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A B S T R A C T   

To overcome the limitations of conventional solar thermal collectors (high conductive and convective thermal 
resistances between the absorber and the fluid), a promising technology is represented by direct absorption solar 
collectors working with nanofluids, where the incoming solar irradiance is absorbed directly within the volume 
of fluid. The main issue hindering the diffusion of such technology is related to its reliability, since nanofluids can 
lose their chemical stability due to nanoparticles sedimentation. Thus, the present work aims at investigating the 
stability and absorption capability of two nanofluids made of Single-Wall-Carbon-NanoHorns in a volumetric 
solar receiver. 

The present investigation covers the study of material compatibility, the laboratory measurements of nano
fluid absorbance and the field simultaneous measurement of thermal and optical efficiency. Since the final 
performance of direct absorption solar collectors strongly depends on the nanofluid stability, the double effi
ciency measurement allows to better verify any possible instability effect. Furthermore, field measurements 
during nanofluid circulation are rare in the literature. 

The efficiency of the volumetric solar collector is between 88 % and 92 % at null reduced temperature dif
ference. Finally, tests are performed at high flow rate leading to an evident performance degradation, due to 
nanoparticles deposition, that can be reversed with sonication.   

1. Introduction 

Heat is the largest energy end-use, accounting for half of global final 
energy consumption, significantly more than electricity (20 %) and 
transport (30 %) [1]. The supply of heat, which contributed more than 
40 % to the global related CO2 emissions in 2020, remains heavily fossil 
fuel dependent, with renewable sources (including biomass) meeting 
less than a quarter of global heat demand in 2020. According to the 
International Energy Agency (IEA), about 46 % of the total thermal 
power consumed in 2021 was related to space and water heating in 
buildings. With energy used for heating being significant, heat decar
bonization is therefore critical [2]. 

Over recent years, solar thermal collectors at low and medium 
temperature (lower than 200 ◦C) have proved to be a reliable solution to 
supply heat and decarbonize the thermal needs in residential and in
dustrial sectors [3]. According to the International Renewable Energy 

Agency (IRENA), at the end of 2020 the total capacity of solar power 
plants was 1218 GW [4]. Of this amount, 710 GW was electric power 
generated by solar photovoltaic plants, 7 GW was thermal power pro
duced by solar concentrating systems and 501 GW was thermal power 
from solar collectors [5]. Therefore, the market around solar thermal 
collectors is still large, but it is important to improve the existing stan
dard technology and to reduce capital costs. 

Conventional flat solar collectors are characterized by the presence 
of surface-based absorbers, where the solar radiation is firstly converted 
into heat and then transferred to a working fluid by thermal conduction 
and convection. The main disadvantage of this system is the overheating 
of the receiver surface, which enhances the thermal losses towards the 
environment and leads to a decrease in the thermal efficiency. This 
drawback can be addressed by allowing the incident solar radiation to 
directly interact with the heat transfer fluid, without heating any other 
component in the receiver. 
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In direct absorption solar collectors (DASCs) the conversion of solar 
energy into heat occurs directly within the volume of fluid which acts as 
the absorber [6]. This solution allows to improve the thermal efficiency 
of the system and to reduce the costs and the collector environmental 
impact due to the absence of the selective absorber surface (which 
represents the main cost item in solar collectors). Compared to con
ventional solar collectors, a significant environmental benefit of DASCs 
relies on the smaller energy consumption during manufacturing, since 
large part of the solar collector materials is replaced by stainless steel 
and glass instead of copper [7]. Otanicar and Golden [8] estimated that, 
with reference to a 3-person family dwelling using 188 L of hot water 
daily from a mix of electric and natural gas water heaters, DASCs would 
allow to save 34 kg of CO2 equivalent emissions during the 
manufacturing process. 

Due to the advances in the field of nanotechnologies, growing in
terest has been addressed to the potential use of the so-called nanofluids 
inside DASCs due to their favourable thermophysical and optical prop
erties [9–11]. Nanofluids can be suitably employed as heat transfer 
vectors in DASCs due to the low risk of mechanical or chemical erosion, 
fouling of hydraulic loops or clogging of pumps compared to 
microparticle-based fluids. 

The key challenge still hindering the widespread employment of 
nanofluids is related to their chemical stability, since destabilization 
factors (such as high temperatures, intense solar radiation, thermal/ 
solar cycles, …) may induce the nanoparticles collision and, therefore, 
their clustering and sedimentation. 

Carbon-based nanofluids have raised great interest among re
searchers due to their excellent chemical stability and broad absorption 
spectrum characteristics [12]. Moreover, the addition of small concen
trations of carbon nanoparticles can greatly enhance the optical prop
erties of the base fluid and improve the efficiency of the solar collector 
[13,14]. In the work of Sani et al. [15], the stability and the optical 
characteristics of Single-Wall Carbon NanoHorns (SWCNHs) suspen
sions in ethylene glycol were studied. High absorbed energy fractions 
were obtained with SWCNHs samples over short light penetration dis
tances, showing that an efficient sunlight absorption can be obtained 
with nanofluid volumes smaller than those of usual heat transfer fluids. 
Li et al. [16] studied the stability and the solar-thermal conversion ef
ficiency of hybrid nanofluids made of silicon carbide and 
Multi-Wall-Carbon-NanoTubes (MWCNTs), concluding that 0.5 wt% 
SiC-MWCNTs nanofluids could absorb 99.9 % of the solar energy with 
only 1 cm path length. The nanofluids displayed an excellent stability 
during static settlement experiments over one month, while high tem
peratures and repeated heating cycles were found to influence the 
nanofluid absorption characteristics. 

