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Preface

The Sun is the biggest source of energy for mankind, which is playing an essential
role in compensating the need of electrical energy, due to escalation in demand and
declining trends of conventional source of energies, like petroleum, coal and natural
gases. Therefore, an effective energy solution should be able to address the
long-term issues by utilizing renewable energy sources. However, the main issue is
the conversion efficiencies for harnessing them and the costs involved in the pro-
cesses. Currently, the science and technology of the twenty-first century in the field
of solar energy is relying heavily on the development of new materials, technolo-
gies, structures, policies and their implementations. The latest research is directed
towards developing more efficient systems to not only convert solar radiations into
electricity but also store thermal energy during the day time.

The recent trends in solar energy generation and harvesting are to decrease the
cost of the energy generation, either by introducing the low-cost processing tech-
niques or to increase the efficiency of the solar cells. Thus, this industry is rapidly
becoming an inexpensive, low-carbon technology to harness renewable energy
from the Sun. With the new investigations and research, the cost of solar electricity
has substantially fallen down such that the number of grid-connected solar PV
plants has grown into millions of solar power stations with hundreds of megawatts
capacity. Further, many new technologies including photo-electrochemical cells,
polymer solar cells, quantum dot, tandem/multi-junction solar cells, up-conversion
and down-conversion, surface plasmonic, nano-crystal solar cells and other novel
inventions and innovations are also underway.

In order to deliberate on the current trends in solar power generation, its storage,
harnessing and related issues, Amity Institute of Advanced Research and Studies
(Materials & Devices) has organized an “International Conference on Efficient
Solar Power Generation and Energy Harvesting” (ESPGEH) at Amity University
Uttar Pradesh, Noida, India, from 12 to 14 February 2019. The conference was
being organized with the aim to provide a platform for scientists to promote, share
and discuss various new issues and developments in the area of solar energy and its
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applications. During this, a common platform was provided for eminent scientists,
technologists, entrepreneurs and scholars from various disciplines to present their
work and discuss the latest advances and innovations in this exciting area of
research. The purpose and objective of this meeting were also to share the vast
knowledge and latest investigations with the scientific industrial community and
how to include in the production to get more efficient solar cells or systems. It was
felt that planning and policies of the authorities are very much effective especially
when industries must compete internationally cost- and efficiency-wise. A special
session was organized in which scientists, industrialists and representatives from the
government agencies participated and presented their views. The main objective
was to understand the problems of each and how to solve these. The best outcome
can come only if all the three, scientists, industries and planners, work together in a
coordinated way.

The book Advances in Solar Power Generation and Energy Harvesting com-
prises selected peer-reviewed scientific contributions from different veins of
renewable energy generation, harvesting and the related technologies. The contri-
bution has been made by different researchers and eminent scientists, who presented
their papers in the ESPGEH 2019. The chapters of the book include various latest
and significant topics, i.e. Solar Photovoltaics, Solar Thermal, Solar Energy
Harvesting, Hybrid Renewable Energy Plant, On-Grid and Off-Grid Power Plant,
Batteries, along with Energy Management and Policies. The book gives the
cutting-edge technologies and other significant aspects related to solar energy
generation and harvesting. It includes the latest findings of eminent scientists dis-
cussing the synthesis, optimization and characterization of different materials
related to efficient energy devices; investigation into thermo-physical properties
nano-enhanced phase change materials for solar thermal energy storage applica-
tions; degradation analysis of photovoltaic panels and PERC solar cells; new
morphology for dye-sensitized solar cells; study on efficient tubular daylighting
devices; solar parabolic concentrators; electronic properties in perovskite solar
cells; hybrid renewable power plant; and apart from this, the book also includes the
chapters having Intelligent Energy Information and Management System for
Academic Institutes and Indian scenario on solar power generation.

These contributory papers were full of new scientific knowledge, thought-
provoking ideas, skills, brainstorming discussions and exchange of ideas. Through
this, every latest findings and researches will go ahead to our scientific world. We
are sure that all the latest results and findings reported here will be useful to the
young researchers or scientists working in these areas and will serve as an important
document for all those associated with solar energy research, development and
its use.

We are indebted to all of them who have given their guidance and support.
Although it is difficult to name all of our colleagues, we would like to thank each
one.
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We wish to place on record our appreciation to Dr. Ashok K. Chauhan, Founder
President, Amity University, Noida, for his guidance, support and encouragement
to organize this important conference. We are also highly thankful to Prof. (Dr.)
Balvinder Shukla, Vice Chancellor, Amity University, for her tremendous support
at every step in making this conference a great success. Our sincere gratitude goes
to Dr. Suman, Dr. Amit Kumar and all the members of the organizing committee,
for their valuable support.

