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Abstract

In the present work, CuS—ZnO/water hybrid nanofluids (in concentrations of 0.0025 mass% and 0.005 mass%) are synthesized
using a two-step method with nanoparticles composition of 95% CuS and 5% ZnO. The optically tuned nanofluid filter on the
agricultural greenhouse roof can reduce the cooling load by transmitting the visible spectrum and absorbing the near-infrared
radiation in the solar spectrum. The size distribution of nanoparticles, stability and optical transmission of both concentrations
in the visible and near-infrared regions are examined. Two hollow containers (i.e., ducts) with thicknesses of 4 mm and 8 mm
are prepared. Each of these ducts is attached to a greenhouse unit and placed in front of a solar simulator. The experimental
results reveal that applying CuS—ZnO nanofluid reduces the inside temperature of the greenhouse unit under all irradiance
and ambient temperature ranges. The cooling system gains an average of 27.4% less heat from the greenhouse unit when
the CuS—ZnO nanofluid flows through an 8 mm duct compared to no-fluid case (empty duct). The photothermal conversion
efficiency of nanofluid is found to be higher than the one for water. The crop growth factor of 82.2% is obtained for 8§ mm
duct case, and the photosynthetic photon flux density inside the greenhouse unit is reduced without affecting the growth
of many plants. Furthermore, the payback period of the nanofluid system (with 8 mm duct) is calculated as 0.42 years, and
the application of optically tuned nanofluid can help reduce the cooling system's size and energy requirement for cooling.
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List of symbols 1,(A) Incident radiant flux, W m~2 nm™!
A Area, m? 1 Solar radiation intensity, W m~2
Cc Initial capital cost, $ iR Interest rate, %
Cr Cost of electricity, $ kWh™! Ly Life period, years
CosM Annual operating and maintenance cost, $ m™> m Mass flow rate, kg s™!
G, Specific heat, kJ kg~! °C~! m Mass, kg
Csp Annual cost saving in electricity, $ m™2 T Temperature, °C
Eg Electrical energy saved, kWh m™2 X Greenhouse cover thickness, mm
R Inflation rate, % Pgp Payback period, years
G Crop growth factor, % thng Heat gained, kJ
Z Best estimate of variable
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Absorption spectrum, %
Density, kg m™
Efficiency, %
Transmittance, %
Volume fraction, %
Wavelength, nm
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Subscripts

bf Base fluid

in Inlet

nf Nanofluid
np Nanoparticle
out Outlet

th Thermal

Abbreviations

CuS Copper mono sulfide

PAR Photosynthetically active radiations
PPFD Photosynthetic photon flux density
ST-OSC  Semi-transparent organic solar cells
ST-PSC  Semi-transparent polymer solar cells
ZnO Zinc oxide

Introduction

The solar spectrum is usually categorized into three regions:
Ultraviolet, visible, and infrared. The solar radiations having
a wavelength less than 400 nm are in the ultraviolet region,
and the radiations with wavelengths ranging between 400
and 800 nm are in the visible region. Radiations with a
wavelength greater than 800 nm are classified as infrared
radiations. Plants mainly utilize the visible spectrum in the
sunlight during photosynthesis to prepare their food. Numer-
ous factors can negatively affect the food security of a coun-
try/region; climate change is one of them, as it can reduce
crop production in open fields or protected environments.
The areas with extremely high ambient temperatures and
solar irradiance do not favor the cultivation of crops in open
fields. Agricultural greenhouses proved to be an efficient
way to produce crops in harsh weather conditions with the
help of distinct cooling units. Infrared radiation, also known
as heat radiation, enters the greenhouse and causes a rise in
the temperature. Suppose the temperature inside the green-
house is higher than the optimum temperature of the crop.
In that case, it can negatively affect crop productivity and
increase irrigation water use, which is one of the challenges

in regions with water scarcity. The plants may die if exposed
to a higher temperature for longer periods.

The higher temperatures inside greenhouses will require
a cooling system to remove the accumulated heat. The infra-
red radiations are a primary source of this heat accumula-
tion inside the greenhouse. The blockage of these radiations
could help to reduce the temperature of the greenhouse. This
consistent decline in temperature will lead to a reduction in
sizing and the energy requirement of the cooling system. The
majority of cooling systems require electricity to operate,
and most of the electricity is produced through the burning
of fossil fuels, which results in emissions. Thus, reducing
electricity consumption by the cooling system will help to
reduce emissions and make the system more efficient and
environmentally friendly. As an alternative solution, here,
we apply a spectrum-selective nanofluid as a filter to reduce
this heat accumulation inside the greenhouse. Several
researchers have already used various methods to adjust or
use the solar spectrum for greenhouse applications, as shown
in Fig. 1.

