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Abstract: The Semiconductor and Liquid Assisted Photothermal Effect (SLAPE)” concept was employed for the first
time in this study to generate electricity from sunlight. In SLAPE process, a semiconducting material is
immersed completely in a stable organic solvent to capture the complete sunlight reaching the earth surface
and to turn it into the heat-energy that can be eventually converted into electricity by using Organic Rankine
Cycle (ORC) with the help of a heat engine and electric generator. In this investigation, the SLAPE solar panels
were fabricated with two top and bottom chambers separated by thin thermally conducting metal sheet (Cu or
Al). Multi-crystalline silicon photovoltaic cells (SPVCs) in conjunction with y-butyrolactone were employed to
capture the sunlight, and a low-boiling point dichloromethane (DCM) solvent was employed as a working
fluid to capture the in situ generated heat energy from sunlight. Upon exposure to the natural sunlight, the 21
numbers of SPVCs together with about 2 litres y-butyrolactone containing one square meter area SLAPE solar
panel has generated about 17 V when integrated with a laboratory model reciprocally moved steam engine and
a custom-made electric generator, whereas, a commercial SPVC solar panel with 21 number SPVCs generate a
maximum voltage of 11 V. The theoretical background governing the SLAPE solar panels, the necessity for
their invention and the proof of concept of SLAPE solar panels have been thoroughly presented and discussed
and established in this article.

Keywords: electricity generation from sunlight; SLAPE; SPVC; renewable and sustainable energy;
y-butyrolactone

1. Introduction

1.1. The role of practicable artificial photosynthesis to achieve self-sufficiency in energy security and to solve
the CO: associated global warming problem and the social cost of carbon

Today, the development of a simple, inexpensive and efficient process for producing electricity
from sunlight, and use of that electricity to convert the waste-steam greenhouse CO: gas into energy
rich solar-fuels, and to split water into Hz and O: gases, which is popularly called as an “Artificial
Photosynthesis (AP)” [1], have been considered as one of the top-most research priorities across the
globe as these processes can solve the problems related to i) securing the self-sufficiency in energy
production by each and every country, ii) the CO: associated global warming, and the resultant social
cost of carbon, iii) the storing of renewable (and surplus) energy in an high-energy-density carbon-
neutral liquid-fuels such as, methanol so that they can be directly employed in place of diesel and
petrol in the present existing energy distribution infrastructure (i.e., in the internal combustion (IC)
engines) so that there would not be any severe economic consequences while transforming from fossil
fuel energy dependency to non-fossil fuel, renewable and solar energy dependency, and iv) depletion
of fossil fuels mainly the crude oil, which is an important resource of several commodity chemicals
required for the future generations [1-25]. Efficient sunlight-to-electricity conversion technology can
eliminate up to 8-15% power transmission losses that are associated with the grid-connected
electricity produced at remote places far from the densely populated cities by burning fossil fuels
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(i.e., coal, natural gas and crude oil) at thermal power plants. In fact, as on today, the synthesis of
liquid-fuels from COz, and, splitting of water into Hz and O: gases using electricity derived from
sunlight in electrochemical cells can be considered as one of the most effective, and economic way of
storing energy to circumvent the daily and seasonal intermittency of solar energy as the energy stored
in H2 and Oz gases or CO gas can be taken back again as and when required on a demand basis using
fuel cells [1,10,12,26]. In fact, today, the fossil fuels are the main energy resource supplying to meet
>85% of the primary energy requirement of all most all developed and developing countries except
very few countries including France and Germany, and their usage has been found to be responsible
for raising the concentrations of CO: in the atmosphere and for the resultant global warming as well
as for the social cost of carbon problems [1,27-37].

It is a well-known fact that nature stores solar energy to feed not only 8 billion people but also
the entire life living today on our planet in the natural photosynthesis (NP) process by using CO2 and
water as energy storing materials [1,4,8,38-47]. In fact, the NP process is nothing but the storing of
solar energy by using CO: and water as energy storing materials by following a natural
photosynthesis process in the form of food materials and bio-mass to feed human beings and animals.
The solar energy stored in the form of food materials (i.e., grains) can be preserved and used as and
when required on a demand basis. The natured stored solar energy in the form of food materials need
not have to be used immediately like the electricity produced from sunlight by using SPVC solar
panels needs to be used. Furthermore, the amount of solar energy stored by plant leaves in the form
of food material and bio-mass in the NP process cannot be stored in any of the manmade existing
energy storing devices including the most advanced lithium ion batteries and capacitors as it would
be prohibitively expensive [1,10,12]. Nature clearly suggests that any amount of energy can be stored
by using CO: and water as energy storing materials while beneficially contributing to the
environment. In fact, the fossil fuels are nothing but solar energy stored by the nature. The fuel
chemicals synthesized in AP by using electricity derived from sunlight are called as solar fuels, which
are exactly similar to fossil fuels. The only difference between the fossil and solar fuels is the former
ones are created by the nature from bio-mass in which the solar energy was stored by plant leaves
using CO2 and water as energy storing materials at the rate of 0.2%, whereas, the solar-fuels, have to
be synthesized by following manmade technologies by electrochemically reducing CO: and splitting
water using electricity derived from sunlight to meet all the energy needs of the society with a
minimum (conversion) efficiency >10% so that these processes can be practiced at industry with
economic viability. Hence, the entire energy distribution infrastructure available today to use fossil
fuels can also be used for solar fuels formed in AP process as well. Thus, the renewable liquid-fuel
chemicals produced from COz gas in AP process can indeed replace the fossil fuels in all their current
uses such as, powering industrial processes, machinery and transportation, etc.. In fact, the AP
process can establish a closed-loop CO: cycle that turns the conventional fuels into the “green energy
vectors”. Furthermore, the energy density of electricity storing batteries is far too low for most of the
power-intensive applications (about 1-2%) in comparison to those can be stored in carbon-based fuels
(50 MJ/kg with methane, methanol, diesel and gasoline) [1,10,12]. In fact, the e-batteries such as Li-
ion batteries are best suitable and opt for low-energy required portable devices such as, mobile
phones, laptops, etc., but not for high-energy intensive applications such as, heavy duty vehicles,
buses, lorries, trucks, aero planes, etc.. Furthermore, batteries also have certain limitations with
respect to their cost, service life, recharging time, involvement of hazardous and polluting materials,
etc..

Once a suitable and inexpensive method for converting sunlight into electricity is developed,
and thus, obtained electricity is suitably utilized to convert the waste-stream greenhouse CO: gas into
CO, and the water into Hz and Oz gases, all most all countries can use solar energy to meet all their
energy requirements without depending on foreign countries to import the fossil fuels while meeting
all the deadlines imposed by Intergovernmental Panel on Climate Change (IPCC) and United Nations
Framework Convention on Climate Change (UNFCCC) as far as environmental safety and release of CO
gas into the atmosphere are concerned [1,18-22,24]. Upon implementing such an AP process
worldwide, in about 10 to 15 years period, a lot of fossil fuels burned so far to meet the energy
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requirement of the society can be restored in the form of natural gas at all the sea shores across the
globe as no CO: is freshly released into the atmosphere in large quantities as CO: present in the
atmosphere is consumed by the plant leaves so that its concentration will come down to those levels
(i.e., about 280 ppm) present in the atmosphere prior to the industrial revolution started during
period of around 1750 to early 1800 century. Once, this target is reached, the unseasonal and un-
expected heavy rains and floods that are occurring these days can be minimized, which are disturbing
the functioning of society for several days together in certain cities like those recently occurred in
Chennai city in the year 2015 [48], and Kerala in the year 2018 [49].

In view of the above reasons, the development of a simple, easy to fabricate, and inexpensive
method to produce electricity from sunlight, and using thus obtained electricity to drive the reactions
of AP are of utmost important to solve both energy and environment related problems. For example,
today, India alone has 118 thermal power plants, 220 cement industries, 650 steel plants (including
those small scale industries), and 18 public sector refineries and 5 refineries in the private sector/or
as a joint venture, the largest refineries being RIL Jamnagar (Gujarat), NEL Vadinar (Gujarat) and
IOC Panipat (Haryana). All these industries together everyday generate several million tons of CO:
gas by burning fossil fuels such as, oil, coal, and natural gas to meet the energy needs of the society,
and all thus generated CO: gas is released into the atmosphere. Once, an inexpensive and simple to
fabricate solar panels to produce electricity from sunlight are developed to drive the reactions of AP
efficiently at lower processing cost, then by following that process all the CO: generated at major
outlets across the globe can be converted into CO gas initially, and then into methanol, diesel and
synthetic petrol [1,18-22,24]. The IPCC and UNFCCC are responsible for pledging 197 countries (as
on December 2015) to take the responsibility to stabilize the greenhouse CO2 gas concentration in the
atmosphere at a level that would prevent dangerous anthropogenic interference with the climatic
system. Furthermore, for example, according to IPCC and UNFCCC by 2030, the European Union (EU)
has to meet 227% of their primary energy requirement from the renewable energy resources, which
ensures up to 40% reduction in greenhouse gas (GHGs) emissions in comparison to 1990 levels [1,50-
54]. Today, EU gets about 50% of its primary energy from the imported fossil fuels. In EU, the
buildings are the leading consumers of energy (40%), ahead of transportation (32%), industry (27%)
and agriculture (2%). Heating is at top of the consumption list accounting for 65% of domestic energy
use. As a result, 33% of the total CO2 emissions in EU come from fossil fuels used for heating purposes
only. Only ~17% of the total energy requirement is met by the electricity and out of which about 11.7%
is met from hydroelectric power.

There are two ways to control the CO2 associated global warming problem. One is to replace the
fossil fuels usage with renewable energy vectors such as, solar energy [1,10,12], and the other one is
to find out the solutions to solve the CO: associated global warming problem [1,55-61]. Today, the
readily available technology to solve the CO: associated global warming problem is the “CO:
sequestration”, which is also known as the “carbon capture and storage (CCS)” process. This latter
process is not only expensive but also quite cumbersome. As a part of the CCS process, the CO2
captured at various outlets such as, thermal power plants, cement industry, steel factories, gas
refineries, etc., is transported and pumped mainly into the deep seawater below 3500 meters [55]. At
3500 meters deep in the sea, a pressure of >350 bar and a temperature of ~3°C exist. When CO: is
exposed to these conditions, it turns into CO: clathrate, which is a snow-like crystalline substance,
composed of H20 ice and COz. Nevertheless, its long term stability is still a debatable subject. It is
also a known fact that the CO: capturing sites are most often far away from those sites normally used
for CO: sequestration. In certain places like those in Europe, CO: transportation in pipelines to the
storage sites is quite difficult, and it will increase the cost of the process by at least 15-20%, which is
considered to be unacceptable [1,10,12]. The Department of Energy (DoE), USA, suggests that the
transportation of CO:2 in tankers on road is not acceptable if the distance is more than 100 km. In the
total CCS process, about 35-40% is the transportation and storage costs. This cost would be between
35 and 50 €/ton for early commercial phase and between 60 and 90 €/ton during demonstration phase,
when transportation of COz is made by pipelines for distances not over 200-300 km [10,12]. This cost
would be further increased if the transportation is made by road (for example, in certain European
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countries). Recently, a new CO: sequestration process was reported, in which when a mixture of
water and CO:z was pumped 540 meters deep into the Iceland rocks, this acidic solution causes the
leaching of the Mg and Ca metals out of the basalt rocks and converts them into MgCOs and CaCO:s
rocks [62]. These latter rocks have been found to be stable for more than two-year period. The cost of
this new CO2 sequestration process has been estimated to be about 18 USD for disposing off a ton
CO:z gas. Thus, the CO: sequestration processes are not only expensive and laborious, they also
irreversibly blocks the important Ci carbon resource in the form of CO: cletherate in deep seawater,
which cannot be used for any of the beneficial activities of the human beings. In fact, the CO2 shall be
participated in the natural carbon cycle that is required for the sustainability of the life on earth
[47,63].

Alternatively, CO2 can be converted into several value added chemicals and fuels in a process
called “carbon capture and utilization (CCU)” with the same expenditure that can be incurred for the
CCS process [1-3,64]. Sometimes, the value of the product(s) formed in the CCU process can become
a bonus as the cost of the products can offset the processing cost to some extent. It is also a known
fact that CO2 conversion into fuel chemicals needs thermodynamic energy input apart from those
required for overcoming the activation energy barrier. In fact, the high thermodynamic stability of
COx: is responsible for its ability to store the external energy in the form of fuel chemicals synthesized
out of it [1,65]. In fact, the energy spent for overcoming the activation energy barrier is a waste of
energy; whereas, the energy spent for overcoming the thermodynamic energy barrier is energy
storage. Thus, more amounts of thermodynamic energy requirement means more amount of energy
storage in the form of chemical products formed in a particular endothermic reaction. That is the
reason why always researchers look for the best catalytic systems to perform a particular reaction to
occur via a path that is associated with the least activation energy barrier. Lower the activation energy
barrier means lower the amount of energy wastage while driving that particular thermodynamically
favorable reaction. The high thermodynamic stability of water (AE° =-1.23 V vs. NHE or 1.23 eV) is
also responsible for its ability to store 1.23 eV energy in the form of Hz and %202 gases formed in
electrolysis of water. This same 1.23 eV equivalent electrical energy comes out again when these two
gases are reacted in a fuel cell [1,10,12].

