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Abstract: Energy demand will never decline in the same way as it did when the
industrial revolution began and continued to flourish on energy use. The widespread
use of fossil fuels leads to major environmental problems such as global warming, air
and water pollution, and also has a detrimental influence on human health. Finding a
safe and sustainable alternative energy source has become a sine qua non for human
beings. We considered many methods for developing an energy source that could be
used to generate electricity without relying on fossil fuels in both on- and off-grid
circumstances. We intended to build a system that would merge two current
technologies and would offer strategies for boosting their power generation efficiency.
To begin, we examined tandem perovskite-silicon photovoltaic (PV) cells. Due to
efficiency losses caused by heat and the module's inability to monitor the sun's
direction for optimum irradiation capture, the necessity for a cooling unit and solar
tracker became obvious, as did its functioning at night. An ancient technique known as
Radiative Sky Cooling (RSC) was recently reintroduced to our understanding as a
result of fast advances in nano-optics, nano-fabrication, and metamaterials. It can cool
a system by boosting radiative heat transfer with cold space in the 8 to 13 m
atmospheric window. Due to the fact that this system can now operate in direct
sunlight, we investigated the subject, watched its operation, and examined if a single
arrangement consisting of RSC and PV cells was conceivable. Using a thermoelectric
generator as an RSC enables nighttime power generation, but at a poor efficiency,
which we investigated and hypothesized several ways to enhance.

Keywords: Radiative Sky Cooling, Solar Tracker, Photovoltaic, Thermoelectric Effect,
Renewable Energy Source.

Introduction: Consumption of fossil fuels, e.g., CO2, CH4 and N2O (three most potent gases
that prompt 98% of the global GHG emissions considered by The Kyoto Protocol*) for
energy production, agriculture, transportation, and industrial applications is accelerating
climate change as we speak. These economic activities, i.e., energy production, agriculture
and other land use, transportation, and industrial application, account for consecutively 25,
24, 14, 21 percent of the global GHG emissions [1]. Since the effects of climate change are
not immediately evident, there is a lack of awareness about it in a vast portion of the global
demographic. OECD believes that it is a global systemic risk to society [2]. Severe effects



such as continual rise in temperature, frost-free season, lengthening of the growing season,
changes in precipitation patterns, an increase of droughts and heatwaves, strengthening of
hurricanes and other natural extremities, rising of sea-level and melting of ice in the arctic
region could very well hamper not only the global economy but also the overall development
of human civilization [3, 4, 5]. The possible damage to our economy could very well equate
to a permanent loss in average per capita world consumption of more than 14% [6].
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GtCO2e = Gigatonnes of CO> equivalent.

Source: OECD Environmental Outlook Baseline; output from IMAGE.

Fig.1: Global Emissions by source (1980-2050) and Projected Temperature Increase
(1980-2100).

The need for renewable energy sources becomes apparent from these statistics.
Photovoltaics, thermal photovoltaics, and other solar thermal technologies rose over the last
century, which harvests (Energy harvesting represents the energy derived from ambient
sources that are extracted and directly converted into electrical energy [8].) the sun’s energy
are regarded as sustainable alternatives to fossil fuel. However, these techniques are
depended on daylight; there were no feasible methods of harvesting energy during the night
when energy demand actually peaks. But recently, a heat engine has been proposed that
exploits the ambient air surrounding the earth’s surface and the cold of outer space. The first
successful implementation was demonstrated in a device that paired the cold side of a TEG
(Thermoelectric Generator; a device consisting of one or multiple thermocouples, generates
energy based on a temperature gradient) to a sky-facing blackbody surface that radiates heat



to the cold space and has its hot side heated by ambient air, generating 25 m\W/m? power at
night [9]. The basic operating diagram of a TEG is shown in figure 2. By optimization of the
radiative cooler, environmental convection and figure-of-merit ZT (which used to
characterize a thermoelectric material performance, as well as the efficiencies of various
TEGs working at the same temperatures and dependent upon thermal conductivity k and

electrical conductivity o = 1/p [10]) of this device, a model was shown with a power

