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The concept of direct absorption solar collector (DASC) was introduced in the 1970s. Multiple laboratory
studies proved that nanofluid-based DASCs presented a fruitful alternative to conventional solar collectors.
However, due to environmental and cost limitations of nanofluids, there are few records of real-size DASCs
operating in field conditions. Filling the gap, we report a 5-month seasonal field study for a full-scale DASC with
an eco-friendly and low-cost nanofluid. Throughout the experiments, the DASC competed with a commercial
flat-plate solar collector mounted in the exact location. The results showed that the commercial collector had

an average daily efficiency of about 65.9%, while the direct absorption collector had a daily efficiency of
57.7% to 86.1%. The most important parameters influencing the efficiency of the DASC are the flow rate and
the extinction coefficient of the nanofluid. They alter the efficiency by 9.2% and 6.2%. Finally, the article
briefly notes the technical and economic features of the DASC operation.

1. Introduction

One of the critical problems of conventional solar thermal technol-
ogy is the high superheating of the surface absorbing solar radiation
and, as a result, high thermal leaks to the environment [1]. In recent
decades, direct absorption of solar energy in the heat transfer fluid,
bypassing the stage of receiver heating, has been actively studied [2].
Nanofluids are proposed for direct absorption systems as heat transfer
fluids and absorbers of solar radiation [3]. Active research demon-
strated that direct absorption solar collectors (DASC) outperform solar
collectors of a standard design [4,5]. This has been confirmed both on
a laboratory scale and a field scale.

Minardi and Chuang [6] carried out the pioneering prototype study
of the DASC based on inks and aquadag-fluids with microscopic parti-
cles. The lab-scale solar collector (~0.6 m?2) was tested outdoors for five
days. High values of thermal efficiency (57.3-79.6%) were obtained
during the tests. However, spiral-tube flow channels were used to
encapsulate the opaque fluid, which could have resulted in a high-
pressure drop. Moreover, the utilized microscopic particles were not
entirely stable in the collector and contaminated the internal surface of
the transparent surfaces. Following the inception work on the direct ab-
sorption solar collector [6], nanofluids were pointed out as more stable
optical absorbers for DASCs [7]. Dozens of lab-scale experiments with
DASCs based on nanofluids are documented in the literature; detailed
overviews of these works may be found in [8,9]. In these studies, the
usage of aqueous nanofluids with nanoparticles of Au [10], CuO [11],
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multi-walled carbon nanotubes (MWCNTs) [12], and Fe;O, [13] re-
sulted in maximum thermal efficiencies in the interval 40%-95%.
Detailed experimental and numerical studies of a tubular prototype
DASC were presented by Struchalin et al. [8,14]. This work examined
a tubular DASC of 0.49 m? using aqueous nanofluids with different
concentrations of MWCNTs and nanoparticles of Fe;O,. Although the
average thermal efficiency of the collector was in the interval 60%—
80%, this collector was not tested in realistic climate conditions. None
of the DASC experiments from the literature reported an industry-
relevant prototype of about 2 m?, and the design of the collectors was
not optimized in terms of thermal performance and pumping costs.

On the way of commercialization of this technology, the problem
of nanofluid toxicity arises. Elsaid et al. [15], summarizing different
research results, discussed that many types of nanoparticles considered
candidates for use in DASC had an adverse biological and environmen-
tal impact. For instance, this is related to metals, their oxides [16],
and carbon-based nanoparticles [17]. The nanoparticles may stick to,
disrupt the functioning, or damage the body cells, and produce harmful
ions [18,19]. Maximum safe concentrations of these nanoparticles are
deficient: the values are up to tens of micrograms per m> [15].

The further development of nanofluid technology requires creating
an environmentally friendly and biodegradable alternative. At present,
this stage of technology is only developing. To date, Ti;C,T, MX-
ene/water [20], CoFe,0,/rGO/water [21], functionalized GNP/water
[22], Ag/coconut oil [23] have been purposed for heat transfer appli-
cations; SiO,, WO;/Neem oil [24], silica oxide/corn oil [25] nanofluids
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are considered as promising materials. Regarding the solar energy
application, water dispersion of graphene nano pellets [26,27], MWC-
NTs [28], titanium and silica dioxide nanoparticles synthesized by
using olive leaf extract and barley husk [29] have been studied. Direct
absorption of solar energy for thermal application was considered in the
work of Gupta et al. [30], who used the dispersion of gold nanoparticles
in Azadirachta Indica leaf extract.