Even by replacing the usage of the liquefied petroleum gas (LPG) utilized for cooking with the
electric stoves driven by electricity derived from sunlight, a significant amount of CO2 gas generation
can be avoided. Not only that now-a-days, even the cost of LPG gas has been increasing exorbitantly,
and without the government aid or subsidy, it has become an unbearable cost for a common man
living in India. In Telangana state of India, a 14.2 kg LPG gas cylinder costs about Rs. 1500/- without
the Government subsidy, and with subsidy, it is about Rs. 950/- [66]. Even the petrol and diesel costs
are being increased now-a-days in India very exorbitantly. If all the CO: gas generated at all its major
outlets in India is converted into synthetic petrol using electricity derived from sunlight, and used in
place of petrol and diesel utilized today to meet the energy requirements, there would be a lot of
reduction in the importing of fossil fuels from foreign countries [1,39-46]. In fact, an inexpensive way
of producing electricity from sunlight and using it for converting CO: gas produced at all its major
outlets into fuel chemicals, and for splitting water into H2 and O: gases can even change the global
energy economy and energy dynamics of the world as well [1,18-22,24]. In view of the these and to
solve the CO2 associated global warming problem, at the outset, a simple, easy and highly economical
method to produce electricity from sunlight is highly essential [10,12]. Furthermore, to continuously
supply the intermittently available solar energy to the society without any back-up from fossil fuels,
it is also required to be stored in a well usable form of energy. Fortunately, sunlight is abundant,
clean, and free, and, all the world's population living areas also receive the required insolation levels
(i.e., 150-300 watts/m? or 3.5-7.0 kWh/m? per day) [67]. With this insolation capacity, the required
amount of electrical energy can be generated to meet all the needs of the society for buildings using
a suitable sunlight to electricity generation technology.

1.2. The current status of electricity generating processes from sunlight
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Today, there are four different types of methods available to generate electricity from sunlight.
The first one is Photovoltaics (PVs), which use p-n junctions formed out of a joining of p-type and n-
type differently doped silicon semiconductor thin films, the binary III-V GaAs and InP systems, the
copper indium gallium selenide (CIGS), the perovskite solar cells (PSCs) based organic light absorbing
chemical compounds such as, methylammonium lead trihalide (MLT) (CHsNHsPbXs, where X is
a halogen atom such as iodine, bromine or chlorine), with an optical band-gap between ~1.55 and
2.3 eV depending on halide content, etc., which can be amorphous, single or poly-crystalline in nature
[1,22,68,69]. The second one is the dye-sensitized solar-cells (DSSCs) (or Gratzel cells) that use cis-
bis(isothiocyanato)bis(2,2"-bipyridyl-4,4 -dicarboxylato)ruthenium(ll), (known as Ns Dye), as a light
capturing substance [70,71]. The third one is the thermoelectric effect (i.e., Seebeck and Peltier modules)
that uses materials with suitable figure of merit such as, bismuth telluride (BizTes) [72]. The fourth one
is the concentrated solar radiation or parabolic trough collectors (PTC), which are typically operated at
temperatures around 400°C [73].

In parabolic trough collectors (PTC) method, the heat energy captured is utilized by a heat engine
(e.g., steam turbine) to produce electricity. The well-known examples of solar thermal power
generation using PTCs are the Solar Energy Generating Systems (SEGS) in California, USA [74]. This
particular system consists of nine power plants with a total capacity of about 354 megawatts (MW).
However, the price of the electricity generated in this method has been found to be higher in
comparison to the one obtained by burning fossil fuels at thermal power plants. The main reason for
this high price of the electricity is the utilization of light concentrators, tracking of the light and
distribution of electricity from far distances to the utility places. This PTC method has also been found
to be quite cumbersome, and environmentally and ecologically danger particularly for the survival
of the birds in those areas. Alternatively, low temperature solar thermal power generation, which
operates using an Organic Rankine Cycle (ORC) offers an increasingly promising for domestic and
smaller energy recovery installations when combined with silicon photovoltaic cells (SPVC) for waste-
heat utilization. However, these systems are yet to be fully investigated for practical applications and
to meet public energy needs.

The PVs based on CIGS [68], Perovskites, III-V GaAs and InP systems are either too expensive
or not stable, and are still being developed in the laboratory. The existing PVs with high-quality III-
V semiconductor stacks are associated with costly production steps and are found to be extremely
expensive and hardly scalable. More affordable multi-junction PVs made with abundant materials
(e.g., based on organic materials, Si, and/or perovskites) have not yet shown a significant increase in
efficiency relative to the corresponding single-junction technology (i.e., SPVCs), which justifies the
efforts in implementing the tandem architectures. Besides, the rigid design of the series-connected
subcells has a current output limited by the lowest performing subcell, which further suffers from
spectral mismatch losses at non-peak illumination hours or for different geographical locations. The
main problem associated with the organic based PSCs is the stability, and they are yet to pass the
required time period operation test in the real life conditions [69]. The most commonly studied
perovskite absorber is methylammonium lead trihalide (MLT). Formamidinum lead trihalide
(H.NCHNH:PbXs) with band-gap energies between 1.48 and 2.2 eV was also found to be promising
for this application. The minimum band-gap shall be closer to the optimal one for a single-junction
cell than MLT so that it can exhibit higher efficiencies. The DSSCs suffer from the exorbitant price of
the N3 dye used in them, whereas, the efficiencies achieved so far in the thermoelectric modules is
very low as materials with the required figure of merit are yet to be identified and/or developed
[70,71].

1.3. Potential of silicon photovoltaic cell (SPVC) solar panels

It is a well-known fact that among various methods available today to generate electricity from
sunlight, only the SPVC panels are the mostly deployed ones across the globe as a part of producing
renewable electricity from sunlight, and are in the market for almost last 40 years [75]. In fact,
electricity production from sunlight by following photovoltaic (PV) technology can be considered as
a miracle. The SPVC panels provide significant social and environmental benefits as these panels do
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not generate any greenhouse gases (GHGs). The SPVCs are also stand alone, and can be integrated,
grid-connected and deployed in isolated locations. Furthermore, the semiconductor silicon used in
these SPVC panels has an abundant raw material, which is non-toxic, relatively low-cost, allows the
fabrication of cells with relatively high and stable sunlight-to-electricity (STE) conversion efficiency.
It is also the most matured PV material, and has been a long-term market leader. In fact, the crystalline
silicon (c-5i) technology is widespread and has deep skill and infrastructure not only for PV
applications but also for the integrated circuit (IC) industries. The number of SPVC panels installed
worldwide has grown exponentially since early 2000s, and it will be further grown during coming
next few decades [1,4,76-82]. By the end of 2015, an estimated 222 gigawatts (GW) worth of SPVC
panels have been installed worldwide. According to a recent report from the International Renewable
Energy Agency (IREA), USA, this number could reach to 4,500 GW by 2050. Furthermore, the
production cost of SPVC panels has also been diminishing in the last decades, following a learning
curve, which is now stagnating.

Although, almost 40 years back the SPVC panels have entered the market, and their
manufacturing cost has also been came down to the lowest possible level, beyond which it is not
possible to go down further, still almost all developed (excluding few countries including Germany,
France, and Island) and still developing countries including India, meet more than 85% of their
primary energy requirement from fossil fuels only. One the main reasons for this is could be as there
is no affordable method to store the electricity derived from sunlight for that matter from any of the
renewable energy resources, and to use it as and when required on the demand basis [1,18-22,24]. At
present, the electricity produced from sunlight either needs to be utilized immediately or if it is a
surplus one, then it is connected to a grid-system. During the peak hours (only 5-6 hours in a day), if
electricity is produced to meet all the energy requirements of the society by using SPVC solar panels,
then the electricity generated at thermal power plant is not needed. At that time, the thermal power
plant is needed to be shut-down. As during remaining hours (i.e., for almost 19 hours) in a day, the
sun is not available, at that time again those associated thermal power plants are required to be
switched on. That everyday particularly during summer season switching on and off of thermal
power plant has been found to be non-profitable venture in Germany and it incurred huge losses to
those operators. Furthermore, the thermal power plants are designed to operate continuously not for
intermittent operations.

1.4. Theoretical setbacks associated with SPVC solar panels

As with any renewable energy resource, the main limitation of SPVC solar panels is also the
discontinuity between the solar radiation and power consumption during a day, year and
geographical location. In addition to these, the theoretical maximum efficiency of a SPVC panel is
<20%, and they convert >70% of the absorbed sunlight into the waste heat energy, which is dissipated
into the atmosphere [83-88]. The various other limitations/setbacks associated with these SPVC
panels are listed in Table 1 [1,89]. About 10% incident light is reflected back into the atmosphere from
the front cover solar glass of SPVC solar panels. Up to about 8% of the incident light on SPVC panels
is blocked by the grid and bus-bar lines printed on SPV cells. With a band-gap energy of about 1.1
eV, whose corresponding wavelength is ~1127 nm, the semiconducting Si material used in SPVC solar
panels does not absorb sunlight reaching the earth surface with a wavelength range starting from
1127 nm to 2400 nm, which is accounted for about 30% of the sunlight reaching the earth surface. The
percentage of sunlight reaching the earth surface with various wavelength ranges is given in Table 2
[1,89]. This sunlight energy data confirms that with 1.1 eV band-gap energy, the Si semiconductor in
SPVC solar panels considers only around 70% of the sunlight reaching the earth surface for
converting it into the electricity, and the remaining 30% incident sunlight is not absorbed or
considered by these SPVC solar panels.

Table 1. Various limitations and setbacks associated with the commercial silicon photovoltaic cells
(SPVC) panels [1].

S. No. Limitation
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The maximum achievable sunlight-to-electricity (STE) conversion efficiency is <20%. Hence,

L they need relatively larger land areas to get the desired voltage and power capacities.
The light absorption is limited to only 70% of the sunlight reaching the earth surface as its
) band-gap energy is ~1.10 eV (i.e., with a corresponding wavelength of about 1127 nm). That
' means Si in SPVC panels does not absorb sunlight in the range of 1127 nm to 2400 nm, which
is accounted for about 30% of the sunlight reaching the earth surface.
3 About 10% incident light is reflected back into the atmosphere from the front cover solar glass
© dtself.
4 Up to about 8% of the incident light on SPVC panels is blocked by the grid and bus-bar lines
' printed on Si cells.
5. Generates only DC current and conversion from DC to AC is an expensive process.
6. The maximum voltage that can be achievable from SPV cell is only about 0.5 to 0.6 V.
7 The STE conversion efficiency of SPVC panels decreases with the increasing operating
' (ambient) temperature at a rate of 0.5 V/°C or K.
8. Creates considerable amount local heat island effect when deployed in large areas.
They are not reusable and not-repairable, hence, the post retirement disposal is a big problem
9. for SPVC panels as recovering materials from them has been found to be non-profitable

venture.
10. It requires direct irradiation of sunlight.
It contains toxic heavy metals like Pb in the form of inter connectors used while joining several
cells in series to achieve the desired voltage requirement.
12. SPV cells are delicate and are easily damaged when accidentally hit by any small solid object.
Relatively expensive as it involves highly complex and sophisticated equipment to fabricate
SPVCs.
14. Involves very expensive, highly toxic and pyrophoric liquid raw materials.

11.

13.

Table 2. Spectral distribution of Xe lamp (75 W, Hamamatsu, Japan) that generates the simulated
solar light [1,89].