The ST-OSC provide an opportunity to produce eco-
friendly off-grid power for agriculture greenhouses activi-
ties. The walls/roof of the greenhouse could be made of
these ST-OSC, which are spectrally engineered to transmit
the visible spectrum of sunlight. The ST-OSC (prepared
from non-halogenated solvents) installed on the rooftop
of the greenhouse displayed a power conversion efficiency
of 13.08% with a crop growth factor of 24.7% [1]. Though
the power conversion efficiency of ST-OSC is reasonable,
the crop growth factor is questionable as its value is low,
which indicates that the ST-OSC use a significant portion
of the visible spectrum in the power conversion process.
Ravishankar et al. [2] investigated the impact of ST-OSC
on lettuce growth using three various ST-OSC films. The
maximum power conversion efficiency of ST-OSC film was
about 5.19%, with an average of 38% transmission in pho-
tosynthetically active radiations (PAR). The open literature
shows that the power conversion efficiency of ST-OSC is
usually less than 10%, with average visible transmittance of
less than 50% [3]. The power conversion efficiency can be
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Fig. 1 Classification of several methods using solar spectrum in greenhouse applications
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enhanced at the cost of visible spectrum transmission. The
ST-OSC developed in the study [4] have a power conversion
efficiency of 13.15%, with an average visible transmittance
of 25.9%.

The flexible ST-OSC are prepared in the study [5] for
greenhouse applications to avoid the mechanical brittleness
of electrodes. The flexible ST-OSC can achieve a power con-
version efficiency of 10% with 21% transmittance in the visi-
ble spectrum of sunlight. The semi-transparent polymer solar
cells (ST-PSC) could be another option for greenhouse appli-
cations. The power conversion efficiency of ST-PSC reached
to 7.7%, with a defined crop growth factor of 24.8% [6]. Hu
et al. [7] fabricated ST-PSC with PM6:Y6 as active layers.
The ST-PSC has a good power conversion efficiency of
12.37%, with a poor average visible transmittance of 18.6%.
Wavelength-selective solar photovoltaics (WS-SPV) have the
potential to absorb a specified portion of the solar spectrum
for electricity generation and transmit the remaining for the
photosynthesis of plants. Loik et al. [8] used WS-SPV as
the greenhouse walls and roof. The WS-SPV were produced
from the embedment of luminescent solar concentrators and
conventional silicon PVs into the polymethyl methacrylate.
Their WS-SPV attained a theoretical power conversion effi-
ciency of 9.4% with high PAR absorption (about 64%).

Bicer et al. [9] proposed a novel greenhouse roof con-
cept incorporating dielectric mirrors (hot mirrors) and solar
photovoltaic modules working under infrared radiations. The
sun-tracking roof splits the solar spectrum through dielectric
mirrors. The dielectric mirrors transmit the visible spectrum
to the plants inside the greenhouse and simultaneously reflect
the infrared radiations to the vertically aligned solar photo-
voltaics (having an active window in the infrared region).
Their technique helps to meet the electricity requirement of
greenhouses located in hot arid climates partially or com-
pletely. The capital costs of components used in this study are
still high, which is the main hindrance to this idea's practical
application. The smart glass film ULR-80 with specialized
optical characteristics (which blocked 19% of red light and
58% of the far-red) was applied to an agricultural greenhouse
containing eggplants [10]. The blockage of far-red radiations
resulted in 8% heat load reduction, which reduced water con-
sumption by 18%. The smart glass film was blocking some
portion of red light that takes part in photosynthesis, resulting
in a 28% reduction of total seasonal fruit.

Pakari and Ghani [11] installed the negative Fresnel
lenses on the roof of a thermally insulated greenhouse. The
lens arrangement ensured that the solar irradiance was dis-
tributed on the rows of plants. The proposed method could
provide the solar irradiance necessary for tomato plant
growth. This technique helped to reduce the greenhouse
cooling load by 80%. Sonneveld et al. [12] proposed a new
design that combines the hybrid photovoltaic/thermal (PVT)
system with the near-infrared reflective film and is installed

on a greenhouse's roof. When the solar spectrum incident on
this reflective film, the visible spectrum will pass through
it, and the infrared radiations will be reflected to the PVT
system. Their system provided 18.2 kWh m~? of electri-
cal energy per annum. Alinejad et al. [13] investigated the
environmental and economic aspects of a solar photovol-
taic blind system installed on the roof of a rose greenhouse.
Their analysis covered 14 different configurations of these
photovoltaics on the roof. The photovoltaics can produce
about 42.7 kWh m~2 of electrical energy annually by cover-
ing 19.2% area of the greenhouse roof.

The nanofluids, which contain nanosized particles in the
water or other base fluids, are being used by many research-
ers to enhance the heat transfer of shell and helical coil heat
exchangers [14], heat sinks [15], and automobile radiators
[16], etc. The optical transmittance of water in the visible
region of solar spectrum is high (nearly 90% for an optical
path length of 10 mm), while it has the potential to block a
significant portion of infrared radiations [17]. These opti-
cal characteristics of water made them a natural potential
candidate for greenhouse application where visible spec-
trum transmission is required. Further addition of a small
quantity of nanosized particles in water (results in nanofluid)
can significantly change its optical transmission character-
istics [18]. These nanofluids have the potential to block a
specified portion of solar spectrum and transmit other. This
characteristic of nanofluids made them a prominent candi-
date for spectrum-splitting applications. The application of
Ag@Si0, /propylene glycol nanofluid [19] and Ag@TiO,
nanofluid [20] as beam splitters in the PVT system enhanced
the thermal efficiency and merit function. The spectrum-
splitting applications of nanofluids can be found in parabolic
trough solar collectors[21], evacuated tube collectors [22],
flat plate solar collectors[23], solar desalination system [24],
and solar dish collectors [25].