Noida, India Vinod Kumar Jain
February 2019 Abhishek Verma
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Chapter 1
Optimization of Ag NP’s Fabrication
Using RTP for Polycrystalline Si Solar
Cell Application

Bidyut Barman, Hrishikesh Dhasmana, Amit Kumar, Abhishek Verma
and V. K. Jain

Abstract The light coupling and scattering property of silver (Ag) nanoparticles
(NPs) depend onAgNPs’ size, shape and interparticle distance of adjacentAgNPs on
the respective silicon (Si) substrate surface. In this Ag NPs’ arrangement onto the Si
surface, least surface coverage is always required to minimize the parasitic resistance
and enhance light transmission into Si layer which helps to enhance Si solar cell
efficiency. In thiswork, fabrication and optimization of silver (Ag) nanoparticles onto
the polycrystalline silicon (pc-Si) have been discussed for enhancing light trapping
into Si substrate. Silver NPs of different sizes have been fabricated by using rapid
thermal annealing (RTP) of RF deposited Ag thin film on pc-Si surface at RTP
temperature of 200, 250, 300, 350 and 400 °C for various annealing durations. A
shrinkage force generated at the interface due to the difference in thermal expansion
coefficient between Ag thin film and pc-Si surface is responsible for the formation of
these AgNPs. The magnitude of RTP temperature and amount of RTP heat treatment
helps in reshaping of Ag NPs, and accordingly, surface coverage by Ag NPs changes
onto the pc-Si surface. Experimental results show that minimum surface coverage of
12.17% can be achieved at 400 °C for 35 min RTP treatment which can be utilized
for enhancing light trapping property into Si surface.

Keywords Rapid thermal annealing · Ag nanoparticles · Shrinkage force · Surface
area coverage

1.1 Introduction

In recent times, the light extinction (absorption + scattering) property of metal
nanoparticles (MNPs) has been studied extensively to increase light trapping and
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scattering for silicon (Si) as well as for thin-film solar cells. For MNPs, scattering
and coupling efficiency of incoming electromagnetic radiation depend on nanoparti-
cles’ (NPs) size, shape, interparticle distance and surface coverage [1–5]. For MNPs
such as Ag NPs, a comparatively higher scattering efficiency can be observed with
NPs’ size of around 100 nm diameter [2]. Amongst all of the MNPs, silver (Ag)
NPs possess better optical property for light trapping application into Si surface. The
interparticle distance along with area surface coverage has a significant role in light
trapping capacity of Ag NPs’ arrangement. The surface area coverage of Ag NPs
should be optimized to increase light transmission into the absorber layer of Si and
increase light collection in the active layer of the Si semiconductor. Thus, higher
interparticle distance along with lower surface area coverage is desirable for Si solar
cell as it will increase light transmission which eventually increases light trapping
of the solar cell. In our previous studies, we discussed low-temperature fabrication
of Ag NPs exhibiting surface plasmonic behaviour for reflectance reduction of pc-Si
surface [6]. In this study, optimization of Ag NPs’ arrangement onto the Si surface
by RTP annealing is discussed for polycrystalline solar cell (pc-Si) applications.

1.2 Experimental Methodology

The AgNPs’ arrays were fabricated on polycrystalline silicon (pc-Si) substrate using
RF sputtering unit (model: HHV—12” MSPT) operated at 13.56 MHz followed by
rapid thermal annealing/processing (RTA/RTP) (model: MTI—EQ-OTF-1200X-4-
RTP-HV). Prior to deposition, the pc-Si sampleswere cleaned ultrasonically by using
de-ionizedwater, acetone and isopropyl alcohol, respectively, for 15min each.Anon-
continuous thin Ag film (thickness of ~8 nm) with 99.999% purity was deposited on
these cleaned substrates. During the deposition process, the deposition conditions
were maintained at a base pressure of 2.6 × 10−6 mbar and operating pressure of 6
× 10−2 mbar in an argon gas atmosphere at a constant gas pressure of 2 kg/cm2. The
deposition conditions in RF sputtering were maintained at the same power rate of
75 W for 10 s at room temperature. The distance between target and substrate was
kept at 2 inches for all the depositions. As prepared samples were subjected to RTP
treatment at temperature of 200, 250, 300, 350 and 400 °C for various RTP durations
of 5–35 min. After that, the samples were cooled naturally to get back the substrates’
temperature to room temperature.