However, the safety of the nanofluids mentioned above is question-
able because they still contain nanoparticles with low safe concentra-
tions, albeit dispersed in a neutral medium. Furthermore, the biological
tests of the listed nanofluids were not performed. The best way to
produce an eco-friendly nanofluid is the simultaneous use of non-toxic
particles and a dispersing medium. The number of studies regarding
such kinds of nanofluids is noticeably low. We note a few works related
to the direct absorption of solar energy.

A significant contribution was made by Alberghini et al. [31]. The
authors prepared a colloid based on distilled water and microparticles
of Arabica coffee, which were mixed with glycerol and copper sulfate.
The resulting concentrate was diluted with water in different propor-
tions. For testing the photothermal properties of the obtained fluid, a
lab-scale solar collector was used, covered on the top with either a
transparent wall (for colloid tests) or an opaque receiver (for a test
with a standard water coolant). As a result, the best performance of
the collector with the transparent receiver was achieved using a 50:50
mixture of colloid concentrate with water. In this case, the collector’s
performance was 3.0-5.9% higher than with the opaque receiver.

A similar coffee colloid was considered for solar desalination pur-
poses. In the work of Essa et al. [32], micrometer-sized coffee particles
were introduced into salty water distributed on a flat surface under a
transparent cover. This case was compared with the standard conditions
when salty water evaporated on a black-painted surface. The design of
both solar stills was the same, and all internal surfaces were painted
black. A 12-h outdoor test under natural sun irradiation showed that
adding coffee particles to the salty water increased the solar still pro-
ductivity by 35.14%. Kosinska et al. [33,34] also studied brewed coffee
colloids for photo-thermal conversion applications. Three different lig-
uids were heated by thermal radiation: distilled water, brewed coffee
water colloid with no chemical additions, and carbon black/water
nanofluid stabilized by sodium dodecyl sulfate (SDS). As a result, coffee
colloid and carbon-based nanofluid showed better light absorbance
than water, having the final temperature increase of 51.8 and 48.7 °C,
correspondingly, after 5100 s of heating. However, it is seen that used
coffee colloid had lower performance than nanofluid. In the following
work [34], the outdoor experiments were carried out. Here, the natural
sunlight heated static samples of the coffee colloid and the nanofluid in
a dish solar concentrator. The result was similar to that of the previous
study. The nanofluid sample absorbed solar light with higher efficiency.
In these works [33,34], the sizes of coffee particles lie in the micrometer
range, which can lead to a loss of colloid stability and deposition.
Although not nanofluids, they were developed for the same purpose:
directly converting solar radiation energy into heat in a coolant.

Further development of the coffee-containing fluids was demon-
strated in the work of Balakin et al. [35]. Instead of brewed coffee,
this study proposed using instant coffee granules, additionally sonicated
and stabilized with 0.1% wt. of SDS. Granulometric analysis showed
that various commercial brands of instant coffee could be used for the
production of nanofluids with an average particle size of about 100 nm.
Balakin and Struchalin [35] conducted toxicity tests (Daphnia Magna)
for the developed nanofluid. The test showed toxicity at standard heat
transfer fluids’ level.

Gupta et al. [36] proposed an alternative biodegradable nanofluid
based on Azadirachta Indica extract. In this work, fresh leaves were
boiled in ethanol. The resulting extract was mixed with water in various
proportions and subjected to the standard photothermal test of heating
static fluid samples with light. Distilled water was used as a reference
liquid. As expected, the colored fluid absorbed light more intensively.
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Fig. 2. Flowchart of the experimental system.

A short series of tests led to more significant heating of the colored
fluid than transparent water. However, the lifecycle of the purposed
fluid was short due to the rapid degradation of chlorophyll. The colored
fluid became noticeably blanched after 6 h of exposure to sunlight.
When the samples were heated for 2 h, the fluid was 13% more efficient
than water (55% vs. 42%). However, during a 6-h test, this difference
decreased down to 2% (40% vs. 38%). This colored fluid would not be
able to outperform standard solar collector technology.