A few studies recently investigated the potential of spec-
trum-selective nanofluids for greenhouse and building appli-
cations. Yuan et al. [26] synthesized the ATO-WO;/water
nanofluids, which have high transmittance (about 79.56%
for an optical path of 10 mm) in the visible region and can
absorb (about 66%) the infrared radiations. The results
showed that the nanofluids could attain a photothermal con-
version efficiency of 34.4% with a crop growth factor of
93.6%. Liu et al. [27] used ATO/water nanofluid for build-
ings in tubular daylighting devices. The results showed a
saving of 30.9 kWh of electricity for refrigeration. Sajid and
Bicer [28] thermodynamically assessed the performance of
an integrated system that incorporates a spectrum-selective
roof with nanofluid, desalination unit, vapor absorption
cooling system, and greenhouse. The spectrum-selective
nanofluid flows through the greenhouse roof to block the
infrared radiations. The analysis revealed that the circula-
tion of nanofluid through greenhouse roof could reduce
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the cooling load by 26%. The major drawbacks associated
with various techniques (ST-OSC, ST-PSC, WS-SPV, smart
glass, Fresnel lenses, and dielectric mirrors) used for spec-
trum splitting or full solar spectrum utilization for green-
house applications can be summarized as follows:

e The transmittance of ST-OSC, ST-PSC, smart glass,
Fresnel lenses, dielectric mirrors, and WS-SPVs is fixed
and cannot be changed according to season. So, the
plants may face excessive shading during winter, reduc-
ing crop productivity.

e The transmittance of these solar cells (ST-OSC, ST-PSC,
and WS-SPV) is very low in the photosynthetically active
region, which can affect plant growth negatively. For
most crops, 1% reduction in photosynthesis can reduce
crop production by 1% [29].

e Solar cells utilize the infrared spectrum for power genera-
tion, but their power conversion efficiencies are very low.

e The capital cost of some methods (e.g., [9]) is too high.

Note that spectrum-selective nanofluids can provide
unique solutions to the aforementioned problems efficiently
and sustainably. The proposed method in this work has the
potential to overcome these problems without making any
significant changes in the structural design of agricultural
greenhouses in a more cost-effective manner. The transmit-
tance in the visible spectrum can be controlled by changing
the concentration of nanofluids. So, the concentration of
nanofluids can be adjusted accordingly (depending on the
season) to maintain the required transmission of PAR inside
the greenhouse. Nanofluid will absorb the infrared radia-
tions, which do not take part in photosynthesis. The tem-
perature of nanofluids will rise after absorbing these infrared
radiations in the solar spectrum. This higher-temperature
nanofluid can be used as an energy input for many appli-
cations. In this way, the application of spectrum-selective
nanofluids will allow full solar spectrum utilization. The
application of spectrum-selective nanofluids for agricultural
greenhouses is still at an immature level of understanding
and still requires an extensive amount of work in this spe-
cific field. Hence, this study experimentally investigates
the potential of spectrum-selective CuS—ZnO/water hybrid
nanofluid for greenhouse applications under various ambient
conditions and the thickness of nanofluid layer (duct thick-
ness of 4 mm and 8 mm). The optically tuned CuS—ZnO/
water nanofluid has high transmittance in the visible region
of solar spectrum, with the potential to block the unwanted
infrared radiations (that do not take part in the photosyn-
thesis). The specific objectives of the present experimental
investigation are sixfold, as stated below:

e To prepare optically tuned CuS-ZnO/water nano-
fluids (having concentrations of 0.0025 mass% and
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0.005 mass%) and investigate the stability and nanoparti-
cle size distribution of the currently prepared nanofluids.

e To examine the optical transmission of prepared concen-
trations of CuS—ZnO/water nanofluids and calculate the
plant growth factor based on the transmittance of nano-
fluids.

e To prepare an experimental greenhouse setup by fabri-
cating the ducts with various depths (4 mm and 8 mm)
through which the water and nanofluid flow and then
evaluate the cooling load reduction potential of nanoflu-
ids under different ambient temperatures conditions.

e To investigate the impacts on heat gained by the cooling
system and on inside temperature of greenhouse unit with
and without nanofluid applications.

e To assess the nanofluid flow rate and duct thickness effect
on the photothermal conversion efficiency.

e To study the economic feasibility of applying CuS—ZnO/
water nanofluid in agricultural greenhouses in hot regions
with cooling requirements.

Materials and methods
Preparation of nanofluids

The ZnO nanopowder (having particles size between 35 and
45 nm, and density 5606 kg m~>) and CuS powder (particles
size < 100 mesh, and density 4760 kg m™>) are acquired
from US-nano and Sigma-Aldrich, respectively. The deion-
ized water is used as base fluid due to higher transmission
in PAR and strong absorption in the near-infrared region
(a requirement for agricultural greenhouse). The wet ball
milling (Retsch, Emax, Germany) method is employed to
reduce the size of CuS particles for better suspension in the
base fluid. The specific amount (0.95 g) of CuS powder is
weighted (using weight balance EX225D, OHAUS, USA)
and mixed with the same quantity of (Cetyltrimethylam-
monium bromide (CTAB)) surfactant. After adding 10 mL
of water, this mixture is subjected to ball milling operation
for 13 h (at 800 rpm). The ball-to-material ratio used in
the ball milling operation is 10:1. The ball milling equip-
ment is programmed to take a pause for 5 min after 15 min
of operation. To avoid high temperatures during ball mill-
ing operation, the temperature range of procedure is set as
25-40 °C. After cleaning the balls and jars of ball milling
equipment using deionized water, 0.05 g of ZnO nanopow-
der is added to this mixture. For homogenous suspension of
CuS—ZnO particles, this mixture is subjected to ultrasonica-
tion (Qsonica, Q500, USA) for 30 min. The CuS-ZnO/water
nanofluid has a composition of 95% CuS and 5% ZnO parti-
cles. The optically tuned nanofluids are prepared for green-
house application. That is why the concentration selection
of nanofluid is mainly dependent on optical transmittance.
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Based on the optical transmittance, two mass concentrations,
0.0025 mass% and 0.005 mass%, are selected for experi-
mental work by diluting the concentrated solution. The low
concentration (0.0025 mass%) is prepared for a duct with
a higher thickness (8 mm), while the high concentration
(0.005 mass%) is for a duct with low thickness (4 mm). The
ball equipment, probe-sonicator, and prepared nanofluid
samples are depicted in Fig. 2.

