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ARTICLE INFO ABSTRACT
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Experimental study

The Performances of direct absorption solar collectors (DASC) are limited by the stability of the nanofluid’s
optical properties. This study investigates the performance and long-term stability of a graphene-based nanofluid
under real on-sun operating conditions using an experimental parabolic trough pilot. The on-sun experiments
were complemented with a detailed off-sun experimental evaluation of the nanofluid stability with temperature.
Experimental results show that while the nanofluid optical properties remained stable over long periods (over
two and a half months) and across varying temperatures (up to 80 °C) in a controlled environment, exposure to
actual operational conditions in a parabolic trough collector working in closed loop caused significant degra-
dation of optical properties, particularly due to pH changes due to corrosion in the collector hydraulic circuit.
Despite this, overall photo-thermal conversion efficiencies of 62.3 & 0.6 % and 74.3 + 0.8 % were achieved with
graphene concentrations of 0.2 and 0.3 g/L respectively, a substantial improvement over the 24.5 + 0.5 %
achieved using demineralized water. These findings highlight the critical role of material compatibility in hy-
draulic systems with graphene/water nanofluids to minimize corrosion, maintain particle stability and preserve

collector performance in practical applications.

Introduction

Although transitioning towards a renewable electricity grid is
essential for the energy transition, heat demand accounts for half of the
final energy consumption worldwide [1]. In the industrial sector, heat
represents 74 % of the total energy demand [2]. Therefore, decarbon-
izing the thermal power demand is crucial for mitigating climate
change. For this purpose, no-concentrating and low-concentrating solar
thermal collectors offer an economical alternative to conventional heat
sources. Non-concentrating collectors generate heat below 120 °C for
residential heating and cooling and low temperature industrial pro-
cesses. Small to medium size concentrating solar thermal collectors can
generate temperatures above 150 °C, a temperature range of great in-
dustrial significance due to its usefulness in a broad spectrum of in-
dustrial processes [3-6]. Another option towards generating high-
temperature heat consists in coupling photovoltaic (PV) modules with
high temperature heat pumps or other heating devices [7,8]. In the last
decades, new concepts of thermal and hybrid PV-thermal collectors have

motivated researchers for higher total conversion efficiencies. Among
these new concepts, direct absorption solar collectors (DASC) attracted
the attention of the scientific community [9].

Contrary to conventional solar thermal collectors, DASC use a
semitransparent heat transfer fluid (HTF) to directly absorb the incident
radiation within the fluid volume, eliminating the selective absorbing
surface of conventional receivers. The optical absorption of conven-
tional HTF, such as water or thermal oils, can be tuned by adding
nanosized particles, leading to an increase in the efficiency of volumetric
receivers (the particle dispersion within the host fluid being often
referred to as nanofluid). The efficiency of non-concentrating collectors
with low particle volume fractions (< 0.1 vol%) has been shown to be
similar to that of conventional planar collectors [10-14]. Concentrating
DASC research has focused on parabolic trough (PTC) and linear Fresnel
collectors (LFC) of small and medium size due to stability limitations of
nanoparticle dispersions at high temperatures [15,16]. Using a CuO/oil
nanofluid, Xu et al. [17] experimentally evaluated the efficiency of a
parabolic trough direct absorption solar collector (PT-DASC), finding a
total efficiency decrease from ~ 62 % to ~ 40 % when the inlet
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Nomenclature

A Aperture area — m?

(o Specific heat capacity — J.kg 1.K~!

E Incident energy — kWh

G Incident radiation — W.m 2

Imnsp  Solar spectral irradiation — W.m 2.nm™!

m Mass flow rate — kg.s ™

P Heat power - W

t Time — s

T Temperature — °C

AT Temperature difference (Toy —Tin) — K
Acronyms

BRDF Bidirectional reflectance distribution function
CTM Camera target method

CW Carbon Waters

DASC Direct absorption solar collector

DNI Direct normal irradiance

DW Demineralized water

HTF Heat transfer fluid

NDASC Nanofluid direct absorption solar collector
PTC Parabolic trough collector

PT-DASC Parabolic trough-direct absorption solar collector
RTD Resistance temperature detector

Greek letter

a Absorptivity

B Extinction coefficient — m~?
y Intercept factor

n Efficiency

A Wavelength — nm
p Reflectivity

T Transmissivity
74, Directional transmissivity
Subscripts

0 Initial condition
amb Ambient

an Analytical

avg Average

col Collector

exp Experimental
glass Glass

in Inlet

loss Losses

out Outlet

PT Photo-thermal
ref Reflector

tot Total

u Useful

work Working

temperatures increases from 55 C to 160 C respectively. Menbari et al.
[18] and Heyhat et al. [19] found PT-DASC efficiencies between 49-65
% using a CuO/water HTF with particle concentrations between
0.01-0.1 vol%. When combining CuO and Al,O3 nanoparticles, purely
water-based dispersions offer higher efficiencies than ethylene glyco-
l-water mixtures when tested in PT-DASC [20,21].