Region UVCUVB UVAvisible infrared

Wavelength<25O 250-280- 320- 350- 400- 450- 500- 550- 600- 650- 700-800-900-1000-1100-1500-2000-
range 280 320 350 400 450 500 550 600 650 700 800 900 10001100 1500 2000 2400

iﬁ/r?dlance 05 09 18 15 26 29 36 31 31 30 31 62 15115149 141 12.1 6.4

Apart from the above, the SPVC solar panels also suffer from several other limitations as
summarized in Table 1 [1]. They are associated with high fabrication cost and cumbersome
manufacturing procedure, hence, electricity generated by these SPVC solar panels is relatively
expensive when compared with the one produced at thermal power plants by burning fossil fuels.
They generate DC current instead of AC current as converting of DC into AC is also consumes some
energy. The maximum voltage that can be generated by a single Si semiconductor cell in each SPVC
solar panel is only about 0.5 to 0.6 V (Fig. 1) [1,90], and to obtain the required high voltage several of
such single SPVCs needs to be connected in series, which generate considerable amounts of Ohmic
loss. The sunlight-to-electricity (STE) conversion efficiency of SPVC solar panels decreases with the
increasing operating (ambient) temperature at a rate of 0.5 V/°C or K (Fig. 2) [1,91,92]. They contain
toxic heavy Sn-Pb solder metals coated over Cu stripe, which is used as grid and bus-bar lines, and
as interconnecting wire to transport the generated electricity from one individual SPVC to other cell.
The after use disposal is a great concern for SPVC solar panels, and the recycling of these panels has
been found to be a no profitable venture. They create local heat island effect when deployed in large
areas (Fig. 3) [1,93]. They are not reusable, recyclable, and are not physically very robust (i.e., they
become redundant when they are accidentally hit with a physical object). Because of only <20%
efficiency, SPVC panels need relatively large areas of land to generate the required amount of
electricity [1,83-88]. Furthermore, when the operating temperature of SPVC panels is reached to a
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certain higher level, which normally happens in peak summer period, they permanently and
irreversibly lose their electricity generating capability [94]. The Qatari utility companies stopped
using SPVC solar energy because the drop in the efficiency has been noted to be as high as 60%.
Because of the combination of the latter country’s extreme heat and dust accumulation on the solar
panels, the fall in the efficiency has been noted to be up to 60%. In the case of SPVC solar panels,
there’s an irony in the fact that the locations best suited for solar energy generation are also limited
by those same conditions in several central Asian countries such as, Saudi Arabia [95].
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Figure 1. I-V and P-V characteristics of a silicon solar cell [1,90].
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Figure 2. IV curves of a solar PV module under different operating temperatures [1,91,92].
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Figure 3. Illustration of midday energy exchange. Assuming equal rates of incoming energy from the
sun, a transition from (A) a vegetated ecosystem to (B) a photovoltaic (PV) power plant installation
will significantly alter the energy flux dynamics of the area. Within natural ecosystems, vegetation
reduces heat capture and storage in soils (orange arrows), and infiltrated water and vegetation release

heat-dissipating latent energy fluxes in the transition of water-to-water vapor to the atmosphere
through evapotranspiration (blue arrows). These latent heat fluxes are dramatically reduced in typical
PV installations, leading to greater sensible heat fluxes (red arrows). Energy re-radiation from PV
panels (brown arrows) and energy transferred to electricity (purple arrows) are also shown [1,93].

Another major limitation of SPVC solar panels is that they are needed to be placed in a direction
facing the south side with some angle of inclination so that while sun is travelling from east to west,
it can strike the surface of these SPVC solar panels with the straight and direct light radiation. Similar
to SPVC solar panels, the plant leaves also need sunlight to capture and store the solar energy in the
form of food materials and bio-mass by using CO: and water as energy storing materials to feed the
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human beings and animals [22]. However, a closer look at those plant leaves reveal that they do not
face only south direction but all the directions to receive solar energy during the entire day. It has
been found that the water (a liquid substance) present in the plant leaves is responsible for receiving
the sunlight from all the directions and during the entire day time. Thus, the plant leaves suggest that
the liquid containing surfaces receive more amount of sunlight from all directions without causing
much of reflection back into the atmosphere [96]. It has also been established that the solid surfaces
reflect more sunlight than those reflected by the liquid surfaces (Figs. 4 & 5) [1]. Furthermore, the
SPVC panels also become quite hot during daytime [93].
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Figure 4. (A) Schematic illustrating characteristic experiment (left) where a dense solution of

nanoparticles contained in a cuvette is illuminated with 808 nm laser light; multiparticle optical
interactions in such nanofluids (right) where photons are scattered and/or absorbed. (B)
Experimentally obtained (left) and Monte Carlo (MC) simulated (right) scattered light as viewed from
the side of cuvettes containing nanoshell solutions of the indicated concentrations. Integration times
are not the same for all three experiments [1,96].
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Figure 5. Digital photos showing decolourization of aqueous MB solution in the presence of TiO:z
nano-powder photocatalyst under the irradiation of a simulated solar light; (a) — pure aqueous 0.01
mM MB solution; (b) — aqueous 0.01 mM MB solution dispersed with TiOz2 nano-powder; (¢ & d) —
aqueous 0.01 mM MB solution dispersed withTiO2 nano-powder being irradiated with light having a
wavelength range of (300-700 nm at 44 mW/cm? power density (rare & side views, respectively); &
(e) slurry after exposing to the light irradiation. No light was detected backside of the reactor as the
light passed into the reaction mixture solution was completely absorbed by the contents in it.
Considerable amount of light reflection from the front face (wall) of the quartz-glass reactor can be
seen from (d) photograph. The reflected light was determined to be about 6% [1,89].

In SPVCs, the n-type Si semiconductor doped with phosphorous and antimony (top layer) and
p-type Si doped with boron (bottom layer) are deposited by following a chemical vapor deposition
(CVD) technique to form a two layered thin film Si p-n junction cell with a band-gap energy of ~1.1
eV. Its top surface up to 8 to 10%, and the complete bottom surface are covered with an electrically
conducting thin layer of Ag or Al to serve as grid and bus-bar lines, and as light reflecting bottom
surface, respectively. In a one meter by two meters SPVC solar panel, 72 numbers of individual
SPVCs are interconnected in a series using a copper thin stripe (coated with Sn-Pb layers to facilitate
the soldering process while joining the individual cells together). Finally, these interconnected cells
are placed in between two thin layers of ethylene vinyl acetate (EVA) sheets (5 x 10#m), which are in
turn placed in between a top layer of fully tempered low-iron containing transparent solar glass (3.2
mm thick) sheet and a bottom polyurethane plastic (few mm thickness) sheet, and then all these parts
are together hot compacted under vacuum so that no air-bubbles are trapped in the inter layers of
the SPVC solar panel [67,88,97]. On the top surface of a SPVC, a very thin (about few hundred
nanometer thick) layer of SisN4 anti-reflection coating is given by following the same CVD technique.
This latter layer also avoids to some extent the unforeseen oxidation of c-Si upon exposure to light
irradiation in oxidizing environment, and to arrest the light reflection from SPVCs to some extent
(Fig. 6) [1,98]. If SPVCs are not sealed in between two-EVA layers under vacuum properly, Si
undergoes oxidation into SiO2 with a band-gap energy of ~9.0 eV upon irradiation with sunlight in
presence of air/moisture atmosphere. Once Si is converted into SiO;, it loses its ability to capture
sunlight and to turn it into electricity or heat energy as the sunlight reaching the SPVC solar panel do
not possess the band-gap energy higher than 3.2 eV. The sunlight with 3.2 eV energy cannot excite
the valance-band (VB) (i.e., the highest occupied molecular orbital (HOMO) electrons of SiO: into its
conduction band (CB) (i.e., into the lowest unoccupied molecular orbital (LUMO)) as its band-gap energy
is ~9.0 eV to create the electron-hole pairs. When Si undergoes ionization upon irradiation with
sunlight (i.e., light with <1125 nm wavelength) having energy higher than that of its band-gap (i.e.,
1.1 eV) by exciting its VB electrons into CB, there is a creation of electron-hole pairs with definite
oxidation and reduction potentials [80]. These Si oxidation potentials can pull electrons from water
molecule when it comes into contact with the ionized Si* ions and oxidizes it to form Oz and H: gases.
Furthermore, if any air or moisture is present between the EVA layer and SPVC after hot-compaction
into SPVC solar panel, the entrapped air/moisture undergoes volumetric expansion when it receives
the heat generated by c-Si cells and creates considerable amount of strain capable of breaking the
very-thin and highly brittle c-Si cells. Thus it can cause a very serious damage to the SPVC cells and
decreases the overall STE generating efficiency of these solar panels. The thin SisN4 layer present on
c-Si cells cannot confer sufficient strength to withstand the strain and to prevent SPVCs from
breakage. Furthermore, when the amount of heat dissipated by EVA, glass-sheet, and polyurethane
bottom protective plastic sheet, and by thin strips of electrically conducting Sn-Pb coated Cu
interconnecting material printed on top and bottom surfaces of SPVCs not enough, the generated
heat can also cause the irreversible loss of electricity generating ability of p-n junctions of these
SPVCs. Fortunately, in most locations, solar panels are operated within the comfortable temperature
range; hence, not much efficiency is lost as there is the decrease of only 0.5 V per every degree
temperature rise [80]. Furthermore, the voltage generation is inversely proportional to the current
generating ability of c-Si, which increases with the increase of operating temperature.
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Figure 6. Silicon photovoltaic cell (SPVC) solar panel components [1,98].

In order to have the continuous performance of SPVC solar panels even after exposure to the
increased temperatures, their laminating materials have to withstand 85°C in thermal cycling and
damp heat tests according to the International Electrotechnical Commission (IEC) 61215 [99]. So far
several efforts were made to reduce the operating temperature of SPVC solar panels, and as a part of
these developments, photovoltaic thermal (PV/T) systems have been introduced to increase the STE
conversion efficiency as they take off the in situ generated heat energy from the SPVC solar panels by
a coolant liquid (mostly water), and thus collected heat energy in the form of hot-water is utilized for
house-hold applications [1,81,91,92,96,100-108]. Apart from SPVCs, other semiconducting materials
were also investigated for collecting solar energy in the form of heat energy for hot-water applications
(a Japanese patent - JP2016145653). In PV/T systems, the heat carrying working fluid (WF) is not
directly coming into contact with the heat generating SPVCs. Furthermore, in these latter systems,
the SPVCs and the WF are separated by either EVA layer or by heat absorbing metal sheet followed
by Cu tube. Besides that in order to avoid the oxidation of Si in SPVCs, they do not allow coming
directly in contact with the WEF. In fact, when the light energy absorbing SPVCs are fully immersed
in a liquid solution, the in situ generated heat energy is absorbed by the liquid immediately and there
will not be any associated heat losses during the transmission from one material to the another
material. The thermal conductance of the layer between SPVCs and the metal plate used in the PV/T
systems can be determined using Eq. (1) [109].

hpv-mear = [(teva)/(Keva)]™ (D

The specific conductivity of an EVA layer used in SPVC solar panels to protect the
semiconducting Si from oxidation is keva =0.35 W/m.K, and the thickness EVA lamination layer (teva)
commonly used is 5 x 107 m. This corresponds to a thermal conductance (hpv-met) of about 700 W/m2.K
[81]. Stagnation, although infrequent, is a possible occurrence in forced circulated solar PV/T thermal
systems [1,92,107,108], and is caused by low thermal demand (fully charged thermal storage tank),
power outages (no electricity available to run the pumps) and other problems leading to a no-flow
condition (plugged pipes, leaks, broken pumps, etc.). In these situations, the collector temperatures
only depend on the idle heat losses and on the insolation heat dissipating capability. Consequently,
stagnation temperatures sometimes reach up to 220-350°C for evacuated tube collectors, 170-210°C for flat-
plate collectors with selective absorbers and 115-150°C for flat-plate collectors with non-selective absorbers [77].
Although, the SPVCs can withstand temperatures up to 220°C, the EVA encapsulate loses its
mechanical properties at 130-140°C and undergo delamination [1,77]. The occurrence of such high
collector temperatures can cause the accelerated ageing of temperature sensitive components leading
to their eventual failure, safety hazards for humans, uncomfortable acoustic emissions due to
condensation pressure shocks (measured up to a maximum pressure of 6 bar for 60% water + 40%
propylene glycol solution), enhanced vulnerability to hot spots resulting from manufacturing
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imperfections and the vaporization of common heat carrier fluids, and their potential release into the
atmosphere from the loop via safety valves. Owing to these problems, although the overall STE
conversion efficiency of PV/T systems has been found to be higher than those of pure SPVC solar
panels, their usage has been very limited. Nevertheless, the components used in the fabrication of
SPVC solar panels such as low iron containing top solar glass, and the EVA polymer layer ensure
that maximum amount of in situ generated heat energy is dissipated as soon as possible, which is the
reason behind the normally absorbed local heat island effect when a large number of SPVC solar
panels are deployed [80]. Furthermore, the SPVC solar panels also get detached in very windy
conditions, and consequently can cause damage to property and persons. In addition to these
technological limitations, another disadvantage of SPVC solar panels is it is often required to get the
permission of the planning commission in certain jurisdictions in order to install SPVC solar panels
as they can have a visual impact in areas where architectural integrity is required.