Stability and particle size distribution

The nanofluids perform effectively if the nanoparticles
remain suspended in the base fluid uniformly and homoge-
neously. If the nanoparticles start to agglomerate, particles
will be settled. This settlement of nanoparticles reduces
the performance of the applied system. The nanoparticles
suspended in the base fluid could have either attractive or
repulsive forces. If the attractive forces surpass the repul-
sive forces, the particles tend to agglomerate. In contrast,
if repulsive forces dominate the attractive forces, the parti-
cles may remain suspended for longer durations [30]. The
zeta potential method is commonly used to investigate the
stability of nanofluids. The zeta potential method provides
information about the charge developed at the interface of
nanoparticle and its liquid (water) medium. Zetasizer Nano
(ZSP (ZENS5600), UK) is used to examine the stability of
nanofluid in this study. The nanofluids having zeta potential
values between & 3045 mV are considered physically stable
[31]. The folded capillary cell (DTS1070) is used during the

The ball milling equipment with balls and jars

zeta potential analysis. Figure 3a and c illustrates the zeta
potential values of low concentrated (0.0025 mass%) and
high concentrated (0.005 mass%) CuS—ZnO/water nanofluid,
respectively. The zeta potential values of prepared nanofluids
are close to 45 mV, which means the nanofluids are stable.
No sedimentation is observed in visual inspection even after
experiments (after 100 days of nanofluid preparation), which
confirms that the nanofluids are stable.

The graphs in Fig. 3b and d represent the nanoparticle
size distribution in the base fluid for low and high concen-
trated nanofluids, respectively. The suspended particle size
is small for low concentrated nanofluid than the high con-
centrated nanofluid. The possible reason for this phenom-
enon is that higher concentrated nanofluid has more num-
bers of nanoparticles. The large number of nanoparticles
has a higher tendency to aggregate in the fluid than the low
quantity of nanoparticles. Figure 3b and d confirms this phe-
nomenon. The instrument Zetasizer Nano (ZSP (ZEN5600),
UK) is able to measure the size of particles in the range
of 0.3 nm—10 um by utilizing the dynamic light scattering
(DLS) method. It is also evident from Fig. 3b and d that
the ball milling process effectively reduced the size of CuS
particles.

Optical properties
For agricultural greenhouses, the transmission of PAR is

vital because photosynthesis depends on these radiations.
Any significant reduction in PAR transmission to the plants

0.0025mass%

(a) Prepared nanofluid samples (c)

\ 0.005mass%

Fig.2 a Ball milling equipment. b Probe-sonicator. ¢ Prepared nanofluid samples
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Fig.3 a Zeta potential value for low concentration (0.0025 mass%)
nanofluid. b Particle size distribution in low concentration
(0.0025 mass%) nanofluid. ¢ Zeta potential value for high concen-

will lead to a decrease in crop yield. Hence, it becomes cru-
cial to investigate the optical transmittance of CuS—ZnO
nanofluid. Nanofluids' optical transmittance is evaluated
using a UV-VIS-NIR spectrophotometer (UV 3600 plus,
SHIMADZU, Japan). The transmittance of nanofluids is
assessed using a transparent quartz cuvette with an optical
path length of 10 mm. The empty quartz cuvette is kept
as a reference in the spectrophotometer during the meas-
urement. Figure 4a depicts the transmittance of water and
CuS-ZnO nanofluid (with concentrations of 0.0025 mass%
and 0.005 mass%) for an optical path length of 10 mm.
The polystyrene sheet is highly transparent in the visible
and near-infrared regions. The transparency of polystyrene
sheets is nearly similar to water in the visible region. The
water can block most radiations having a wavelength greater
than 1400 nm (which generally enters the greenhouse and
cause higher temperatures).

The transmittance of 0.0025 mass% concentrated nano-
fluid is higher than 0.005 mass% nanofluid due to less
quantity of nanoparticles present in the water. The trans-
mission of 0.005 mass% nanofluid seems very low in the
visible region, but it is important to note that this transmis-
sion is for an optical path length of 10 mm. This concentra-
tion (0.005 mass%) of nanofluid will be used in a 4 mm
duct, where the transmission will increase. Figure 4b illus-
trates the transmittance of 0.0025 mass% and 0.005 mass%
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tration (0.005 mass%) nanofluid. d Particles size distribution in high
concentration (0.005 mass%) nanofluid

concentrated nanofluids in the respective ducts. The opti-
cal transmittance of polystyrene sheet (see Fig. 4 (a)) and
ducts containing nanofluids is measured by spectrophotom-
eter (Ocean HDX, from Ocean Insight, USA) in the vis-
ible region and (NIR Quest, from Ocean Insight, USA) in
the near-infrared region. The average transmittance of duct
(4 mm) containing CuS—ZnO nanofluid (0.005 mass%) in
the visible region is found to be about 76% (see Fig. 4d).
The optical transmission of nanofluid is enhanced with a
reduction in optical path length.