The surface morphology of fabricated Ag NPs onto the pc-Si substrates was stud-
ied using a (Zeiss—EVO-18) scanning electron microscopy (SEM) and field emis-
sion electron microscopy (FE-SEM, model: TESCAN-MIRA). The average particle
sizes and surface area coverage of Ag NPs in SEM images were calculated by using
ImageJ v1.45 software [7].
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1.3 Results and Discussions

TheRTP treatment of as-sputtered flattened non-continuousAg particles layer results
into the formation ofAgNPs of different size and shape onto the pc-Si substrates. The
as-sputtered Ag thin films were subjected to RTP heat treatment for 5, 10, 15, 20, 30
and 35min at a temperature of 200, 250, 300, 350 and 400 °C. The fabricated AgNPs
with different sizes are observed on pc-Si substrates, and the average particle size is
calculated using J-image software. It is observed that with an increase in RTP time
duration, average particle size and surface coverage reduce for 20 min and then again
these parameters start to rise for 30 min RTP temperature corresponding to 200, 250,
300 °C. The RTP treatment at 350 and 400 °C results into formation of different sizes
of Ag NPs, and minimum average particle size is observed corresponding to 35 min.
Figure 1.1a shows the FE-SEM image of Ag-coated pc-Si surface which clearly
shows flattened Ag particles onto the Si surface with a surface coverage of highest
surface coverage. Figure 1.1b–f shows the SEM image corresponding to minimum
average particle size and lowest area coverage of Ag NPs at 200 °C, 250 °C, 300 °C,
350 °C and 400 °C, respectively.

The ultimate size, shape and interparticle distance of the so-formedAgNPs on pc-
Si depend on the amount of shrinkage force (thermal stress) generated at the interface
of thin-film and substrate surface due to natural cooling of the RTP-treated samples

Fig. 1.1 a FE-SEM image of Ag-coated pc-Si surface; SEM image corresponding to minimum
average particle size and lowest area coverage of Ag NPs at b 200 °C, c 250 °C, d 300 °C, e 350 °C
and f 400 °C, respectively
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[8]. Upon cooling of RTP-treated Ag-coated pc-Si samples, thermal compressive
stress garnered at the interface of thin Ag film and pc-Si surface due to mismatching
in thermal expansion coefficient of both the surfaces. The generation of shrinkage
force between the interfaces of two surface results shrinkage of the Ag thin film,
which leads to the formation of Ag NPs. The generated thermal stress or shrinkage
force value can be calculated by using the following equation [9]

σ = Ff

dfw
= (αs − αf)�TEf

(1− νf)
(1.1)

Here, αs-thermal expansion coefficient of substrate, αf-thermal expansion coef-
ficient of film (Ag), νs-Poison’s ratio of substrate, Ef-Young’s modulus of film,
νf-Poison’s ratio of film and �T-temperature difference.

The thermal expansion coefficient of pc-Si substrate and Ag is 2.6× 10−6/K and
19× 10−6/K, respectively [10, 11]. Young’s modulus of elasticity and Poisson’s ratio
of Ag film are reported as 82.5 GPa and 0.364, respectively [12].

The RTP treatment of as-sputtered non-continuous Ag thin film causes reduction
in% surface area coverage ofAgparticles due to the presence of shrinkage force at the
interface which is reshaping the particles into Ag NPs. For pc-Si surface, the surface
area coverage by RF sputtered Ag thin film is about 45.39%. Using RTP treatment,
the% surface coverage reduced significantly and attainedminimum value for 20-min
RTP duration at 200, 250, 300 °C and for 35-min RTP duration at 350 °C and 400 °C,
respectively. During RTP treatment, the thermal compressive force generated at the
interface reshapes the so-formed Ag NPs with varying RTP duration which reduces
surface coverage and increases the vertical height of the Ag NPs. Table 1.1 shows the
minimum average Ag NPs’ size along with generated thermal stress and respective
least area surface coverage at all annealing temperature.