The synthesis of nanofluids requires advanced and sophisticated 
equipment, which nevertheless do not necessarily increase the nano
fluid’s production costs [17]. Indeed, since only a small amount of 
nanoparticles is added to the base fluid (around 1 %), the final price of 
the nanofluid is not expected to be significant [18]. Otanicar and Golden 
[8] carried out an economic and environmental comparison between 
conventional and nanofluid-based solar collectors for domestic hot 
water systems. The nanofluid-based solar collector demonstrated higher 
solar energy conversion efficiency but a slightly longer payback period 
due to the current market cost for nanoparticles and nanofluid synthesis 
procedure. Any drop in the price of nanoparticles, which is to be ex
pected as they become more widely employed, would result in further 
savings for the nanofluid-based solar collector. During 15 years opera
tion of the nanofluid-based solar collector, it could reduce CO2 emissions 
to the environment by 740 kg compared to a conventional solar collector 
and by more than 23000 kg with respect to fossil fuel-based heaters. 
Moreover, the authors showed that, if nanofluid-based solar collectors 
were employed by 50 % of the residents of Phoenix (Arizona), over one 
million tons of CO2 would be avoided per year. 

Most of the experimental works available in the literature on DASCs 
deal with the investigation of the stability and absorption properties of 

nanofluids under exposure to a radiative flux in the absence of fluid flow 
[19,20]. In general, there is a lack of experimental studies focused on the 
evaluation of the performance of a DASC with flow of carbon nanofluids. 
Among the few exceptions available in the literature, Delfani et al. [21] 
experimentally observed that, as the nanoparticles volume fraction and 
mass flow rate increase, the thermal efficiency of a DASC operating with 
functionalized MWCNTs in water and ethylene glycol mixture rises with 
an asymptotic trend. The nanofluids were found to improve the collector 
efficiency by 10–29 % with respect to the base fluid. Struchalin et al. 
[22] concluded that exists an optimal mass flow rate (in the range 6–8 L 
min− 1) that maximizes the thermal efficiency of a tubular DASC oper
ating with a MWCNTs-based nanofluid. Indeed, a decrease in the flow 
rate below the optimal value increases the irradiation time of the par
ticles in the frontal layers of nanofluid and their superheating, leading to 
higher thermal losses. The same can be inferred in the case of a mass 
flow rate increase, which would intensify the heat transfer between the 
wall and the nanofluid and, thus, affect the thermal performance of the 
solar collector. The thermal efficiency of the tested device was 6–38 % 
higher compared to an equivalent geometry with surface absorption and 
the nanofluid demonstrated high stability, remaining homogeneous for 
at least six months after production. Similarly, Mahbubul et al. [23] 
tested an evacuated tube solar collector with a SWCNHs nanofluid and 
obtained an almost linear increasing trend of the thermal efficiency with 
mass flow rate (600–1000 L h− 1). With regard to the effect of the cir
culation on the stability of the nanofluid, Zanetti et al. [24] observed 
that nanofluids made of functionalized and oxidized SWCNHs in 
deionized water were subject to severe degradation after circulation 
tests at 300 kg h− 1 in a volumetric solar receiver. Such result was 
probably due to the interaction between the nanofluid and the moving 
parts of the pump or to the non-optimal synthesis procedure. 

The present paper aims at investigating experimentally the stability 
and the absorption capability of two carbon nanofluids with different 
nanoparticles concentration. To cover the existing gap in the literature, 
field measurements of optical and thermal efficiency of the solar 
receiver are reported together with the laboratory analysis of the 
nanofluids absorbance spectra to get information about potential 
instability issues. Finally, tests are performed at high flow rate to assess 
the effect of circulation on the DASC performance. 

2. Experimental setup 

A sketch of the experimental setup is reported in Fig. 1. The exper
imental setup consists of a primary loop for the nanofluid and an 
auxiliary water circuit. In the primary loop, an inverter-controlled ro
tary vane pump is used to circulate the nanofluid exiting the solar 
receiver. 

The nanofluid mass flow rate can be measured by two Coriolis mass 
flow meters, which are calibrated in two different measuring ranges: 
0–90 kg h− 1 (±0.1 % accuracy at ṁn ≥ 14 kg h− 1, ±0.27 % otherwise) 
and 25–400 kg h− 1 (±0.1 % accuracy). Then, the nanofluid is heated up 
or cooled down in a tube-in-tube heat exchanger, where water flows in 
counter-current as secondary fluid in the external annulus. Hot or cold 
water can be respectively provided by using electrical resistances or a 
plate heat exchanger releasing heat to the groundwater. 

The heat exchanger is 0.5 m long and the inner diameter of the in
ternal tube is equal to 8 mm. After the heat exchanger, the nanofluid is 
sent back to the solar receiver. 