The crop growth factor G(x), which represents the ratio
of the rate of photosynthesis under greenhouse covering to
the rate of photosynthesis under the clear sky, is calculated
using [32]:

38300 7(x, VI, (Da(A)dA
G = 800
L300 Lo(Da(D)dA

6]

where a(A) is the relative action spectrum (27 herbaceous
plants [33]). Figure 4c shows the relative action spectrum
and A.M 1.5 spectral irradiance. It is evident from the graph
that the action spectrum contains two peaks: one is near
430 nm, and the other is around 660 nm. The plant organs
tend to bend toward or away from a blue light source called a
phototropic response. This phototropic response is related to
the blue band in the visible spectrum. In comparison, the red
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(0.0025 mass% and 0.005 mass%) for an optical path length of
10 mm. The transmittance of polystyrene sheet used in experimen-
tation. b The visible spectrum transmission through specified ducts

band of visible spectrum is involved in the photosynthesis
process [34-36].

Experimental setup and procedure

Two hollow containers (ducts) are prepared from highly
transparent polystyrene sheets. The depth (distance between
two sheets) of one duct is kept as 4 mm and 8 mm for the
other. The silicon rubber (having a width of 3 cm) is used
between two sheets as a sealant. These sheets are tightened
together through nuts and bolts to prevent leakage, and the
duct can bear the pressure of flowing fluid. The duct has an
inlet on the bottom side and an outlet at the top (see Fig. 5).
To keep the duct wholly filled with fluid (provide no space
for air inside the duct) entire time, these positions of inlet
and outlet are selected. Two thermocouples (Extech) are
installed at the inlet and outlet of duct to measure the tem-
perature of fluid entering and leaving the duct. The prepared
duct is attached in front of a small greenhouse unit having
dimensions of (45 cm X 22 cm X 35 cm). The walls and roof
of the greenhouse unit are made of polystyrene sheets and

S 50
1400 400 450 500 550 600 650 700 750 800

(b)

Transmittance/%

[ ~— - 0.0025mass% in 8mm duct ——0.005mass% in 4mm duct [

Wavelength/nm

0.005mass% in 4mm duct
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Average transmittance (%) in the visible spectrum (400-800 nm)

Plants relative action spectrum

having nanofluids ¢ A.M 1.5 spectral irradiance and average rela-
tive action spectrum of plants. d Average transmittance in the vis-
ible spectrum for 4 mm and 8 mm duct containing 0.005 mass% and
0.0025 mass% CuS—ZnO nanofluids, respectively

supported by a steel frame. Three thermocouples are placed
inside this greenhouse unit at various locations (to cover the
entire space), and the average of these temperature values is
used in the final calculations. The spectrophotometer fiber
cables are inserted into the back wall of the greenhouse unit.
A PC radiator (Asetek, Denmark) and fan (Mexn, China)
are fixed near the side wall to remove the heat accumulated
inside the greenhouse unit (in case of active cooling experi-
ments). The cooled water (at 23 °C) flows through the radia-
tor, and fan circulates the air (using power from a DC power
supply (3645A, China)), which loses its heat to the cooled
water. The temperatures of cooled water entering and leav-
ing the radiator are measured using two thermocouples.
The spaces between polystyrene sheets and the green-
house unit frame are filled with hot silicon glue for sealing.
After the installation of thermocouples, spectrophotometer
fiber cable, and cooling unit (radiator and fan), the green-
house unit is sealed from the top through heat-insulating
tape. The entire setup (greenhouse unit and duct) is placed
inside a fume hood and in front of a large area solar simula-
tor (Sciencetech, Canada, with spectral match measurement
classification: A) to provide artificial solar light (Illuminated
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Fig.5 Experimental setup for greenhouse cooling load reduction using optically tuned nanofluid spectrum filters

area is over 50 cm x50 cm). The solar simulator can pro-
vide solar flux ranging from 500 to 1000 W m~2 by varying
light intensity from 0.5 Sun to 1 Sun. Greenhouses in hot
arid environments have high cooling load issues in summer
when ambient temperature and solar irradiance are high.
Therefore, an electrical air heater is used to replicate the
higher ambient temperature conditions (not in direct con-
tact with the greenhouse). This air heater raised the air tem-
perature inside the fume hood around the greenhouse unit
walls. Four thermocouples (on each side of the greenhouse
unit) are fixed to measure the ambient temperature inside the
fume hood. A 12 channel-data logging thermometer (Extech
TMS500) is used to measure and record the temperature val-
ues at a sampling rate of 2 s.