1.5. The environmental concerns of the retired SPVC solar panels

It is a known fact that the SPVC solar panels do not generate power forever. The industry
standard life span of these solar panels is about 25 to 30 years, and the panels installed at the early
end of the current boom (i.e., at the beginning of 1990s) are not long from being retired. For each and
every passing year, more and more panels will be retired from the service; it will soon start adding
up to millions, and then tens of millions of metric tons of material. According to a recent survey, by
the end of the year 2020 in Japan, the solar panel waste will exceed 10,000 tons, it will reach 1,00,000
tons by 2031, it will be reaching 3,00,000 tons by 2034, and between 2034 and 2040, it will be between
7,00,000 to 8,00,000 tons annually [1,110]. The projected 8 lakh tons is equivalent to 40.5 million
panels. To dispose of that amount in a year would mean getting rid of 1,10,000 panels per day. In
response to this waste management, M/s. Toshiba Environmental Solutions, Japan, says that recycling of
SPVC solar panels do not provide any profit as the expenditure incurred for recycling process is
higher than the cost of the materials recovered from the recycled SPVC solar panels [110].
Furthermore, the current price of these solar panels in the market is considered to be below their
manufacturing cost, and consequently, are unsustainable, in large part because several leading non-
Chinese firms in the industry have recently announced losses cutbacks or massive write-downs or
filed for bankruptcy. Furthermore, a new study by Environmental Progress warns that the toxic
waste generated from used SPVC solar panels pose a global environmental threat [111]. A Berkeley-
based group found that SPVC solar panels create 300 times more toxic waste per unit of energy
generated when compared with the one exhibited nuclear-power plants. Discarded SPVC solar
panels, which contain dangerous elements such as lead, chromium, and cadmium, are piling up
around the world, and no techniques found so far to mitigate their potential danger to the
environment [111]. A lot is talked about the dangers of nuclear waste, but that nuclear waste can be
carefully monitored, regulated, and disposed of. But there is no idea about an enormous amount of
SPVC panels that could cause so much ecological damage. SPVC solar panels are considered a form
of toxic, hazardous electronic or "e-waste". The e-waste is burned in order to salvage the valuable
copper wires for resale. Since, this process requires burning off EVA and polyurethane plastics, the
resulting smoke contains toxic fumes that are carcinogenic and teratogenic (birth defect-causing)
when inhaled [111].

In fact, today, the cost of SPPV solar panel installations is dominated by packaging and systems
integration, which are fixed costs [22]. These trends indicate that reducing the SPVC solar panels
manufacturing cost is no longer sufficient to improve its competitiveness. Furthermore,
manufacturing of SPVC solar panels can also have consequences for workers and for environment
throughout their life cycle (from raw material extraction and procurement to manufacturing,
disposal, and/or recycling) [1,112]. Since, the SPVCs manufacturing has roots in the electronics
industry, many of the chemicals found in e-waste are also found in SPVCs, including Pb, Br flame
retardants, Cd, and Cr. The manufacturing of SPVCs involves several toxic, flammable and explosive
chemicals. Many of those components suppose a health hazard to workers involved in the
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manufacturing of these SPVC solar panels [113]. Today, the disposal of electronic products has been
found to be an escalating environmental and health problem in many countries.

1.6. Is it possible to fully depend on SPVC solar panels to meet all the energy needs of the society without any
backup from fossil fuels?

The major economic failure of SPVC solar panels can be seen from the Germany’s Energiewende
program [1,114-116]. The main achievement of Energiewende program has been the increase of
renewable energy from solar, wind and biomass in the overall consumed electricity from 3.4 % in the
1990s to almost 40 % today in the Germany. It can be appreciated that Energiewende program
successful in making everybody a part of this program by installing their own renewable energy
generating systems. This really made up the success of the energy transformation and brought
acceptance that people are relying on it [1]. However, the first failure of this program has been the
requirement of the massive government subsidies from taxpayers’ money to operate, and the
Germany accelerated the program without much of planning, so it is no surprise that $100 billion was
wasted on the installation of roof top solar panels [1,116]. In fact, the two major objectives of
Germany’s Energiewende program are complete elimination of nuclear energy usage and complete
minimization of CO: release into the atmosphere [1]. However, none of these two objectives were
completely met [1]. The major obstacle for not achieving these objectives is due to the fact that the
sun does not shine in the winter so the most solar energy is generated when the least electricity is
needed period that is summer. Often it is thought that impressive amounts of solar energy being
generated and used in the country, but those figures come from the summer season. In the case of
wind, it is usually a daily stat taken when the wind was blowing strongest that day. In reality, only
about 10% of energy throughout the year is renewable [1]. The next failure is that wind and solar
power are intermittent — the sun does not shine always and the wind does not blow always [1].
Renewable energy gets access to the grid when it is available, essentially pushing thermal energy
from coal offline. Thermal plants are designed to run all day, every day and now they are only
marginally profitable because this energy is still required when intermittent solar and wind energy
are not available. The main reason for its failure is due to the non-availability of the facilities to store
the surplus electricity generated during summer period. About 60% of electricity is still produced by
burning coal and natural gas, which are imported fossil fuels from other countries. As there is also
no viable storage mechanism for wind and solar energies — it has to be used when it is produced. That
means back-up is required, which in Germany’s case is the coal. The country started the Energiewende
program with a goal to eliminate the nuclear energy by the year 2000, which provides as much as 25
per cent of power. As a result of phasing out nuclear energy and due to the using of coal as the back-
up for renewables, GHGs have risen in the country, exactly the opposite of what they implemented
the energy program to do [1]. There is a reason only 2 per cent of global energy is produced today by
solar and wind together — they are not viable. They are intermittent sources that cannot be stored.
Furthermore, it takes a lot of work to concentrate these types of energies for actual usage. Until
humans find a way to capture and store solar and wind energies to be used in a free standing facility
without back-up, renewable energy plans are just an expensive and faulty government
experiments funded by the public [1,114-116].

In view of the above, to build a society fully supplied by the vast but intermittently available
solar energy, it is also required to develop a practical self-sustainable energy package capable of
directly supplying a dispatchable and most usable form of energy vector to the society. For this
purpose, the successful development of both the inexpensive, highly efficient, and highly stable STE
production method, and effective AP process are needed [1,18-22,24,25]. It is known that the
electrochemical conversion of CO: into fuel chemicals requires voltages in the range of 2-3 V to
overcome the thermodynamic energy requirements together with the activation energy barriers. So,
with conventional SPVC solar panels, at least 5 series-connected SPVCs are required to drive such
reactions, which imply significant Ohmic and current mismatch losses in the cells” interconnections.
In view of these, it is difficult to completely depend on expensive SPVC solar panels for renewable
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energy production. Hence, another inexpensive, simple, and easy to fabricate technology to generate
electricity from sunlight is needed to be developed with commercial viability [1].

1.7. Semiconductor assisted photothermal effect (SAPE)

It is a known fact that all the semiconducting materials including Si (amorphous, single- and
poly-crystalline), TiOz, MgB2, ZnO, FeO, Fe20s, Fes04, C020s, Co304, Cu20, NiO, WOs, CdS, PbS, PbSe,
PbTe, PbS, InN, Ge, GeSb, SiC, SisNs, InSb, InAs, GaP, GaSb, GaAs, GaN, CIGS, cadmium telluride,
copper indium sulphide, etc., either in pure form or after doping them with any other single metal or
non-metal or a combination of elements in elemental form or in compound form, and all organic dye
materials (including those employed so far in all the dye-sensitized solar cells (DSSCs) and Perovskite
solar cells (PSCs)), and low energy band-gap polymers absorb light energy upon their exposure to
the sunlight [1]. Semiconducting materials upon exposure to light energy higher than that of their
band-gap energy excite their valance band (VB) (i.e., HOMO) electrons into their corresponding
conduction band (CB) (i.e., into LUMO), and create holes having positive charge in their in the VB
orbitals. When the excited electrons are recombined again with their corresponding hole-vacancies
in the VB owing to their equal and opposite charges, the absorbed energy is released back again as
light energy, which is manifested in the form of photoluminescence (PL). The released light energy
is quantized and is the characteristic signal of that semiconducting material. The PL is two types, i)
fluorescence and ii) phosphorescence. The kind of PL generation is decided by the type of band-gap
(direct or indirect) present in that particular semiconducting material. In fact, in SPVC solar panels
with p-n junctions generate electricity upon irradiation with sunlight that cause excitation of electrons
from VB to CB of ¢-Si semiconducting material. However, when the semiconducting materials are
irradiated with light energy much higher than that of the band-gap energy (for example Si having a
band-gap energy of 1.1 eV is irradiated with 3.0 eV light), then light energy equivalent to its band-
gap energy is converted into the PL or electricity generation in SPVC solar panel, and the remaining
excess energy (for example 1.9 eV =3.0 eV — 1.1 eV) is converted into the heat energy [1,117]. It is also
a known fact that every photon (E = hv) causes excitation of only one electron from the valance orbital
of a Si atom. Furthermore, when the SPVC solar panels are operated under the open-circuit (OC)
voltage and short-circuit (5C) current conditions, the complete light energy absorbed by SPVCs is
converted into only heat energy without generating any electricity [1,76,88,97,118,119]. In such OC
voltage and SC current conditions, about >90% of the incident light gets converted into heat energy
by SPVC solar panels. The process of heat generation by a semiconducting material upon exposure
to a light energy is referred to as the “Semiconductor Assisted Photothermal Effect (SAPE)” [1].

The SAPE is also responsible for generating well-known sensitive spectral information in
methods such as, thermal lensing (TL), photoacoustic spectroscopy (PAS), and photothermal deflection
spectroscopy (PDS) [1,120]. Furthermore, the SAPE can also be correlated very well with the heat
generation by the resistive heating elements upon supplying with a suitable electrical energy, and
with the heat generated by the electrodes used in electrochemical reactions. The resistive heating
elements such as, MoSiz, graphite, zirconia with fluorite structure, nichrome (nichrome 80/20;
80% nickel, 20% chromium), Kanthal (a trademark for a family of iron-chromium-aluminium,
FeCrAl) alloys, Cupronickel (copper-nickel, CuNi, is an alloy of copper that contains nickel and
strengthening elements, such asiron and manganese), etc., convert electrical energy into heat
energy according to the Joule’s law (W= I’R) [1,121]. Similarly, for example, when water is electrolyzed
in 30 wt.% aqueous KOH solution by immersing an anode made of Ni or stainless steel (5S), and a
cathode made of Ni connected to a 12 V or 16 V battery (DC current), out of which only 2 V energy is
consumed for splitting of water into Hz2 and O: gases, and the remaining 10 V or 14 V is consumed in
the generation of heat by those electrodes resulting into the generation of steam instead of H2 and O
gases. To avoid the generation of steam in the electrolyzers that use 12 V or 16 V DC batteries, the
concept of using electrolyzer stack has been introduced [1,122]. The stacks in both alkaline or PEM
(polymer or proton exchange membrane) electrolyzers ensure supply of only 2 V electricity between any
two adjacent electrodes, which act as anode and cathode, by introducing suitable number of neutral
(bipolar) plates between the end plates of anode and cathode connected to a battery. When 16 V
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battery is connected, then seven (7) neutral plates are placed between anode and cathode connected
to the battery terminals so that there will be total eight (8) pairs of anodes and cathodes (i.e., cells);
where each pair can draw only 2 V electricity from the battery. Based on these findings, it can be
concluded that when certain semiconductor materials are supplied with energy not bearable by them,
they generate heat energy.

In a recent patented process, a method and a device were employed to turn sunlight into heat
energy (A Japanese patent - JP2016145653) [1]. This device consists of a metallic tube through which
the heat carrying working fluid (WF) is flown. The STE generating materials coating given on metallic
tube consists of a STE conversion layer made of manganese silicide sandwiched in between two layers
of infrared reflecting material (i.e., between metallic tube and manganese silicide) and a antireflection
material coating on top of the manganese silicide. In this method, the heat generating material, i.e.,
manganese silicide, does not directly come into contact with the heat carrying working fluid, which
flows inside the metal copper tube, whereas, the layers of the light absorbing materials are given on
the outer surface of the metallic copper tube. The drawback of this method and device is the low STE
generating efficiency [1].

