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ABSTRACT
The conversion of solar energy to heat can be performed in direct absorption solar collectors, where the radiation from the sun is absorbed
by a fluid. There are various types of fluids that can be used, and recently, nanofluids (i.e., liquids with immersed nanoparticles) have been
investigated by researchers. Nevertheless, nanofluids have inherent drawbacks such as cost, toxicity, and clogging. This paper considers the use
of fluids that are inexpensive and neutral to the environment, namely, coffee colloids. These types of fluids have already been tested for solar
energy applications, but they have not yet been compared with nanofluids. In this research, we conducted a series of simple experiments where
both coffee colloids and carbon black nanofluids were analyzed under the same conditions. According to our results, the thermal efficiency
of coffee colloid and the nanofluid systems is, respectively, 12% and 16% greater than that of pure water. In addition to the experiments, we
developed a mathematical model that is based on the Beer–Lambert law and a heat balance equation. Despite its simplicity, the model predicts
the results relatively well.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0053258

I. INTRODUCTION

There are usually two techniques for utilizing solar energy: pho-
tovoltaic and solar thermal. The first one is based on the conversion
of solar energy to electricity, while the second one is used to produce
heat. The present paper is devoted to solar thermal technology. This
type of technology uses a collector, where solar irradiation is directly
converted to heat.

There are usually two types of solar collectors: a surface collec-
tor or a direct absorption collector (see, e.g., the study by Gorji and
Ranjbar1). The first one comprises a solid surface that is exposed
to solar irradiation and is thus the warmest part of the design. This
is necessary for heating fluids, but it also results in heat loss to the
surroundings.

The second possibility is the use of special fluids that absorb
the heat directly, that is, without being exposed to the hot surface.
This simplifies the physical processes and also significantly reduces
heat loss. For this, nanofluids (i.e., liquids with nanoparticles) have
gained the most popularity.

The main advantages of such nanoparticle systems are their
high relative surface area and high absorption of solar radiation.
They also have higher thermal conductivity than pure fluids. In addi-
tion, they are more stable than systems with larger particles, so they
form fewer agglomerates.

Different types of nanofluids have already been tested for solar
energy applications. For instance, Yousefi et al.,2 Colangelo et al.,3
and Kim et al.4 used Al2O3-nanoparticles in water for flat-plate
solar collectors. Similar designs were also studied by He et al.5
and Jamal-Abdal et al.6 with copper-water nanofluids. In addi-
tion, various researchers investigated nanoparticles such as TiO2,
SiO2, CuO, carbon nanotubes in water, ethylene glycol, and oil7

for other types of solar collectors (cylindrical, conical, parabolic,
triangular, and evacuated tubes). An interesting topic of research
was the influence of magnetic field on the process, i.e., when
ferrofluids are used. Examples are papers by Balakin et al.8 or
Alssady et al.9

Finally, nanofluids and their flow were investigated theoreti-
cally, and examples are recent papers by Turkyilmazoglu.10–12
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Nevertheless, nanofluids have some drawbacks. They pose a
hazard to both environment and human health and are often expen-
sive to produce.13 Furthermore, their presence in flowing fluids may
result in inevitable issues like clogging or deposition in systems of
complex geometries. This can be mitigated by adding surfactants,
but their quality often deteriorates at higher temperatures.1 In addi-
tion, nanoparticles in fluids may lead to erosion wear when in con-
tact with solid walls such as pipes.14–16 Finally, nanofluids may be less
attractive for applications where toxic materials should be avoided,
e.g., water purification or intensification of chemical reactions.

There is, however, a potential alternative, namely, using col-
loids whose absorbance of electromagnetic waves is higher than that
for water. This was suggested for the first time by Minardi and
Chuang,17 who investigated ink in water for a direct solar absorbing
system.

Another similar possibility is using coffee colloids that are
biodegradable, non-toxic, easy to obtain and produce, and inexpen-
sive. Currently, such kinds of fluids in solar thermal applications are
only tested in few research papers.13,18

Some other nanofluids, which are of low-cost and not harm-
ful to the environment, have also been investigated but not for
potential usage of solar energy. Hosseini and Mirzaei19 considered
montmorillonite clay for use in heat exchangers. Awua et al.20 inves-
tigated bio-based palm kernel fiber nanofluids and their thermal
conductivity properties. Finally, Ranjbarzadeh21 examined thermal
conductivity and stability of silica nanoparticles.