The nanofluid solar receiver is made of two rectangular anti- 
reflective glass sheets with dimension 500 × 60 × 3 mm, embedded in 
two stainless steel frames, and three PEEK layers combined to form the 
channel for the nanofluid passage (depth of 18 mm). This solar receiver 
has been tested in previous experimental studies ([13,24]). A ball valve 
is located at the top of the DASC to remove the air trapped inside the 
loop. The PVC tubes used for connections are thermally insulated and 
shielded with aluminum tape to limit the convective and radiative 
thermal losses towards the ambient. 
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The nanofluid loop is mounted on a movable cart which allows to 
modify the azimuth and the tilt angle of the system and keep the test 
section perpendicular to the solar rays (the incidence angle is always 
smaller than 2.5◦). 

The nanofluid temperatures at the inlet and outlet of both the DASC 
and the tube-in-tube heat exchanger are measured using four PT-100 
type RTDs (±0.03 ◦C accuracy). Other three PT-100 type RTDs are 
used to evaluate the inlet and outlet water temperatures in the heat 
exchanger and the ambient temperature. A pressure transducer is 
located before the solar receiver to check the nanofluid absolute pres
sure (±2 mbar). 

As shown in Fig. 1, two pyranometers (secondary standard class) are 
respectively located on the front and on the back of the test section to 
evaluate the global tilted irradiance (GTI) on two planes parallel to the 
receiver one. The double-glazing structure of the solar receiver allows 
the radiation that is not absorbed by the nanofluid to pass through the 
rear glass. Therefore, the transmitted irradiance GTItrans is measured by 
the pyranometer positioned on the back (Pyranometer B in Fig. 1), 
embedded inside a box to be partially shielded from the solar radiation. 
Instead, the incident solar irradiance onto the collector surface GTIinc is 
measured by the external pyranometer (Pyranometer A in Fig. 1). Two 
additional pyranometers are respectively used to evaluate the diffuse 
horizontal irradiance (DHI) and the global horizontal irradiance (GHI). 

Agilent Technologies 34970 A data acquisition unit is used to collect 
the signals coming from all the sensors every 10 s. Samples of thirty 
subsequent measurements, corresponding to 5 min of acquisition, are 
considered for the calculation of the average value of each measured 
parameter. 

3. Characterization of nanofluids and materials compatibility 

The nanofluids used for the tests (hereinafter referred to as “Nano
fluid1” and “Nanofluid2”) consist of suspensions of functionalized 
SWCNHs (Single-Wall-Carbon-NanoHorns) nanoparticles in deionized 
water. 

The SWCNHs aggregates (about 0.1 g) were first oxidized with a 
sulphonitric mixture (H2SO4:HNO3 = 3:1 in volume) and then dispersed 
in the base fluid by means of magnetic stirring, homogenization and 
sonication (at different power, frequency levels and for different time 
intervals). The oxidized product was separated and collected by 
centrifugation. In the second step, the oxidized SWCNHs were func
tionalized with 750 Da polyethylene glycol chains (PEG-ylation) using a 
reaction of amidation. Amidation with PEG guarantees a better stability 
of the SWCNHs suspension and a higher absorption capability compared 
to oxidized non-PEG-ylated products [24]. The functionalized and 

oxidized SWCNHs are then diluted with deionized water in order to 
reach the desired absorption characteristics. More details regarding the 
preparation procedure of the nanofluids are reported in Ref. [25]. 

The dilution of Nanofluid1 was calibrated to obtain the optimal ab
sorption efficiency with the minimum expense for the nanofluid prep
aration. The theoretical absorption efficiency of the nanofluids, also 
named “absorbed energy fraction” or “optical efficiency”, is evaluated 
with Eq. (1) following the procedure reported in Berto et al. [25]: 

ηopt,n =1 − τ = 1 −

∫

fλ⋅τλ⋅dλ (1) 

In Eq. (1) λ is the wavelength, τλ is the spectral transmittance 
intended as the ratio of the spectral solar irradiance transmitted by the 
nanofluid Itrans,λ to the incident spectral solar irradiance Iinc,λ (Eq. (2)), fλ 
is the ratio of the spectral incident solar irradiance Iinc,λ to the total 
incident irradiance Iinc (Eq. (3)) and τ is the transmitted energy fraction 
defined by Eq. (4). 

τλ =
Itrans,λ

Iinc,λ
=

1
10Aλ

(2)  

fλ =
Iinc,λ

Iinc
(3)  

τ=
∫

τλ⋅dλ (4) 

In Eq. (2), Aλ is the spectral absorbance of a reference nanofluid, 
which can be evaluated with a spectrometer using the Lambert Beer law: 

Aλ = L⋅ελ⋅C (5)  

where L is the path length, ελ is the molar extinction coefficient and C is 
the nanoparticles concentration in the solution. 