1.8. Nanoparticle assisted photothermal effect (NAPE)

The irradiation of non-semiconducting nanoparticles such as, noble metal nanoparticles, metal
oxides, carbon nanosystems, etc., after suspending them in certain liquids such as, water with suitable
light energy was found to result in the generation of heat energy within that solvent. This latter
process is referred to as the “Nonoparticle Assisted Photothermal Effect (NAPE)” [1,96]. Irrespective of
the material type, whether it is an insulator (e.g., SiO2), semiconductor (e.g., TiOz, and c-Si), or
conductor (e.g., Au and Ag), when nanoparticles of these materials are immersed in a solvent, and
exposed to the suitable light energy, they generate heat energy by absorbing the light energy within
that solvent. Among the various nanoparticles investigated so far, the gold (Au) nanoparticles have
been found to be more promising to convert light energy into heat energy with highest conversion
efficiencies and stability [1,96]. When one dimensional Au nanoparticles or nanorods are immersed
in an aqueous medium and exposed to a near-infrared light energy, the photon-to-thermal (PTT)
energy conversion was noted [123,124]. Even though, the Au nanoparticles are widely used in
photothermal applications, they face certain serious challenges: due to weak metal-metal bonding,
they undergo Coulomb explosion, resulting in aggregation, fragmentation or melting. The stability
of the nanoparticles in dispersions also depends on the robustness of the surfactants and ligands
involved. Nevertheless, the relationship between the noble metal nanoparticles and amount of heat
energy generation upon irradiation with a particular amount of light energy is yet to be understood
and established the theoretical basis for it [1,125]. The factors that decide light-to-heat generation via
NAPE include: i) substantial broadband light absorption out of sunlight reaching the earth surface,
ii) extremely low PL quantum yield, and iii) stability of the material in the given operating conditions.

Recently, a polycrystalline bulk magnesium diboride (MgBz) powder was also investigated as a
photothermal material and found that it is indeed a broadband light absorbing material with weak
PL and excellent photo-stability in the solid-state powder form. The heat-flow from MgB: was
registered with an ultrahigh value of 45 W/g upon irradiation with a low-pressure mercury vapor
lamp (wavelength: 250-450 nm; irradiance: 800 mW/cm?) with a photo-to-thermal energy conversion
efficiency of about 83% (with an error of about 1.86%) [1,125]. In order to realize a practical model,
the light-induced heat generated by MgB: was also investigated by generating electricity using a
thermoelectric generator (TEG) (open circuit voltage: 125 mV is when illuminated by a solar
simulator). The bulk MgB: powder was also found to be a photo-stable material under different
irradiation conditions, and the photothermal effect was found to be highly reproducible [1,125].
However, the light-to-electricity conversion efficiencies recorded in all these so far reported methods
have been found to be very meager and not suitable for industrial applications.

1.9. Semiconductor and liquid assisted photothermal effect (SLAPE)
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Since, neither the SPVC solar panels, nor SAPE or NAPE phenomenon absorb the complete
sunlight reaching the earth surface to convert it into electricity, it is required to have a new method
or system to completely absorb the sunlight reaching the earth surface in the wavelength range of
about 250 nm and 2400 nm, of course, with varying intensity [1]. It is known that silicon
semiconductor absorbs light having wavelength <1127 nm, whereas, the liquid solutions absorb
infrared radiation from 1100 nm to 2400 nm. To capture the complete sunlight reaching the earth
surface, for the first time, the SLAPE concept was employed in this investigation to generate initially
heat energy from sunlight, and then electricity from that in situ generated heat energy with the help
of an electric generator and the reciprocally moved steam engine [1,126]. When semiconducting
materials including Si (amorphous, single- or poly-crystalline), black silicon wafers, etc., are suspended
in electrochemically quite stable organic solvents such as, y-butyrolactone (y-BL), y-valerolactone
(GVL), methoxyacetonitrile (MAN), acetonitrile (AN), trimethyl phosphate (TMP), propylene
carbonate (PC), 1,2-butylene carbonate (BC), 3-methoxypropionitrile (MPN), etc., which are referred
to as non-working fluid (NWF), and exposed to the sunlight, none of the semiconducting materials
identified so far can either oxidize or reduce these NWFs as their oxidation and reduction potentials
are much higher than those of the semiconducting materials (Table 3) [1,127-129]. Thus, the required
characteristics of these NWFs should be i) a very high electrochemical stability window of about 7 V,
i) high-boiling point (up to 200°C), and iii) fully dried solvents without the presence of any trace of
moisture. If water is present in these NWFs, when semiconducting materials suspended in them are
exposed to sunlight, they undergo oxidation. Except, pure TiO2, and ZnO, all other semiconducting
materials lose their light absorbing capabilities when they are exposed to sunlight in the presence of
water as water undergoes oxidation into Hz2 and %2 Oz gases [1]. Not only water, if any other organic
solvent or matter with lower oxidation and reduction potentials is exposed to sunlight together with
any of the semiconducting material, those organic matter undergo oxidation into CO2 and to other
stable molecules, which is nothing but a photocatalytic reaction. This process can be clearly seen from
the contents of Fig. 5 [1,89], where the methylene blue organic dye completely underwent de-
colorization or decomposed in the presence of B-doped TiO: and water upon exposure to a light
energy. The heat-energy generated from sunlight can be used to boil a low-boiling-temperature
solvent such as, dichloromethane (DCM), hydro-fluoro-ethers (HFEs) including HFE-7000 and
HFE7100, etc., as working fluids (WF) to generate enough pressure in them to rotate the electric
generator (dynamo) connected to a reciprocally moved steam engine (RSE) that turns heat-energy
into rotational mechanical to generate both AC or DC electricity [1]. The major required
characteristics for WFs are i) a low-boiling point, ii) higher latent heat of vaporization, iii) higher
density and higher molecular weight than those of water along with iv) non-flammable and v) non-
corrosive characteristics. Furthermore, they should be compatible with stainless steel, copper,
aluminum, polypropylene, polyethylene and nylon. In addition to these, it shall be a dry fluid with a
positively slopped saturation vapor curve so that it can be in a dry vapor state when it is in the steam
engine and shall not contain any liquid droplets, otherwise, those liquid droplets can damage the
moving parts within the system having the capability to turn the heat energy into a mechanical
energy. If a wet (negatively slopped saturation vapor curve) WF is used, it would be needed to be
superheated before pumping it into such system. The WFs shall also be environmentally friendly and
possess zero ozone depletion potential (ODP), and they should not cause any threat to the human
health or to the environment [1,130].

Table 3. Electrochemically stable organic solvents that can be employed as non-working fluids
(NWFs) in SLAPE solar panels [1,127-129].

f h it
Solvent Te Tob de ) € ?; . e F\r;d Vs ](E\;Xl \E FCW
o o 5 © oral . .
(O) (O (gem)mPas) 07 KPa) g g (V)
N,N-

Dimehylacetamide 20 166 0.94 093 37.8 5.68 9.77 - - -
(DMACc)

doi:10.20944/preprints202311.0965.v1


https://doi.org/10.20944/preprints202311.0965.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 November 2023 doi:10.20944/preprints202311.0965.v1

18

N-Methyl-2- 24 204 103 170 322391 084 - - -
pyrrolidone (NMP) ' ' - '
Nitromethane (NM) 29 101 1.13 0.61 36.7 0.94 4.88 1.0 29 39
v-Valerolactone (GVL) 31 208 1.05 2.00 42.0 8.80 0.027 2.8 54 8.2
Methoxyacetonitrile
(MAN) 35 120 096 0.70 36.0 0.98 2.50 2.5 3.2 5.7
y-Butyrolactone (y-BL) 43 204 1.13 1.73 39.1 1.54 0.43 2.8 54 8.2
Acetonitrile (AN) 44 82 0.79 0.34 35.9 6.69 11.81 2.6 35 6.1
Trimethyl phosphate

46 197 1.07 2.2 21.0 0.84 1 2.7 7 4
(TMP) 6 19 0 0 0 0.8 0.13 3 6
f;g’yle“e carbonate ,o 510 120 253 649500 0017 28 38 6.6
1,2-Butylene 53 240 114 320 530500 00056 2.8 44 7.2
carbonate (BC)
3
Methoxypropionitrile 57 165 094 1.10 36.0 4.39 0.28 2.5 3.3 5.8
(MPN)
N,N-
Dimethylformamide 60 153 094 092 36.7 2.80 0.49 - - -
(DMF)
Diglyme 64 160 094 0.99 7.23 5.40 0.45 - - -
1,2-Dimethoxyethane

. 4 7.20 5.37 . - - -

(DME) 69 8 086 0.46 053 6.38

4-Methyl-2-pentanone 84 117 0.80 0.55 13.1 2.08 2.50 - - -
Ethyl acetate (EA) 84 77 089 043 6.025.62 1257 - - -

2-Propanol 88 82 078 204 19.95.05 5.76 - - -
Nitroethane (NE) 90 115 1.05 0.68 28.0 1.10 2.08 1.1 3.2 4.5
Toluene 95 111 0.86 055 2.38 5.58 3.79 - - -
Hexane 95 69 0.65 029 1.88250 2012 - - -
Acetone 95 56 078 030 20.6 5.80 3072 - - -
Dichloromethane

(DCM) 95 40 132 039 8.932.00 5799 - - -
Methanol (MeOH) 98 65 0.79 055 32.7198 16.89 - - -
Tetrahydrofuran

(THF) 108 66 0.89 046 7.58 2.45 21.55 - - -
Ethanol (EtOH) 11578 078 1.08 24.61047 7.85 - - -
1-Propanol 12697 080 194 20.5 8.04 2.79 - - -

aTe: freezing point of pure solvent [128]. ® Ti: boiling point of pure solvent [128]. <d: density [128]. 4
viscosity [ 128]. c&x: relative permittivity [ 128]. {LDso: median lethal dose (50%) data from materials safety data
sheets of Sigma-Aldrich [127]. & P": saturated vapor pressure at room temperature [128]. Erea: limiting
reduction potential &  Eoxi: limiting oxidation potential (0.65 M EtsNBFs, 25°C, glassy carbon, 5 mV s7, and 1
mA cm2 as threshold) [ 129]. The potential is converted by SCE =0.24 V vs. SHE. ECW: electrochemical window
(ECW = Eoxi — Erea).

In SLAPE, the semiconducting materials in conjunction with an electrochemically stable organic
solvent (NWF) such as, y-butyrolactone are employed to capture the complete sunlight reaching the
earth surface (infrared portion of the sunlight is captured by the y-butyrolactone and the remaining
portion of the sunlight) is captured by the semiconducting material such as Si in SPVCs and black
silicon wafers, when they are together exposed to the sunlight [1]. This latter method of capturing
sunlight by semiconducting material in conjunction with organic solvent is referred to as the
“SLAPE”. When the semiconducting materials of either inorganic or organic type with band-gap
energies in the range of 0.5-3.2 eV are fully immersed in y-butyrolactone and exposed to the sunlight,
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they can together absorb more than >80% of the sunlight falling on them. If the semiconducting
particles are suspended in y-butyrolactone are exposed to the sunlight, they can absorb the maximum
light energy as they can be packed with 100% packing factor like liquid crystal display (LCD) screen.
In such a case, all the three concepts viz.: SLAPE, NAPE and SAPE are operative together in
synchronization [1]. In order to realize such a combined effect to capture the sunlight to generate
heat-energy, in this study, the multicrystalline SPVCs in conjunction with y-butyrolactone as non-
working fluid (NWF) were employed to capture the sunlight and to generate heat energy to boil DCM
working fluid (WF) present in a copper tube conduit. Thus in situ generated heat-energy from the
captured sunlight upon exposure of the SLAPE solar panels fabricated in this study was converted
into electricity using custom made electric generator and commercially available laboratory scale
reciprocally moved steam engine [1]. Thus obtained results obtained in these experiments are
presented and discussed in this article.

1.10. Transpiration

As liquids possess permanent dipole movement, they absorb infrared radiation of sunlight. Due
to the same dipole movement property, water (a greenhouse effect causing liquid) present in a plant
leaf gets evaporated due to the absorption of infrared radiation part of sunlight falling on the plant
leaves surfaces into the atmosphere through the fine pores present in those plant leaves [1,131]. This
process is popularly known as transpiration, which is similar to the respiration process performed by
human beings. The occurrence of this transpiration process is a must to release of the molecular oxygen
(O2) formed in the water oxidation reaction (photosystem-II) of natural photosynthesis (NP) process
into the atmosphere through the pores present in the plant leaves. This transpiration process also
facilitates the breathing of CO:z gas from the atmosphere by plant leaves to perform the photosystem-I
reactions of NP process to store solar energy in the form of bio-mass and food materials. Nevertheless,
the efficiency of NP will never exceed 1% given the concentration of CO2 in the atmosphere is around
only 400 ppm today [1].