Among the different nanoparticle families, carbon-based nano-
particles offer higher DASC performances, thanks to their outstanding
optical and thermo-physical properties as well as their long term sta-
bility [10,11,22-29]. Among carbon nanoparticles, graphene has
attracted significant attention owing to its original optical properties,
intrinsic to its 2D morphology. Graphene nanoplatelets have a high
surface-to-volume ratio, enabling higher absorption at similar volume
fractions compared to other nanoparticle dispersions. Several studies
have tested experimentally graphene-oxide [30-32] and graphene
[33-35] nanoplatelets in planar collectors. Sattar et al. [32] compared
the performance of various particle dispersions and found the best re-
sults with graphene-oxide nanoparticles. Vakili et al. [34] measured the
performance of a flat plate DASC with graphene nanoplatelets dispersed
in water, showing an increase on the collector efficiency with the
nanoparticle concentration due to an increase of the nanofluid absorp-
tivity. Wang et al. [27] studied the performance of a graphene/oil
nanofluid with a solar simulator that concentrates the incident radiation
towards a tubular receiver. The authors observed higher performances
of the graphene/oil dispersion compared with CuO and graphite oil
dispersions. To the authors’ knowledge, no experimental study has been
published evaluating the on-sun performance of a graphene aqueous
dispersion working in a parabolic trough NDASC.

The stability of nanofluids is a key parameter for their applications in
either drug delivery, heat transfer fluids, lubrication and other [36,37].
A nanofluid is considered unstable when presenting pronounced sedi-
mentation and/or agglomeration of nanoparticles affecting its optical or
thermo-physical properties. Nanoparticle agglomeration entails an in-
crease of size which results in a degradation of the radiation absorption
of the nanofluid. Simultaneously, particle agglomeration can result in
sedimentation, leading to a concentration gradient along the fluid and

particle deposition at the bottom of the recipient. Key parameters
affecting the nanofluid stability and the main mechanisms to reduce its
impact are exhaustively reviewed in Chakraborty et al. [36], Mukherjee
et al. [37] and Mehta et al. [38] articles. Among these, the pH and the
working temperature of the fluid are key parameters. The pH of the
dispersion has a direct impact on the repulsive forces between the par-
ticles, which isoelectric point (molecules carry a net charge of zero) must
be avoided. Higher working temperature increase Brownian motion,
which causes agglomeration and sedimentation of the particles.

A considerable body of research has been dedicated to the study of
the stability of nanoparticles at ambient temperature (around 25 °C).
Nevertheless, research into the stability of these compounds at tem-
peratures compatible with concentrated solar flux applications remains
limited. Chang et al. [39] observed agglomeration and loss of particle
stability of CuO particles dispersed in water at 40 °C, with a higher
particle agglomeration as the temperature increased. Similar results
were obtained by Tavares et al. [40] for a Cu-Ethylene glycol nanofluid
working at temperatures up to 85 °C (boiling point). Their study sug-
gests that the particle agglomeration is due to the intensification of the
Brownian motion, and can be mitigated using an ultrasound bath,
allowing a re-dispersion of the agglomerated particles. In the case of
graphene, Chen et al. [30] observed a decrease in the zeta potential of
graphene and graphene oxide water dispersions with fluid temperature
increasing from 30 °C to 70 °C, leading to stability degradation and a
decrease of the optical properties of the nanofluids. The authors how-
ever do not explicitly explain the mechanism responsible of the zeta
potential decreases with temperature.

Various graphene oxide dispersions, both alone and combined with
carbon nanotubes, exhibited an increase in the extinction coefficient
after irradiation and heating up to 80 °C using a solar simulator [41,42].
This phenomenon was attributed to the photoreduction of some
graphene-oxide particles under illumination, leading to a color change
in the samples. While the samples appeared stable to the naked eye, the
influence of temperature on their optical properties could not be
exhibited, as it was hidden by particle photoreduction. A key limitation
of these combined experimental protocols is the difficulty in
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discriminating between the independent effects of solar radiation and
temperature. A more detailed experimental design isolating the two
factors is essential for accurately assessing the practical use of such
fluids.