The fluid (water or nanofluid) is pumped from a storage
tank to the duct. The nanofluid flowing through the duct
acts as a spectrum filter (transmits specified radiations and
absorbs or reflects others). This heated fluid (the tempera-
ture of fluid will rise due to absorption of solar radiations)
then enters a coil heat exchanger, which is placed inside
the refrigerated circulator to dissipate its heat and then
pumped back to the storage tank. Note that in real green-
house applications, underground soil can act as the heat
sink to reject this heat. Hence, the nanofluid can be used
in a cycle.

To maintain duct shape and ensure smooth flow, two
pumps are used at the inlet and outlet of the duct. The pumps
are calibrated to measure fluid flow rate after installation in
the flow circulation path. To validate the accuracy of pumps,
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a highly precise flask is used to measure the flow rate of the
fluid. The refrigerated circulator (SD7LR-20-A12E, Polysci-
ence, USA) provides cooled water at a constant temperature
of 23 °C to the radiator. For the circulation of cooled water
from the refrigerated circulator to the radiator, a pump (Flex-
iPump, France) is used.

Performance assessment

The photothermal conversion efficiency of CuS—ZnO/water
nanofluid (having concentrations of 0.0025 mass% and
0.005 mass%) is calculated by using Eq. (2).

mnfcp,nf<T0ut - Ti )
IAduct

M = @

The specific heat of nanofluid C, ¢ can be estimated as
given by [37]:

B0y Conp + (1 —Q)bec bf
Cyo = p - p.np P 3)
Pnf

The volume fraction () and density of nanofluid (p,)
can be calculated as:

mnp

p np
P=lm @
Pnp Pof
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Table 1 Measuring instruments

. Instrument Thermocouple Datalogger Pump (flow rate) Spectrophotometer
accuracies
Accuracy +0.1°C +0.1°C +0.1Lh™! + 0.2 nm in the UV-VIS region
+ 0.8 nm in the NIR region
P =0 Pop + (1 _ Q)) Por 5) countries, winter has a short period while summer covers

The total heat gained by cooled water (from the radiator)
is given by Eq. (6).

t
Qcooling = -({(mwatercp,waterAT)dt (6)

where AT is the difference in the temperature of cooled
water leaving the radiator and entering the radiator.

Uncertainty analysis

There are some uncertainties associated with experimental
results. In the present study, Kline and McClintock's [38]
method is used to estimate the uncertainties. The best estimate
for a variable can be given as

< = Zmeasured * 0z (7)

So, the final result should lie within +6z of the actual value.
The final result, zz, could be a function of several measured
quantities, and each quantity will have a different uncertainty
value.

<R =f(Zl,Z2,Z3,..-.,Zn) (8)

The expression suggested by Kline and McClintock [38] to
estimate the resulting uncertainty, 6z in the dependent vari-
able z is given as

The accuracies of measuring equipment are given in
Table 1. The maximum uncertainties associated with heat
gained and photothermal conversion efficiency were 1.35%
and 1.42%, respectively.

Results and discussion

Solar irradiance is abundantly available in many countries
throughout the year. The hourly global horizontal irradia-
tion (GHI) received by one of such a country (e.g., Qatar) is
found from SMARTS software, developed by NREL [39].
The data showed that the global horizontal irradiance is
more than 500 W m~2 for nearly 9 h in summer and 5 h
in winter. The peaks of this solar irradiance reached near
1000 W m~2 in summer and 650 W m~2 in winter (in such

a significant portion of the year). The minimum irradiance
used in the present experimental work is 500 W m~2. The
irradiance value is increased by 100 W m~2 after 15 min
(900 s) until it reaches a maximum value of 1000 W m~2,
thus making the total duration of a single experiment up
to 5400 s. To simplify the results, the ambient temperature
is classified into two categories (Low and High). The low
ambient temperature has a range between 22 to 28 °C. While
the high ambient temperature has a range between 32 to
38 °C. The cooled water (at 23 °C) circulates in the radia-
tor, and a fan circulates the air inside the greenhouse unit.
The high-temperature air loses its heat to the cooled water.
Initially, the heat gained by the cooling system was found at
various flow rates. The heat gain by cooling system becomes
nearly constant after a specific coolant flow rate. This flow
rate of coolant is used in experiments. The coolant flow rates
at low and high ambient temperature conditions are selected
as 6.4 mL s~ and 7.6 mL s™!, respectively.

Figure 6 depicts the inside temperature of greenhouse unit
when the cooling system is off, and ambient temperature is
low. The inside temperature of greenhouse unit is higher
when the ducts are empty (no fluid is flowing through the
ducts). The greenhouse unit temperature kept rising due to
the heat accumulation from solar radiation. For empty duct
case, the inside temperature of greenhouse unit is same (43.2
°C) for 8 mm and 4 mm ducts at the end of experiment. The
air inside the duct does not provide any hindrance to radia-
tion, due to which the greenhouse unit inside temperature is
identical irrespective of duct thickness. When water flows
through the ducts, the greenhouse unit with 8 mm duct dis-
played (2.43 °C) lower inside temperature than the green-
house unit with 4 mm duct. The water has potential to absorb
some infrared radiations. This absorption is highly depend-
ent on the optical path length. The 8 mm duct provides more
optical path length than 4 mm duct, due to which water can
absorb more radiations. That is why the greenhouse unit
attained a lower rise in temperature when 8 mm duct was
attached compared to 4 mm duct. The inside temperature of
greenhouse unit is 36.6 °C and 36.8 °C for 8§ mm and 4 mm
ducts, respectively, when CuS—ZnO nanofluid flows through
the ducts. The 8 mm duct contained a lower concentrated
nanofluid. In comparison, the 4 mm duct had a higher con-
centrated nanofluid, due to which the inside temperature of
greenhouse unit is nearly identical for two cases.