2. Experimental section

2.1. Fabrication of a SLAPE solar panel

A SLAPE solar panel 100 fabricated by using 21 numbers of SPVCs as semiconducting material,
y-butyrolactone as a non-working fluid to absorb the sunlight and to generate heat-energy out of the
absorbed sunlight in conjunction with SPVCs, and dichloromethane (DCM) as a working fluid is
shown in Fig. 7 (a & b) along with a block-diagram Fig. 7 (c) showing three major parts utilized by
SLAPE solar panels in generating electricity from sunlight [1,126]. The SLAPE solar panel captures
>90% of the sunlight reaching the earth surface and converts it into heat-energy, which can be
eventually turned into electricity by using organic Rankine cycle (ORC) with the help of an heat-
engine and electric generator. The possible beneficial properties of SLAPE solar panels in comparison
to those of SPVC solar panels are given in Table 4. The further details of this SLAPE solar panels
construction is well illustrated in the schematic drawings shown in Figs. S1-56 [1,126], in which, some
reference numerals are given to indicate each and every part used in the fabrication of SLAPE solar
panel shown in Fig. 7 (a & b). In Figs. S1 & S2, the parts 101 and 112 are two-numbers of the stainless
steel (S5-304) frames with rectangular shape having outer-outer dimensions of ~1520 mm length x
~700 mm width welded out of ~33 mm width x ~5 mm thick flat plate bars by using the tungsten inert
gas (TIG) welding technique [1]. Each of these two frames were made to have three equally spaced
openings for light transmission using two numbers of either flat plate tee (T) shaped (Fig. 7(a)) or just
flat SS-304 bars 113 (Fig. 8) having dimensions of ~634 mm length x 33 mm width x 5 mm thick that
divide that single major rectangular shape frame into three small size rectangular shaped openings.
The T-shaped bars 113 at the centre portion of the SLAPE solar panel 100 can be seen from its digital
photo (Fig. 7). Each of the SS frame was made with 36 numbers of 12 mm diameter (¢) holes 125 (Figs.
S3 & S4) [1,126], which are used to hold all the parts of the SLAPE solar panel 100 together while
forming two numbers of gas-tight top and bottom chambers with the help of M10 size studs 116 and
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117 (Fig. S2) tightened using two-numbers of nuts 120 on both top and bottom sides after placing
both rubber 118 as well as metal 119 washers between the frame and the nuts fitted to the studs.

Table 4. Major possible advantages of SLAPE solar panels when compared with the commercial
silicon photovoltaic cell (SPVC) solar panels [1].

S.No. Advantage

1. It exhibits all the benefits that are exhibited by SPVC.

In comparison to SPVC, it is economical and stable as it need not have to employ the expensive
materials like crystalline Si solar cells.

Unlike SPVC, it does not consider only 70% sunlight for electricity generation.

Unlike SPVC, its voltage generation is not limited to only 0.7 V.

Unlike SPVC, its conversion does not decrease with increasing ambient temperature.

Unlike SPVC, it does not block 8 to 10% light conversion into electricity by electrically
conducting metal linings on cells.

Unlike SPVC, it need not have to be irradiated with straight light.

Unlike SPVC, it does not use toxic heavy metals like Pb.

Unlike SPVC, there would not be any after use disposal problem.

Unlike SPVC, it does not create any local heat island effect.

Unlike SPVC, it is reusable and physically robust.

Unlike SPVC, its efficiency does not decrease by 1% each passing year.

Unlike SPVC, it does not reflect 40% sunlight falling on its surface when black Si wafers are
employed in them.

Unlike SPVC, it needs regular maintenance like locomotive steam engines need.
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Figure 7. A digital photograph of the sunlight-to-heat energy generating SLAPE solar panel.
Panel is placed with an inclination of 30°; (a) front view, and (b) rear view; (c) block diagram showing
the generation of electricity from sunlight using a SLAPE solar panel [1,126].

Figure 8. The volume of the SLAPE solar panel 100 before (a) and after (b) exposing to the
sunlight for more than 60 minutes when the 0.5 mm thick Al sheet was employed to separate the top

and bottom chambers, where the top chamber containing 21 SPVCs immersed in 9.6 litres of -
butyrolactone (NWF 123). The average solar insolation was about 80 mW/cm? and the average room
temperature was about 28°C [1].

The SLAPE solar panel 100 had with two-numbers of gas tight chambers created by using 3
numbers of Viton 102, 105, and 111, and one ethylene propylene diene monomer (EPDM) 109 gaskets with
dimensions of 15 mm width x 1.5 mm thick Fig. S2 [1,126]. The top chamber is formed between the
low-iron containing fully transparent, fully toughened and one-side surface-grooved Borosil solar
glass (1480 mm length x 660 mm width x 3.2 mm thick) sheet 110 (supplied by M/s. Gujarat Borosil
Ltd., India) placed on top side, and a thin and highly thermally conducting 0.5 mm thick Al, 1.1 mm
thick or 0.2 mm thick Cu sheet (1480 mm length x 660 mm width) 106 placed on bottom side. Since,
the Cu sheet with 0.2 mm is available with only 350 mm width in Hyderabad, India, two sheets of
350 mm width were silver brazed together by keeping them side-by-side to form a 660 mm width
and 1480 mm length sheet. The four sides of this gas-tight top chamber is closed with EPDM rubber
gasket 109, and to maintain the gap in between top side solar glass sheet 110 and bottom side thermal
conducting thin metal sheet 106, 21 numbers of EPDM rubber pieces 108 (~60 mm x 60 mm size cut
into plus (¥) shape with 20 mm projections) were utilized. The T-shaped flat plate bars used in the
construction of SLAPE solar panel (Fig. 7) does not allow the swelling of the centre portions of the
top-chamber when the volume of the low-boiling point DCM working fluid present in the bottom
chamber expands by absorbing the in situ generated heat energy by the SPVCs and y-butyrolactone
[1,126]. In the top chamber, Viton gasket or gap-maintaining pieces cannot be placed as it gets swelled
when it comes into contact with y-butyrolactone NWF 123 solvent employed in the top chamber along
with semiconducting materials to capture the sunlight. However, EPDM is quite compatible with the
y-butyrolactone NWF 123 solvent. The 21 numbers of EPDM pieces were joined together using 0.5
mm thick diameter (¢) Cu wire 115 (Fig. S3) and the extended portions of this Cu wires 115 were
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secured by placing them in between the two SS frames (101 and 112) tightened with nuts and studs
[1,126]. The volumes of these chambers can be varied from 2 litre to 10 litres with the help of two
numbers of joints that give three equally spaced opening to the frames 101 and 112.

In this top chamber, 21 numbers of multi-crystalline silicon (Si) photovoltaic cells (SPVCs) 107
(15.7 cm x 15.7 cm x <0.25 mm) (Grade A type — P157 x P157, power 18.0%) (supplied by M/s. Adani
Solar India, Ahmedabad) interconnected with Sn-Pb (Sn60/Pb40) coated Cu (~1.3 mm width x 0.2 mm
thick) (supplied by M/s. the PV connect, IDA Nacharam, Hyderabad) strip 121 (Fig. S4) were also
secured tightly by placing the interconnecting Cu stripes mechanically held in between the SS frames
101 and 112. This top chamber containing SPVCs was filled with either 2.3 litres or 9.6 litres of y-
butyrolactone NWF 123 using 12 mm diameter holes (¢) provided on top side solar glass at diagonals,
and fitted with SS-304 pipes and needle valves 114 (Figs. S2, S3 & S4) [1,126]. 100 mL volume glass
syringe with SS needle was used to fill this top chamber with y-butyrolactone NWF 123 solvent. As
soon as, the top chamber is filled with y-butyrolactone (NWF 123) solvent, the glass syringe with
needle was removed, and the tightened tie-rod studs and nuts fully seal the gap so as to not to leak
y-butyrolactone (NWF 123) solvent from top chamber.

The gas-tight bottom chamber was formed between the top-side thin metal sheet 106 and
bottom-side fully toughened soda lime glass sheet 103 (1480 mm length x 660 mm width x 5 mm
thick; supplied by M/s. Safe Glass Store, Hyderabad, India), which was also provided with two-numbers
of 12 mm diameter (¢) holes at two-diagonal ends to fix an 55-304 cylindrical shaped pipes 104 with
dimensions of 10 cm length x 12 mm outer diameter x 10 mm inner diameter, and one end of the pipe
was given with an inner threading to fit a needle valve so as to use it as an inlet and outlet for working
fluid (WF) 124 dichloromethane (DCM). To form the gas tight chamber, the Viton rubber gasket 105
was used, and to maintain the gap in this chamber, 21 numbers of Viton rubber pieces 122 (21
numbers of ~60 mm x 60 mm size cut into plus (4) shape with 20 mm projections) (Fig. S4) were
utilized. This bottom chamber is filled with dichloromethane (DCM) WF 124 using inlets and outlets
104 (Fig. S2) [1,126]. The Viton rubber is quite compatible with dichloromethane (DCM) WF 124
solvent.

In order to adiabatically seal this the SLAPE solar panel 100 from its surroundings, the top
surface of the low-iron containing 3.2 mm thick Borosil solar glass was covered with a 0.13 mm
adhesive coated fluorinated ethylene propylene (FEP) film (3D Techno, Gujarat, India; A4 size sheet
& without adhesive FEM film with the dimensions of 0.15 mm X 300 mm x 3000 mm), followed by
three layers of 0.15 mm thick fully transparent polyethylene terephthalate transparent (PET) plastic
sheet, and then by another 0.32 mm Borosil low-iron containing solar glass to arrest the heat loss from
the top glass, and the bottom 5 mm thick sodalime glass 103 surface of the bottom chamber of the
SLAPE solar panel 100 was covered by two numbers of 3 mm thick silicone rubber sheet 128 followed
by 0.5 mm stainless steel (5S) metal sheet 129 in order to minimize the heat losses that occur to the
surroundings via convection, convention, and radiation processes due to the presence of temperature
gradient between the SLAPE solar panel 100 and its surroundings [1,126]. The reduction in the
intensity of the sunlight from diathermanous material covering given on Borosil solar glass surface
has been measured to be less than 15%. These diathermanous covering materials including silicone
rubber 128 and metal 129 sheets are not shown in any of the figures for the purpose of clear view of
the inner parts of the SLAPE solar panel 100. The pipes and tubes, which make up the conduit in the
SLAPE solar panel 100, and the fluid passageways between the various components of the heat
generating system are connected and integrated using compression fittings so as to prevent the leaks
of both NWF 123 and WF 124. The global normal transmission coefficient of 3.2 mm thick Borosil
solar glass sheet 110 is about 0.91. Usually, for double-side anti-reflection coated low-iron solar cover
glass, the transmission coefficient is higher than 0.94. The standard test conditions for measuring the
efficiency of the SLAPE solar panel 100 are the temperature of 25°C, and an irradiance of light with a
power density of 1000 W/m? (1 kW/m? or 100 mW/cm? or air-mass 1.5 (AM1.5) [1,126].

2.2. Fabrication of reciprocally moved steam engine

doi:10.20944/preprints202311.0965.v1
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The details, a digital photo revealing partial details and schematic diagram of reciprocally
moved steam engine (RMSE) 200 employed in this investigation to convert the in situ generated heat
energy into rotational mechanical energy is shown in Fig. S5 [1,126]. The WF 124 with a minimum
pressure of >1.5 bar leaves the bottom chamber of the SLAPE solar panel 100 via a controlled valve
into the steam chest 201 of RMSE 200 thereby it moves into the main cylinder 202 via inlet or outlet
ports 207, and causes the movement of the piston 203 in the main cylinder so as to move it reciprocally
with the help of the eccentric plate 221 connected to the main cylinder piston via a connecting rod 218
(or joint) and axle 219. When the eccentric plate 221 connected to the crank shaft 220 causes the
rotation of another eccentric plate 223 sat on the crank shaft 220 adjacent to the eccentric plate 221
that is connected to the main cylinder piston [1,126]. When this latter eccentric plate 223 rotates, it
also moves the sliding D valve cum piston rod (210 & 211) in the steam chest cum sliding D-valve
chamber with the help of the connecting rod 213. The pitons (203 & 211) and the 218 & 213 connecting
rods are joined with the help of two numbers of cross head bearings 204 and 212, respectively. When
both the pistons 203 and 211 are reciprocally moved, they cause the entering and exit of the WF 124
vapor via ports 207 and 208, respectively. The one-side dead-end of the piston 203 causes the pushing
off of the WF 124 vapor out of the main cylinder via exhaust port(s) 207, when it gets aligned with the
opening ports of the centre hole 208 given to the piston connected to the steam chest cum sliding D-
valve chamber 209. The main cylinder is connected to the steam chest cum sliding D-valve chamber
209 as shown in Fig. S5 using silver brazing technique and this latter assembly is fixed to a stand 215,
which in turn is fixed to a base plate 217 using screws 214 and 216. The crank shaft 220 and flywheel
225 are fixed to the base plate 217 using two-numbers of holders 222 with the help of screws 224
[1,126].