As can be seen, investigations of fully biodegradable nanofluids for
photo-thermal applications are premature. Despite the apparent safety
of the proposed environmentally friendly nanofluids, the results of
toxicological tests are given in a few works [35]. In addition, at the
moment, the literature lacks data on long-term performance tests in
realistic conditions of the collectors with such nanofluids.

This work aims to perform a seasonal performance test of an
industry-relevant prototype of a direct absorption solar collector us-
ing an instant coffee-based nanofluid reported in [35]. We present
the design of the prototype and describe its performance. The arti-
cle demonstrates how the thermal performance of the DASC can be
changed using hydraulic regulation, altering thermal insulation, and
the opacity of the nanofluids. In addition, we compare the perfor-
mances of the direct absorption collector and a commercial model of
the most available type of solar collector (flat-plate solar collector) in
the same conditions. The experiments were conducted under Northern
climate conditions.
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Table 1
Experimental equipment.
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Components Type, producer Specifications
DASC Odda Plast AS Max. fluid temp.: 80 °C
(Norway) Max. fluid pressure: 0.2 bar
Absorber area: 1.51 m?
Hx W x T: 2151 x 1170 x 84 mm
Weight (dry/wet): 80.0/95.7 kg
Flat-plate KPG1-ALC, Regulus Max. fluid temp.: 120 °C

solar collector (Czech Republic)

Max. fluid pressure: 10 bar

Absorber area: 2.31/1.77 m? (Std/Test)
H x W x T: 2151 x 1170 x 84 mm
Weight (dry/wet): 47.0/48.7 kg

Temp. sensor FKP5.5 Pt1000,

Resol (Germany)

Meas. interval: —50-180 °C
Err.: +£0.3-0.8 °C (0-100 °C)
Resolution: 0.1 °C

Flow meter V40-15, Resol Meas. interval: 1-50 1/min
Resolution: 0.1 1/min
Pyranometer SP Lite 2 Spectral range: 400-1100 nm

Kipp & Zonen (Netherlands)

Sensitivity: 75.4 pV/(W/m?)
Maximum solar irradiance: 2000 W/m?

Pressure gauge Analog

Max. pressure: 2 bar
Resolution: 0.05 bar

Data acquisition DL3, Resol (Germany)

CR310, Campbell Scientific

Temperature, flow rate
solar irradiation

(USA)
Collector’s pump Star-RS 15/6, Wilo Max. flow rate: 4.6 m*/h
(Germany) Max. head: 5.5 m

Heat storage tank

Fish 300 S2, Sunex (Poland)

Capacity: 300 1

Secondary pump

(greenhouse) (Germany)

Yonos PICO 25/1-4, Wilo

Max. flow rate: 2.7 m*/h
Max. head: 4 m

Pipes

@22 x 1 mm, Copper

2. Experiments
Experimental facility

The efficiency study of a direct absorption solar collector with a
biodegradable nanofluid was conducted in Bergen, Norway, from May
to September 2022. Our test facility comprises two solar collectors
and a technical house with flow equipment. The facility, shown in
Fig. 1, is outdoors at Western Norway University of Applied Sciences
(60° 22004.200 N 5° 21003.300 E). Popsueva et al. [37] present
more details about the facility. The set-up diagram is presented in
Fig. 2. The collectors are connected to an individual hydraulic loop.
According to the manual for the commercial solar collector [38], both
collectors are placed on a metal frame at the angle of 45° to the
horizon. All the heat absorbed by DASC is transferred to a heat storage,
a domestic hot water tank, through a coil heat exchanger immersed in
the tank. The tank is a 300-L cylindrical volume, having an additional
circulation loop transferring heat to convectors heating a greenhouse.
For a referent comparison of DASC performance, a commercial flat-
plate solar collector (FPC) is used on-site. It is mounted next to the
DASC and connected to another individual circulation loop closed on
the second heat exchanger of the storage tank. During the experiments,
both collectors operated under equivalent climate conditions. Although
the area of the DASC and the FPC differ by 0.26 m?, the referent
collector is the closest available analog. The equipment used in the flow
loops is the standard for solar facilities and the same for both collectors.
Table 1 presents detailed information on the installed equipment.

