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We report about the remarkable changes in the thermophysical properties of the heat transfer fluid used
in concentrating solar power plants with parabolic-trough collectors (Dowtherm A, a mixture of diphenyl
oxide and biphenyl) by addition of Au nanoplates in mass fractions around 102 wt%. The resulting
nanofluids are stable for weeks, and their enhanced physical properties make them good candidates
for the application. Particularly, with 4.8-1072 wt% of Au nanoplates, specific heat increases by 12.0 + 1.
2 % at 523 K and thermal conductivity increases by 24.9 + 6.1 % at 373 K, with no measurable changes in
density or dynamic viscosity. This set of physical properties allows to make a realistic estimation of the
performance of a prototypical concentrating solar power plant using these nanofluids for solar-to-
thermal energy conversion. We determine, using computational cost-free numerical models available
in literature, that the performance of a concentrating solar power plant could increase up to 35.1 %, com-
pared to the predicted 24.7 % with the conventional heat transfer fluid, with neither rheological penalties
nor economically prohibitive structural changes. The findings here reported may contribute to encourage
the application of heat transfer nanofluids in order to improve the efficiency of concentrating solar power
plants, and to consolidate a working scheme that positively promotes the transition from laboratory scale
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to industrial scale.
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1. Introduction

We are facing a global climate crisis driven by the indiscrimi-
nate emission of CO, associated to human activity in general and,
in particular, to the electricity production. In the European Union,
electricity production accounts for one-third of the emissions from
the energy sector, which is responsible of nearly 90 % of the total
CO, emissions [1], a direct consequence of the strong dependence
of this sector on fossil fuels. The situation is further strengthened
by rising production costs due to the increasing uncertainty in
the availability of fossil fuels [2]. It all evidences the unsustainabil-
ity of the current scenario and the need for synergic renewable
technologies to consolidate a new-generation electricity market.
In this sense, concentrating solar power (CSP) technologies, espe-
cially when coupled to thermal energy storage (TES) blocks [3],
could become a choice for reliable and dispatchable (on-demand)
electricity production [4], if it were not for their cost-efficiency.
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Parabolic trough collectors (PTC) are the most mature arrangement
for mirrors in CSP [5,6]. The heat transfer fluid (HTF) of choice in
CSP-PTC plants is the eutectic and azeotropic mixture of diphenyl
ether (73.5 %) and biphenyl (26.5 %), commercially available as
Dowtherm A. It is a suitable HTF for operation in liquid phase at
high temperature, for its low vapour pressure (1013 hPa at
530 K) and resistance to thermal decomposition (up to 678 K),
low dynamic viscosity (5.00-0.12 mPa-s at 288-678 K) and non-
corrosive nature. However, its specific heat (1588-2725 J-kg K1)
and thermal conductivity (0.140-0.077 W-m~"-K™!) are relatively
poor compared to the HTFs of choice in other applications, thus
limiting the efficiency of the solar-to-thermal-to-electric energy
conversion.

The onward advances in the processing of nanomaterials have
opened an avenue for the development of a generation of colloids
with enhanced thermal properties to be used as HTFs in very
demanding energy conversion and thermal management applica-
tions: nanofluids [7]. It is proven throughout literature that the dis-
persion of nanomaterials within conventional fluids affects their
specific heat [8,9] and thermal conductivity [10-14], which are
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properties of interest for heat transfer [15]. For this, nanofluids can
be used in thermal management and energy conversion applica-
tions; for instance, in CSP as heat transfer fluids [16]. The idea of
using nanofluids for solar-to-thermal energy conversion was first
introduced by Tyagi et al. [17] in 2009, who reported on the
improved efficiencies of low-temperature nanofluid-based direct
absorption solar collectors (DASC). More than two thousand papers
on the topic have been published since then. Those focused on
large-scale high-temperature photo-thermal conversion are less
abundant and mostly published in the second half of the 2012-
2021 decade. A part of these studies is devoted to the preparation
and characterisation of the thermophysical properties, most nota-
bly thermal conductivity, of nanofluids based on synthetic heat
transfer oils for high operating temperatures. Singh et al. [18]
reported on the viscosity, specific heat and thermal conductivity
of Cu nanoparticle-containing nanofluids with the Therminol 59
(alkyl-substituted aromatic compounds) and Therminol 66 (modi-
fied terphenyl compounds) as base fluids. They concluded, on the
basis of a figure-of-merit (FoM) criterion, that the addition of Cu
nanoparticles results into a more significant enhancement for con-
vective heat transfer in the case of Therminol 66. This was the very
first report on the development of nanofluids as advanced HTFs
using the oils operating in CSP plants as base fluids. An interna-
tional patent by Julia et al. [19] introduces a nanofluid consisting
of carbon soot particles and diphenyl sulphone in Therminol VP-
1 (a HTF with the same composition than the Dowtherm A). They
reported an average thermal conductivity enhancement of 15 %
for a 5 wt% content of soot. Navas et al. have intensively research
Dowtherm A-based heat transfer nanofluids for more efficient
CSP plants, covering a wide variety of nanomaterials, including:
TiO, nanoparticles (14 %, 0.2 vol%) [9], MoS, nanosheets (39 %,
0.3 vol%) [20], MoSe, nanosheets (11 %, 0.1 vol%) [21], WS,
nanosheets (22 %, 7.5-1072 vol%) [22], WSe, nanosheets (26 %,
0.1 wt%) [23], NiO nanoparticles (50 %, 1.0-10~% wt%) [24], Pt
nanoparticles (20 %, 5.0-10~> wt%) [25], Ag nanoparticles (6 %,
5.0-10~* wt%) [12], Au nanoparticles (37 %, 1.6 vol%) [13], BN nan-
otubes (18 %, 8.6 vol%) [26], and graphene oxide (30 %, 2.0 vol%)
[27]. The maximum enhancements in the heat transfer coefficient
according to the Dittus-Boelter FoM at 363 K and the mass or vol-
ume fractions of nanomaterial are indicated between brackets.
Some of these nanofluids where also reported to be excellent can-
didates for volumetric (direct) absorption [23,27]. Jeong et al.
recently reported on very stable Therminol VP-1-based nanofluids
based with graphite nanopowders, which exhibit very good photo-
thermal activity [28].