This indicates that the topic of using eco-friendly fluids for solar
energy applications is rather under-explored. Our objective was to
compare such fluids with “real” nanofluids in the same experimental
setup, and we selected a simple system to eliminate other physical
phenomena.

We chose carbon black nanofluids since they are relatively inex-
pensive and easy to produce. Moreover, they have not been widely
tested for solar applications except in a few papers.22–24 As they
are an environmentally neutral fluid, we select the aforementioned
coffee colloids.

II. THE EXPERIMENTAL SETUP
The schematic of the experimental setup is shown in Fig. 1. It

consists mainly of a beaker with the studied fluid (denoted by A in
the figure). The inner diameter of the beaker was 22 mm, and the
height of the fluid was 135 mm.

The fluid in the beaker was irradiated using a halogen lamp
(400 W), denoted by B in the figure. Thus, the setup resembles the
one used by other researchers.22,23,25

The radiation from the lamp was investigated using a Linshang
LS122IT portable power meter, and the measurement of radiation
intensity is shown in Fig. 2. This was measured along the main beam
of the lamp by varying the distance from the light source. In the
experiments depicted in Fig. 1, the beaker was located at a distance
of 80 mm from the lamp. It was irradiated by the lamp, as shown by
the arrows. According to our previous analysis,26 this distance is sig-
nificantly larger than the thermal boundary layer that forms on the
lamp face. This indicates that the potential heating of the beaker due
to natural convection did not occur.

The radiative spectrum of the halogen lamp was also previously
investigated by us,26 and this revealed a maximum radiative power

FIG. 1. Schematic of the experimental rig (not to scale).

for a wavelength of around 1000 nm. This value is of importance
later in the paper when discussing the extinction coefficient. It must
be noted that the use of the lamp does not essentially correspond to
practical applications with the real solar spectrum. Nevertheless, our
setup makes it possible to obtain repeated results under controlled
laboratory conditions.

The halogen lamp was placed behind an insulating screen
(denoted by C in the figure) to allow only a selected part of the beaker
to be directly subjected to the light. In addition, this was carried out
to decrease the heating of the experimental setup, such as the ther-
mocouples, and the surrounding air. The height of the slot in the
screen was 30 mm.

The temperature of the fluid was measured using a thermo-
couple connected to a multi-logger thermometer (type: Omega
HH506RA) and a personal computer. This system is denoted by D
in the figure.

Two kinds of fluids were used in the research: (i) coffee colloids
(arabica coffee, the Tchibo brand) and (ii) carbon black nanofluids.

Pictures of the coffee powder, using an optical microscope
(Nikon SMZ800), are shown in Fig. 3. The coffee colloids were pre-
pared by using a standard home coffee brewer. In order to extract
most of the organic material from the coffee powder, the process was

FIG. 2. Intensity of radiation vs distance emitted by the halogen lamp used in the
experiments.
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FIG. 3. Microscopic images of the investigated coffee powder. The grid cell size in
the right image is 1 mm (the largest cells).

FIG. 4. (a) Coffee colloid samples: 1.5, 3.0, 6.0, and 15.0 g of arabica coffee dis-
persed in 300 ml water and (b) the carbon black nanofluid sample: concentration
1.0 wt. %. The other carbon black nanofluids are visually the same.

repeated three times, that is, coffee colloids were circulated back into
the brewer. The coffee samples were weighed as follows: 1.5, 3.0, 6.0,
and 15.0 g. The amount of water (distilled) was 300 ml. Figure 4(a)
shows images of the different samples of coffee colloids.

For the preparation of carbon black nanofluids, we used a sim-
ilar technique to our previous studies,22,23,27 which has also been
used by other researchers.28–31 At first, a specified amount of car-
bon black (Timcal Ensaco 350G) was weighed and placed in distilled
water. The properties of the powder were investigated in our previ-
ous paper.22 In addition, the same amount of sodium dodecyl sulfate
(SDS) was added to stabilize the nanofluid later. The suspension
was mixed for 20 min using a ceramic magnetic stirrer. Next, it was
sonicated in an ultrasonic bath (Branson 3510) for 60 min.

The following concentrations were produced: 0.5, 1.0, 1.5, and
2.0 wt. %. The obtained nanofluid was stable, that is, no sedimen-
tation of carbon black particles was visually observed for at least
a few weeks. Figure 4(b) shows a sample of one of the produced
nanofluids.