generation capability of 2.2 W/m? which is approximately 88 times of the device shown in
[9]. Our proposed theoretical system uses this optimized nighttime TEG device and
amalgamates it into a structure that could also make use of solar energy during the day.
Acrylic Fresnel lenses, a selective absorber, a dual-axis tracking system are necessary
components for restructuring the TEG during the presence of daylight into a STEG. L. L.
Baranowski et al. mentioned and analyzed a STEG model with an incident flux of 100 kW/m?
(100 suns) and a hot side temperature of 1000 °C. The use of Perovskite has been on the
increment since 2012, which has light photon-to-electron conversion efficiencies over 10%
[30]. Since then, the sunlight-to-electrical-power conversion efficiency of Perovskite solar
cells has skyrocketed. With the laboratory record standing at 25.2%, Perovskite-based
tandem cells are being used nowadays for their price is predicted to go down in the near
future, making them highly efficient alternatives to conventional silicon solar cells.
Perovskite-based solar cells incorporated with an effective cooling system will be working
along the TEG for our proposed system. We observe the power density, efficiency, and other
independent module parameters and provide a hypothetical schematic of the modular
arrangement in our paper.
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Fig.2: Diagram of TEG Operation.

Materials and Methods: In this section, we elucidate the analysis of energy production at
night of the TEG, mathematical evidence, and effects of different parameters pertaining to
the design of the TEG and STEG. Afterward, we clarify the PV module concepts with a
cooling system and solar tracker, which are used in our conceptual modular arrangement.



A TEG converts heat energy into electrical energy according to the Seebeck effect, operates
silently, under high maximum temperatures (up to 250 °C); uses reliable solid-state devices;
does not require any maintenance, and is highly eco-friendly [8]. General TEGs have a
conversion efficiency of 5-15% [12]. Nevertheless, when we discuss thermal energy
harvesting, TEGs have an efficiency of about 5-6%. Energy conversion of TEGs is dependent

on k, o, and o, where a is the Seebeck coefficient and can be written as o = % = — % . At

night, for our TEG module, we closely follow the specifications and parameters mentioned
in [13]. A multi-layered emitter shown in figure 3(a) is used to improve power generation
performance. The emitter is optimally engineered in the spectro-angular domain so that it can
give strong emission at frequencies ranging from 8-13um spectrum where atmospheric
absorption and ozone layer reflection are relatively small, the angular selectivity prevents
emission at significant incident angular ranges for reasons like the opaque sky and
downwards sky radiation. The optimal emissivity calculated by L Fan et al. was not
realistically achievable, but the multi-layered emitter has a performance close to it and much
higher than the one mentioned in [9], the air is chosen as the superstrate, and the multi-layered
structure is placed on top of a 300nm (0.3 microns) Al layer. The emissivity, € = 1;
thermocouple effective area Ate = 30x30 mm? (Marlow TG12-4-01LS) mentioned in [9]; the
cold side surface area is, Ac= ATE/0.0156 = 0.058 mm?, where 0.0156 is the optimal
TE/Cooler Area ratio as predicted by L Fan et al.; the maximum generated power, Pmax =

1.2144 W/m? which is 48 times higher than the outcome of [9], maximum power Pmax can be
n (a.AT)?

calculated using: ———— (Wm2)where R =n.[pp.Lp(Sp)~1 + py. Ly (Sy) 1 is the internal

resistance of a single thermocouple and p = R. S/L is the specific resistance, S is the cross-

sectional area of each leg, k is the thermal conductance; current | = n‘;ﬁ; Where R_is the
. L

external resistance; he = 102 W/m?k, hn, =102 W/m?k are the air convective transfer
coefficients for the hot side and cold side (the value of hn by using a heat-sink attached to the
hot side in order to increase the effective area for convection by a factor of 10). The hot side
of the TEG is assumed to have very low emissivity and is separated from other thermal
reservoirs [13].

In the presence of daylight, the TEG is transformed into a concentrated STEG by replacement
of the multi-layered emitter with the use of a small robotic lifter consisting of multiple
linkages connected to a servo motor. The incident flux after passing through the concentrator
is a function of the flux time’s concentrator ratio [11]. For the concentrator, an Acrylic
Fresnel lens was chosen, a selective absorber with an area of 1.6 cm? would have to be used
for maximum efficiency [28, 29]. When operating a STEG, the upper side is chosen to be the
hot side with a three-layered structure consisting of Bi>Tes, Skutterdite, and Yb14MnSb11/
LasTes, which together gives a ZT = 1.03 showed in figure 3(b).
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Fig.3: (a) Multilayer Emitter for TEG, (b) Upper Layer for TEG at Day.