Another part of the studies focusing on nanofluids for solar
energy conversion systems is devoted to the assessments of their
thermal efficiency, viability, and requirements by means of numer-
ical methods and computational fluid dynamics (CFD). Mwesigye
et al. [29-31] investigated the thermodynamic performance PTC
using Syltherm 800-based nanofluids with Al,O3; nanoparticles
and Therminol VP-1-based nanofluids with Cu nanoparticles and
single-walled carbon nanotubes (SWCNT). They reported, on the
basis of ray tracing-assisted CFD simulations, maximum thermal
efficiencies of 77 % (8 vol% Al,03), 74 % (6 vol% Cu) and 73 %
(2.5 vol% SWCNT), using nanofluids with an inlet temperature of
400 K and Reynolds number well below 10°, which are better than
the maximum thermal efficiency of 69 % and 71 % using the
Syltherm 800 and Therminol VP-1 fluids under the same condi-
tions. Although CFD simulations are a powerful tool for such
assessments, these require significant allocation of resources in
high-performance computing services to reach results within a
reasonable time scale. For that, other works like those of Lenert
et al. [32], related to selection criteria of HTF for CSP systems,
and Bellos et al. [33], related to the temperature profile and effi-
ciency of PTC collectors in CSP systems, are worth of mention
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because they provide a computationally inexpensive way to esti-
mate HTF performances and PTC thermal efficiencies that is acces-
sible for routine, as it will be later proven in this work.

Overall, the reviewed literature endorses the use of nanofluids
as heat transfer fluids and makes clear that CSP-PTC systems can
benefit from it to achieve better yields in solar-to-thermal energy
conversion. It also evidences the need for more research, particu-
larly multidisciplinary research, so that the physical properties of
the HTF of choice are characterised in presence of a plethora of dif-
ferent nanomaterials and the implications of its their use in the
thermal efficiency of the application are fully assessed.

Here, we report on the applicability of Au nanoplate-containing
nanofluids for CSP-PTC plants. Nanofluid samples have been pre-
pared following a two-step procedure in which Au nanoplates
are first synthesised in a kinetically controlled hydrothermal pro-
cess and then isolated and dispersed into the Dowtherm A HTF.
The colloidal stability and the physical properties of all samples
have been characterised to assess their performance as HTF in
the application of interest. The assessment considers a two-level
approach: (i) using a FoM, as a straightforward indicator for the
quantification of the enhancements in heat transfer with respect
to the base fluid, and (ii) using an approximate analytic model
for the one-dimensional, steady state heat transfer problem under
turbulent flow regime for a prediction of the temperature profile of
HTFs as they flow through the PTCs. Our work is not methodolog-
ical with respect to the development of these two approaches but
benefits from them to contextualize the results from this study and
to rationally assess how much this renewable technology benefits
from the use of these nanofluids. It all provides a big picture of the
applicability of these nanofluids and lead the way for their transi-
tion from basic research at laboratory scale to actual implementa-
tion at industrial scale.