III. THEORETICAL ANALYSIS
At first, an attempt was made to describe the process theoreti-

cally, supported by simple experimental measurements. We assume
the fluid is a semi-transparent medium irradiated by a thermal radi-
ation of a wavelength of 1000 nm, that is, corresponding to the
maximum thermal radiation emitted by the lamp.

We state that the medium is one-dimensional and the high-
est radiation intensity, Io (dimensions are [power/area]), occurs at
coordinate x = 0. For higher values of x, i.e., as the radiation propa-
gates within the medium, the intensity is attenuated according to the
Beer–Lambert law,1,24,32

I(x) = Io exp(−Kx), (1)

where K is the extinction coefficient, which is also the reciprocal of
the penetration distance. This coefficient is a summation of absorp-
tion and scattering coefficients and depends on the wavelength.

In our research, we decided to create a simplistic model. The
extinction coefficient was found by measuring intensities at coordi-
nate x = 0 and after the light has passed through the studied fluids.
For this, we used a cylindrical glass beaker of a known diameter. The
measurements were repeated a few times, by varying the distance
from the light (i.e., different values of Io) and at various points in the
fluid column. Thus, our extinction coefficient does not essentially
correspond to monochromatic radiation.

We focused only on the coffee colloids because the studied car-
bon black nanofluids had very high values of the extinction coef-
ficient that they became non-transparent when using our setup.
Nevertheless, this coefficient for carbon black nanofluids was the-
oretically studied in our recent paper,24 and therefore, it was less
necessary to investigate this issue again. According to our previous
work, the extinction coefficient resulted in rather high values of the
order 104–105 m−1.

In the end, by using Eq. (1), we calculated the extinction
coefficient and, the results are shown in Fig. 5.

We compared the results to that of distilled water (the first
point in the graph). It is interesting to note that the average value
(37 m−1) is similar to the one found in the literature (36.3 m−1) for a
wavelength 1000 nm.33–35 This should indicate that the other exper-
imental measurements were also satisfactory, even though we used a
rather simple technique for the determination of this coefficient.

Next, we return to our experimental rig discussed in Sec. II and
sketched in Fig. 1. We state that the irradiated domain has a disc-
size, as depicted in Fig. 6(a). The height of the domain h is the same
as the slot shown in Fig. 1.

We also assume that the initial intensity Io is distributed uni-
formly on the cylindrical side of the beaker [see Fig. 6(b)] and the
radiation propagates into the fluid as shown by the arrows. Due to
the circular shape of the cross section, the central region will oppose
the highest “depth” of the fluid (equal to the inner beaker diame-
ter D), with no fluid at the edges. For simplicity, we state, however,
that the fluid depth is the same for all the “arrows” and equal to
the average beaker diameter. This average diameter can be found by
averaging a function that represents the circular shape of the beaker
[see Fig. 6(d)]. This results in D = 2 × πD/8 = πD/4.

FIG. 5. Extinction coefficient for different coffee colloids (CCs).
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FIG. 6. Theoretical analysis: (a) the irradiated region has a disc shape, and (b)
the radiation travels in the fluids along straight lines. (c) The irradiated region is
modeled as a cuboid, where (d) side D is twice the average circle radius πD/8.

Therefore, we can state that the irradiated domain is a cuboid
of size D ×D × h, where the irradiated area is D × h. This is shown
in Fig. 6(c). In addition, we assume the process to be steady, that is,
the obtained heat generation is constant.

Furthermore, we use Eq. (1) to calculate the volumetric heat
source (dimension: [power/volume]), from qv(x) = −dI/dx. Thus,
the total heat generation in the analyzed element is as follows:

q = IoKDh∫
D

0
exp(−Kx)dx = IoDh[1 − exp(−KD)]. (2)

As mentioned previously, the beaker was located 80 mm from
the lamp, which corresponds to a light intensity of 6110 W/m2 (see
Fig. 2). However, in our mathematical model, the irradiated fluid has
a cuboid form. Thus, we can state that the real (average) distance is
increased by (D/2 − πD/8), which is 2.4 mm when using our setup.
Therefore, Io decreases to around 5980 W/m2.

