. Materials and methods 

2.1. Preparation of 2D-WS2-based nanofluids 

Nanofluids based on WS2 nanosheets were prepared by the liquid 
phase exfoliation (LPE) technique. In this technique, WS2 films are 
separated from the bulk material by applying ultrasound in a given 
solvent [47,48]. However, not all solvents are suitable for the exfoliation 
of WS2. The necessary condition is that the polar and dispersive com
ponents of the surface tension of the solid should be similar to those of 
the solvent [49]. In previous works, the modification of the ratio of the 
surface tension components of the Dowtherm A™ fluid by the addition 
of different surfactants has been studied [50,51]. Dowtherm A™ is a 
eutectic mixture of biphenyl (C12H10, 16.5%) and diphenyl oxide 
(C12H10O, 73.5%) and is currently the most widely used heat transfer 
fluid in the absorber tubes of parabolic trough collectors in concen
trating solar power plants. In this work, polyethylene glycol (PEG, 
average molecular mass ≈ 200) and cetyltrimethylammonium bromide 
(CTAB) were used as surfactants to reduce the ratio between the polar 
and dispersive components of the surface tension of Dowtherm A™ until 
it approached the characteristic ratio of the surface tension components 
of WS2. Therefore, six nanofluids were prepared with different concen
trations of CTAB and PEG-200. 

Briefly, 15 mg of WS2 (nanopowder 90 nm, purity ≈ 99%) and 5 ml 
of a surfactant (CTAB or PEG-200) solution in Dowtherm A™ were 
added to four vials. The mixture of base fluid and WS2 was dispersed in 
an Elmasonic P30H ultrasonic bath at a frequency of 80 kHz for several 
hours. Table 1 specifies the surfactant concentrations and sonication 
time used for each nanofluid. Subsequently, the dispersions were 
centrifuged first 10 min at 1000 rpm and then the supernatant was 
centrifuged for 10 min at 4000 rpm to remove any remaining non- 
exfoliated material and agglomerates. The supernatant obtained after 
the second centrifugation would constitute the resulting nanofluid. 

Nomenclature 

Cp [J kg− 1 K− 1] Isobaric specific heat 
D [m2 s− 1] Thermal diffusivity 
Di [m] Inner pipe diameter 
h [Wm− 2 K− 1] Heat transfer coefficient 
Vav [m3s− 1] Average fluid velocity in the inner pipe 
Nu [− ] Nusselt number 
Pr [− ] Prandtl number 
Re [− ] Reynolds number 
φ [− ] Efficiency 
Ф [%] Volume fraction 
k [W m− 1 K− 1] Thermal conductivity 
λ [m] Wavelength 
μ [Pa s] Dynamic viscosity 
ρ [kg m− 3] Density 

Subscripts 
bf Base fluids 

coll Collector 
exch Exchanger 
nf nanofluid 
nm Nanomaterial 
sys System 

Abbreviations 
CSP Concentrated Solar Power 
CTAB Cetyltrimethylammonium bromide 
DLS Dynamic Light Scattering 
HTF Heat Transfer Fluid 
LFA Laser Flash Analysis 
LPE Liquid Phase Exfoliation 
PEG Polyethylene glycol 
PTC Parabolic Trough Collector 
TEM Transmission Electron Microscopy 
TMDSC Temperature Modulated Differential Scanning Calorimetry 
UV–Vis Ultraviolet–Visible  

Table 1 
Details and identification of the 2D-WS2-based nanofluids.  

Nanofluid label wt.% surfactant Sonication time/h 

Nf 1 9⋅10− 3 wt% CTAB 4 
Nf 2 9⋅10− 3 wt% CTAB 8 
Nf 3 1.1⋅10− 2 wt% CTAB 8 
Nf 4 0.2 wt% PEG-200 8 
Nf 5 0.2 wt% PEG-200 4 
Nf 6 0.75 wt% PEG-200 4  
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2.2. Characterisation of 2D-WS2-based nanofluids 