2. Methodology
2.1. Synthesis and characterisation of Au nanoplates

The nanoplate shape of face-centred cubic metal nanocrystals,
even if it maximises the expression of (11 1) facets, is not favoured
by thermodynamics because of crystalline lattice strain [34]. For
such a shape to be preferentially obtained, the kinetics of nucle-
ation and growth must be exhaustively controlled by slowing
down the rates of reduction of the metal precursor. For the
shape-controlled synthesis of Au nanoplates, 75.2 mg of HAuCly-
-3H,0 (Sigma-Aldrich, 99.9 %) and 542.0 mg of polyvinyl pyrroli-
done (Sigma-Aldrich, ave. mol. wt. 40 kDa) were simultaneously
added to a round-bottom flask with 11.0 ml of a 10~ M solution
of KCl (Sigma-Aldrich) in deionised water. The molar ratio between
the Au®" cation and the PVP monomer is 1:25, and the molar ratio
between the Au3* cation and the CI~ anion 1:5. This solution was
stirred at 300 rpm for 24 h at room temperature under air atmo-
sphere, for the nanoplates to be formed. Here PVP acts as mild
reductor, as the terminal hydroxyl groups are susceptible of oxida-
tion to carboxyl groups, and also as stabiliser, for the steric hin-
drance imposed by the long-chained carbon-based structure [35].
Alternatively, the CI~ anions act as stabilisers only, by preferential
adsorption on (111) surfaces, this inhibiting growth along
the (111) direction and promoting growth in perpendicular direc-
tions, which leads to the formation of the desired nanoplate mor-
phology [36].

The product was isolated by washing twice with ethanol and
once with acetone after successive centrifugations for 15 min at
10000 rpm, to be finally collected in powder form after drying it
in vacuum at 333 K for 48 h. Morphology and size distribution of
the as-synthesised nanostructured powder were determined by
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high resolution transmission microscopy (HRTEM) (FEI, Talos
F200S). Crystallinity and chemical state bonding of Au in the sam-
ple were assessed by X-ray diffraction (XRD) (Bruker, D8 Advance
A25 diffractometer, Cu-Ko source, LYNXEYE detector) and X-ray
photoelectron spectroscopy (XPS) (Physical Electronics, PHI 5000
VersaProbe II, monochromatic Al-Kao source).

2.2. Preparation and characterisation of Au nanoplate-containing
nanofluids

Following a two-step procedure, 51.6 mg of Au nanoplates were
dispersed in 100 ml of a 1 wt¥% solution of Triton X-100 (Panreac) in
Dowtherm A (The Dow Chemical Company) by ultrasonication
(Sonics&Materials, VCX-500, solid probe, 13 mm tip), with a 2:4 s
on:off pulsation at 50 % amplitude, for an elapsed time of 3 h.
The Triton X-100 surfactant, according to its technical and safety
datasheets, is suitable for the high operating temperatures
demanded by the concentrating solar power application, as it has
a boiling point over 473 K at 1013 hPa and it is only susceptible
to oxidation in presence of O. It is proven later in this paper that
the chosen mass fraction of this surfactant does not cause a mea-
surable change in any of the physical properties that define the
convection heat transfer coefficient. The colloid resulting from son-
ication, with a mass fraction of 4.8-107% wt% in Au nanoplates_and
its 1:2 and 1:5 dilutions, with mass fractions of 2.4-1072 wt% and
9.7-1073 wt%, are the nanofluids to be characterised. Samples with
different concentrations are under consideration to assess that we
are indeed operating within the very dilute regime, as there are
previous studies in which the properties of interest are reported
not to improve with increasing loadings of nanomaterial beyond
a certain limit [37,38]. It is verified throughout the discussion of
results that the above stated mass fractions are practically in such
regime.

Colloidal stability was first determined in terms of spectral
extinction, measured by visible spectroscopy (OceanOptics, DH-
2000-BAL light source and USB2000 + general purpose spectrome-
ter), and particle size distribution in suspension, estimated by
dynamic light scattering (DLS) (Malvern Instruments, Zetasizer
Nano ZS). Both were measured in triplicate over the course of three
weeks. Once the time frame for colloidal metastability is deter-
mined, the key physical properties for heat transfer and storage
(i.e., density, surface tension, dynamic viscosity, specific heat, and
thermal conductivity), of the base fluid, the host fluid and all nano-
fluid samples, were characterised. Density was measured using a
vibrating U-shaped tube densitometer (Anton Paar, DM35), at
298 K. Surface tension was measured using an optical contact angle
measuring (OCA) and shape analysis system (Dataphysics, OCA 25,
needle @y, = 0.65 mm), following the pendant drop method based
on the Young-Laplace equation, at 298 K. The dynamic viscosity
and flow behaviour were determined using a rheometer (TA Instru-
ments, Discovery HR 10, concentric cylinder geometry, @,otor = 14.0-
mm, @e,p = 15.2 mm), under steady-state shear rate-controlled
conditions, within the 1-100 s~' shear rate range. Rheological
measurements were performed at 298 K, 323 K, 348 K and
373 K, using an electrically heated concentric jacket for tempera-
ture control. Isobaric specific heat was determined by differential
scanning calorimetry (DSC) (Netzsch, DSC 214 Polyma, closed con-
cavus pan), setting a temperature-modulated dynamic program
from 293 K to 528 K at 1 K-min~! with a modulation of + 1 K in
amplitude and 120 s in periodicity. Specific heat was calculated
using the ratio method, for which the DSC signal baseline was cor-
rected and compared to the DSC signal from a sapphire certificated
reference sample, using the same temperature program. Thermal
conductivity was measured using the transient hot-bridge tech-
nique with a hot point sensor (THB-HPS) (Linseis, THB-100, sensor
type C), with a measurement time of 10 s for an input power of
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32 mW, with a delay of 30 s between replicas. Liquid samples were
contained in cylindrical glass vials, with 2.5 ml of capacity, and
hold in individually jacketed vessels in a dry block heater (IKA,
DB 5.2) at 298 K, 323 K, 348 K and 373 K. All measurements were
performed in triplicate for each sample and temperature, except
for THB-HPS measurements, for which ten replicas were recorded
for each case Fig. 1.