The theoretical optical efficiency of the nanofluid ηopt,n can be 
calculated with Eq. (1) using the values of Iinc and Iinc,λ retrieved from the 
reference Air Mass 1.5 spectral distribution of the solar radiation ([26]) 
and the values of τλ obtained from the absorption spectrum of a refer
ence nanofluid. Fig. 2a) reports the absorbed energy fraction against the 
optical length for four nanofluids showing different absorbance spectra, 
obtained by halving (A400nm = 0.1), equalising (A400nm = 0.2), doubling 
(A400nm = 0.4) and triplicating (A400nm = 0.6) the absorbance values of 
the reference nanofluid (Nanofluid1). As highlighted in the figure, the 
absorbed energy fraction is higher than 90 % for three of the considered 
nanofluids at 18 mm path length, which is indeed the depth of the direct 
absorption solar receiver considered in the present work. The nanofluid 
with A400nm = 0.2 (which is also the reference one) ensures good optical 

Fig. 1. Sketch of the experimental setup.  
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efficiency at 18 mm path length (ηopt,n = 0.92), while avoiding further 
expenditures for increasing the concentration of nanoparticles in the 
fluid. This nanofluid is here named “Nanofluid1”. 

The stability and the thermal performance of Nanofluid1 is 
compared in the present study with those of “Nanofluid2”, having 
A400nm = 0.46 and leading to an optical efficiency equal to 0.99 at 18 
mm path length. The final absorbance spectra of the two nanofluids, 
shown in Fig. 2b), are evaluated with a Cary5000 spectrometer using a 
0.2 cm quartz cell. The absorbance spectrum of both nanofluids displays 
a peak at about 265 nm. 

The thermo-physical properties of the tested nanofluids (thermal 
conductivity and viscosity) were verified to be comparable to those of 
the base fluid, i.e. water [13]. 

The compatibility of the nanofluids with different materials was also 
investigated. Approximately 50 mL of nanofluid with spectral absor
bance equal to 2 at 400 nm (using a cuvette with optical path equal to 1 
cm) were prepared. The four different materials present in the volu
metric solar absorber (i.e. copper, PVC, PEEK, steel) were inserted into 
separate vials and the nanofluid was then added, taking care that it 
completely submerged the samples of the aforementioned materials. The 
whole was left under magnetic stirring continuously for seven days. At 
the end of this period the solutions with the materials appeared as in 
Fig. 3a). 

The UV–Vis spectra of the solutions shown in Fig. 3b) were collected 
by scanning the spectral window 200–800 nm using a quartz cuvette 
with an optical path of 1 cm. The absorbance of the initial solution, 
subjected to magnetic stirring, is also reported in Fig. 3b). 

From the analysis of the UV–Vis absorption spectra, it can be 
observed that in the presence of steel, PEEK and PVC the nanofluid 
shows an improvement in terms of both scattering (which seems to 
decrease), and maximum absorbance (which increases). This could be 
due to favourable interactions between the nanoparticles and the ma
terials, or to the continuous agitation of the solution which leads to a 
better solubilization of the nanomaterials. Instead, the presence of 
copper promotes the nanofluid degradation, probably due to the contact 
with synthesis by-products, and therefore its employment in the exper
imental setup is not recommended. No copper (or brass) components 
were adopted in the experimental test rig; stainless steel and PVC piping 
and valves were used instead. 

4. Data reduction and uncertainty analysis 

The experimental campaign was performed following the guidelines 
provided by ISO 9806:2017 Standard ([27]) for the identification of 
steady-state conditions. The aim of the experimental tests is to evaluate 
the optical and thermal efficiency of the direct absorption solar receiver 
with the varying operating conditions. According to the Standard ([27]), 
a collector is considered to operate in steady-state conditions over a 
given period if none of the experimental parameters deviates from its 
average value by more than the following limits.  

- ±0.1 ◦C for the nanofluid temperature at the inlet of the solar 
receiver;  

- ±0.4 ◦C for the nanofluid temperature at the outlet of the solar 
receiver;  

- ±1.5 ◦C for the air temperature;  
- ±50 W m− 2 for both GTIinc and GTItrans values; 

Fig. 2. a) Absorbed energy fraction of four carbon nanofluids with different 
absorbance spectra as function of the path length (A400nm is the absorbance at λ 
= 400 nm); b) absorbance spectra of the two SWCNHs nanofluids before 
starting the experimental campaign. 

Fig. 3. a) SWCNHs suspensions with materials at the end of the magnetic 
stirring period; b) absorbance spectra of the nanofluid after being magnetically 
stirred in the presence of the materials indicated in the legend. 
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- ±1 % for the nanofluid mass flow rate. 

The Standard also imposes a GTIinc minimum value equal to 700 W 
m− 2 and an incidence angle of the solar rays on the plane of the receiver 
smaller than 2.5◦. The latter condition was ensured by acting on the 
movable cart, as discussed in Section 2. Once all the requirements 
imposed by the Standard are satisfied, the optical efficiency of the 
receiver is calculated as the ratio of the solar radiation absorbed by the 
fluid to the incident radiation onto the solar collector aperture area: 

ηopt,r =
GTIabs

GTIinc
(6)  

where the radiation absorbed by the nanofluid GTIabs is calculated with 
Eq. (7): 

GTIabs =GTIinc⋅τglass −
GTItrans

τglass
(7) 

In Eq. (7) τglass is the mean transmittance of the glazed area of the 
receiver (equal to 0.93). If the optical efficiency is referred to the 
nanofluid, Eq. (6) must be modified as follows: 

ηopt,n =
GTIabs

GTIinc⋅τglass
(8) 

In Eq. (8) the transmittance of the glass is used to account for the 
solar irradiance attenuation due to the front glass. The optical efficiency 
indicated in Eq. (8) can be intended as the absorption capability of the 
working fluid independently from its enclosure. 