2.3. Fabrication of electric generator

A custom made electric generator 300, whose schematic diagram given in Fig. S6 was attached
to the crankshaft 220 of the reciprocally moved steam engine 200 (Fig. S5) to generate electricity
according to the principles of Faraday and Lenz laws of electromagnetic induction when the WF 124 vapor
causes the movement of pistons (203 & 211) by entering via the steam chest port 201 of RMSE 200
[1,126]. The electric generator used in this study to generate electricity from sunlight consists of 4
numbers of rare earth neodymium (NdFeB) (Nd:FeiB) super strong magnets (50 mm length x 10 mm
width x 7 mm thick) 301, which are firmly fixed in the four slots made on a machined nylon rod 302
(40 mm diameter (¢) and 50 mm length) as schematically shown in Fig. S6 [1,126]. At the centre of
this nylon rod 302, a hole of 5 mm diameter is made so that it can firmly sit on the crankshaft rod 220
of the RMSE 200. The nylon rod 302 fixed with four numbers of super strong magnets 301 was placed
at centre and equidistance from either four or two Cu coils 303, which are fixed to 6 mm thick
transparent polypropylene (PP) sheets 304 so that the magnets 301 placed on nylon rod 302 are easily
rotated with the crankshaft 220 of the RMSE 200 at centre of these four or two Cu coils. The Cu coils
are made by winding 1500 cycles of 0.2 mm diameter (¢) insulated wire on a PP piece of 3 mm thick
x 8 mm width x 50 mm length (these PP pieces are not shown in any of the schematic diagrams for
clarity purposes) [1,126]. These four or two numbers of 1500 turns containing Cu coils are firmly fixed
to the 3 mm thick plastic sheet 305 that is fixed to the base using super strong glue (quick fix solution)
with the help of 6 mm thick transparent PP legs 306 [1,126].

3. Results and discussion

3.1. Effects of parameters variation on the performance SLAPE solar panels

The SLAPE solar panel 100 as shown in Fig. 7 (a & b) was exposed to the sunlight by placing it
on an metal stand 126 at an inclination of 30° while facing the south side between 11 am and 3 pm
during the sunny days of the first-half of March month of 2020, where the average powder density
of the irradiated sunlight and the average room temperature of the surrounding atmosphere were
measured to be ~80 mW/cm? and ~28°C, respectively [1,126]. The dimensions of the SLAPE panels
chosen for this study was based on the solar glass sheets available in the market and to have at light
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capturing area of least one square meter as it receives about one kWh equivalent sunlight in an hour
time. This is the minimum area required to generate required pressure in DCP WF to rotate the
armature of the electric generator fixed on crank shaft of RMSE to produce the measurable electricity
by using a multimeter. The amount of ybutyrolactone and the number of SPVCs present in the top-
chamber of SLAPE solar panel shown in Fig. 7 are ~ 9 litres and 21, respectively, whereas, the bottom
chamber had 2 litres of DCM WE. The heat-energy in situ generated by SPVCs and ybutyrolactone
upon exposure to sunlight has passed from top-chamber to bottom chamber through the 0.5 mm
thick Al metal sheet. A video (video S1) showing the boiling of DCM solution upon receiving the in
situ generated heat energy by SPVCs and ybutyrolactone together and passing of thus generated heat
energy from top-chamber to bottom chamber through 0.5 mm thick Al sheet that has separated these
two chambers of SLAPE solar panel (Fig. 7) is given in the supporting information). The results
obtained under various experimental conditions employed are given in Table 5. The 0.2 mm thick
copper sheet possesses four time higher thermal conductivity when compared with the 0.5 mm thick
Al sheet as the thermal conductivity of the Al is half-of-the one exhibited by Cu metal. The beneficial
effects of using 0.2 mm thick Cu sheet in this SLAPE solar panel can be seen from the results
summarized in Table 5.

However, when the solar panel shown in Fig. 7 was exposed to sunlight, it started to get swelling
considerably as shown in Fig. 8 (a) & (b), and within two hours of its exposure, it got swelled in such
a way that it might explode if this exposure is continued for some more time [1]. To avoid the
explosion, the top-solar glass surface of the SLAPE solar panel (Fig. 7) was immediately covered with
a black rubber sheet completely to avoid the falling of sunlight on its top surface. Furthermore, to
avoid swelling of the chambers of the SLAPE solar panel, the flat shaped SS 304 frames (Fig. 8 (a) &
(b)) used as tie-rods were replaced with T-shaped ones as can be seen from Fig. 7 (a), and to avoid
heat-loss through the bottom transparent soda-lime glass sheet as can be seen from Fig. 7 (b) and its
breakage, it was supported with two-layers of 3 mm thick EPDM rubber sheet followed by 0.5 mm
thick SS sheet, and in place of 0.2 mm thick Cu sheet, a 1.1 mm thick Cu sheet was employed. When
this modified SLAPE solar panel was exposed to sunlight, within 2 hours’ time, the top light
transmitting solar glass got exploded completely, and all the solutions from both top and bottom
chambers have come out of the SLAPE solar panel as considerable amount of pressure generation
was noted inside the panel as the swelling of both top and bottom chambers and the loss of heat
transfer from bottom side were almost restricted. The high pressure in situ generated has severely
bent the 5 mm thick 55-304 frames and 1.1 mm thick Cu sheet as can be seen from Fig. S7 (a-d). This
incident can be considered as a proof of the absorbance of sunlight by the SPVCS cells when fully
immersed in pbutyrolactone and generating heat-energy out of the absorbed sunlight to boil and
increase the volume of DCM working fluid present in the bottom chamber. In this case, all the
generated pressure can be attributed only to the evaporation of DCM WF as pbutyrolactone (non-
working fluid, NWF), does not generate any pressure below 50°C as its boiling point is 200°C [1].

After the SLAPE panel got exploded, a Cu tube conduit (Fig. S8) fabricated out of 3/8% diameter
Cu tube was used to store the DCM WF instead of directly in the rectangular shaped bottom chamber
formed between Cu and glass sheets. It was found that the rectangular shaped chambers cannot
withstand high pressures without undergoing any deformation (in this case swelling), and only
cylindrical shaped tubes can withstand such pressures without undergoing such dimensional
changes. Probably that could be the reason behind using cylindrical shapes for all the pressure tanks
and cylinders. In fact, the cylinder shape does not allow any deformation but rather it gets exploded
when the inside pressure exceeds the withstanding limits of the construction material. Since, the Cu
sheet employed had a thickness of 1.1 mm, the Cu conduit tube could be easily brazed to it without
allowing the formation of any pin-holes and to increase the required heat transfer from top-chamber
to the bottom-chamber (i.e., from ybutyrolactone non-working fluid (NWF) to the dichloromethane
(DCM) working fluid (WF)) [1].

The modified SLAPE solar panel shown in Fig. 9 (a & b) exhibited (video 52) a voltage generation
of about 16 V electricity with alternating current (AC) when exposed to sunlight for about two-hour
time with the help of a RMSE (Fig. S5), and a custom-made four magnets containing electric generator
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(Fig. S6). The generation of 16 V electricity by this modified SLAPE solar panel can be seen in the
video (video S2) given in the supporting information. The 21 SPV cells present in this SLAPE solar
panel actually generates only 10 V DC electricity when they are connected in series in a commercial
SPVC solar panel. However, the same 21 SPV cells in this SLAPE panel generated 16 V electricity
with AC current even when the electric generator was not fabricated according to the standard design
procedure. Furthermore, in another experiment conducted on 28t and 29t days of March 2022 using
this modified SLAPE solar panel with 30 SPV cells, the generation of pressure exceeding the reading
capabilities of the pressure gauges (>30 bar) can also be seen from Fig. S9 (a & b). The glowing of a 5
W LED bulb with the pressure generated by this modified SLAPE solar panel containing 30 SPV cells
with the help of a commercially available small-size DC generator can also be seen from Figs. S10 &
S11. The amount of current generated is not measured, because these experiments were aimed only
to show the proof of concept (PoC) of SLAPE and as there is huge heat-loss associated with the present
SLAPE solar panels, which does not allow the true electricity generating capability of SLAPE solar
panels.

Figure 9. (a) SLAPE solar panel containing about 30 SPV cells with a packing factor of about 100%
and about 2 litres ybutyrolactone solution and (b) the SLAPE panel connected with reciprocally moved

steam engine (RMSE) but not with electric generator [1].

In order to establish that the SPVCs and ybutyrolactone are needed together to turn sunlight into
heat-energy, the control experiments were also conducted. For this purpose, three SLAPE solar panels
with same dimensions and using similar components were fabricated. One SLAPE solar panel had
both 30 SPV cells and 2 litres pbutyrolactone in the top-chamber, the second SLAPE panel had only 30
SPV cells in the top-chamber, and the third SLAPE panel had neither SPV cells nor pbutyrolactone in
the top-chamber. These three SLAPE solar panels had about 1.8 litres DCM solution in the bottom
chambers of their copper conduits. These three SLAPE solar panels were exposed to sunlight on 5t
January 2022. The pressures generated in the gauges attached to the manifolds of copper conduits are
plotted and given in Fig. 10. It can be seen that to generate the required pressures to rotate the
reciprocally moved steam engine piston to generate electricity both SPV cells and pbutyrolactone are
compulsorily required, and neither only SPV cells nor the empty top-chamber generate pressures
higher than 1 bar. On 25t February 2022 (i.e., on a normal sunny day), when a SLAPE solar panel
(Fig. S11 (a-g)) was exposed to the sunlight and measured the temperature of its top glass surface by
placing the tip of the thermometer on its top surface, a reading of about 47°C was noted (video S3 in
supporting information), which is about 14°C higher temperature than that of ambient room
temperature of that day at about 13:30 hours (about 34°C). Surprisingly, during the measurement, a
small wind-blowing was also noticed for few seconds, immediately, a reduction of about 2°C
temperature in the thermometer reading was noted. It clearly indicates that there is a continuous loss
of in situ generated heat into the atmosphere by means of conduction, convection and radiation
through the top glass surface due to the temperature difference between SLAPE solar panel glass
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surface and its surroundings. This heat loss is the top-most obstacle at present preventing the
achievement of higher sunlight-to-electricity (STE) generating conversion efficiency. The second
major obstacle is the steam engine employed in these experiments is a laboratory model device
designed for engineering students’ experiments purpose, which is associated with huge pressure
losses from the piston-cylinder openings. At present the atmospheric weather conditions such as,
ambient temperature, wind speed and its direction, humidity in the atmosphere, etc., were found to
have a profound effect on the output of these SLAPE solar panels. However, their efficiency is
supposed to be affected by only solar radiation but not with the atmospheric conditions. To avoid
these effects, a completely adiabatically sealed SLAPE solar panel is being fabricated. Further to
avoid, the sunlight reflection losses, the SPVCs will be replaced with thin black silicon wafers as these
wafers do not reflect any visible light falling on them. In fact, these black silicon wafers absorb the
complete sunlight reaching the earth surface with wavelength ranging from 250 nm to 2400 nm with
their using surface texture. It is called black silicon because it does not reflect any light falling on it as
a blackbody radiation [1].

2.5
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Figure 10. Pressures noted in the gauges attached to the copper conduits of SLAPE solar panels when
their top-chambers had different sunlight absorbing contents. Experiment was conducted on 5%
January 2022 at ARCI, Hyderabad campus [1].

The considerably high thermal conductivity of Borosil solar glass could be responsible for the
higher amounts of in situ generated heat loss occurring through the SLAPE solar panel to the
atmosphere. In fact, high thermal conducting solar glass is required for SPVC solar panels but not for
SLAPE solar panels. For SPVC solar panels this highly thermal conducting Borosil solar glass is
compulsory for dissipating the in situ generated heat by SPV cells as soon as possible as their
efficiency is inversely proportional to the operating ambient temperature. This is the reason for the
local heat island effect normally seen wherever large number of SPVC solar panels are deployed.
However, the SLAPE solar panels need glass sheets with lowest possible thermal conductivity. In the
control (i.e., blank) experiment, where, the SLAPE panel did not had any SPVCs or ybutyrolactone,
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the temperature measured on the top Borosil solar glass surface was no different from the one
measured at ambient room temperature although certain pressure was noted the Cu conduit
containing DCM WFEF. These results clearly suggest that the semiconducting materials along with a
suitable solvent are compulsory to capture the sunlight and to turn it into the heat-energy. When
wind was blowing, the increased heat-loss was also noted. In fact, the entire SLAPE technology is
based on the heat-energy in situ generated from sunlight before converting it into electricity. Now in
these present SLAPE solar panels, most of the in situ generated heat energy is continuously losing
into the atmosphere. Unless such leakages are completely arrested, it is not possible to achieve the
desired conversion of STE efficiency for these SLAPE solar panels.