The particle stability at elevated temperatures under controlled en-
vironments is a crucial step towards the use of nanofluids in concen-
trating DASC. However, real operating conditions, such as concentrated
radiation, pH fluctuations or other environmental factors, can signifi-
cantly accelerate particle stability degradation [36]. Isolating these
external factors to identify those responsible for the accelerated degra-
dation of the nanofluid is often challenging. Moreover, there is a lack of
studies addressing the stability of graphene-water nanofluids in a
representative on-sun environment. This work aims to study the evolu-
tion of the optical properties of graphene-water nanofluids under
operating conditions representative of DASC and to relate these changes
to the thermal performance of the collector. The novelty of this work lies
in combining on-sun and off-sun experiments to isolate the specific ef-
fects of temperature and other external factors on nanofluid
degradation.

To this end, a small-scale on-sun PT-DASC pilot was built and
instrumented to monitor collector optical and thermal efficiencies using
several concentrations of graphene nanoparticles dispersed in water.
This approach was complemented by off-sun experiments evaluating the
nanofluid stability under controlled temperature (up to 80 °C) and
environmental conditions over time periods of up to 2.5 months. This
dual approach enables the isolation of nanofluid degradation effects
driven by elevated temperatures from those caused by the integration
into DASC concentrators (e.g., exposure to concentrated solar flux or
fluid circulation).

First, the temporal evolution of the nanofluid’s optical properties
was examined at ambient temperature and across different graphene
concentrations to assess particle stability. Next, the nanofluids were
exposed to higher operating temperatures to explore the temperature-
dependence of the particle stability. Finally, on-sun experimental cam-
paigns under concentrated radiation were conducted on a small-scale
PT-DASC pilot to investigate the influence of operating conditions on
both particle stability and collector efficiency. The study concludes with
a detailed discussion of key parameters significantly affecting system
performance and provides recommendations to support the develop-
ment of graphene nanofluid-based DASC.

Methodology

The aqueous dispersion used in this study, ref. CW-GLB02A1 (sup-
plied by Carbon-Waters®), is composed of hydroxylated graphene par-
ticles, which provides a electrostatic repulsion between single layer
graphene sheets [43-45]. The pH of the initial nanofluid is found be-
tween 7.5 and 8.5, with a zeta potential of —45 mV [44]. The authors of
the latter paper observed an increase of the zeta potential with the
acidification of the fluid, leading to an imminent unstable dispersion for
PH below 4.

Particle stability under controlled environment

Samples with graphene concentration of 0.1 g/L, 0.2 g/L, and 0.3 g/L
were obtained by diluting the initial Carbon Waters® 1 g/L solution with

demineralized water (Table 1, together with Fig. S1 in the
Table 1
Samples used in the optical and stability characterization.
Samples Graphene concentration Uncertainty
DW Demineralized water —
CW-0.1 0.1 g/L (0.01 wt%) + 0.021 g/L
CW-0.2 0.2 g/L (0.02 wt%) +0.021 g/L
CW-0.3 0.3 g/L (0.03 wt%) +0.021 g/L
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supplementary information). These concentrations were chosen based
on their optical absorption properties, previously analyzed in our earlier
work [46], to ensure sufficient absorption of incident solar radiation
within the receiver of the studied parabolic-trough pilot (extinction
coefficients of 36.5m™}, 62.3m ' and 87.7 m* for 0.1 g/L, 0.2 g/L and
0.3 g/L respectively). A spectrophotometer was used to measure the
directional transmissivity (z4,) of these dilutions (Table S1 in the sup-
plementary information).

In our previous work, the optical properties of the graphene aqueous
dispersion were analyzed experimentally and numerically, concluding
that scattering has a negligible effect on the total light extinction [46].
The measured 74, allows the calculation of the extinction coefficient ()
with the Beer-Lambert’s law (Fig. S2 in the supplementary information).

Assessing the temporal evolution of the nanofluid optical properties
is a convenient tool to quantify agglomeration or sedimentation of
particles, and thus its stability [47,48]. Firstly, in order to facilitate a
deeper comprehension of the origins of the degradations in optical
properties likely to be encountered under real operating conditions, the
temporal evolution of the optical properties of nanofluids under
controlled environment for varying periods of time is characterized. The
aim here is to expose several nanofluid samples to different thermal
histories, by imposing a thermal stress on them for a more or less long
period of time, then keeping them at room temperature. The optical
properties of the nanofluids are characterized at regular intervals in
order to quantify the extent of degradation during ageing.

First, nanofluid samples were maintained at ambient temperature
over 1800 h and the 7,4 variation with time was measured (noted CW1 in
Fig. S3). Two samples with 0.1 and 0.2 g/L particle concentrations are
evaluated within this case.

Secondly, nanofluid samples have been placed in a water bath at
80 °C for different time periods and the evolution of their optical
properties was measured. All experiments at 80 °C were organized in
four different cases, noted CW2 to CW5, each one composed of 0.1 and
0.2 g/L samples, which protocols are detailed in Fig. S3. The tendencies
found for these two dilutions are assumed similar for other particle
concentrations.