The experimental procedure was as follows. Before the start of
the experiment, the desired pumping power was set equal for both
collectors. The experiment started in the morning when the rising sun
began to create a light flux sufficient for the appearance of detectable
liquid heating in the collectors. This moment of time was the same for
both collectors. During the day, the temperatures of the liquid at the
inlet, t;,, and outlet, 7,,, of the collectors, the volumetric flow rate of

the liquid, f,, and the solar radiation normal to the collectors’ surface,
1, were recorded. An example of the experimental logs for both the
collectors is shown in Fig. 3.

Based on the measured data, the total daily absorbed thermal en-
ergy, O,, by the collectors was determined by Eq. (1), and the total
amount of incoming light energy, Q;, was determined by Eq. (2):

0, = Z PifviCpiCouri = Tini)Tis €y
0,=) Al )]
J

where p, c, are the density and heat capacity of the heat transfer fluid,
A is a collector’s absorber area, I is the light energy flux on the absorber
plane, 7 is the data acquisition time step 7; = 10 s for the temperature
and flow rate data, and 7; =120 s for the solar radiation. Then, the
average daily efficiency of the collector, #, is determined as the ratio

of Egs. (1)-(2):
O
o
The time to complete the thermal energy collection for the collectors
varied due to the significant difference in the heat capacity of materials
used in the collectors. The temperature gradient in the FPC became
negative several minutes after the solar radiation stopped. In contrast,
due to the accumulated heat, the direct absorption solar collector
continued to heat the coolant for another 5-8 h after sunset.

3

Nanofluid

The direct absorption solar collector utilized a coffee-based
nanofluid described in Balakin and Struchalin [35]. The nanofluid is
inexpensive and has low toxicity values in Daphnia magna test. We
used a commercial instant coffee distributed in Norway to produce the
nanofluid. The required mass of coffee was first dissolved in hot water
at 95 °C, then cooled to room temperature and treated by ultrasound for
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Fig. 3. Example of the experimental logs (20.06).

20 min using an immersion disperser (MEF93.T from MELFIZ, 600 W,
22 + 1.65 kHz). The agglomeration of nanoparticles was prevented
by the addition of 0.1% wt. of sodium dodecyl sulfate (99%, Sigma
Aldrich). To verify the stability of the nanofluid, a dilute droplet
with 0.2% of particles was dried and studied microscopically using
Zeiss Gemini 450 scanning electron microscope. Twelve hours after
the production, the resulting nanofluid’s optical property (extinction
coefficient) was determined, and then, the nanofluid was charged into
the DASC. The nanofluid was mixed with the base fluid or a more
concentrated nanofluid to tune up the extinction coefficient in the
DASC.

The nanofluid’s extinction coefficient x was determined by light
transmission measurements performed by a spectrophotometer UV-
5100B (Metash) in the wavelength range of 370-900 nm. The ex-
tinction coefficient of the fluid and the light transmittance T depend
on the wavelength A. For engineering applications, this requires the
introduction of an average extinction coefficient «,,:

1 / Amax (4)

K, = ——— - k(A)d4,
@ j'max - )“m[n Amin

where 4,,, and 4,,,, are the minimum and maximum wavelength of

light irradiating a liquid sample in a spectrophotometer, correspond-

ingly.

However, when an optical system is exposed to natural sunlight with
an uneven spectrum, the average extinction obtained by Eq. (4) may not
reflect its absorption ability. Therefore, we define an additional effec-
tive extinction coefficient «, 1y considering natural solar spectrum [39]:

1

S 1Ay da
Kepf = _7 p| =

2 , (5)
fxm':” Iy(A)dA
where I,(4) and I(4) are the powers of the incident and transmitted
through liquid sunlight (W/(m? nm)), correspondingly, / is the thickness
of fluid sample during its measurement with a spectrophotometer. We
calculated transmitted radiation using the instantaneous values of x and
then numerically solved terms in Eq. (5).

Data on the nanofluid’s viscosity were required to calculate the
pumping losses. The viscosity of the nanofluid was measured using a
standard Couette viscometer NDJ-8S (rotor N° 0, +0.1 mPa s) in the
temperature range of 25-80 °C. Thermal stabilization was performed
using a custom water bath with temperature stability within +2 °C.
Temperature control was carried out using a K-type thermocouple
connected to the RS-PRO datalogger.