For the PV module, we decided to use monolithically connected integrated solar cells
consisting of seven layers as suggested in [14]. Methylammonium bromide iodide lead
(CH3NH3Pblsa-xBrax (0 < x < 1)) perovskite a type of hybrid organic-inorganic Perovskite
(HOP) for the material used in top sub-cell, silicon as the bottom sub-cell material while a
silicon tunnel junction (Si n++/ Si p++) (TJ) that connects the two layers was used. The
optimal parameters for the HOP layer found from the simulations of A. Rolland et al., was
selected which are thickness = 400 nm, x = 20% =0.02 in CH3NH3PDblz1xBrax (0 <x < 1),
bandgap energy, Eq = 1.7 eV, relative permittivity, & = 6.5, electron and hole mobility, pn,
up = 2, electron and hole lifetime, tn, tp = 10°. The numerical data obtained from the
simulations prove the potential of methylammonium bromide iodide lead as an absorbing
material because of its relatively high efficiency and open-circuit voltage, low cost, and
capability of being able to be fine-tuned in comparison to expensive GaAs and Ge substrates
used in multi-junction solar cells (MJSC) mentioned in [15,16,17]. The specifications
provided in [14] have a good current matching with the bottom cell, which depends on the
absorber layer Eq and thickness. The tunnel junction has a doping level of 10%° cm™
functioning as an ideal interconnection with low resistance due to silicon’s high doping
capacity. The effects of photons in HOP are similar to that in silicon, for which the existing
drift-diffusion model could be implemented, while the final efficiency of the tandem cell was
calculated as 27%. Figure 4 shows the required specifics used in cell design [14], which we
will be closely following. The HOP layer shows the same characteristics of an n-type with
doping concentration, Np = 10** cm™ and diffusion length of 700 nm.
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Fig.4: Cell Structure for PV Module.

For the implementation of this tandem cell in a PV module, we chose a simple 36 (9x3)
design connected in series; a 3.2mm tempered glass panel with low iron oxide with an anti-
reflective coating as the front surface material due to the low reflectivity, high transmissivity,
strength, durability and self-cleaning properties [19]; Polyvinyl fluoride (commonly referred
to as ‘Tedler’) as the back surface of the module as it is operational in an extensive
temperature range (-70 °C — 110 °C) and has the following properties: high weather
resistance, transparency, inherent strength and low permeability of moisture, vapor, and oil
[18]; 2 sheets of Ethyl vinyl acetate ((C2Ha4)n(C4HsO2)m) as the adhesive between the front
and back surface which has optical transparency and low thermal resistance, and finally
aluminum as the frame that protects the module from lightning storms (since Al has good
conductive properties) and corrosion [19]. Figure 5 (a) and (b) show the structure of our
proposed module.
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Fig.5: (a), (b) Top and Side View of the Proposed PV Module.

LA
The total current I = M. I, — [en_liVT — 1], where N is the number of cells in series; M is the
number of cells in parallel; 1. = short circuit current from a single solar cell; 1o = saturation
current from a single solar cell; ideality factor, n= 1. From the equation, it is pretty evident
that circuit current is largely dependent on the parallel connection. The total voltage equation
can be easily derived and, consequently, the total power equation. All parameters relating to
the tandem and cell and PV module under AM1.5 illumination are shown in Table 1; some
of the values have been adapted from [14], the theories and relations applied to derive
diffusivity, reflectivity, lsc, Pmax has been demonstrated in [19,20]. A PV cell also generates



heat as a result of being exposed to sunlight; the factors that contribute to heat generation are
the reflection from the top surface of the module; the electrical operating point of the module;
absorption of sunlight by the PV module in regions which are not covered by solar cells;
absorption of low energy (infrared) light in the module or solar cells; and the packing density
of the solar cells [19]. The temperature has a substantial impact on solar cells and panels;
overheating reduces their efficiency dramatically [21]. Typically, 0.5% degradation of
efficiency due to a 1°C surface temperature increase [22]. Figure 6, adapted from [23] shows,
the effect of temperature on maximum cell power and voltage output.
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Fig.6: Degradation of Output as a Function of Temperature.
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Fig.7: Temperature of a PV Cell is Largely Dependent on the Thermal Coefficient.

The effects of temperature on different cell parameters can be thoroughly understood by
following [24], from where we can see that the temperature of a PV cell is largely dependent



on the thermal coefficient. A cooling system comprising of water in aluminum beams and a
heat sink can be implemented to our PV module to get better performance from it. A straight
fin heat-sink based model proposed in [26] can be used for reference. The results adapted
from that experimental research are shown above in figure 7.