Next, we state that the heat generation is used solely for heating
the whole fluid in the system minus the heat loss to the surroundings.
This results in a simple energy balance,

mc
dT
dt
= q − αA(T − To), (3)

where m is the mass of the fluid, c is the fluid heat capacity, T is the
temperature of the fluid (i.e., we assume the temperature to be uni-
form in the whole system and is only dependent on time), To is the
temperature of the surroundings, α is the heat transfer coefficient36

that is constant for the whole system area, and A is the outer surface
area of the studied fluid (i.e., the beaker). In our experimental setup,
area A was equal to 0.0097 m2, and mass m was 0.05 kg.

Solving Eq. (3) results in

T(t) = To +
q

αA
[1 − exp(−αAt/(mc))], (4)

where the initial temperature is the same as the temperature of the
surroundings. For t →∞, the final temperature becomes

T f = To +
IoDh
αA
[1 − exp(−KD)]. (5)

The heat transfer coefficient α that models the heat transfer
from the beaker to the surrounding air was estimated using empiri-
cal relations of the Nusselt number. Assuming that the surroundings
had a temperature equal to the initial temperature of the system and
using corresponding air properties, as well as our system geometry,
α became ≈4.45 W/(m2 K).36,37 In principle, the coefficient can be
further tuned by validating against experiments. It must be, how-
ever, noted that the coefficient will also depend on the location in the
beaker and time, i.e., it is not constant. Therefore, it was not modified
in this research.

The fluid properties were assumed to be the same as those of
water, that is, not influenced by the presence of the solid phase. The
properties of coffee colloids are perhaps less available in the litera-
ture, but the concentration of the solid phase was also rather low, so
the impact would be marginal. Finally, the model is already based on
many assumptions, so the further tuning of the model will not lead
to superior results.

The above-mentioned model also allows for the estimation the
thermal response time. This can be defined as the time when the
temperature increases, (e − 1)/e ≈ 63.2%. From Eqs. (4) and (5), the
thermal response time is as follows:

τ =
mc
αA

, (6)

which does not depend on optical properties of the fluid. In the
present research, τ becomes 4853 s. This value is compared to our
experimental results later in the paper.

Figure 8 shows the results of the modeling of the coffee col-
loid irradiation (the graph with crosses). It must be noted that the
graph begins at 0○ so that it depicts an increase from the initial
temperature, i.e., (T f − To), from Eq. (5).

The graph focuses solely on coffee colloids because the absorp-
tion coefficient is readily available from our measurements. How-
ever, for carbon black nanofluids, the final temperature can also be
estimated by assuming very high values of K in Eq. (5). For K →∞,
the temperature increase becomes 84 ○C, which is significantly more
than that for the coffee colloids even with the highest concentration.

According to the simplistic theoretical analysis, this tempera-
ture increase does not depend on nanofluid concentration because
K is high enough for all concentrations. According to our experi-
mental results, analyzed in Sec. IV of the paper, this statement is,
however, not fully correct.

IV. EXPERIMENTAL RESULTS OF IRRADIATION
Figure 7 depicts histories of temperature measured in three

selected fluids: (i) distilled water (as the benchmark), (ii) coffee col-
loid (the highest studied concentration), and (iii) nanofluid (con-
centration 0.5%). This figure is shown as a demonstration of how
the process develops over time. Similar to Sec. III, the y-axis begins
at 0○ so that it shows an increase from the initial temperature. We
state that the terminal temperature is reached in the studied system
after about 5100 s (for all the fluids).

According to the graph, the carbon black nanofluid shows the
best performance. The coffee colloids show weaker performance;
nevertheless, the result is quite decent if compared with that of
distilled water.
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FIG. 7. Temperature increase vs time for three different fluids: distilled water, coffee
colloid (CC) at 15 g/300 ml, and nanofluid (NF) at a weight concentration of 0.5%.
As expected, irradiation of water results in the lowest temperature increase.

The final temperature increase can be treated as the most
important parameter representing the performance of investigated
fluids. Therefore, in Fig. 8, we show the final temperature increase
(for time 5100 s, as mentioned previously) for different concentra-
tions of coffee colloids (note that 0.0% corresponds to the distilled
water). The experimental results are shown by the graph with dots.
The results are compared to the theoretical analysis, discussed in
Sec. III of the paper.