2.1. DASC design

The design of the DASC is similar to that of a standard flat-plate
solar collector. The flat-plate collector has a series of parallel copper

pipes through which the coolant flows. A “blackened” thin metal sheet
is welded to these pipes, thus transferring absorbed heat. From the
back and sides, the channels are surrounded by thermal insulation
and collector housing. From the front side, the absorber and pipes are
covered with glass. More details on the design of standard FPCs are
available in Duffie and Beckman [40].

The design of DASC (Fig. 4) differs in that the channels are com-
bined with the absorber. In the internal volume of the DASC, three
flat and wide parallel channels are formed where the nanofluid flows.
The channels are formed by two 1-cm baffles. The width of the gaps
is 28 cm. The baffles form 2-cm openings towards the top and bottom
walls of the casing to enable the horizontal circulation of the nanofluid.
The front wall of the channels is transparent. The casing of the DASC
is 3 cm thick, it is made of high-density polyethylene (PE300). The
transparent wall is made of a 1 cm thick polycarbonate sheet. The
polycarbonate wall is sealed against the casing using elastomer. The
polycarbonate is mounted and pressed by M8 x 60 hex bolts. The
collector is inserted in a thermal insulation case (extruded polystyrene
foam), having thermal resistance equivalent to that of the FPC’s ther-
mal insulation (~0.75 m? K/W). From the front side, the DASC is
covered with a second transparent polycarbonate sheet, which forms
a thermally insulating air gap of 1 cm thick between the transparent
surfaces. Both transparent surfaces are designed to be removable. The
collector and the heat-insulating casing were installed in the grooves
of the plastic base plate used to fix the collector on a metal frame. The
connection ports of the DASC are 3/4”. The resulting absorbing area
of the channels is 1.51 m?, and the dry mass of the collector is 80 kg.
The fluid volume in the DASC was 15.7 1, nine times higher than the
volume of fluid used in the FPC.

Experimental uncertainties

Experimental uncertainties of the thermal efficiency were calculated
through the standard technique for combined uncertainties (6):

on 2 on 2
— Il . 2 - . 2
A”'\/<aQ,> AQ’+<aQi> 40
2
B <L>Z'AQ2+ o) et ©
o} ! 0? !

i

where AQ, and AQ; are uncertainties of collected thermal and total
incident light energy:

40, =)' 40, %)

40, = 40, ®
J
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Fig. 4. Direct absorption solar collector.

where the instantaneous values of uncertainties are taken at different
ith (thermal) and jth (incident) data acquisition time steps. These
uncertainties are calculated as:

(90N, (9N,
“Q"f‘\/<afu,i> ar () ot ©

00, ;
Al

or,

40;; = (10)

where t,; =1,,;—t,;, Af,; and At,; are taken equal to the resolution of
the data acquisition by the datalogger DL3, and 41; is the instrumental
error of the pyranometer, equal to 5% of the measured value [41].
Uncertainties of thermal properties, time acquisition, and absorber
areas were not considered as they were negligibly low.

3. Results and discussion
Nanofluid

This follows from the prior SLS study of the nanofluid [35] that
the number-average particle size is 90 nm in liquid. In Fig. 5, we
present the results of scanning electron microscopy conducted for a
dried nanofluid sample. The figure shows that the particle sizes are
about twice as low as the hydrodynamic sizes obtained from the SLS.
We also note that the process of drying the sample could contribute to
the thermal fragmentation of the particles.

The analysis of the results should be carried out by referring to
the relevant properties of the nanofluid. In similar works devoted to
studying DASCs (e.g.[7,8]), the collectors’ performance is correlated
with the particle concentration in the nanofluid used in the test. In this
work, we proposed an alternative method relating the performance of
the DASC with the extinction of the nanofluid. This approach is more
pragmatic from the operation viewpoint because it describes the optical
properties of the system directly. In Table 2, we demonstrate how the
extinction in our nanofluid is related to the concentration of particles.

As seen from Table 2, the extinction coefficient corrected for the
solar spectrum is, on average, 39% lower than the wavelength-average
extinction coefficient as the maximum absorption is shifted from the
maximum of the solar spectrum. Measurements of the light transmis-
sion of the used polycarbonate showed a uniform and slight attenuation
of the light power in the wavelength range of 370-900 nm. This made it
possible to consider that the natural solar spectrum is not significantly
deformed when passing through polycarbonate. An example of the light

Table 2
Averaged (x,,) and solar-spectrum-corrected (x,, ) extinction coefficient of newly-
produced nanofluids.