Transmission electron microscopy (TEM) was performed on a JEM- 
2100 F microscope to determine the size of the WS2 nanomaterial and to 
check the two-dimensional morphology obtained by the LPE method. 
The stability of the nanofluids was measured for 15 days using several 
techniques due to the fundamental role that stability plays in the proper 
performance of the nanofluids [52,53]. Firstly, the sedimentation of the 
nanomaterial in the nanofluids was evaluated by UV–Vis spectroscopy 
monitoring. A USB2000+ spectrometer and a DH-2000-BAL halogen 
lamp supplied by Ocean Optics® were used. Spectra were recorded 
between 300 and 900 nm and the change of the extinction coefficient at 
a fixed wavelength of λ = 629 nm was evaluated over time. Dynamic 
light scattering is the other technique for assessing the temporal 
colloidal stability of nanofluids. By this technique, the size of the ag
glomerates in nanofluids is determined. The study of this parameter over 
time provides information on the formation of agglomerates of consid
erable size that could sediment. Particle size measurements were carried 
out with a Zetasizer Nano ZS equipment supplied by Malvern In
struments Ltd®. In addition, other properties that influence the heat 
transfer of the nanofluids such as density and viscosity were determined. 
The density was estimated by pycnometry and the dynamic viscosity by 
means of a Kinexus Pro stress-controlled rheometer supplied by Malvern 
Instruments Ltd®. Those properties were evaluated following the pro
cedures previously described in Ref. [46]. Regarding the thermal 
properties, the isobaric specific heat was analysed using the technique of 
temperature-modulated differential scanning calorimetry in a DSC 214 
Polyma calorimeter supplied by Netszch®. The methodology established 
to determine the isobaric specific heat of the nanofluids in a temperature 
range between 20 and 90 ◦C has been reported in previous studies [54]. 
The thermal conductivity was deduced from the thermal diffusivity data 
obtained using the LFA 1600 equipment supplied by Linseis®. Accord
ing to the ASTM E1461-01 standard, thermal conductivity (k) can be 
calculated as a function of thermal diffusivity (D), density (ρ) and 
isobaric specific heat (CP) by the formula k(T) = D(T)⋅CP(T)⋅ρ(T). The 
thermal conductivity values were determined at temperatures between 
20 and 90 ◦C. 

3. Results and discussion 

Fig. 1 shows the nanostructures found in the prepared nanofluids. 
Partial exfoliation was evident in the sample extracted from nanofluid 
Nf 1 (Fig. 1a) as even though some nanosheets are split from the 3D 
material there are still dark areas associated with bulk material that has 
not been exfoliated. In Nf 2, the nanostructures obtained (Fig. 1b) 
showed a higher electron transparency but also agglomerates of sizes of 
up to 500 nm were detected. In contrast, in Nf 3, highly electron 
transparent and well-defined nanosheets with lateral sizes at 100–120 
nm were observed. Therefore, in the case of nanofluids prepared with 
CTAB, increasing the ultrasonication time and surfactant concentration 
favoured the exfoliation process. In nanofluids containing PEG-200, 
stacked and non-exfoliated material were found in samples prepared 
with the lowest concentration of PEG-200, i.e. with 0.2 wt% PEG-200 
(Fig. 1d and e). Conversely, the characteristic nanostructures in Nf 6 
were isolated and well-defined WS2 nanosheets of 50 nm lateral sizes. 
Hence, increasing the surfactant concentration was a more decisive 
factor than the ultrasonication time to achieve an efficient exfoliation in 
the nanofluids prepared with PEG-200 solutions. Accordingly, TEM 
images have proved the efficiency of the LPE process to obtain nano
fluids based on WS2 nanosheets being the nanofluids Nf 3 and Nf 6 the 
ones containing better defined and less agglomerated nanosheets (see 
Fig. 2). 

Temporal colloidal stability analysis by UV–Vis spectroscopy 
revealed that nanofluids prepared with PEG-200 surfactant had a higher 
extinction coefficient than nanofluids prepared with CTAB. This result 
means that in the nanofluids prepared with PEG the concentration of 
WS2 nanosheets is higher and consequently they could exhibit improved 
thermal properties compared to the nanofluids prepared with CTAB. 
Fig. 3 shows the evolution of the extinction coefficient of WS2 based 
nanofluids at a wavelength of 629 nm, where there is a characteristic 
band of WS2 [55]. The nanofluid Nf 1 was no longer measured after the 
ninth day as the extinction coefficient values were close to zero. The 
initial value of the extinction coefficient in this nanofluid is low, sug
gesting that exfoliation has not been successful in this case. This result is 
consistent with the microscopy study which revealed areas of unexfo
liated WS2 material and the formation of large agglomerates of nano
material in nanofluid Nf 1. Constant extinction coefficient values over 

Fig. 1. WS2 nanostructures obtained by the LPE method. Figures a, b and c correspond to the nanostructures found in the nanofluids prepared with CTAB (Nf 1, Nf 2 
and Nf 3 respectively) and figures d, e and f refer to the nanostructures found in the nanofluids prepared with PEG (Nf 4, Nf 5 and Nf 6 respectively). 
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time were observed in the nanofluids Nf 2 and Nf 3, evidencing the high 
colloidal stability of these systems. In the case of nanofluids prepared 
with PEG, a slight decrease of the extinction coefficient in the first days 
of characterisation took place which is attributed to the sedimentation 
processes. However, from the sixth day onwards, these nanofluids show 
stable extinction coefficient values, which verifies their high long-term 
stability. 