It must be noted that since Pyranometer B is located inside a box 
which is partially shielded from the solar radiation, it displays a reduced 
field of view compared to Pyranometer A. The two values of irradiance 
in Eq. (8) are thus referred to different fields of view and cannot be 
theoretically used in the ratio. To account for this mismatch, the incident 
solar irradiance must be calculated as follows: 

GTIinc,corr =DNI + F⋅DHI (9) 

In Eq. (9), DNI represents the direct normal irradiance calculated 
using the Liu and Jordan isotropic model, DHI is the measured diffuse 
horizontal irradiance and F is a correction factor accounting for the 
different fields of view of Pyranometers A and B. Since the field of view 
related to the direct component is the same for both the pyranometers, 
this correction factor is applied only to the diffuse component of the 

solar irradiance. The complete analytical and experimental procedure 
for evaluating the correction factor is provided in Ref. [28]. 

The thermal efficiency of the solar receiver is computed using Eq. 
(10): 

ηth =
ṁn⋅cn⋅(Tout − Tin)n

GTIinc⋅A
(10)  

where ṁn is the nanofluid mass flow rate, cn is the nanofluid specific 
heat, (Tout ‒ Tin)n is the temperature variation of the nanofluid between 
inlet and outlet of the solar collector and A is the glazed surface area. 
The thermal efficiency curve of the receiver is reported against the 
reduced temperature difference Tm,red, which is defined as follows (Tamb 
is the ambient temperature): 

Tm,red =
(Tout + Tin)n

/
2 − Tamb

GTIinc
(11) 

The experimental uncertainty related to the measured parameters is 
assessed following the JCGM guidelines [29]. The detailed uncertainty 
procedure is described in the Appendix. The expanded uncertainty 
(coverage factor k = 2) of the optical efficiency is about 12 %, while for 
the thermal efficiency it ranges from 4 % to 12 %. 

All the experimental tests were performed under exposure to non- 
concentrated solar radiation in Padova, Italy (45◦ 24′ 23″ N, 11◦ 52′ 
40″ E). Field experiments were divided into two groups: first, tests for 
evaluating the optical and thermal efficiency of the volumetric solar 
receiver with the two nanofluids were carried out at small mass flow rate 
(ṁn = 5–14 kg h− 1) for about 50 h. Then, the effect of circulation on the 
nanofluids stability was assessed through additional experiments at high 
mass flow rate (ṁn = 330 kg h− 1) for about 70 h. The absorbance spectra 
of the nanofluids were checked throughout the two experimental cam
paigns by means of a spectrometer. 

5. Results of efficiency tests (50 hours duration) 

Efficiency tests were conducted at nanofluid mass flow rate ṁn =

5–14 kg h− 1 and inlet temperature Tin,n = 27–50 ◦C. The mass flow rate 
was regulated in order to guarantee a temperature difference between 
inlet and outlet of the solar receiver higher than 1 K. The efficiency 
values were obtained during about 50 h of tests. 

Fig. 4 reports the thermal and optical efficiency of the volumetric 
solar receiver with both nanofluids against the reduced temperature 

Fig. 4. Optical and thermal efficiency values of the volumetric solar receiver operating with the two SWCNHs nanofluids.  
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difference. The two nanofluids display similar thermal efficiency curves, 
while the optical efficiency of the receiver is 7.4 % higher for Nanofluid2 
compared to Nanofluid1. The nanofluid optical efficiency, calculated 
with Eq. (8), is equal to 0.92 and 0.99 for Nanofluid1 and Nanofluid2, 
respectively, and well agrees with the theoretical one reported in 
Fig. 2a) at 18 mm path length. 

For both nanofluids, at Tm,red = 0 (i.e. when the mean temperature of 
the nanofluid at the receiver matches the ambient temperature), the 
optical and the thermal efficiency values coincide. This result confirms 
the validity of the newly developed optical technique based on 
pyranometers. 

When the mean temperature of the nanofluids in the receiver is 
higher than the temperature of the ambient air (Tm,red > 0), the thermal 
efficiency is lower than the optical one due to thermal dissipations from 
the solar receiver to the ambient. On the contrary, when the mean 
temperature of the nanofluids in the receiver is lower than the ambient 
temperature (Tm,red < 0), the thermal efficiency of the solar collector is 
higher than the optical one due to the heat gain from the ambient. 

The slope of the thermal efficiency curves appears to be steeper than 
conventional plate solar collectors. This behaviour may be related to 
radiative dissipations occurring through the glazed surface, which is not 
supplied with any selective coating. Moreover, it is worth underlining 
that the design of the volumetric receiver was not aimed at maximizing 
the photo-thermal conversion efficiency, instead it was kept as simple as 
possible to monitor the stability and the optical behaviour of the 
nanofluids when used for the direct absorption of the solar radiation. 
Therefore, there is still margin to increase the values of thermal effi
ciency of the present DASC, for example by using low-emissivity glass 
layers or by replacing the glass on the rear side of the receiver with a 
reflective material and an insulation layer. 