3.2. The theoretical efficiency vs. experimentally generated results

The specific heat capacity (Cp) and materials weights involved in the experiment conducted as
per the 2nd row of Table 5 are given in Table 6. When the top and bottom-chambers of the SLAPE
solar panel 100 (Fig. 7) were filled with about 2.3 litres of y-butyrolactone (NWF 123) and about 2
litres of DCM (WF 124), respectively, and then exposed to the sunlight from 11 am to 3 pm (i.e., for 4
hours duration) continuously on the 13t March 2020 at ARCI, Hyderabad, Telangana, India, on that
day the recorded room temperature at about 11 am and the average power density of the irradiated
sunlight were measured to be ~ 28°C and ~80 mW/cm?, respectively. The amount of total sunlight
that fell on the surface of the SLAPE solar panel 100 during 4 hours period can be calculated as
follows:
= 80 mW/cm? = 800 W/m2 = 0.8 kW/m?2 = 0.8 kWh/m?2 (for 1 hour duration); = 0.8 kWh/m? x 4 hours
=3.2 kWh.

Table 5. The various reaction conditions and the values of sunlight-into-heat energy generated by
SLAPE solar panels.t.

Non- Metal that Heat insulation =~ Temp. (°C) & pressure
working separates the top given on top and (bar) noted in WF 124 after

Light capturing system fluid (NWF) chamber from  bottom glasses 120 minutes of exposure to
123 (litres) bottom chamber (yes or no) sunlight (+ 2.0)L

Si solar cells + y-BL 2.3 Al (0.5 mm No ~54 & 0

Si solar cells + y-BL 10 Al (0.5 mm) Yes >40 & ~1.0

Si solar cells + y-BL 2.3 Al (0.5 mm) Yes >40 & >1.0

Si solar cells +y-BL 2.3 Cu (0.2 mm) Yes >40 & >1.5

Si solar cells 0 Cu (0.2 mm) Yes >40 & <1.5

Si solar cells + y-BL 10 Cu (0.2 mm) Yes >40 & >3.0

t¥y-BL stands for y-butyrolactone; DCM stands for dichloromethane; fIn these experimental conditions, within
two-hours of exposure to the sunlight, a lot of swelling of the device at centre portion of the SLAPE panel 100
was noted.; if it was further exposed to the sunlight without opening the valve connected to the bottom chamber
containing the DCM WF 124, the device would have been exploded since that kind of pressure generation and
swelling of the device was noted.; LThe temperature and pressure values were measured using a thermometer
and pressure gauge, respectively.

Table 6. The specific heat capacity and weights of various materials employed in the fabrication of
SLAPE solar panels.

. Specific heat capacity . Density
Material (KI/kg-°C) Weight (grams) (g/cm?)
Silicon solar cells 107 0.71 ~11.9x21 =249.9 2.33
Copper sheet (0.2 mm thick) 106 0.385 ~1750 8.96
Aluminum sheet (0.5 mm thick) 106 0.90 ~1020 2.70
v-Butyrolactone (NWF 123) 1.642 ~2576 (2.3 litres) 1.12

Dichloromethane (DCM) (WF 124) 1.188 ~2660 (2 litres) 1.33
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Water 4.20 - 1.00

The total sunlight capturing active area of the SLAPE solar panel 100 employed was:
= (1464 mm x 644 mm; total panel rectangular area) — (33 mm x 644 mm x 2 numbers; it is the area
covered by tee (T)-shaped bars 113 used to divide the rectangular SS frames into three equally spaced
openings)
= 9428.16 cm? — 425.04 cm?; = 9003.12 cm?;
= 0.9003 m?

The total area of sunlight that can be captured by 21 numbers of multicrystalline silicon (rc-5i)
cells 107 in SLAPE solar panel 100 was:
= (15.7 cm x 15.7 cm x 21 numbers) — (33 mm x 644 mm x 2 numbers; it is the area of T-shaped bars
113) — (8% area covered by grid and bus-bar lines printed on the surface of SPV cells)
= 5176.29 cm? — [400 cm? + 414.10 cm?]
= 5176.29 cm? - 814.10 cm?
= 4362.19 cm?
= 0.4362 m?

The packing factor is termed as the total sunlight capturing mc-Si cells 107 area divided by the
total active sunlight capturing SLAPE solar panel 100 area is as follows:
= 0.4362 m? / 0.9003 m?
= 0.4845

The total amount of sunlight that could be captured by the SLAPE solar panel 100 can be
determined as follows: As the 10% of the sunlight falling on the panel is normally reflected by the top
Borosil solar glass 110, and if another 10% miscellaneous losses are considered, then the remaining
80% light can be captured by the SLAPE solar panel 100. The 80% of 3.2 kWh is equal to 2.56 kWh (=
3.2 kWh x 0.8). Out of which, the amount of light energy to be captured at a rate of 30% by Y-
butyrolactone (NWF 123) solvent present in the area of 0.9003 m? is equal to 0.691 kWh per 0.9003 m?
area in 4 hours experiment duration (= 2.56 kWh x 0.9003 m? x 0.3). The amount of light that is
captured by silicon solar cells at a rate of 70% is equal to 0.7816 kWh (= 2.56 kWh x 0.4362 m? x 0.7).
The total solar energy that could be captured by the SLAPE solar panel 100 is equal to 1.4726 kWh (=
0.7816 kWh + 0.691 kWh).

The captured sunlight energy (i.e., 1.4726 kWh) amounts to only about 57.52% of the solar energy
(i.e., 2.56 kWh) fell on the 0.9003 m? surface area of SLAPE solar panel 100 during 4 hours period. If
nano-size amorphous silicon powder was placed in place of mc-Si cells in 0.9003 m? area with -
butyrolactone (NWF 123) solvent so as to appear like a liquid crystal display (LCD) screen, instead
of 57.52%, it would have been 100%.

On the other hand, the amount of energy required to raise the temperature of the contents of the
SLAPE solar panel 100 by 1°C can be derived using Eq. 2.

Q=Cp*m*dT (2)

Where, the Q is the amount of energy (in kJ) required to raise the temperature (dT) of the contents
having a mass of m kgs. As per the data given in Table 6, the heat capacity of the entire four major
heat capturing materials (i.e., multicrystalline silicon (mc-5Si) solar cells 107, y-butyrolactone (NWF)
123, Al sheet 106, and dichloromethane (DCM)) (WF) 124 present in the SLAPE solar panel 100 as per
reaction conditions given in 2"d row of Table 5 can be derived as follows:

= 0.71 kKJ/kg*°C x 0.2499 kg x 1 °C for pc-Si + 0.90 kJ/kg*°C x 1.02 kg x 1 °C for Al metal sheet + 1.642
kJ/kg*°C x 2.576 kg x 1 °C for y-butyrolactone + 1.188 k]J/kg*°C x 2.660 kg x 1 °C for DCM

= 0.177429 k] + 0.918 kJ +4.2299 k] + 3.16008 k]

= 8.4854 KJ.

The amount of heat energy (kJ) required to raise the temperature of the heat capturing materials
involved in experiment conducted as per the reaction conditions given in 2" row of Table 5 by 1 °C
is about 8.4854 kJ. The amount of solar energy that can be captured by both c-Si 107 + y-butyrolactone
(NWF 123) is about 1.4726 kWh, which is equivalent to 5297.122 k] since 1 k] = 0.000278 kWh.
Whereas, to raise the temperature by 1°C of the heat capturing materials of the SLAPE solar panel
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100 needs the energy of about 8.4854 k]. In that case, 5297.122 k] (i.e., the total solar energy captured
by the SLAPE solar panel 100) can raise the temperature of the contents by 624.26°C (= 5458.63
kJ/8.4854 kJ) if there is no loss of heat energy to the surroundings. That means at the end of reaction
conducted for about 4 hours under the irradiation of sunlight at a power density of 80 mW/cm?, when
there was no loss of the in situ generated heat, then the total temperature of the contents of the SLAPE
solar panel 100 should reach a temperature of 624.26°C at a rate of heating of 2.60°C per minute
(=624.26°C/240 minutes). Since, the initial temperature (i.e., room temperature) of the heat absorbing
materials on the 13% day of March 2020 at ARCI, Hyderabad, Telangana, India, was about 28°C
during the starting of the experiment at 11 am, to reach the boiling temperature of DCM (WF 124)
(i.e., 40°C), about 4.6158 minutes is required (i.e., 40°C-28°C = 12°C; when the temperature of the
contents is raised at the rate of 2.935°C per minute (4.477 minutes = 12°C/2.60°C per minute) if the
heat transfer from y-butyrolactone (NWF 123 present in the top-chamber) through 0.5 mm thick Al
metal sheet 106 to DCM (WF 124 present in the bottom chamber) is immediate. However, it took
about 14 minutes time to start boiling of the DCM (WF 124) in the bottom chamber after exposing the
SLAPE solar panel 100 to the sunlight.

The amount of vapor pressure that can be generated out of DCM (WF 124) upon exposure to
100°C during the experiment can be derived theoretically by using the Clausius-Clapeyron equation

is given in Eq. 3.
P, AH,, (1 1
In |2 ]=- ranE (3)
P, R \lr,) \1,

Where, P1 (134 mmHg or 134 torr) is the vapor pressure of DCM (WF 124) at temperature at 0°C or
273.15 K (T1); P2 is the vapor pressure of the DCM at temperature at 100°C or 373.15 K (T2); AHvap is
the enthalpy of vaporization of DCM, which is equal to about 2850 J.mol); and R is the universal gas
constant, about 8.314 J. moll. K. As the temperature gradient between the NWF 123 (-
butyrolactone) and WF 124 (DCM) increases, the heat transfer from NWF 123 to WF 124 takes place
via 0.2 mm thick Cu sheet 106.

The value of P2 can be determined as follows:

_30855.104 ol ( 1 ]_( 1 ) @
8314 o 273.15) \373.15

=—3711.210 (J.mol"/J.mol 1.k"1) x 0.00098110 (k1)

=In

=1In

=-3.641; = In(P1) — In(P2) = -3.641; = In(134 mmHg) — In(P2) = -3.641;

U
5
el Bl B K

= 4.897 mmHg — In(P2) = -3.641; = — In(P2) = -3.641 — 4.897 mmHg;
= —1In(P2) = -8.5382; = In(P2) = 8.5382; = P2 = e85 mmHg;
= P2=>5105.12 mmHg (torr); = P2=>5105.12/760 = 6.717 atm.

To reach the boiling point 40°C of 2 litres volume DCM (WF 124), about 4.5 minutes time is
needed under adiabatic conditions. That means a pressure of 2.5894 atm., reaches according to the
Clausius-Clapeyron equation (Eq. 3). However, during experiments, as the pressure in the bottom
chamber of the SLAPE solar panel 100 reached 1 bar, the WF 124 was passed to the RMSE 200 that is
connected with electric generator 300 with four magnets and two Cu coils using either a 6 mm outer
diameter (OD) and 4 mm inner diameter steel pipe.

4. Concluding remarks and future perspectives

The Semiconductor and Liquid Assisted Photothermal Effect (SLAPE)” solar panels were designed
and fabricated to generate electricity from sunlight by following a new concept that was not reported
so far. In this study, the few numbers of SLAPE solar panels fabricated and investigated to establish
the proof of concept of this SLAPE mechanism. In the fabrication of SLAPE solar panels with about a
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one square meter area, 21 numbers of multicrystalline silicon photovoltaic cells (SPVCs) together with
about 2 litres y-butyrolactone were employed. This latter SLAPE solar panel exhibited about 17 V
electricity when attached with a laboratory model reciprocally moved steam engine (RMSE) and a
custom-made electric generator. In commercial SPVC solar panels, the 21 number SPV cells generate
a maximum voltage of only about 11 V electricity but in this case, these SLAPE solar panels exhibited
about 17 V. There a great amount of scope for the improvement of efficiency of these SLAPE solar
panels by employing right kinds of components and systems. Further studies are under progress to
improve the electricity generating efficiency of the SLAPE solar panels by utilizing improved
components and systems such as, better heat-engines, black silicon wafers, and flat-plate double lined
vacuum chambers as top-solar glass components. This latter flat-plate vacuum chambers shall work
like a wall in the Dewar (i.e., Thermos) flask in terms of arresting the heat-transfer from the SLAPE
solar panel into the atmosphere.
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