Figure 7 illustrates the inside temperature of greenhouse
unit when the cooling system is on, and ambient temperature

@ Springer
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is low. The cooling system restricted the inside temperature
of greenhouse unit to 28 °C for empty ducts. When water
flows through ducts, the 8 mm duct caused a 0.4 °C reduc-
tion in the inside temperature of greenhouse unit than the
4 mm duct case. In the case of nanofluid, the temperature
of greenhouse unit remained nearly identical for both ducts.

Figure 8 represents the inside temperature of greenhouse
unit when the cooling system is on, and the ambient tem-
perature is high. The significant portion of greenhouse cool-
ing load is due to solar irradiance and heat entering through
the greenhouse covers. At higher ambient temperature, the
heat entering through the covers increases and cause a rise
in the cooling load. Due to aforementioned reason, the inside
temperature of greenhouse unit will rise with an increase in
ambient temperature. For empty duct cases, the inside tem-
perature of greenhouse unit is 1.6 °C higher for high ambient
temperature case than the low ambient temperature case. The
8 mm duct showed 0.3 °C less temperature inside the green-
house unit than the 4 mm duct when water flowed through
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the ducts. For the case of nanofluid, the greenhouse unit
inside temperature is 0.4 °C higher for 4 mm duct than the
8 mm duct. The possible reason for this higher greenhouse
unit temperature is a lower optical path length of 4 mm duct
than 8 mm duct.

Figure 9 shows the % reduction in heat gained by cool-
ing system compared to respective empty ducts for low and
high ambient temperatures. The % reduction in heat gain is
higher when nanofluid flowed through the ducts than the
water under all ambient temperature conditions. This is due
to optically tuned characteristics of CuS—ZnO nanofluid,
which has potential to block more portion of the infrared
region than water. The % reduction in heat gain is higher for
8 mm duct than the 4 mm duct. From this result, it can be
inferred that the optical path length played a major role in
reducing the transmittance of infrared radiations inside the
greenhouse unit than the concentration of nanoparticles. The
average % reduction in heat gain compared to an empty duct
(8 mm) for CuS—ZnO nanofluid is 27.4%. The % reduction
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in heat gain by cooling system deteriorates with the rise
in ambient temperature due to an increase in heat entering
through the covers.

Figure 10 (a) and (b) exhibits the difference in outlet and
inlet temperature of water and nanofluid flowing through the
ducts. The water and CuS—ZnO nanofluid flowing through
the duct is exposed to 1 Sun for 20 min at a flow rate of
340 mL s~!. The difference in outlet and inlet temperature
of fluid flowing through 8 mm duct is higher than the 4 mm
duct. The longer optical path length allowed water or nano-
fluid to absorb more radiation, resulting in higher outlet tem-
perature compared to a lower optical path length. For the
case of nanofluid, the 4 mm duct showed a rapid increase
in temperature at the start due to a higher concentration of
nanoparticles. The higher quantity of nanoparticles strength-
ens the Brownian motion inside the fluid. That is why the
temperature rise at the start for 4 mm duct is higher than
8 mm duct. The 8 mm duct achieved a higher temperature
difference than the 4 mm duct after 500 s. Figure 10c and d

depicts the photothermal conversion efficiency for both ducts
containing water and nanofluid, respectively. The 8 mm duct
showed better photothermal conversion efficiency than the
4 mm duct in each case. The 8 mm duct displayed a nearly
25% higher photothermal conversion efficiency than 4 mm
for water, which improved to 26.32% for the nanofluid case.
This is due to the thicker fluid layer, which has a larger opti-
cal path length and can absorb more radiation.

The photosynthetic photon flux density (PPFD) rep-
resents the number of photons in a specific wavelength
range (400-700 nm) being incident on a surface per unit
time and per unit surface area. If the amount of PPFD inci-
dents on a crop is less than the required amount, the crop
yield may decrease. The ranges of PPFD required by vari-
ous plants are found in the literature and summarized in
Table 2. Figure 11a and b represents the PPFD obtained
inside the greenhouse unit at 0.5 and 1 sun, respectively.
The PPFD was higher inside the greenhouse unit when the
ducts were empty. Although there is a slight reduction in
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Fig. 10 Difference in outlet and inlet temperature of a water and b CuS—ZnO nanofluid flowing through the duct. The photothermal conversion

efficiency of ¢ water and d CuS—ZnO nanofluid flowing through the duct

PPFD by application of nanofluid, the results revealed that
using nanofluid could provide more PPFD than the essential
requirement of many plants. This means the application of
nanofluid will have an insignificant impact on crop yield.
Figure 11c shows the crop growth factor calculated for
4 mm and 8 mm ducts. It is evident from the graph that the
crop growth factor is higher for 8 mm duct. The increase in
nanoparticle concentration blocked the photosynthetically
active radiations more, which resulted in a reduction of crop
growth factor for the 4 mm duct case. Figure 11d exhibits
the crop growth factor value for the present study (8 mm
duct) and the values available in literature. The crop growth
factor is significantly lower when semi-transparent organic

solar cells [1, 6] are used as spectrum filters than spectrum-
selective nanofluids.