Experimental set-up

Parabolic trough collector

A 2 m long and 0.96 m wide (aperture) parabolic trough DASC has
been designed and built at the PROMES laboratory (France) (Fig. 1). The
concentrator is placed on a 2-axis solar tracking structure coupled with
two electric linear actuators. A microcontroller board is used to manage
the linear actuators and automatically control the position of the
concentrator. High specular reflectance thin aluminum sheets are
attached to marine plywood ribs to obtain the parabolic profile of the
concentrator. The Almeco® VWRI193 aluminum reflector, 0.4 mm
thickness, was found to provide a high specular reflectance in the whole
sun spectra (further information on the pilot design and reflectivity
measurements is given in the supplementary information).

The receiver is a double glass evacuated tube placed at the focal line
of the concentrator (1 mbar pressure at the annulus). The selected
nanofluid flows inside the internal tube (33.6 mm id) at ambient pres-
sure (1 bar) and absorbs the concentrated radiation (Fig. 1). Borosilicate
glass has been chosen due to its thermal strength and transparency in the
visible and near-infrared range. A Warson Marlow peristaltic pump is
positioned before the inlet of the receiver (Fig. 1). The fluid flow rate
ranges between 60 and 120 L/h, resulting in average fluid velocities
from 0.018 to 0.038 m/s corresponding to a Reynolds number below
2300 (laminar flow). The fluid temperature at the inlet and outlet of the
receiver tube is measured with PT100 platinum resistance temperature
detectors (RTD). After the outlet temperature sensor, the fluid is guided
towards a cooling radiator.
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4.- Reflector
5.- Linear receiver
6.- Radiator and ventilator

1.- Elevation tracking support
2.- Azimuth tracking support
3.- Concentrator structure
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10.- Outlet RTD sensor
11.- Electrical casing

7.- Peristaltic pump
8.- Tracking device
9.- Inlet RTD sensor

Fig. 1. Picture of the PT-DASC experimental setup built at the PROMES laboratory.

Performance metrics

The fluid temperature increase (AT) throughout the receiver is
defined as the difference between the outlet and inlet HTF temperature
measured with the RTD sensors, T, and Tj, respectively. The useful
power (P,) gained by the HTF throughout the collector is defined as:

P, = mC,AT @

where m is the mass flow rate, and C, is the isobaric specific heat of
the HTF. The total efficiency of the PT-DASC (y,,,), is defined as the ratio
of P, to the incident solar power at the concentrator aperture:

Py

ﬂtat - AcolGO (2)
where A, is the concentrator aperture area, and G, the measured DNI.

The system heat losses were characterized at night in order to
minimize the probability of absorption of parasitic photons, which could
bias the rigorous assessment of heat losses. The influence of the gra-
phene particle concentration on the thermo-physical properties of the
HTF were assessed, revealing negligible impact at low particle concen-
trations (see Annex 9). Consequently, demineralized water was used as
HTF for the thermal loss experiments. A JULABO Cryo-Compact Circu-
lator CF30 (ref. 9400330.04) was used to regulate and maintain the
temperature of the fluid entering the receiver. By measuring the tem-
perature difference between Tj, and T, the power heat losses (P;s)
throughout the receiver can be calculated with the following equation:

Ploss = me (Tm - Touz) (3)

Heat losses from the fluid to the environment depend on the differ-
ence between the HTF temperature and the ambient temperature, Tomp.
Higher differences between these temperatures result in higher heat
losses. The measured heat losses are presented in Annex 10 of the sup-
plementary information as a function of Tay —Tamp, With Teye = (Tin +
Tout)/ 2.

The photo-thermal efficiency, 7,1, is defined as the ratio of the power
absorbed by the fluid (Ppr) to the incident power at the concentrator
aperture. Considering the above-mentioned definitions, the power bal-
ance of the HTF can be expressed as:P, = Ppr —Pjys. Therefore, the
experimental photo-thermal efficiency, #pr .y, of the collector can be

obtained with the following equation:

_ P, u + P, loss
”PT,exp AcalGO

4

Analytically, the photo-thermal efficiency, 7 4, , is calculated based
on the specific optical properties of each of the components of the
collector:

Mpr.an = PrefTglass@HTFY 5)

where p,¢ is the mirror directional reflectivity, s the transmissivity of
the glass tube, ayrr the HTF absorptivity, and y the intercept factor of the
receiver (values given in Table 2). agrr is calculated with the measured
HTF extinction coefficient § considering the inner diameter of the
receiver, 33.6 mm. The y is considered equal to 1 as a result of the
qualitative data using the Camera Target Method detailed in the sup-
plementary information. All spectral properties are integrated over the
AM1.5D solar spectrum between 250 and 2500 nm from ASTM G173-03
[49], similarly as in equation S1 in the annexes.