3. Results and discussion
3.1. Structural and compositional characterisation of Au nanoplates

An exhaustive structural and compositional characterisation of
the product of synthesis was undertaken to verify the successful
obtention of the desired Au nanoplates before dispersion in the
base fluid. TEM images of Au nanoplates are presented in Fig. 2A-
C. The prevalence of the nanoplate morphology in the product is
about 30 %, a regular percentage for these kind of synthetic proce-
dures [36]. Nanoplates have truncated-corner triangular and
hexagonal contours, and the electron transparency, recognisable
in most cases, suggests these are 2D nanostructures. The lateral
size is within 200-800 nm, although larger nanoplates, like the
one in Fig. 2C (about 3 pum), are also found.

The powder diffractogram in Fig. 2D makes clear that the Bragg
condition for maximum diffracted intensity is fulfilled for 20 equal
to 38.2°, 44.4°, 64.6°, 77.6° and 81.7°, a pattern that matches the
expected angles for the diffraction from (111), (200), (220),
(311) and (222) planes of fcc Au. Finally, the formal oxidation
state of Au was also verified by XPS. The general survey spectrum
is available in Fig. 2E. All signals are conveniently referenced to the
C 1 s transition, at 284.8 eV, assigned to adventitious carbon. The
Au 4f signal, shown in Fig. 2F with high resolution, is the primary
region for the assignment of Au metal. Here two-well defined spin-
orbit components can be identified, Au 4f;, and Au 4f5,, at 84.1 eV
and 87.8 eV. A binding energy of 84.1 eV for Au 4fy),, a chemical
shift of 3.7 eV between spin-orbit split peaks in this region and
asymmetric peak shapes are sufficient to determine that the chem-
ical state of the as-synthesised sample is Au metal [39].

3.2. Colloidal stability of Au nanoplate-containing nanofluids

The applicability of these nanofluids as working fluids, for any
application, is subjected to its colloidal stability. Disperse phases
are thermodynamically prone to aggregation, as it minimises the
interfacial area and so the surface free energy of the colloid (metal-
lic nanomaterials, for instance, have an enormous surface tension).
That implies a loss of availability of monodisperse nanoparticles in
suspension, and so of any potential enhancement in thermal con-
ductivity or specific heat, which is ultimately translated into a loss
of its operational value. Aggregation is a thermodynamically spon-
taneous process that minimises surface free energy. Metals in par-
ticular, as it is the case under study, have very high surface free
energy due to the strong (metallic) chemical bonding between
their atoms. Aggregation can only be temporarily impeded by
slowing down the kinetics of the process via electrosteric repul-
sions between particles in suspension, thus leading to a metastable
situation. Ensuring such a situation is a sine qua non condition for a
reliable determination of the changes in thermal and rheological
properties of nanofluids with respect to their base fluid. For that,
in the sonication-assisted dispersion of Au nanoplates, 1 wt% of
the Triton X-100 surfactant was added to the Dowtherm A base
fluid. Its functionality is to be proven.

Goodness criteria for colloidal stability demands minimum
variation in the load of nanomaterial in suspension over a wide
time window. This was monitored by analysing the time-



Ivdn Carrillo-Berdugo, J. Sampalo-Guzmdn, J. Jestis Gallardo et al. Journal of Molecular Liquids 376 (2023) 121415

15 min, 10000 rpm 48 h, 333 K, $nder vacuum

rinse with ethanol (x2)
and ace;one (x1)

o AUB*:PVP mol ratio 1:25
Au®*:Cl'mol ratio 1:5

24 h, 298;(, 300 rpm

HAUC,3H,0

three nanofluid
samples for
characterisation
v

pulsed sonication
2son, 4soff
50% ampvlitude, 3h

Fig. 1. Summary of the experimental procedure around Au nanoplate-containing nanofluids:
preparation of nanofluids and (4) characterisation of the nanomaterial and the nanofluids.