Table 1.1 shows that at 400 °C for 35-min RTA duration, surface area coverage of
Ag NPs becomes minimum (12.17%) amongst all temperatures. There is a decrease
in existing area surface converge (45.39%) of Ag films which are around 67.27%,
68.28%, 58.33% and 67.07%, respectively, at RTP temperature of 200, 250, 300,
350 °C corresponding to minimum Ag NPs’ size. Thus, around 73.18% decrease in
existing area coverage is achieved at 400 °C for 35 min. This table clearly depicts

Table 1.1 Minimum average Ag NPs’ size (nm) with respective % surface area coverage and
corresponding generated shrinkage force at various RTP temperatures

RTP temp. (°C) Particle size (nm) % surface area coverage Magnitude of shrinkage
force (GPa/K)

200 48.9 14.87 0.368

250 53.54 16.21 0.474

300 95.97 18.91 0.58

350 98.32 14.96 0.687

400 104.21 12.17 0.793
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Fig. 1.2 Ag NPs’ size distribution onto pc-Si surfaces corresponding to minimum particle size at
all RTP temperatures

that with the increase in RTP temperature, the average particle size is increasing. The
higher average Ag NPs’ size with RTP temperature can be attributed to higher values
of generated shrinkage force. At higher RTP temperature, the values of generated
shrinkage force increase surface diffusion and neighbouring Ag NPs merge with
each other which increase size of average Ag NPs. Thus higher shrinkage force
present at the interface of film and substrate increases the aspect ratio of Ag NPs.
This shrinkage force can decrease lateral coverage and increase the vertical height
of Ag NPs which eventually lead to reduce surface area coverage of Ag NPs. Figure
shows the histogram of pc-Si surfaces SEM images corresponding to a minimum
particle size at all RTP temperatures. Histogram shows that maximum numbers of
Ag NPs lie in the range of 40 nm which favours higher light scattering [13]. So, on
increasing RTP temperature, the average size of particles is increasing and promoting
light scattering phenomenon dominating over plasmonic effect in Ag NPs.
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Thus, SEM image (shown in Fig. 1.2) and Table 1.1 reveal that the irregu-
lar arrangement of size distribution of Ag NPs started becomes regular with RTP
treatment due to grain refinement during recrystallization process in annealing and
attained minimum value for 20-min RTP duration at 200, 250, 300 °C and for 35-min
RTP duration at 350 °C and 400 °C, respectively. Also, the % surface area cover-
age by Ag NPs also reduces with average particles size of Ag NPs considerably by
changing the RTP parameters that can be beneficial for enhanced light trapping in
Si-based solar cell (Fig. 1.2).

1.4 Conclusion

This study described the fabrication and optimization of Ag NPs using rapid thermal
annealing of Ag thin film at RTP temperature of 200, 250, 300, 350 and 400 °C at
various annealing duration. The generated thermal stress or shrinkage force at partic-
ular temperature arises due to mismatch in thermal expansion coefficients between
substrate and thin-film material. The RTP treatment helps in reshaping irregular
arrangement of so fabricated Ag NPs into more uniform distribution of Ag NPs
along with decreasing the surface coverage of Ag NPs onto the substrate. After the
optimization of RTP durations and RTP temperatures in the range of 5–35 min and
200–400 °C, respectively, least surface area coverage up to 12.17% is achieved at
400 °C for 35-min annealing duration. This reduction and optimization of Ag NPs’
area coverage onto the pc-Si surface can be used for pc-Si solar cell application and
so increased light trapping into the Si absorber layer and can increase short-circuit
current density of the Pc-Si solar cells.
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Chapter 2
Aligned Zinc Oxide Nanostructures
for Dye-Sensitized Solar Cells: A Review

Rakhi Grover, Nidhi Gupta, Omita Nanda and Kanchan Saxena

Abstract The optoelectronic and electrical properties of zinc oxide (ZnO) nanos-
tructures are dependent on the morphology and dimensions at the nanoscale. The
present work explains different methods to grow zinc oxide nanostructures to be
applied in dye-sensitized solar cells (DSSCs). The importance of aligned nanostruc-
tures of ZnO has been described with advantages specific to DSSC applications.
The aligned ZnO nanostructures are generally helpful in reducing recombination
instances and faster electron collection rates when used as photoanode in DSSCs.
This helps to enhance short-circuit current density and open-circuit voltage which
result in increased efficiency of the devices. The significance of optimization of the
thickness of the photoanode has also been explained to achieve these advantages.

Keywords Zinc oxide · Aligned nanostructures · Dye-sensitized solar cells

2.1 Introduction

Semiconductor oxide-based nanostructures have been researched in detail for their
unique optoelectronic applications [1, 2]. Zinc oxide (ZnO) is a wide band gap II–VI
semiconductor exhibiting a number of properties including electronic, semiconduct-
ing and piezoelectric properties with high thermal and mechanical stability [3, 4].
Especially, large band gap energy (3.37 eV) at room temperature and large exciton
binding energy (60 meV) of ZnO promote its use in optoelectronic applications [5,
6]. It can be used as a transparent conductive oxide (TCO) electrode due to its trans-
parency in the visible region of electromagnetic spectrum [7, 8]. The polar surface
of ZnO helps to achieve different morphologies. ZnO nanostructures are reported
to be synthesized in one-dimensional (e.g., nanorods, wires, needles, etc.), two-
dimensional (e.g., nanosheets) or three-dimensional structures (e.g., nanoflowers)
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[9]. ZnO nanostructures can be synthesized using physical vapor deposition (PVD),
chemical vapor deposition (CVD), electrodeposition and a number of other methods
as reported in the literature [9].