The optical efficiency of the solar receiver displays a slightly 
decreasing trend with the increasing Tm,red values. Such reduction, 
although very little (-3.4 % for Nanofluid1, -2 % for Nanofluid2 in the 
range of Tm,red values from -0.012 to +0.02 K m2 W− 1), may be explained 
considering that solutions made of PEG can degrade if subjected to 
several heating cycles owing to the dissociation of water molecules from 
PEG clustering [25]. This breakup of chemical bonds may alter the ab
sorption capability of the nanofluid. 

A sample of few milliliters of nanofluid was collected at the end of 
each day of test to check if there were changes in the absorbance spec
trum during the experimental campaign. Indeed, in case of a reduction 
in the absorbance values, a degradation of the nanofluid could be 

inferred due to particles clustering and deposition. In Fig. 5 the absor
bance spectra of the two nanofluids at the end of the experimental tests 
(whose results are reported in Fig. 4) are shown. The absorbance spectra 
are measured by a Cary5000 spectrometer (Varian) using a 0.2 cm 
quartz cell. 

Comparing Fig. 5 with Fig. 2a), it can be noticed that the absorbance 
values for both Nanofluids are about 20–30 % lower compared to the 
initial solution. This result could be explained considering the effect of 
the working temperature, since its increase can lead to higher collision 
frequency between nanoparticles, and of subsequent thermal cycles, 
which can cause breaking of functional groups and change in size/ 
morphology of the nanoparticles [30]. 

6. Results of circulation tests (70 hours duration) 

The stability of the two nanofluids was also assessed at high mass 
flow rate. Circulation tests under exposure to the solar radiation were 
conducted at about 330 kg h− 1, which allows a transitional flow regime 
in the receiver [13]. Circulation tests were performed for about 70 h for 
both fluids. 

In Fig. 6, the evolution of the receiver optical efficiency ηopt,r over 
time is shown for the two nanofluids and for both efficiency/circulation 
experiments. Table 1 summarizes the measured ηopt,r values at the 
beginning of the tests and after 15, 60 and 70 circulation hours with the 
two nanofluids. With regard to Nanofluid1, the optical efficiency of the 
solar receiver was almost stable during efficiency tests, while it shows a 
slightly decreasing trend during circulation experiments, reaching a 
final value of 83 % (− 1.2 % after 70 h). The same can be argued for 
Nanofluid2, which instead displays a more marked ηopt,r reduction 
during circulation tests (− 4.3 % after 70 h). 

The analysis of the nanofluid samples collected during the experi
mental campaign allows to better understand the effect of circulation on 
the nanofluid stability. 

Fig. 7 illustrates the absorbance variations for the two nanofluids 
during the recirculation tests, detected with Cary5000 spectrometer 
using a 0.2 cm quartz cuvette. The absorbance slightly decreases over 
time for Nanofluid1, with a maximum reduction of 16 % after 70 h of 
circulation. Nanofluid2 shows a much higher decrease in the absorbance 
value for the same circulation time: after 60 h the nanoparticles con
centration is almost close to zero. This faster degradation could be 
explained considering that the nanofluid clustering frequency is pro
portional to the square of the density of nanoparticles, and therefore 
high concentration fluids are more prone to particles collision [30]. 
Moreover, Sharaf et al. [31] argued that it is unlikely that a stable 
nanofluid upon standing (whether at ambient conditions or with 

Fig. 5. Absorbance spectra of the two SWCNHs nanofluids after the optical and 
thermal efficiency experimental tests. 

Fig. 6. Optical efficiency of the solar receiver versus time during efficiency 
tests (50 h) and additional circulation tests (70 h) for the two nanofluids. 
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exposure to high temperatures/solar radiation) will keep its stability 
when exposed to shear forces and intense nanoparticles motion. Indeed, 
nanofluid flow in confined channels can result in lateral migration and 
deposit of particles close to the channel walls [30]. 

At the end of the tests, the nanofluids were discharged from the 
system and it was observed that the internal surface of the rear glass was 
covered by a black deposit, which was much thicker in the case of 
Nanofluid2. It is clear that the presence of such deposit may alter the 
absorption of the solar radiation, resembling the behaviour of a flat solar 
collector, and impair the reliability of the in-situ measurements. 

To better investigate the effect of the black deposit on the experi
mental data, the solar collector operating with Nanofluid2 was exposed 
to the solar radiation with and without nanofluid inside. The receiver 
optical efficiency measured in the two cases is reported in Table 2. The 
optical efficiency of the DASC was respectively equal to 0.88 and 0.75 
considering the cases with nanofluid and without nanofluid. The similar 
ηopt,r values confirm the dominant contribution of the rear black deposit 
on the measured optical efficiency for Nanofluid2. 