According to the figure, the highest concentration leads to
the best result. The difference between the experiments and the
theory is a few degrees Celsius, which is very satisfactory con-
sidering the simplicity of the theoretical model. We remind here
that the theoretical analysis was supported by empirical mea-
surements of the extinction coefficient. This also somewhat con-
firms that volume absorption is the main mechanism in the
process.

One of the reasons for the discrepancy between the theory and
experiments is the choice of the heat transfer coefficient α. At first,
the temperature of the surroundings was rather larger than the initial
temperature because the radiating lamp also influences the tempera-
ture of the air around the beaker. This decreases the heat loss, that is,
α can be actually lower, i.e., the final temperature obtained in the
model may be underestimated. This may explain the discrepancy

FIG. 8. Final temperature increase of coffee colloids as a function of their ini-
tial concentration. The figure compares the experimental results (solid dots) with
modeling/theory (crosses).

between the experiments and theory for the lowest concentrations
in Fig. 8.

On the other hand, the irradiated zone is subject to very high
local temperatures. This is especially important for high values of
the extinction coefficient, e.g., for high concentrations. In this case,
the heat loss is more intense so that the real value of α may be locally
higher.24,38 Thus, the theoretical results may be overestimated for the
highest concentrations (see Fig. 8).

Furthermore, the simplified model assumes a uniform temper-
ature in the whole system, which is not the case in reality. This is
again especially a case for the fluids with large values of the extinc-
tion coefficient. Finally, the model does not account for natural
convection that occurs in the fluids.

Next, we show the results of carbon black irradiation, where we
investigate the influence of concentration. This is depicted in Fig. 9.
This time, we observe a rapid increase in the final temperature for
very low concentrations. For higher values of concentration, the pro-
cess seems to be less dependent on concentration, with a potential
maximum around 0.5%.

In Sec. III, we mentioned that the theoretical temperature
increase is 84 ○C. This is referred to all nanofluids because their
extinction coefficient is high. This also means that the penetration
distance, that is, the reciprocal of this coefficient, L = 1/K, is low so
that L≪ D. In such a case, the total heat absorbed by the fluid can
be computed by modifying Eq. (2) to the following form:

q = IoDh[1 − exp(−KL)], (7)

since most of the heat absorption occurs only until the penetration
distance. It can also be concluded that the heat absorption should be
the same irrespective of the extinction coefficient (or the nanofluid
concentration). To some extent, this is seen in Fig. 9 because the
temperature increase does not differ much for the studied concen-
tration. In addition, similar results were reported in the literature
(see the review paper by Gorji and Ranjbar1), that is, a significant
improvement in the process for very low particle concentrations.

Considering also the fact that the theoretical temperature
increase of 84 ○C differs more from the experimental observation
than it does for the coffee colloids, we can conclude that the
heat absorption process is essentially more complex when using
nanofluids. The first possible explanation is that for higher particle

FIG. 9. Final temperature increase of nanofluids as a function of their initial
concentration.
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concentrations, the absorption occurs in a very thin layer of the fluid
close to the outer surface. This has already been discussed above
when analyzing the coffee colloids. It must be emphasized, how-
ever, that for nanofluids, this phenomenon is more intense due to
very high heat absorption. Thus, this unwanted process will hin-
der obtaining high temperatures in the system, so some optimal
concentration is expected.

It must also be mentioned that for high particle concentrations,
the process of natural convection in the body of the fluid is more
complex in the presence of particles. At first, the high local heat
absorption increases the temperature gradients so that the natural
convection is also more intense. Thus, we could expect the process
to occur faster for high concentrations. On the other hand, the par-
ticles (especially for high concentrations) may hinder the fluid flow,
making the process even more complex and resulting again in some
optimal concentration.

Finally, even more complex issues such as subcooled boiling
may occur, especially in the zone that is directly irradiated. As a
result, the formation of gas bubbles will intensify the convective
currents in the system.

An interesting issue, already mentioned in Sec. III, is the
response time of the system. According to our theoretical model,
the response time does not depend on the optical properties of the
system [see the discussion under Eq. (6)].

Figures 10 and 11 show the experimental results of the response
time for the coffee colloids and nanofluids, respectively. We show
the dependence of the response time vs concentration.