The temporal evolution of the optical properties of the HTF under
real operating conditions is quantified by measuring 74, of the samples.
From 74, f§ is obtained with the Beer-Lambert’s law. Graphene absorp-
tion properties essentially contribute below 1350 nm, as water absorp-
tion dominates significantly at longer wavelengths. For this reason, f is
integrated over the AM1.5D solar spectrum between 250 and 1350 nm
from ASTM G173-03 [49]. Instead of evaluating the evolution of § with
time, it is evaluated as a function of the incident energy to the collector,

Table 2
Parameters used for the analytical evaluation of the photo-thermal efficiency of
the collector.

Parameter Value Details

Pref 87.94+0.13% Almeco VWR193 (sup. info.)
Telass 97 % Borosilicate glass from ref. [50]
Qwater 28.72 £ 0.15% Water

acw-01 70.66 + 0.07 % 0.1 g/L nanofluid

acw-02 87.69 + 0.03 % 0.2 g/L nanofluid

acw-03 94.75 + 0.02 % 0.3 g/L nanofluid

y 1 from CTM qualitative analysis
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Ey, expressed as: Eg = Go Acol tworks With t,. the working time of the
HTF under solar concentration.

Results
Nanofluid stability under controlled environment

The optical properties of CW1 samples maintained at ambient tem-
perature for over 1800 h are plotted in Fig. 2. Both nanoparticle con-
centrations, 0.1 and 0.2 g/L, show similar transmissivity spectra
independent of the measurement time. The small deviations between
curves are within the spectrophotometer measurement uncertainty (see
Table S1 in the annexes). The long-term stability can be granted to all
samples at ambient temperature.

The influence of temperature on the nanofluid transmissivity at 600
nm is represented in Fig. 3 for the four cases under 80 °C water bath
illustrated in Fig. S3, CW2 to CW5. It must be noted that similar ten-
dencies are found for other wavelengths in the whole spectrum. The
variation of 74, with time is shown to be negligible, less than 2 %, for all
cases and particle concentrations, and within the measurement uncer-
tainty. An unexplained increase in 74, of fluid CW3-0.1 is observed at the
second measurement point, possibly related to measurement error as
subsequent measurements do not confirm the increase observed at this
point.

The presented results concur with the reported dispersion stability by
the supplier. As no surfactant is used for the graphene dispersion, the
temperature increase does not affect its degradation, a point which can
be a particularly problematic issue for other carbon-based nanofluids
[10]. Nevertheless, the intensification of the Brownian motion with
temperature could induce instability for the graphene dispersion. Pre-
vious figures prove however a long-term stability of all samples even at
temperatures close to the boiling point of the base fluid. To conclude, no
agglomeration nor sedimentation are expected when using these nano-
fluids in the PT-DASC experimental pilot.

Experimental results under real operating conditions

Performance of the concentrating NDASC pilot

The experimental characterization of the DASC concentrator is car-
ried out under real sunlight conditions and is therefore subject to sig-
nificant variations in the solar resource. The HTF is not pre-heated or
cooled before entering the receiver, therefore T;, is close to ambient
temperature, between 15 and 25 °C. Further information of the protocol
used in the measurement campaigns can be found in Annex 11.

100 — — :
|——CW1-0.1-0h
——CW1-0.1-144h
——CW1-0.1-360h |
——CW1-0.1-1848 h
CW1-0.2-0h
CW1-0.2-144h |/
——CW1-02-360h
|——CW1-0.2- 1848 h| |

7, (%)

L 1 _—

1000 1250 1500 1750 2000 2250 2500
A (nm)

0
250 500 750

Fig. 2. Evolution of the 74 spectra of two different graphene dilutions at
ambient temperature.
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100 T
90 - 1
| ——— =4
80F ” = 1
9
~_ 70 1
5
& D ——+
60F = = |
CW2-0.1 CW2-0.2
- —&— CW3-0.1 CW3-0.2] |
—v—CW4-0.1 —v— CW4-0.2
—<4—CW5-0.1 —€—CW5-0.2
40 : : : :

800 1000 1200 1400 1600
Time (h)

0 200 400 600

Fig. 3. 74 Evolution with time at 600 nm for cases CW2 to CW5 maintained
under 80 °C water bath for 0.1 g/L (red) and 0.2 g/L (green). Each marker
corresponds to a measurement campaign. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 4a shows the AT throughout the receiver for different flow rates
and three different HTFs: water, and graphene dispersions of 0.2 g/L
(CW-M-0.2) and 0.3 g/L (CW-M-0.3). All experiments have been
repeated threefold to assure repeatability of the results. As expected, for
all three HTF used, AT decreases with the flow rate, resulting of shorter
times of the HTF under concentration through the receiver. When gra-
phene nanoparticles are added to water, a significant increase in AT is
obtained. CW-M—0.3 showed higher absorptivity than CW-M-0.2,
which results in a higher temperature increase. At 120 L/h, both gra-
phene dispersions show similar average AT, which is attributed to
different average G, available at the moment of the experiments, ~
1050 W/m? and ~900 W/m? for CW-M-0.2 and CW-M-0.3
respectively.