(1) synthesis of the nanomaterial, (2) isolation of the nanomaterial, (3)
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Fig. 2. Structural and compositional characterisation of Au nanoplates: typical TEM images [A-C], powder X-ray diffractogram [D], and X-ray photoelectron spectra for
general purpose analysis [E] and high-resolution analysis of the Au 4f region [F].
the inset of Fig. 3A as an example of the typical spectrum for this
sample. Light is extinguished over the entire visible range due to
direct absorption of photons, and scattering and secondary absorp-

resolved visible extinction spectra of the 4.8-1072 wt% (undiluted)
Au nanoplate-containing nanofluid sample. The zero-time extinc-
tion spectrum, using the base fluid as reference, is presented in
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Fig. 3. Colloidal stability indicators for Au nanoplate-containing nanofluids:
changes in spectral extinction [A] and particle size distribution [B] over time. Solid
lines do not represent actual data but are included as guide to the eye.

tion of photons, which further increases extinction levels. The scat-
tering effect is particularly acute at shorter wavelengths, for which
the scattering cross-section is predominant. Absorption is due to
the localised surface plasmon resonance of Au nanoplates, which
is known to occur in the 400-1200 nm range of wavelengths
[40,41], a range sensitive to the lateral size of the nanoplates and
the dispersant medium. Although the absorption and scattering
components are not differentiated in this study, a unique band in
the 620-680 nm range is identified. The time evolution of the
extinction value at 650 nm is plotted in Fig. 3A, for a semiquanti-
tative evaluation of the variations in the load of nanoplates in sus-
pension. It decreases by 38 % by the end of the third day after
preparation, and remains stable afterwards. Such a decrease is clo-
sely related to an aggregation phenomenon, according to Fig. 3B.
Size distribution remains monomodal, but its mean and standard
deviation increase over time, from 199.4 + 20.6 nm to 714.8 + 148.
6 nm. The increase in the standard deviation evidences a transition
from mesokurtic to platykurtic regime, which is ultimately trans-
lated into an increase in dispersity. Overall, proven that spectral
extinction remains stable and that no phase segregation or sedi-
mentation occurs during the entire characterisation time window,
it is safe to conclude that the nanofluid achieves a metastable sit-
uation and that goodness criterion for colloidal stability is fulfilled.

3.3. Physical properties of Au nanoplate-containing nanofluids
Once the applicability has been verified, the effectiveness of

these nanofluids as working fluids must be assessed. Most FoM
aimed to assess the performance of heat transfer fluids give signif-
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icance to density p, dynamic viscosity #, specific heat ¢ and ther-
mal conductivity k, as dominant factors affecting the energy
storage and transfer processes. Surface tension y is also considered
under certain boundary conditions [42]. For that, we characterised
these five physical properties of the base fluid, the host fluid and all
nanofluid samples.

Density and surface tension — Density and surface tension values
are reported in Table 1. The standard deviation of the density mea-
surements is better than + 0.01 %. The measured density datum for
the base fluid, at 298 K, is known to have a systematic relative
deviation below 0.06 % with respect to the reference density datum
provided by the supplier at the same temperature (1055.7 kg-m~3),
which ratifies the goodness of the measurement. The difference
between the density values of the host fluid and the base fluid is
not significantly discernible from the standard deviation of the
measurements, and the addition of the Triton X-100 surfactant
(1.0 wt%) is consequently determined not to cause a measurable
change in density. The addition of Au nanoplates causes a measur-
able yet small increment in density, but the differences between
samples are not significantly discernible from the standard devia-
tion of the measurements either. That is an expected situation con-
sidering samples are in a very diluted regime, for which such an
increment in density is not expected to have a significant impact
on convection heat transfer or pressure loss.

Regarding surface tension, the standard deviation of its mea-
surement is better than + 3.2 %. The measured surface tension
datum for the base fluid, at 298 K, is known to have a relative devi-
ation below 6.2 % with respect to the reference surface tension
datum provided by the supplier at the same temperature
(40.1 mN-m 1), which ratifies the goodness of the measurement.
The addition of Triton X-100 in the concentration above stated is
determined to increase surface tension by 4.8 + 3.9 % with respect
to the base fluid. The addition of Au nanoplates has a major effect,
with increments up to 24.7 + 2.3 %. Although these nanofluids are
involved in boiling heat transfer processes in PTC of CSP plants, this
change in surface tension should not be ignored and be expected to
be pivotal for other applications, as the boiling heat transfer coef-
ficient in such cases is inversely proportional to surface tension
[42], thus having a negative effect.