According to the figures, the carbon black nanofluids result
in shorter response times than the coffee colloids. This supports
the previous conclusions that showed higher temperatures for the
nanofluids, that is, the process was more intense. Nevertheless, for
both kinds of fluids, the results are relatively close to each other.
The average difference was roughly 100 s, which constitutes rather
a low fraction of the whole process duration. It is also interesting
to note that the obtained experimental measurements differ signifi-
cantly from the theoretical results shown in Sec. III (=4883 s), i.e., the
process is around four times faster in reality. A possible reason is the
lack of natural convection in the mathematical model that intensifies
heat transfer in the system and results in shorter process times.

Finally, in this section, we investigate the thermal efficiency of
the process. It can be computed from the ratio of the heat absorbed

FIG. 10. Response time of the system containing coffee colloids vs their concen-
tration.

FIG. 11. Response time of the system containing nanofluids vs their
concentration.

by the fluid to the energy irradiated. Using the same notation as in
Sec. III, we define efficiency as follows:

η =
mc(Tf − To)

IDht f
, (8)

where T f is the final temperature (measured at ≈5100 s) mentioned
above. It must be noted that this model differs from the one used
by Alberghini et al.,18 whose research was similar to ours. In their
model, heat losses were also included. Thus, their efficiency would
be larger than ours.

For coffee colloids, the results are shown in Fig. 12. The shapes
of the graphs are essentially the same as the previously studied tem-
perature increases, but we show these graphs separately to elucidate
them.

The radiated zone was rather small in comparison with the
size of the beaker. As mentioned previously, this was carried out to
diminish irradiation of the equipment elements such as the thermo-
couples. As a result, the heating process is essentially slower so that
heat loss will be more significant. That also decreases the efficiency
of the process.

Despite this drawback, the obtained efficiency was decent:
higher than 50% for the highest concentration. In addition,

FIG. 12. Process efficiency of coffee colloids as a function of their initial concen-
tration.
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FIG. 13. Process efficiency of nanofluids as a function of their initial
concentration.

the efficiency increase is around 12% in comparison with that of pure
water.

For carbon black nanofluids, the results are shown in Fig. 13.
At first, we observe that the highest efficiency (for a concentra-
tion of 0.5%) is around 16% more than that for pure water, i.e.,
4% more than that for coffee colloids. In addition, the highest effi-
ciency (52.8%) is less than that obtained by Jin et al.,25 who used a
similar experimental setup. Nevertheless, they used an evacuated-
tube, where convective heat loss to the surroundings is also less.
In addition, the light intensity was higher in our experiments, so
the absolute temperatures were also higher. This further increased
the heat loss to the surroundings, so the efficiency suffered. Finally,
Jin et al. used gold nanoparticles that have different absorption
properties.

On the other hand, our results on nanofluids compare well with
those of the study by Otanicar et al.39 or with computer simulations
by Parvin et al.40 They used graphite particles that are chemically
similar to the carbon black used by us. It is interesting to note
that the results are similar even though we used a very different
experimental setup compared to Otanicar et al.

It is also interesting to note that a similar experimental setup
was also used in one of our previous papers.22 In addition, car-
bon black nanofluids were used for studying boiling processes. The
obtained efficiency was higher than that in the present paper. Never-
theless, the process was very rapid because the whole beaker was sub-
jected to intense irradiation. As a result, the process became steady
after a much shorter time than in the present paper.

V. CONCLUDING REMARKS
In this research, we compared the performance of coffee col-

loids and carbon black nanofluids for potential application in solar
thermal technology. It must be noted that our investigation used a
simple experimental rig so that it was possible to eliminate other
phenomena and focus only on solar irradiation in the studied fluids.

According to our research, carbon black nanofluids outperform
coffee colloids if we consider the obtained temperature of the system
and thermal efficiency. On the other hand, systems with coffee col-
loids are easier to predict using theoretical analysis, in addition to
the obvious advantages such as low cost, no toxicity, and no particle
deposition. The main reason is that coffee colloids are “simpler:” the

fluid is essentially single-phase, and heat absorption can be described
using the basic Beer–Lambert law.

For nanofluids, high local temperature occurs (in the directly
irradiated zone), and this region is very close to the external wall
of the system. Thus, the high temperatures obtained in the sys-
tem with nanofluids can be disadvantageous in some cases due to
higher heat loss. In addition, this may deteriorate the nanofluid,
especially if surfactants are used. Thus, the better performance of the
nanofluids does not necessarily mean that they are always superior
to economical and biodegradable coffee colloids.
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