A comparable investigation was performed also for Nanofluid1. 
Indeed, two experiments were performed by exposing the DASC with 
and without rear black deposit to the solar radiation, to evaluate the 
corresponding optical efficiency of the nanofluid (Table 3). If consid
ering a clean rear glass, a value of ηopt,n equal to 0.78 was obtained, being 
close to the nanofluid optical efficiency obtained with the rear black 
deposit (equal to 0.89). Therefore, the contribution of the black deposit 
on the optical efficiency of Nanofluid1 was not as significant as for 
Nanofluid2. 

An attempt was made to put the nanoparticles back into suspension 
through a sonication process in order to get the absorbance spectrum of 
the initial solution. A sample of nanoparticles was taken from the black 
deposit on the rear glass of the receiver (shown in Fig. 8) and sonicated 
for about 1 h. 

Fig. 8 shows the absorbance spectra of the initial solution, of the 
nanofluid after 70 h of circulation and after sonication, evaluated using 
Cary5000 spectrometer (0.2 cm quartz cuvette). Thanks to sonication, 
the nanoparticles are completely back in suspension and the shape of the 
resulting absorbance spectrum, as well as its values, resemble the orig
inal one. 

This result suggests that the presence of a sonicator in the experi
mental setup would be favourable for keeping the nanofluid under 
agitation even during periods of plant inactivity and for bringing any 
deposited particles back into suspension. 

7. Conclusions 

Direct absorption solar collectors (DASCs) represent a promising 
technology for decarbonizing the thermal needs in residential and in
dustrial sectors and increasing the thermal efficiency compared to flat 
plate solar collectors. However, the reliability of this technology mainly 
depends on the stability of the nanofluids employed as working fluids, 
which may experience clustering/sedimentation of nanoparticles. 

In the present work, the stability and the absorption capability of two 
nanofluids (namely “Nanofluid1” and “Nanofluid2”), obtained from 
Single Wall Carbon Nanohorns (SWCNHs) and having different nano
particles concentration, was experimentally assessed within a DASC. 
The nanoparticles concentration of Nanofluid2 was more than two times 
higher compared to Nanofluid1. The present investigation covers the 
study of material compatibility for the tested nanofluids, the laboratory 
measurements of nanofluid absorbance and the field simultaneous 
measurement of thermal and optical efficiency. 

The main outcomes are the followings: 

Table 1 
Comparison between the optical efficiencies of the volumetric solar receiver 
with the two nanofluids after the same circulation hours.  

Circulating hours [h] ηopt,r 

Nanofluid1 [-] 
ηopt,r 

Nanofluid2 [-] 

0 0.85 0.92 
15 0.84 0.92 
60 0.84 0.88 
70 0.84 0.88  

Fig. 7. Absorbance values of the two SWCNHs nanofluids after the same cir
culation hours (path length of the cuvette equal to 0.2 cm). 

Table 2 
Effect of the black nanoparticles deposit on the optical efficiency of the receiver 
operating with Nanofluid2.   

Case 1 - DASC with black 
deposit, nanofluid inside 

Case 2 - DASC with black 
deposit, no nanofluid inside 

ηopt,r [− ] 0.88 0.75  

Table 3 
Effect of the black nanoparticles deposit on the optical efficiency of Nanofluid1.   

Case 1 - DASC with black 
deposit, nanofluid inside 

Case 2 - DASC without black 
deposit, nanofluid inside 

ηopt,n [− ] 0.89 0.78  

Fig. 8. Absorbance spectra of Nanofluid2 at the beginning of the experimental 
tests, after 70 h of circulation and after sonication (path length of the cuvette 
equal to 0.2 cm). An image of the black deposit on the rear side of the solar 
receiver is also shown. 
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• The interaction between copper and carbon nanofluids leads to a fast 
nanoparticles agglomeration, therefore the employment of other 
more compatible materials (such as steel and PVC) in the experi
mental setup is highly recommended.  

• The receiver thermal and optical efficiency values coincide at null 
reduced temperature difference and range between 88 % and 92 %. 
The thermal efficiency curve displays a linear trend but a steeper 
slope compared to conventional plate solar collectors due to the 
higher convective/radiative thermal losses through the glazed sur
face and to the non-optimized collector geometry.  

• After about 70 h of circulation at high flow rate (equal to 330 kg 
h− 1), the nanoparticles concentration for Nanofluid2 was nearly 
zero, while the absorbance values of Nanofluid1 showed a much 
smaller decrease over time. This faster degradation could be 
explained considering that high concentration fluids are more prone 
to nanoparticles collision and agglomeration.  

• A deposit of nanoparticles on the rear glass of the receiver was 
observed for both Nanofluid1 and Nanofluid2, although for the latter 
the deposit layer was much thicker. However, it was possible to 
restore the initial absorption spectrum of the nanofluid through 
sonication of deposited nanoparticles. 