Dynamic viscosity— The steady-state shear flow behaviour of the
samples is discussed based on the dynamic viscosity profiles pre-
sented in Fig. 4A, for all samples and temperatures, as a function
of the shear rate. The reliable measurement range for the determi-
nation of the viscosity [43] of these samples in our rotational
rheometer with a concentric cylinder geometry is defined between
5s~!and 20 s~!. At lower shear rates there are fluctuating viscosity
values due to operation in the lower torque detection limit and ini-
tial elastic deformation effects. At higher shear rates the flow
regime transitions from laminar to turbulent, and vibrations wor-
sen the quality of the measurement by artificially increasing the
apparent viscosity due to an increasing bearing friction in the rotor.
A clear turbulent flow regime exists for shear rates over 100 s,
with frequent sample ejection events. All samples exhibit a Newto-
nian behaviour within that reliable range.

The average viscosity is presented in Fig. 4B, as a function of
temperature. The relative standard deviation of the measurements
is better than + 1.4 %. The measured viscosity values for the base
fluid are in good agreement compared to the reference viscosity
values provided by the supplier, with a maximum relative devia-
tion below 3.3 %. The addition of Triton X-100 (1.0 wt%) is proven
not to change the flow behaviour and not to cause a measurable
change in viscosity (as for density, the differences are not signifi-
cantly discernible from the standard deviation of the measure-
ments). This validates our previous statement on the choice of
this surfactant, at the given concentration, for decent colloidal sta-
bility without rheological penalty. All nanofluid samples preserved
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Table 1
Summary of samples and their measured density and surface tension values, at 298 K.
Sample Trxioo/Wt-% Lau/WE% pl kgm3 y/mN-m~!
Base fluid 0.0 0.0 1056.3 £ 0.1 37.6 £ 0.8
Host fluid 1.0 0.0 1056.4 £+ 0.1 394 +1.2
Nanofluid 1:5 1.0 9.7.1073 1056.8 £ 0.1 48.9 £ 0.6
Nanofluid 1:2 1.0 241072 1056.7 £ 0.2 45.7 £ 0.3
Nanofluid 1:1 1.0 481072 1056.9 £ 0.1 47.0 £ 1.0
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Fig. 4. Dynamic viscosity as a function of the shear rate [A] and temperature [B].
Solid lines do not represent actual data but are included as guide to the eye. Data is
available in Supplementary Material.

the same Newtonian flow behaviour of the base fluid, but the addi-
tion of Au nanoplates causes a non-marginal change in viscosity,
with relative increments of 1.6 £ 0.5 %, 2.3 + 0.5 % and 4.0 + 0.4 %
at 298 K (differences become negligible at higher temperatures) for
mass fractions of 9.7-107% wt%, 2.4-107% wt% and 4.8-107% wt%,
respectively. Although non-marginal, these increments are suffi-
ciently small to safely conclude that any potential gains in specific
heat or thermal conductivity will not be counterbalanced by vis-
cosity, at least at high temperatures, which is a result of great
significance.

Specific heat — The energy storage capacity is now discussed
based on the measured specific heat values, which are shown in
Fig. 5A, as a function of temperature. The relative standard devia-
tion of the measurements is better than * 3.5 %. In line with our
experimental scheme so far, the measured specific heat values
for the base fluid are verified to be in good agreement compared
to the reference specific heat values provided by the supplier, with

T/K

Fig. 5. Specific heat [A] and thermal conductivity [B] as a function of temperature.
Solid lines do not represent actual data but are included as guide to the eye. Data is
available in Supplementary Material.

a maximum relative deviation below 1.7 %, and the addition of Tri-
ton X-100 (1.0 wt%) is determined not to change specific heat
either. The addition of Au nanoplates increases the specific heat
of the base fluid, an effect that becomes more significant for
increasing temperatures and mass fractions. The relative enhance-
ments are 5.7 + 1.2 %, 10.9 £ 2.1 % and 12.0 £ 1.2 %, at 523 K (the
maximum temperature of operation for the fluid to be in liquid
phase at 1013 hPa), for mass fractions of 9.7.10> wt%,
2.4-1072 wt% and 4.8-1072 wt%, respectively.