The total efficiency of the PT-DASC (#,,,) for each HTF studied is
calculated with the average incident solar irradiance Gy during the
steady state regime (Fig. 4.b). As can be observed, 7,,, is nearly constant
and independent of the fluid flow rate for the three tested HTF at flow
rate larger than 60 L/h. This behavior is related to the low temperature
difference between the bulk fluid and the environment, which entails
very low heat losses along the receiver. Consequently, #,, is mainly
attributed to the photo-thermal efficiency, 7y, of the collector, which
varies with the HTFs absorptivity but remains independent of the fluid
flow rate. Nevertheless, heat losses may have a higher effect for higher
temperature difference. The mean 7,,, are 24.5 £ 0.5 %, 62.3 &+ 0.6 %,
and 74.3 £ 0.8 % for water, CW-M—0.2 and CW-M—0.3 respectively.

From equation (3), NPT exp for each HTF tested can be calculated and
compared to the expected #pr,, (Fig. 5). Increasing the particle con-
centration enhances the absorption capacity of the HTF, resulting in
higher #py ., for the PT-DASC: 26.7 + 0.5 %, 68.0 + 0.6 % and 81.6 +
0.8 % for water, CW-M—0.2 and CW-M-0.3 respectively. When
compared with 7,,,, the heat losses contribution can be deduced: 2.2 +
0.7 %, 5.7 + 0.8 %, and 7.3 &+ 1.1 % for water, CW-M—0.2 and CW-
M-0.3 respectively. Considering that the receiver tube is evacuated,
these are primarily attributed to heat losses through the propylene
connector at the outlet of the receiver tube, upstream of the temperature
sensors. To minimize heat losses, this connector must be carefully
insulated, particularly for experiments conducted at higher fluid
temperatures.

The analytical calculations estimated accurately the 7py. ., for water
and CW-M-0.3, but over estimated that of CW-M—0.2 by 2 to 10 %.
Between the three cases, only the optical properties of the HTF changed,
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Fig. 4. Experimental results using different HTF showing (a) the temperature increase (AT) and (b) the total efficiency (n«). Each data points with error bars
represent an experimental measurement while the solid lines represent the mean values for each flow rate.
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thus suggesting a deterioration of the optical properties of the CW-
M-0.2 nanofluid. To understand the highlighted difference between the
analytical and experimental results, the temporal evolution of the op-
tical properties of the nanofluid must be further studied.

Stability of the nanoparticles under real-operating conditions

Both the exposure to highly concentrated radiation and the circula-
tion of the nanofluid within the DASC pilot is likely to result in increased
degradation of the nanofluid, affecting the stability of the graphene
dispersion and therefore its optical properties. To investigate the influ-
ence of the hydraulic circuit on particle stability, two experimental ap-
proaches were designed. First, the CW-M—0.2 nanofluid was tested
using the PT-DASC pilot with corrosion-sensitive piping. Secondly, ex-
periments were conducted using the CW-M—0.3 nanofluid but replacing
the corrosion-sensitive connectors by non-corrosive materials, such as
brass.

In the case of the CW-M—0.2 HTF, a significant decrease of $ with E,
was found after several days of experiments (Fig. 6.a). At the end of the

experimental campaign, an 18 + 1 % decrease of the initial extinction
coefficient (B cy_p_02 = 80.45 + 0.73 m 1) has been measured. This
degradation explains the over-estimation of the photo-thermal effi-
ciency with #py 4, in comparison with #pr ., (see Fig. 5). The nanofluid
optical properties degradation is not attributed to the fluid temperature,
which did not exceed 40 °C, as previously tested nanofluids maintained
their optical properties with time at 80 °C (see section 3). However, a
significant decrease of the pH has been found for the CW-M—0.2 HTF
during the experimental campaign (Fig. 6.a).