The temporal study of the particle size evolution obtained by DLS 
(Fig. 3) showed that in nanofluid Nf 1, the particle size increased 
rapidly, which is associated with the agglomeration of WS2 nano
structures. Because of the low extinction coefficient values and the in
crease in particle size, nanofluid Nf 1 was no longer characterised after 
the ninth day. In the nanofluid Nf 2, a moderate increase in the size of 
agglomerates is observed, reaching a value of 260 nm. Nf 3 is the 
nanofluid with the smallest and constant particle size compared to the 
rest of the CTAB systems. The nanofluids prepared with PEG showed 
constant particle size values over time of around 180–210 nm. Of the 
systems composed of CTAB and PEG, the nanofluids Nf 3 and Nf 6 are the 

most promising in their category to be evaluated. According to TEM 
analysis and colloidal temporal stability studies, in these nanofluids the 
concentration of defined and stable nanosheets is higher than in the rest 
of the prepared WS2 nanofluids. Therefore, the characterisation of 
rheological and thermal properties will focus on the nanofluids Nf 3 and 
Nf 6. 

Density is one of the properties of nanofluids that is relevant in heat 
transfer processes. An increase in density is commonly associated with 
an increase in the amount of nanomaterial involved in enhancing the 
thermal conductivity of the system [56,57]. Table 2 shows the density of 
nanofluids and Dowtherm A™ measured at 25 ◦C by pycnometry. 
Henceforth, the Dowtherm A™ fluid will be referred as HTF (Heat 
Transfer Fluid). The density of HTF is increased up to 0.59% with the 
presence of WS2 nanosheets and surfactant. From the density data, the 
volume fraction of nanomaterial in Nf 3 and Nf 6 nanofluids has been 
calculated. The volume fraction is expressed as 
Φ = 100⋅((ρnf − nbf ) /(ρnm − nbf )) where the subscripts nf, bf and nm refer 
to nanofluid, base fluid and nanomaterial. The density of WS2 is 7500 kg 
m− 3 [58]. The nanofluid Nf 6 has the highest volume fraction which is 
also the nanofluid with the highest extinction coefficient. 

Fig. 4 represents the dynamic viscosity values of HTF and nanofluids 
Nf 3 and Nf 6 with increasing temperature. Here, only dynamic viscosity 
values are reported because of the Newtonian behaviour experimentally 
observed. Viscosity is a property of fluids that can affect flow rate, 
pumping power, pressure drop and convective heat transfer [59,60]. 
High increases in the viscosity of the base fluid when introducing 
nanomaterial is detrimental to its application in pipelines. The experi
mentally measured viscosity of HTF is 3.89 mPa s which differs just 0.4% 
from the value reported by the supplier. The viscosity of the nanofluids 
follows the same decreasing trend with temperature as HTF. The 
maximum increase in viscosity with respect to HTF is obtained for the 
nanofluid Nf 6, which is only 1.7%. The nanofluid Nf 6 is the one with 
the highest volumetric concentration of WS2 nanosheets, which explains 
this increase in viscosity. However, the increase in viscosity is low (as is 
observed in Fig. 4), and lower than experimental uncertainty, which 
indicates that the use of these nanofluids would not increase the 
pumping power required in solar power plants and would not compro
mise the heat transfer. 