For the application, an increase in specific heat means that more
energy per unit mass and unit temperature can be directly stored
by the fluid, without implicating a secondary medium for energy
storage. This increment is rationally associated to strong chemical
interactions between base fluid molecules and Au surfaces. It has
been previously reported by our group that interactions between
species at solid-liquid interfaces play a key role for specific heat
enhancements [44,45], and it is known that aromatic species are
likely to be coordinated to Au atoms due to charge transfer, disper-
sion interactions and relativistic effects [46].
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Thermal conductivity — The measured thermal conductivity val-
ues are presented in Fig. 5B, also as a function of temperature. The
relative standard deviation of the measurements is better than
3.2 %. In the absence of a liquid-phase primary reference standard,
the base fluid was used as a reference to correct deviations in the
measurement of the apparent thermal conductivity due to natural
convection. As for all the previously presented properties, the addi-
tion of Triton X-100 (1.0 wt%) is determined not to change thermal
conductivity. In contrast, the addition of Au nanoplates increases
thermal conductivity, with respect to the base fluid, by 19.3 + 5.3
%, 21.2 £ 57 % and 24.9 + 6.1 % at 373 K, for mass fractions of
9.7.1073 wt%, 2.4-1072 wt¥% and 4.8-1072 wt%, respectively. The
THB technique does not seem to have enough resolution to pre-
cisely determine the differences in thermal conductivity between
nanofluid samples in the very diluted regime we are working at,
but an enhancement in this property is determined with
confidence.

This finding boosts the added value of these nanofluids as heat
transfer fluids, as an increase in thermal conductivity is directly
translated into higher rates for heat transfer to another medium.
Thermal conductivity represents the dominant factor for perfor-
mance as heat transfer fluids in most figures-of-merit related to
energy conversion, and for that it is the most studied property of
nanofluids. Increasing thermal conductivity upon addition of Au
nanoplates, even in low mass fractions, is consistent with the fact
that the thermal conductivity of Au (and solids in general) is much
higher than that of this base fluid. However, the addition of Au
nanoplates also affects the behaviour for increasing temperatures,
even though the base fluid is still the majority component, as it
was previously observed with Pd nanoplates in the exact same
base fluid [47].

3.4. Performance of Au nanoplate-containing nanofluids as working
fluids for CSP systems

To round off the central discussion about the applicability of the
previously characterised samples, an assessment of their perfor-
mance as HTFs for CSP-PTC plants is presented. The use of a conve-
nient FoM (i.e., a rationalised combination of a set of key physical
properties for a given application) is a trivial procedure to compare
the convective heat transfer coefficient, h, of different fluids in a
given system. Lenert et al. [32] discussed about this topic with rela-
tion to solar-to-thermal energy conversion applications, and pro-
vided a particular case of the Mouromtseff number, Mo, given by.

hO(MOZPZ.O.],I—IA.CI.G.KI.S (-l)

in which the powers have been parametrised around the
boundary conditions defined by an absorbing tube in the focal line
of a PTC, under uniform irradiated heat flux and forced turbulent
convection. Here, we will use the following ratio as a FoM.

hnf MOnf (pnf> 2.0 (W) -14 <Cnf> 1.6 <an> 1.8
FoM = — = (= SR = = (2)

hye =~ Moy \ Pyt Mot Cof Kbf

where the bf and nf subscripts stand for base fluid and nano-

fluid, respectively. The values for this FOM are presented in Fig. 6,
as a function of temperature. The FoM > 1.0 condition implies that
the nanofluid enhances the heat transfer with respect to the base
fluid, which is satisfied for temperatures above 323 K. Rheological
penalty domains heat transfer for temperatures below that. Maxi-
mum enhancement in convection heat transfer performance
within the range of temperatures and mass fractions under study
is found to be 63 % for an Au nanoplate content of 4.8-10°2 wt%
at 373 K, whereas the addition of the Triton X-100 surfactant is
again verified not to have a significant impact for heat transfer.
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N Nanofiuid 9.7-10° wt.% Au
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Fig. 6. Figure-of-merit for all heat transfer nanofluids under study, compared to the
base fluid, as a function of temperature. Solid lines are B-splined functions fitted to
experimental data. Coloured regions show the data deviation, which were
estimated using the quadratic approximation.

The FoM analysis makes easy to identify these nanofluids with
Au nanoplates better candidates than the standard Dowtherm A
fluid to be used as HTF in CSP-PTC plants. However, it provides
no immediate information about the consequences of their use
for the design requirements, if any, or the efficiency improvement
of these plants. Such discussion requires (i) a realistic estimation of
the array length and thermal efficiency of PTCs, (ii) the effective-
ness of a coupled heat exchanger for steam generation, and (iii)
the overall CSP system efficiency, using these nanofluids as HTFs
under actual operation conditions. For the first part we have used
a minimally simplified, approximate analytic solution developed
by Bellos et al. [33] for steady state surface-absorber PTC, also
under uniform irradiated heat flux and forced turbulent convec-
tion. For the second part we have used the number of transfer units
(NTU) method. The overall CSP system performance, Wcsp, is simply
calculated as.