X, [% wt.] 0.1 0.2 0.5 1.0 2.0
K, [1/m] 45 86 181 276 397
Keyy [1/m] 30 52 98 159 270

transmission spectrum of polycarbonate, as well as newly-produced
nanofluid samples, is shown in Fig. 6. We did 48-h stability tests of
these nanofluids. The resulting reduction of the effective extinction was
lower than 3% during the tests. In further analysis of the results, we
will use the effective extinction coefficient, which considers the shape
of the solar spectrum.

Fig. 6 also shows that the absorption spectrum of the nanofluid is
non-uniform, increasing with a shift to the violet and ultraviolet regions
of the spectrum. On the contrary, the uniform absorption spectrum,
closest to which graphite nanofluids have, can be considered more opti-
mal. We do, however, note that the maximum price for the production
of our nanofluid is under 53 NOK, which is at least 485 times lower
than the commercial nanofluids described in Chavez Panduro et al. [42]
and of the same price order as many of conventional heat transfer
fluids and an in-house carbon-based nanofluid developed by Struchalin
et al. [8]. More details on nanofluid production costs are presented in
supplementary materials.

DASC performance

The results of the DASC performance experiments are summarized
in Fig. 7. It presents the average daily efficiency of the flat-plate and
direct absorption solar collector on different days of the test season. The
average daily coolant flow rate accompanies these data, the amount of
collected heat energy, and the nanofluid extinction coefficient. We note
that at the initial stage, the extinction of the nanofluid was measured
12 h before the start of the experiment. However, the fresh nanofluid
darkens in contact with copper elements of the loop, increasing the
effective extinction by 96.8%. Therefore, starting from August 28, the
extinction of the nanofluid was controlled and altered based on samples
taken from the set-up after the nanofluid reacted with copper. The
extinction coefficients shown in Fig. 7 before this date are estimated
by twice increasing values for freshly produced nanofluids.
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A typical domestic dwelling consumes about 100 MJ of heat [37].
This corresponds to the production of at least four commercial FPCs.
According to the manual, the operation point of such a system includes
an average flow rate of 8 1/min [38]. In this study, we altered the flow
rate around the set point to examine the sensitivity of the collectors to
the flow rate. We also note that the flow rates differ slightly between
the DASC and FPC. This is explained by different flow resistances in the
hydraulic circuits of the collectors, which is due to space limitations.

Fig. 7 shows that from May 16th to September 10th, the average
efficiency of the flat-plate solar collector was 65.9% (min. 59.4%, max.
84.5%). The maximum efficiency corresponds to the weather conditions
that limit thermal loss from the collector yet deliver a significant
amount of radiant heat. The variation of the coolant flow rate within
5.8-8.3 1/min slightly increased the flat-plate collector’s efficiency. For
example, when the flow rate had been changed from 5.8 to 8.3 1/min, it
boosted the collector efficiency by 2.7%. The average temperature dif-
ference between the FPC and the ambient did not change significantly.

The variation interval was from 13.1 to 25.2 °C, and these temper-
atures did not influence the collector’s efficiency much. Throughout
the test season, the flat-plate collector demonstrated stable efficiency
that was in good agreement with the technical data provided by the
manufacturer [38]. The daily amount of thermal energy collected by
the flat-plate solar collector varied from 17.9 to 30.4 MJ, with 25 MJ
produced on average.

The efficiency of the DASC demonstrated a different sensitivity to
process and climate conditions. During the experiments, its efficiency
varied between 57.7% and 86.1%. The harvested thermal energy by the
DASC was 15.6-30.7 MJ, with 23 MJ on average. The flow rate of the
nanofluid, varying in the range of 6.1-8.7 1/min, had a noticeable effect
on the DASC’s efficiency. This influence is depicted in Fig. 8, where
we present the difference between the efficiencies of the DASC and
the FPC for a fixed flow rate. In this figure, we present the difference
in percentage points [43], i.e. using the arithmetic difference between
the two efficiencies in percents. To simplify the further comparison
between efficiencies, in the text below, % will refer to percentage points.