The thermal properties of the samples as a function of temperature 
were plotted in Fig. 5. The isobaric specific heat values of the nanofluids 
(Fig. 5a) follow the same increasing trend with temperature as those of 
the base fluid. In the nanofluid Nf 3 (prepared with 1.1⋅10− 2 wt% 
CTAB), the isobaric specific heat is 1.5% lower than that of the HTF. 
Several experimental works have reported a decrease of the isobaric 
specific heat in nanofluids compared to the base fluid [61,62]. The lower 
isobaric specific heat of solids compared to liquids justifies these results. 
However, the opposite trend has been reported in nanofluid Nf 6 (pre
pared with 0.75 wt% PEG-200), i.e. an increase of the isobaric specific 
heat by up to 6.5% compared to HTF. It is noteworthy that despite the 
characteristics of the solid and the base fluid, the properties of nano
fluids are not a simple combination of the properties of their separate 
components. Therefore, interactions between the nanomaterial and the 
fluid and surfactant molecules also contribute to the unexpected in
crease in isobaric specific heat. Previous works have reported increases 
in isobaric specific heat of nanofluids in relation to base fluids [63–65]. 
Based on the fact that nanostructures induce restructuring of the liquid 
close to their interface, a plausible explanation for the anomalous in
crease of the isobaric specific heat is the formation of an ordered 

Fig. 2. Time evolution of the extinction coefficient at λ = 629 nm for nano
fluids based on WS2 nanosheets. In the upper part, the results of the nanofluids 
prepared with CTAB (Nf 1, Nf 2, and Nf 3) are shown. The bottom graph shows 
the values for the nanofluids in which PEG was used as surfactant (Nf 4, Nf 5 
and Nf 6). 

Fig. 3. Temporal evolution of the particle size of the agglomerates contained in 
the 2D-WS2-based nanofluids. The top graph shows the evolution of the particle 
size in the nanofluids prepared with CTAB (Nf 1, Nf 2 and Nf 3) and the bottom 
graph shows those of the nanofluids prepared with PEG (Nf 4, Nf 5 and Nf 6). 

Table 2 
Density, density increment and volume fraction of samples.  

Sample Density/kg⋅m-3 Density increase/% Φ/vol% 

HTF 1056.6 ± 0.5 – – 
Nf 3 1060.8 ± 1.4 0.40 0.065 
Nf 6 1062.8 ± 0.2 0.59 0.096  
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semi-solid layer of liquid on the surface of the nanomaterial [66,67]. The 
thermal resistance at the interface will be different depending on the 
arrangement of the liquid and surfactant molecules around the nano
structure, which depends on the nature of the surfactant and the liquid. 
Thus, it is observed that the isobaric specific heat of the HTF can be 
increased or decreased by the addition of WS2 nanosheets depending on 
the presence of CTAB or PEG-200 molecules in the medium. 

Fig. 5b shows the thermal conductivity values of the nanofluids and 
the base fluid in a temperature range from 25 to 90 ◦C. The thermal 
conductivity of the HTF follows a decreasing trend with temperature 
while in the nanofluids the thermal conductivity increases slightly with 
temperature. The thermal conductivity of nanofluids Nf 3 (prepared 
with 1.1⋅10− 2 wt% CTAB) and Nf 6 (prepared with 0.75 wt% PEG-200) 
are 29% and 33% higher than that of HTF at 90 ◦C. These results are 
consistent with those previously discussed in the extinction coefficient 
and volume fraction analyses. The nanofluid prepared in a PEG-200/ 
HTF system has the highest thermal conductivity values and also pre
sents the highest extinction coefficient and volume fraction values. 
Therefore, the exfoliation process is more effective with PEG than with 
CTAB and more amount of WS2 nanosheets are obtained which results in 
a higher increment of the thermal conductivity. The different behaviour 
of the thermal conductivity of the samples evidences different heat 

transfer mechanisms in the 2D-WS2-based nanofluids with respect to the 
base fluid. In the literature, there is no consensus on the dominant 
mechanism responsible for the enhancement of heat conduction in 
nanofluids. Some of the most widely accepted theories of thermal con
ductivity mechanisms in nanofluids are founded on the Brownian mo
tion of the particles [68], liquid layering at the liquid/particle interface 
[69], thermophoresis [70] or the effect of nanoparticle clustering [71]. 
In addition, several authors have highlighted the relevance of the shape 
of the nanostructures on the effective thermal conductivity of the sus
pension [72–75]. These possible mechanisms are specific for nanofluids 
and they can explain the reason of the different behaviour of the 
nanofluidos and the base with respect to temperature. Hence, in the case 
of two-dimensional nanostructures such as the WS2 nanosheets studied 
in this work, the high aspect ratio leads to a network chain structure, 
providing paths for rapid heat transport along the in-plane direction. 
However, it is difficult to state the main mechanism responsible for the 
heat conduction in the prepared nanofluids. Probably, the increase in 
thermal conductivity will be governed by several factors such as the 
bidimensional structure, the thermal resistance at the interface of the 
solid or the clustering phenomenon. 