Wesp = Wrre - Whiex 3)

where Wprc and Wy, are the parabolic-trough collector effi-
ciency and heat exchanger effectiveness. All formulas for this
assessment and their parameters, including their actual values in
SI units, are included in the Supplementary Material. The necessary
values of density, dynamic viscosity, specific heat and thermal con-
ductivity at high operating temperatures were extrapolated from
best fitting functions to the experimental data obtained in this
work.

Fig. 7A shows the outlet temperature, T,,, as a function of the
total length of the array of PTCs, L, using either the Dowtherm A
(which is the actual working fluid for this application, and the base
fluid of choice for this work) or any of the Au nanoplate-containing
nanofluids as HTFs. The incident radiative heat flux, the width of
the collector aperture, the efficiency of optical elements, pipe
diameters and flow rates are the same in all cases. The inlet tem-
perature, T, = 473 K, is also the same in all cases. The upper limit
for the range of temperatures of interest is Tmax = 673 K, which is
the maximum operating temperature for Dowtherm A stability
not to be compromised. We know from Fig. 7A that the
Tout = Tmax condition should be fulfilled at L ~ 250 m with the typ-
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Fig. 7. Estimated outlet temperatures as a function of the length of the PTC array, L,
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CSP system performance [B] using different HTFs. The dashed blue line in [B]
indicates the maximum performance. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

ical Dowtherm A HTF, and at L ~ 270-290 m with the nanofluids as
HTF, depending on the mass fraction of Au nanoplates. Due to their
higher specific heat, a longer PTC array is needed for nanofluids to
be heated up to 673 K. That does not necessarily imply that the
efficiency of the collector, Wprc, becomes lower. In fact, it seems
to be invariant, according to Fig. 7B. In contrast, the effectiveness
of the coupled heat exchanger, Wy, is estimated to increase up
to 45-47 % using these Au nanoplate-containing nanofluids rather
than the Dowtherm A fluid, due to their higher specific heat and
thermal conductivity. The overall CSP system performance, Wcsp,
is predicted to increase from 24.7 % with the typical Dowtherm A
fluid up to 35.1 % with the 4.8-1072 wt% Au nanofluid.

In summary, it seems possible to increase the solar-to-thermal
energy conversion efficiency in CSP systems by 8.9-10.3 % by add-
ing Au nanoplates in mass fractions in the order of magnitude of
1072 wt% to improve its specific heat and thermal conductivity,
with no prohibitive practical implications arising from the use of
the nanomaterial. Au nanoplates are prepared following a straight-
forward, easily scalable chemical synthesis procedure. No sedi-
mentation and clogging are expected because these nanofluids
exhibit long-term stability. No additional pumping power is
required as the density and dynamic viscosity of these nanofluids
is very much the same than those of the base fluid. Only because
of the increase in specific heat, the total length of the PTC array
in the solar field by 20-40 m for the HTF to achieve its maximum
operating temperature. This, together with the addition of Au
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nanoplates in the above stated concentrations, represents a negli-
gible cost to the overall installation cost of a plant of this kind,
so it is safe to assume that the use of these nanofluids can improve
the efficiency of CSP-PTC systems at virtually no additional cost.

4. Conclusions

We have presented a laboratory-to-industry study on heat
transfer nanofluids for next-generation CSP plants. It has been
experimentally proven that the addition of a small mass fraction
of Au nanoplates, in the order of 10~2 wt%, is sufficient to induce
a quantitatively meaningful change in the thermophysical proper-
ties of the conventional HTF of this application (the eutectic and
azeotropic mixture of DPO and BP). For instance, with a
4.8-1072 wt% of Au nanoplates, specific heat increases by 12.0 # 1.
2 % at 523 K and thermal conductivity increases by 24.9 + 6.1 % at
373 K, with no rheological penalty. The key set of physical proper-
ties that has been characterised allowed us to make a realistic esti-
mation of the performance of a prototypical CSP plant using these
heat transfer nanofluids. We determined that the so-called perfor-
mance increases up to 35.1 % with previously mentioned sample,
compared to the predicted 24.7 % with the conventional HTF. This
enhancement comes with no economically prohibitive structural
changes to existing installations. Such result is not only of techno-
logical relevance but also of social significance. For a 100 MW CSP
plant like Valle 1&2 in San José del Valle (Cadiz, Spain), which sup-
plies electricity for 80,000 households, such improvement in per-
formance implies access to reliable, renewable electricity for
8,200 more.

Future research direction on nanofluids for heat transfer appli-
cations should aim for a path from laboratory to industrial scale, by
undertaking a systematic characterisation of their physical proper-
ties and evaluating their performance in the application, for a bet-
ter development of this new product of nanotechnology and
progression towards their maximum potential for heat transfer
and thermal management applications in the context a climate cri-
sis in which energy optimisation is a priority goal.
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