The comparison is made for the days when the solar irradiation
and the temperature difference between the collector and the ambient
were comparable for both collectors. However, the nanofluid flow rate
in the DASC varied. As follows from the figure, at the flow rate of
6.1-6.2 1/min, DASC outperforms a flat-plate collector only by 1.3%
on average. However, the DASC outperformed the FPC by 8.8% when
the flow rate increased to 7.5-7.7 1/min and by 10.5% when the flow
rate was 8.2-8.7 1/min. The higher efficiency of the DASC at a higher
flow rate is due to the better mixing of nanoparticles in the DASC.
This leads to the migration of frontal heated layers of liquid to the
flow core, resulting in lower heat leaks. In addition, the high flow
rate reduces the exposure time for the nanoparticles. This, again, leads
to a lower average temperature and limits the thermal loss to the
environment. At low extinction coefficients, an increase in the flow rate
enhanced heat transfer with the bottom of the channels partially heated
by the transmitted light. Similar results were obtained in the previous
study for a lab-scale tubular direct absorption solar collector with a
carbon-based nanofluid [8].
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30/06, 01/07, 07/09.

Another critical parameter that significantly affects the efficiency
of the DASC is the extinction of the nanofluid. Previously, an opti-
mal concentration of nanoparticles was detected and, therefore, an
optimal value for the nanofluid extinction coefficient, providing the
best efficiency of the DASC [8]. Low values of nanofluid’s extinction
lead to incomplete absorption of the incoming light energy, while high
extinction leads to overheating of the nanofluid front layer, increasing
heat losses. A similar result was obtained in the current study. Fig. 9
compares the efficiency of the flat-plate collector and the DASC with
the nanofluid of different extinction. The nanofluid flow rate was
comparable to those of the FPC, and its variation from day to day was
insignificant (+0.2 1/min from the average value).

From Fig. 9, we read that the efficiency of the DASC is higher
than that of a flat-plate collector by 1.3-11.6% in the entire range of
nanofluid extinction considered (130-530 1/m). Moreover, the highest
difference was achieved at 290-370 1/m extinction. The results for the
extinction of 210-290 1/m demonstrate the flow rate’s strong effect
on DASC efficiency. At a flow rate of 6.0-7.0 1/min, DASC is 1.3%
better than the FPC. However, when the flow rate was increased to 8.0—
9.0 1/min, the DASC was 10.5% more efficient than the FPC. It should
be noted that the DASC efficiency at the extinction of 210-290 1/m
and flow rates 7.0-8.0 is lower (5.4%) than expected from the general
data trend. This observation can be explained by the fact that a lower
extinction leads to higher heating of the channel’s back wall due to

Extinction [1/m]

Fig. 9. Difference between the efficiencies of the DASC and the FPC for different
extinction coefficients. Data points taken on: 17/05, 04/06, 05/06, 06/06, 07/06,
19/06, 20/06, 24/06, 29/06, 30/06, 01/07, 28/08, 29/08, 30/08, 07/09, 09/09,
10/09.

better light penetration through the nanofluid layer. From 5 to 14% of
light energy can be absorbed in the backside of the duct. This partially
changes the energy absorption mechanism in fluid from volumetric to
surface type and potentially establishes a secondary convective flow
intensifying mixing in the transversal cross-section. This effect possibly
reduces when the extinction coefficient exceeds 210 1/m, and the
DASC enters the volumetric absorption regime. We also note that the
efficiency difference for the extinction ranges of 370-450 and 450-530
marked by “*” is taken from the tests with another type of transparent
surface, tempered glass instead of polycarbonate, due to the lack of
data. Despite that, we assume that the difference in efficiency would
be lower if the polycarbonate surface was used in the experiments at
the given extinction coefficient.

The design of the optical system is crucial for a direct absorption
solar collector. In this regard, we additionally considered the effect of
the top cover’s material (glass/PC/none) on the DASC efficiency. In the
primary case, DASC had two polycarbonate glasses. The inner glass is
the channel wall in contact with the nanofluid, while the outer glass
creates a thermally insulating air gap between the glasses. A standard
solution for commercial collectors is tempered glass. In some cases, this
glass can be supplied with an anti-reflective coating. In several tests,
we modified DASC by replacing the outer polycarbonate glass with
the standard tempered glass taken from another flat-plate collector.
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It is matte and embossed, which can increase the back reflection
of the irradiance reflected by the absorber before. The result of the
modification is shown in Fig. 10.