To conclude, the reduction of nanoparticles concentration, together 
with the development of new synthesis procedures and the adoption of 
specific devices (such as sonicators for the continuous dispersion of 
nanoparticles), can potentially increase the nanofluids long-term reli
ability in field deployment. Moreover, the design of the DASC must be 
approached by properly selecting the fabricating materials, which must 
be compatible with nanofluids, and by optimizing the geometry to 
maximize the thermal efficiency. 
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NOMENCLATURE 

A Absorbance 
C Concentration of nanoparticles in the solution, g L− 1 

c Heat capacity, J kg-1 K-1 

DHI Diffuse solar irradiance on a horizontal surface, W m− 2 

DNI Direct normal irradiance, W m− 2 

fλ Fraction of the total incident solar irradiance GTIinc at specific wavelength, fλ = GTIinc,λ/GTIinc F Correction factor for the diffuse component 
of the solar irradiance 

GHI Global irradiance on a horizontal surface, W m− 2 

GTI Global tilted irradiance, W m-2 

I Irradiance, W m− 2 

k Coverage factor 
L Path length, mm 
ṁ Mass flow rate, kg s− 1 

N Number of sample points 
T Temperature, K 
u Standard uncertainty 
U Expanded uncertainty  

Greek symbols 
ηopt Optical efficiency 
ηth Thermal efficiency 
τ Transmittance 
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ελ Molar extinction coefficient, L mm− 1 g− 1 

σ Standard deviation 
λ Wavelength, nm  

Subscripts 
λ Spectral 
abs Absorbed 
amb Ambient 
corr Corrected 
cuv Cuvette 
glass Glass layer 
in Inlet 
inc Incident 
n Nanofluid 
out Outlet 
r Receiver 
trans Transmitted  

Abbreviations 
DASC Direct Absorption Solar Collector 
MWCNT Multi Wall Carbon NanoTubes 
PEG Polyethylene Glycol 
SWCNH Single Wall Carbon NanoHorn 

Appendix 

The experimental uncertainty on the reported data is assessed following the JCGM guidelines [29]. The standard combined uncertainty of the 
measured parameters is evaluated with the following equation: 

u=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

u2
A + u2

B

√

(A.1)  

where the Type A uncertainty uA is associated to the standard deviation of the sample and the Type B uncertainty uB is obtained from manufacturers’ 
specifications and calibration certificates. Since the size of the sample of experimental data is small, the Student’s t-distribution is applied to evaluate 
the Type A uncertainty as indicated in Eq. (A.2): 

uA =
σ̅
̅̅̅
N

√ ⋅tSTUD (A.2)  

where σ is the standard deviation of the 30 values used to calculate the average of each measured parameter, N is the number of data points (equal to 
30 in this case) and tSTUD refers to the Student’s t-distribution values, with (N-1) degrees of freedom. 

The Type B uncertainties of the employed sensors are listed in Table A1. With regard to pyranometers, several Type B uncertainty contributions 
must be taken into account, as reported in Table A2. 

The standard uncertainty calculated with Eq. (A.1) is multiplied by the coverage factor k to evaluate the expanded uncertainty U, as shown in Eq. 
(A.3). In order to have a confidence value of 95.4 %, the coverage factor is fixed as 2. 

U= k⋅u (A.3) 

The law of uncertainty propagation is employed to calculate the standard uncertainty of non-directly measured parameters, such as the optical and 
the thermal efficiency values. Indeed, if y is the unknown parameter calculated as function of x1, x2, …, xZ measured variables, the law of uncertainty 
propagation can be applied as follows: 

uy =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑Z

i=1

(
∂y
∂xi

)2

⋅u2
xi

√
√
√
√ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

∂y
∂x1

)2

⋅u2
x1
+

(
∂y
∂x2

)2

⋅u2
x2
+ … +

(
∂y
∂xZ

)2

⋅u2
xZ

√

(A.4) 

The expanded uncertainty of the optical efficiency is generally constant and on average equal to 12 %, while for the thermal efficiency it ranges 
from 4 % to 12 %. With regard to the reduced temperature difference, the related expanded uncertainty varies between ±0.0009 K m2 W− 1 and 
±0.0015 K m2 W− 1.  

Table A.1 
Type B experimental uncertainty of measured parameters (95 % confidence).  

Temperature ±0.03 ◦C 

Pressure ±0.05 % full scale (4 bar) 
Nanofluid mass flow rate (CFM1 0–90 kg h− 1) ±0.1 % of the reading at ṁn ≥ 14 kg h− 1 

±0.27 % of the reading at ṁn = 5 kg h− 1 

Nanofluid mass flow rate (CFM2 25–400 kg h− 1) ±0.1 % of the reading  
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Table A.2 
Type B uncertainty contributions of the employed pyranometers.  

Uncertainty source Zipp and Zonen CM11 (GTIinc and GTItrans) Zipp and Zonen CMP22 (DHI) DeltaOHM LP PYRA (GHI) 

Calibration ±1.5 % of the reading 
Non-stability ±0.5 % of the reading per year ±1.5 % of the reading per year 
Non-linearity ±0.6 % of the reading ±0.2 % of the reading ±1 % of the reading 
Zero-offset A ±12 W m− 2 ±3 W m− 2 ±4 W m− 2 

Zero-offset B ±7 W m− 2 ±1 W m− 2 ±15 W m− 2 

Temperature response ±1 % of the reading ±0.5 % of the reading ±4 % of the reading 
Spectral response ±2 % of the reading ±5 % of the reading 
Tilt response ±0.2 % of the reading 
Direction response ±0.5 % of the reading –  
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