Payback period of nanofluid system

The application of spectrum-selective (CuS—ZnO) nano-
fluid exhibited a reduction in heat gained by the cooling
system compared to reference case (empty duct). This heat
gain reduction can reduce the cooling system's size, and
thus, the energy required. The payback period (Pgp) for
4 mm and 8 mm ducts containing nanofluids is calculated
using Eq. (10). The life period (Lp) of system is consid-
ered ten years because the cover sheet warranty period is
considered for ten years.

Table2 Ranges of PPFD

c i Plant PPFD /pumol m™2s~! Plant PPFD /umol m™2s~!
requirements by various plants
African violet 150-250 [40] Lettuce 250450 [40]
Beans 336420 [41] Lily 250450 [40]
Carnation 250-450 [40] Ornamental leaf 150-250 [40]
plants

Chrysanthemum 250-450 [40] Peas 672 [42]
Cucumber 250-450 [40] Peppers 504 [41, 42]
Eggplant 504 [41, 42] Poinsettia 250-450 [40]
Geranium 250-450 [40] Rose 450-750 [40]
Strawberry 250450 [40] Tomato 450-750 [40]
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The annual electricity consumption of a conventional
greenhouse for cooling purposes is estimated in the study
[9] as 18.1 MWh year~!. Using the results of present
experimental work, the annual electricity saving can be
calculated as 206 kWh m~2 for 8 mm duct case and 163
kWh m~2 for 4 mm duct case (here, m~2 represents the
floor area of a greenhouse). The transmittance of nano-
fluid will increase with its continuous usage over time.
Therefore, the replacement of nanofluid is considered after
twelve months during the payback period analysis. The
values of various parameters used during the analysis are
presented in Table 3.

Figure 12 exhibits the payback period of nanofluid system
as a function of the cost of electricity. It can be observed
from the graph that the nanofluid system with 8 mm duct
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Crop growth factor values in the literature for greenhouses that used
solar cells ([1, 6]) for spectrum filtering and greenhouses used nano-
fluid ([26]) for spectrum splitting

has a lower payback period than the 4 mm duct case. The
8 mm duct showed more reduction in heat gain than 4 mm
duct, due to which the payback period is lower for this duct.
If the cost of electricity is considered as 0.1 $ kWh™!, then
the payback period for 8 mm and 4 mm ducts becomes 0.42
and 0.55 years, respectively.

Table 3 Values of various parameters used in the economic analysis

Parameter Value

Interest rate 3.25%

Inflation rate 2.3%

Lifetime 10 years

Cost of nanofluid (for both 4 mm and 8 mm 33$m™2
duct) per m? of duct area

Cost of the nanofluid system (Pump and ductin ~ 4.88 $ m™2

which nanofluid flows)
10% of capital cost
0.1 $kWh™!

Annual operation and maintenance cost

Cost of electricity
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Fig. 12 Payback period of the nanofluid system for 4 mm and 8 mm
ducts as a function of the cost of electricity

Conclusions

The present experimental work evaluates the outcomes of
application of spectrum-selective CuS—ZnO/water nanofluid
on the temperature and heat gained by cooling system of
an agricultural greenhouse. The optically tuned CuS—ZnO
nanofluid has high transmittance in the visible region of
solar spectrum with good near-infrared blocking capability.
The spectrum-selective CuS—ZnO/water nanofluids were
synthesized (0.0025 mass% and 0.005 mass%), and stabil-
ity, particle size distribution, and optical transmission of
prepared nanofluids were examined. The prepared concen-
trations of nanofluids were used in the experimental setup
(4 mm and 8 mm ducts). The following conclusions can be
drawn based on obtained results:

e Both concentrations of CuS-ZnO/water nanofluid
exhibited good dispersion and stability in the base
fluid. The average transmittance in visible spectrum for
0.005 mass% concentrated nanofluid was 76% in 4 mm
duct, while for 0.0025 mass% concentration, this trans-
mittance enhanced to 83% in the 8 mm duct.

e The indoor temperature of the greenhouse unit remained
nearly the same for empty ducts, irrespective of duct
thickness. For the case when water flowed through the
ducts, the 8 mm duct performed much better than the
4 mm duct due to the larger optical path length. Under
all tested ambient temperature conditions, the inside tem-
perature of greenhouse unit was lower (about an average
of 3.4 °C) when nanofluid was flowing through the ducts
than the empty duct.

e The cooling system gained less heat when water or nano-
fluid flowed through the ducts. The % reduction in heat
gain by the cooling system compared to the empty duct
was higher for 8§ mm duct case than 4 mm duct. The cool-
ing system showed an average 27.4% and 21.6% reduc-
tion in heat gain for § mm and 4 mm ducts, respectively,
when nanofluid was flowing.

@ Springer

unit was higher than many plants' requirements, indicat-
ing that the plant's growth will not be affected by apply-
ing spectrum-selective nanofluids.

e The payback period was strongly dependent on the cost
of electricity. For electricity cost of 0.1 $ kWh™!, the
payback period for 4 mm and 8 mm ducts was estimated
to be 0.55 and 0.42 years, respectively.

In future, more experimental research is required to find
other nanomaterials with better optical characteristics and
long-term exposure to sunlight for greenhouse applications.
Such nanomaterials will help further reduction in agricul-
tural greenhouses' cooling load in hot arid climates.
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