It is seen that the modification of the transparent surface slightly
increases the efficiency of the DASC. At the comparable level of the
flow rates (7.3-7.7 1/min), the glass-covered DASC outperforms FPC
by 13.8% while PC-covered DASC by 12.2% over the FPC. Despite
this result, we assume that using both types of the DASC top makes
it possible to obtain similar efficiency of the DASC if other conditions
are regulated accordingly. We also tested whether an alternative optical
system design for low-temperature collectors would be possible with no
insulating air gap and removed the top glass accordingly. A lower light
attenuation could compensate for the increased heat loss. However, the
DASC has an efficiency 4.6% lower on average than the FPC when the
top layer is absent.

Grade efficiency

Fig. 11 shows the grade efficiency plot for the flat-plate and the
direct absorption solar collectors. Here, we present average data for
cases with equivalent temperature differences between the collector
and the environment. It is important to note that the previously pre-
sented Figs. 8-10 of the influence of flow rate, extinction, and glass
material on the DASC-to-FPC efficiency analyzed the data obtained in
the most similar conditions for both collectors (on the same day).

The experimental efficiency of the flat-plate collector was close to
its technical data at irradiation in the 800-1000 W/m? [38], being
lower by only 3.3%. This deviation can be explained by the fact that
24.4% of the absorber area was covered with an opaque screen for
the experiments. At the same time, the overall collector’s dimensions
remained unchanged. Combining these two factors increased the ratio
of heat loss to absorbed light energy, thus reducing the total efficiency
of the collector.

As noted previously, the efficiency of the DASC is highly dependent
on nanofluid extinction and flow rate. Fig. 11 shows that if extinction
is in the range of 210-290 1/m, DASC is equivalent to the flat-plate
collector in terms of efficiency. Only in case the coolant flow rate was
set higher than 7.5 1/min, DASC outperformed FPC up to 13.2%. A no-
ticeable increase in the DASC efficiency was observed when nanofluid
extinction was over 290 1/m. In that case, DASC had an efficiency up
to 17.4% higher than FPC.
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Pumping costs

Analysis of the pumping cost in a collector system requires data on
the density and viscosity of the coolant. We have measured the dynamic
viscosity of the developed coffee nanofluid at various temperatures
and concentrations. The results are shown in Fig. 12, where it follows
that the viscosity of the base fluid (water and SDS) is similar to the
viscosity of water; the viscosity reduces with temperature. The addition
of particles and the following increase in their concentration increase
the viscosity by a maximum of 7% relative to the base. The viscosity
of the nanofluid is equivalent to the viscosity of water.

Due to the specifics of the plumbing network of the test facility,
there was no technical opportunity to locate a differential manometer
between the ports of the DASC. Therefore, this parameter was deter-
mined numerically using a CFD model of the collector. The model is
described in more detail in the supplementary materials. The results of
the simulation are presented in Table 3. This table also lists the water
pressure drop in the flat-plate collector [38].

Table 3 shows that the direct absorption solar collector requires
a similar pumping power to that of the flat-plate collector. For both
collectors, the pumping costs are below 5 W, which is lower than the
total pumping cost for the hydraulic loop [37].
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Table 3

Collector pressure drop.
Flow rate [I/min] 4 6 8 10
AP pe [Pa] 193 337 519 731
APy, 5c [Pa] 138 304 542 832

4. Conclusions

A seasonal field performance study of the full-scale direct absorption
solar collector with the eco-friendly nanofluid was conducted in the
Northern climate conditions. It has been established that with the best
combination of operating parameters, namely, the extinction coefficient
and the nanofluid flow rate, the average daily efficiency of the DASC
can be up to 17.4% higher compared to the commercial flat-plate solar
collector with the surface heat absorption. The highest efficiency of
DASC was achieved at nanofluid flow rates over 7.5 1/min and extinc-
tion in the range of 290-370 1/m. During the period of experiments,
the efficiency of DASC varied between 57.7-86.1%. At the same time, if
the nanofluid parameters were not optimal, the efficiency of the DASC
was comparable to that of the flat-plate collector. The collector and the
nanofluid demonstrated stable operation during the entire experimental
period.

Despite the positive result, the studied solar collector and nanofluid
possess the potential for further improvement. The developed design of
the direct absorption solar collector is rather complex, considering the
need to seal the entire perimeter of the transparent top surface. The
nanofluids reacted with copper, increasing its extinction, though in a
controlled fashion.
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