To determine the thermal performance of the nanofluids, the heat 
transfer coefficient, h [70,76], has been determined. This coefficient can 
be calculated from the following formula: 

h=
Nu⋅k
Di

(1)  

where Nu represents the Nusselt number, k is the thermal conductivity 
value and Di is the internal diameter of the pipe through which the 
nanofluid flows (considered here as 0.066 m [69]). The Nusselt number 
is obtained from the following mathematical expression: 

Nu= 0.023Re0.8⋅Pr0.4 (2)  

where Re represents the Reynolds number and Pr is referred to the 
Prandtl number. These parameters are defined by the equations: 

Re=
ρ⋅Vav⋅Di

μ (3)  

Pr =
μ⋅CP

k
(4) 

In the above equations ρ, μ, CP and k are respectively the density, 
viscosity, isobaric specific heat and thermal conductivity of the fluid. 
The term Vav refers to the mean flow rate and is calculated as 
Vav = 4⋅V/(π ⋅R2

i ) where Ri is the internal radius of the pipe. Fig. 6 shows 
the heat transfer coefficient values of the base fluid and the nanofluids at 
flow rates of 100 L min− 1, 200 L min− 1 and 300 L min− 1. The heat 
transfer coefficient of the samples increases with increasing flow rate 
and temperature, which is beneficial considering that solar plants 
operate at high temperatures, up to 400 ◦C. Based on these results, the 
heat transfer is expected to be even more effective under real application 
conditions. The heat transfer coefficient of nanofluids is higher in all 
cases than that of HTF. At 90 ◦C, the improvement is 17.1% for nanofluid 
Nf 3 (prepared with 1.1⋅10− 2 wt% CTAB) and 21.5% for nanofluid Nf 6 
(prepared with 0.75 wt% PEG) when compared to the heat transfer 
coefficient of HTF. Therefore, the nanofluids based on WS2 nanosheets 
prepared in this work constitute a significant breakthrough over the heat 
transfer fluid currently used in solar power plants. In order to assess the 
implications of the use of these nanofluids in solar plants, a theoretical 
study is performed on the increase in collector efficiency, heat 
exchanger efficiency and overall CSP system efficiency when 2D-WS2- 
based-nanofluids are incorporated. 

The efficiency of the CSP system has been estimated when the typical 
heat transfer fluid is replaced by nanofluids Nf 3 (prepared with 
1.1⋅10− 2 wt% CTAB) and Nf 6 (prepared with 0.75 wt% PEG-200). The 
overall efficiency of the system is influenced by the efficiency of the 

Fig. 4. Dynamic viscosity values of WS2 nanofluids and base fluid with respect 
to temperature. 

Fig. 5. Values of isobaric specific heat (a) and thermal conductivity (b) of 
samples Nf 3, Nf 6 and HTF with increasing temperature. 
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collector and of the heat exchanger. In the case of collector efficiency, an 
analytical approach has been performed considering a surface collector 
configuration and also a volumetric collector configuration. On the basis 
of the expressions of Bellos [77] and O’Keeffe [78], the length of the 
absorber tube to reach a temperature of 300 ◦C for both types of col
lectors was determined. This is the maximum working temperature at 
which the Dowtherm A™ thermal oil can be used without degradation 
risk and therefore it would be the temperature at which the maximum 
efficiency is achieved. The available experimental data are limited to 
temperatures below the operating due to the limitations of the mea
surements’ techniques. Input data for these models at higher tempera
ture is therefore estimated by using fitting functions for extrapolation 
Fig. 7 shows the length of the collector tube as a function of the outlet 
temperature for each of the configurations under study. The outlet 
temperature reaches a value of 300 ◦C when using a tube length of 249 m 
in the typical surface collector configuration using HTF. The estimated 
tube length for the same configuration using Nf 3 and Nf 6 nanofluids is 
very similar, being 250 and 252 m respectively. A volumetric manifold 
using HTF is not suitable because of the clear colouration of this fluid. 
Volumetric PTC collectors require the fluid a highly coloured fluid since 
the fluid itself serves as an absorbent, eliminating the selective coatings 
characteristic of other types of collectors. The tube lengths to reach the 
maximum outlet temperature using nanofluids Nf 3 and Nf 6 in a 
volumetric PTC are 263 and 265 m respectively. The expressions used to 
calculate the collector tube length, the outlet temperature and the effi
ciency of the CSP system components are detailed in the Supplementary 
Material. The thermal efficiency of the collector, ψcoll, is determined 
from the research of Bellos et al. [77] and O’Keeffe et al. [78], while the 
heat exchanger effectiveness, ψexch, was estimated by using the NTU 
(number of transfer units) method [79]. The overall efficiency of the CSP 
system is finally calculated by ψ sys = ψcoll ⋅ ψexch. As is shown in Fig. 8, 