Several studies have reported a correlation between the pH of the
dispersion and its stability [36-38,51,52]. In order to obtain high
repulsion forces between the particles, the pH of the fluid must be
significantly different from its isoelectric point, where molecules carry a
net charge of zero. These forces between particles are quantified by the
zeta potential. A particle suspension with a high absolute zeta potential
is inherently stable (430 mV), as high repulsion forces exist between the
particles preventing agglomeration [36,51]. If the zeta potential de-
creases, in the + 15 mV range, particles tend to agglomerate and thus
the dispersion becomes unstable. The range of pH values consistent with
high absolute zeta potentials is dependent on the base fluid and the
nanoparticles used.

For the CW-M—0.2 nanofluid, the observed dispersion acidification
from 7.5 to 6.5 pH led to the agglomeration of graphene particles and
the formation of larger clusters. This increase in nanoparticle size
reduced the number of individual optically active particles dispersed,
thereby decreasing the extinction coefficient of the fluid. The strong
sensitivity of nanofluid optical properties to changes in graphene size
and shape was previously demonstrated by the authors [46], further
supporting the direct relationship between fluid acidification, nano-
particle agglomeration and reduced extinction coefficient. The observed
acidification is attributed to the corrosion of sensitive components of the
hydraulic circuit (see photos of the steel connectors in the supplemen-
tary information), which may have contaminated the CW-M—0.2 fluid
during experiments.

The CW-M—0.3 experimental campaign used non-corrosive compo-
nents in the hydraulic circuit, expecting a lower impact of the hydraulic
system on the pH, and thus on the HTF extinction coefficient, . A
decrease of 2 + 1 % from the initial S, cy_p_o3, 105.72 £ 0.91 m ™, was
measured after several experimental campaigns (Fig. 6.b). The pH
stayed nearly constant with time for the CW-M—0.3 campaign, varying
from 7.95 to 7.91, a significantly lower pH decrease compared to the
CW-M-0.2 nanofluid. No corrosion of the hydraulic circuit was visible
to the naked eye during this experimental campaign.
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The two above presented experimental approaches allowed the
identification of sensitive components affecting the fluid hydrogen po-
tential. Materials susceptible to corrosion, such as the steel used in the
connectors, had a major influence on the pH of the nanofluid, which
incited particle agglomeration. As a result, an important decrease of the
nanofluid extinction coefficient was found after several experimental
campaigns (Fig. 6.a). Using non-corrosive materials, such as brass,
reduced the impact of the hydraulic circuit on the pH and the nanofluid
extinction coefficient temporal evolution. As can be deduced from the
slope of both f/p, fitted curves in Fig. 6, the optical properties of the
HTF are degraded 2.4 times faster if corrosion-sensitive materials are
used. While only graphene particles were studied here, corrosion is
likely to affect the pH and optical properties of other carbon-based
nanofluids, such as carbon nanotubes or carbon nanohorns dispersions.

Nevertheless, a slight decrease on the extinction coefficient was still
found when corrosion resistant materials are used (Fig. 6.b). Two
possible phenomena may explain these results: (1) residual corrosion
within the hydraulic circuit, as the aluminum cooling radiator appears
to remain susceptible to corrosion, or (2) a photochemical effect induced
by concentrated radiation, leading to an increase in the hydrogen po-
tential of the heat transfer fluid (HTF). In the nanofluid studied, the
graphene sheets repulsive forces are the results of the OH™ ions at the
particle surface. Photons incident to the dispersed particles might induce
separation of the OH™ ions, thus influencing the hydrogen potential of
the dispersion. To further evaluate this phenomenon, on-sun experi-
ments must be conducted with a simpler hydraulic circuit avoiding
parasite corrosion.

Corrosion of components has been listed among the main challenges
for NDASC industrialization [10,11,53,54]. Both metal and metal-oxides
induce higher corrosion in comparison with carbon-based nanofluids. In
this study, however, corrosion has demonstrated to have a direct effect
on the nanofluid optical properties. Preventing corrosion by the nano-
fluids is essential not only to avoid component degradation but also to
preserve the stability of the nanofluids themselves. Materials in contact
with the nanofluid should prioritize corrosion-resistant options such as
brass, stainless steel, or surface-treated aluminum.

While chemically inert polymers such as PTFE or PEEK may offer
corrosion resistance, their limited thermal stability at high operating
temperatures makes them unsuitable for connectors at the receiver’s
outlet in future industrial thermal systems. Simplifying the hydraulic
circuit by minimizing metal-nanofluid interfaces can also significantly
reduce degradation risks. Additionally, incorporating a pH control sys-
tem using a buffered solution may allow for direct management of

chemical degradation, further preventing particle agglomeration and
the progressive loss of nanofluid optical properties.

Although these design strategies may increase system installation
costs in future industrial plants, they are expected to ensure greater
nanofluid stability and system longevity, both of which are critical for
large-scale deployment. Further work, including detailed techno-
economic assessments, is encouraged to validate these design
guidelines.