Because of geographical location, the sun’s relative motion with respect to earth, atmospheric
effects, getting constant solar irradiance is not possible [26], as an outcome radiant power

density defined by H = fooo F(A)dA where F is the spectral irradiance. Therefore, using a

sun tracker system (STS) to make the PV panel face the sun at all times for bolstering the
maximum efficiency of our arrangement is necessary. STSs are more advantageous than
traditional stationary LDR trackers, having almost 25% more performance ratings because
LDR trackers are hindered by dust, shading by clouds, bird excrements, and reflected light
of glass frames (e.g., windows) of buildings [27]. The GPS STS system proposed by P. I.
Udenze et al. seemed a feasible option to us. The system is composed of a GPS module, a
real-time clock (RTC) for reading date and time, a 5V dc 300ohm Stepper motor for solar
module movement of 360°, an accelerometer (ADXL355) sensor as a positional feedback
sensor of the motor, and a microcontroller for overall controlling of the system according to
the Astronomical Equations of NREL Solar Position Algorithm. Table 3 in the results section
shows the results of these equations for Dhaka, and Table 2 shows optimal tilt angles for
maximum solar irradiance and mitigating cosign error.

Result and Discussion:

Table 1. Parameters relating to the tandem and cell and PV module under AM1.5 illumination.

Table 2. Optimal tilt angles for maximum solar irradiance and mitigating cosign error.
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Rajshahi 22.10° 9.30° 38.50°
Khulna 20.70° 7.80° 37.00°
Barisal 20.60° 7.70° 36.90°
Sylhet 22.50° 9.80° 39.00°
Mymensingh 22.40° 9.70° 38.90°
Rangpur 23.30° 10.70° 39.80°

Table 3. Result based on Astronomical Equations of NREL Solar Position Algorithm.

Hour Elevation Azimuth
5:23:31 -0.833 100.51
6:00:00 5.96 106.45
7:00:00 16.64 116.97
8:00:00 26.27 129.11
9:00:00 34.21 143.64
10:00:00 39.57 160.97
11:00:00 41.43 180.36
12:00:00 394 199.7
13:00:00 339 216.91
14:00:00 25.87 231.32
15:00:00 16.17 243.35
16:00:00 5.45 253.8
16:33:40 -0.833 259.26

Although 2.2 W/m?was shown to be feasible, the exact parameters were not specified. Many
factors still need to be reevaluated before effectively implementing the model in different
systems. The TEG achieves a temperature difference of 7.5 K (300-293.1) at 300 K and 7.0
K at 292.5 K and a power density, Pmax of 1.2144 W/m? During the daytime, by using the
three-layered upper side, an efficiency of 15.7% can be achievable, which is significantly
high considering the device’s potential to generate a high amount of power at 100 suns due
to the immense value of AT, this performance can be further bolstered by using materials
produced by novel technologies. A predicted efficiency of 23.5% for a material with ZT=2
has been stated in [11]. For the PV module, the effect on different parameters due to sun
tracking and cooling system needs to have further experimented, and we believe a much
larger power density than the calculated 0.32 mAmm2 of a standalone panel (without cooler
or tracker) can be obtained by measurement and simulation. Inverters, storage systems
(batteries), and boost converters for total arrangement, and a total simulation of the system



for finding all required figures and parameters will be done in due course. The materials and
pattern for the Solar Thermoelectric Photovoltaic Tree (STPT) have to be selected after deep
consideration. However, for the preliminary stages, steel as the material and phyllotaxy
patterns could be used. Figure 8 shows the transformation of TEG from its night to daytime
working configuration, and a simple schematic of the proposed STPT is shown in figure_9
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Fig.9: (a), (b), and (c) Top, Side, and 3D view of Solar Thermoelectric Photovoltaic Tree.

Conclusion: We get 173K Terawatts of power from the sun in just one hour, while the global
energy consumption is 16T Watts, which means, if we could use the sun’s total hourly power,
we would not need to generate any excess power for about one year. In this paper, we have
discussed one of the many directions of harvesting the sun’s energy efficiently to answer our
energy needs. This paper is more of a hypothetical work than extensive research, and by
giving adequate time and opportunities, we are optimistic that we could validate all specifics
of our model and realize its physical terms in the future. Our target is to influence our peers
into exploring this field meticulously for fulfilling our energy needs on both national and
international levels by their research as much work is still in process or left relating to the
combination of energy harvesting at all times of a day.
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