the highest efficiency of the system is achieved with a configuration 
based on a surface PTC collector using Nf 3. The incorporation of this 
nanofluid provides a substantial efficiency increase of 31% over a sur
face PTC using Dowtherm A™. Nanofluid Nf 6 also achieves 18% higher 
performance in a PTC surface collector than in the equivalent HTF sys
tem. In a configuration based on a volumetric collector, improvements 
of 29% and 16% are also obtained compared to the system currently 
used (surface PTC using HTF) when nanofluids Nf 3 or Nf 6 are imple
mented. Although the collector tube length is longer to reach the outlet 
temperature and the performance is slightly lower than that of a surface 
collector, volumetric collectors using nanofluids are an attractive option 
as the selective coating costs required in a surface PTCs are eliminated. 
Therefore, it has been concluded that the 2D-WS2-based nanofluids 
prepared in this work can be considered as a potential alternative to the 
use of conventional HTFs because of the high efficiency improvements 
that could be achieved with their application in CSP plants. Further
more, the use of these nanofluids allows the implementation of 
cost-saving volumetric collectors. 

Fig. 6. Heat transfer coefficient of 2D-WS2-based nanofluids and HTF at 
different flow rates. 

Fig. 7. Outlet temperature in surface and volumetric collectors depending on 
the length of the collector tube using the typical eutectic mixture of biphenyl 
and diphenyl oxide (HTF) and when the nanofluids Nf 3 and Nf 6 are used. 

Fig. 8. Efficiency of the collector, heat exchanger and CSP system for the 
surface and volumetric collector configurations using the different samples 
under study. 
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4. Conclusions 

Nanofluids based on 2D-WS2 nanostructures have been prepared 
from a thermal oil typically used as heat transfer fluid in CSP systems. 
CTAB and PEG-200 were used as surfactant to increase the effectiveness 
of the LPE process and to improve the stability of the nanofluid. The 
colloidal stability results revealed that an increase in ultrasound time 
and surfactant concentration improves the stability of the nanofluids 
prepared with CTAB. In the case of nanofluids prepared with PEG-200, 
the increase of surfactant concentration was the most decisive factor to 
achieve a high concentration of stable nanomaterial dispersed in the 
base fluid. The agglomerate size in the stable nanofluids prepared with 
CTAB was around 200–250 nm while in the nanofluids prepared with 
PEG-200, the agglomerate size was about 180 nm. The viscosity of the 
base fluid only increases to a maximum of 1.5% in the presence of WS2 
nanosheets and surfactant. This slight increase is manageable and would 
not lead to pressure drops problems in the pipes of CSP plants. The most 
remarkable results were found in the analysis of the thermal properties. 
The nanofluids Nf 6 (prepared with 0.75 wt% PEG-200 and 4 h of son
ication) and Nf 3 (prepared with 0.011 wt% CTAB and 8 h of sonication) 
exhibited an increase in thermal conductivity of 33% and 29% respec
tively compared to the base fluid. Also, the Nf 6 nanofluid showed an 
isobaric specific heat value 6.5% higher than that of the HTF. Im
provements in thermal conductivity and isobaric specific heat led to an 
increase in the heat transfer coefficient by 21% in the nanofluid Nf 6 and 
17% in the nanofluid Nf 3 compared to the base fluid. In addition, nu
merical efficiency analyses have demonstrated that the efficiency of the 
CSP system increases by 31% or 18% if Nf 3 nanofluid or Nf 6 nanofluid 
were used instead of the currently used thermal oil. Although the esti
mated efficiency for a volumetric collector using 2D-WS2-based nano
fluids is slightly lower than that of a surface collector using nanofluids, 
this efficiency is higher than that obtained with the surface collector 
configuration using the thermal oil commonly used at the present time. 
Therefore, the 2D-WS2- based nanofluids prepared in this work are a 
potential alternative to the thermal oil used in solar plants and would 
also allow the adoption of volumetric collectors which are more cost- 
effective than conventional surface PTC collectors. 
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