Conclusions and future work

The stability of nanofluids under real operating conditions and over
long working periods is a prerequisite for the development of efficient,
reliable and durable concentrating direct absorption solar collectors. A
comprehensive understanding of the degradation mechanisms affecting
the optical properties of nanofluids integrated into such systems is
imperative. However, this is especially intricate due to the numerous
factors that can lead to accelerated degradation of nanofluid stability (e.
g., inherent instability of the fluid, temperature sensitivity, circulation in
the system, exposure to concentrated solar flux, etc....).

In this study, a methodology for identifying the causes of nanofluid
degradation under real operating conditions is proposed, implemented
and analyzed. The proposed method is rooted in the comparison of the
degradation of nanofluids in two distinct environments: firstly, in a
controlled environment where the nanofluid is subjected to ageing
under controlled temperature conditions and for varying time-periods;
and secondly, under real operating conditions, i.e., circulating under
concentrated solar radiation in a DASC. This methodological approach
facilitates the identification of the origin of nanofluid degradation,
distinguishing between the intrinsic stability of the nanofluid and the
degradation associated with the operation conditions within the DASC.

The proposed methodology enabled the confirmation of the good
stability of the studied graphene aqueous dispersion. In a controlled
environment at ambient temperature, the optical properties of all gra-
phene dispersions remained constant for over two and a half months.
Within the same environment, an increase in fluid temperature up to
80 °C, approaching the nanofluid boiling point, did not affect the sta-
bility of the particles. The optical properties of all the dilutions tested
remained constant for over two months, independent of the thermal
history imposed on it.

The performance of the DASC concentrator incorporating the
graphene-based nanofluid was then determined, revealing that the total
efficiency of the system increased significantly with nanoparticle
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concentration, from 62.3 + 0.6 % to 74.3 + 0.8 % when using 0.2 and
0.3 g/L graphene dispersions. These efficiencies represent a substantial
improvement over the 24.5 + 0.5 % photo-thermal efficiency obtained
with demineralized water. The fluid flow rate had a comparatively
minor effect on the system efficiency, which is attributed to the low
amplitude of the thermal losses given the characteristic temperatures
reached in the system (which do not exceed 45 °C). At these working
temperatures, conventional mature solar thermal technologies such as
flat plate, evacuated tube or small-scale parabolic trough collectors
attain collector efficiencies, between 60 to 75 % [55,56]. The measured
graphene-based DASC collector efficiency reaches the upper limit of
conventional existing solar collectors, demonstrating the feasibility and
potential of the studied concept.

Finally, an accelerated degradation of the nanofluid’s optical prop-
erties under real operating conditions was highlighted, probably caused
by a rapid and significant drop in pH. The experimental protocol pro-
posed here enables identifying the origin of the observed pH degrada-
tion with a good degree of certainty: in this case, it is the DASC hydraulic
circuit that leads to accelerated corrosion and acidification of the fluid.
This study emphasizes the crucial role of the DASC hydraulic system in
preserving the optical properties and lifetime of nanofluids. It is evident
that the incorporation of components sensitive to accelerated corrosion
is likely to result in a rapid and substantial deterioration of the system’s
performance. While the observed correlation between pH and extinction
coefficient is strong, a more detailed assessment of the underlying
chemical mechanisms should be pursued in future studies (e.g., through
zeta potential measurements, corrosion quantification, or spectroscopy).
Isolating the many external factors that can influence nanofluid degra-
dation requires comprehensive chemical analysis, a particularly chal-
lenging task when working with on-sun concentrating prototypes.

To develop concentrating direct absorption solar collectors (DASCs)
that are operational at relevant temperatures (150-200 °C), it is essen-
tial to enhance our understanding of the behavior of nanofluids exposed
to these characteristic temperatures, which remains beyond the scope of
this study. This involves examining the impact of thermal losses through
the receiver and assessing the benefits of adding low emissivity coatings
to minimize radiative losses. Before considering the development of
industrial-scale systems, it is necessary to deeply investigate the re-
ported degradation mechanisms under a broader range of environ-
mental and operational conditions. The degradation of the nanofluid
optical properties associated with corrosion mechanisms can potentially
increase in DASC working at elevated temperatures. In this context, the
selection of non-corrosive materials such as brass, as shown in our study,
can reduce pH variations and preserve nanofluid stability. However,
detailed insights into the hydraulic system’s design features (e.g., ge-
ometry, flow regimes, or protective linings) also remain beyond the
scope of this study. Future research is therefore necessary, particularly
under real and long-term operating conditions, to develop concrete
recommendations on corrosion-resistant designs that can prevent par-
ticle agglomeration and sedimentation at high temperatures.
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