PVD is a quite simple technique to grow ZnO nanostructures and is based on the
evaporation, transportation and condensation of metal oxide on the substrate. In this
method, the flow rate of the carrier gas, deposition temperature and pressure are the
key factors determining final yield on the substrate [10].

In CVD techniques, thin film of material is deposited by the decomposition
of chemicals in the vapor phase onto a substrate surface. Vapor transport process
involves transportation and reaction of zinc and oxygen vapors forming ZnO nanos-
tructures or heating zinc powder in the presence of oxygen flow. This requires precise
control over vapor pressure of both constituents. Ma et al. have reported [11] the syn-
thesis of aligned ZnO nanowires on polycrystalline Zn2GeO4:Mn substrates byCVD
technique. The density of nanowires was varied by optimizing the lateral distance
between the substrate and source powder in the tube furnace.

The solution-based synthesis of ZnOnanostructuresmakes use of a zinc precursor,
e.g., zinc chloride/nitrate/acetate along with reducing and stabilizing agents. These
solution-based methods include electrodeposition, hydrothermal, solvothermal, pre-
cipitation and sol-gel. Hydrothermal and electrochemical deposition methods are
quite simple techniques for the growth of nanostructures. Hydrothermal synthesis
of ZnO nanostructures is a low-temperature process with easily controllable particle
size. This method offers easy control over different growth parameters, e.g., temper-
ature, concentration ratio of precursors and reaction time, etc. to produce different
morphologies of nanostructures [12].

Electrochemical deposition or electrodeposition is an easy and cost-effective
method to grow ZnO nanostructures at comparatively low temperatures. Two elec-
trodes: one acting as cathode and another as anode are dipped into electrolyte solu-
tion to which an appropriate electric field is applied. The size and morphology of
ZnO nanostructures are dependent on electrolyte concentration, applied potential,
temperature and electrodeposition duration [9]. Template-assisted electrodeposition
methods allowwell-aligned ZnO nanostructure arrays under an applied electric field.
Recently, we have grown ZnO nanostructures by electrodeposition on silicon sub-
strate in an electrochemical cell placed in a water bath maintained at 75–80 °C. In
this electrochemical cell, a zinc sheet was used as anode and ZnO nanostructures
were grown on Si substrate fixed to another electrode made up of copper. The elec-
trolyte solutionwasmade using zinc nitrate hexahydrate aqueous solution. Figure 2.1
shows the SEM micrograph of the nanostructures fabricated. Randomly oriented
ZnO nanorods with 600 nm−1 µm length and hexagonal ends (130–190 nm) were
obtained (as shown in Fig. 2.1). The size and morphology of these nanostructures
are being further optimized for DSSC applications.

Recently, Boda et al. [13] demonstrated the growth of hybrid ZnO nanostructures
by a facile combinedmethodbasedon electrodeposition and chemical bath deposition
(CBD). The hybrid ZnO-based photoanode resulted in increased current density by
43% as compared to the bare ZnO nanostructures which were attributed to increased
crystallinity and reduced charge transfer resistance.
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Fig. 2.1 SEM micrograph of the ZnO nanostructured film fabricated

The morphology and dimensions of ZnO nanostructures significantly affect their
optoelectronic and electrical properties and therefore the efficiency of the final
devices. One-dimensional nanostructures in the form of nanorods, nanowire and nan-
otubes, etc. offer efficient charge carrier transport when used inside the photovoltaic
devices. These nanostructures provide interconnected network with a large surface-
to-volume ratio which is highly desirable to form a large interfacial area with dyes for
solar cell applications. In DSSCs, a mesoporous network of ZnO is desirable to func-
tion as a photoanode and/or counter electrode.A typicalDSSCconsists of awide band
gap semiconductor oxide (SO), e.g., ZnOorTiO2 coatedwith dyemolecules to absorb
sufficient part of the electromagnetic spectrum. This sensitizer is regenerated by an
electrolyte medium which acts as a mediator between photoanode and the counter
electrode (CE). This architecture is fabricated as glass/FTO/SO/Dye/Electrolyte/CE
as shown in Fig. 2.2.

2.2 Aligned ZnO Nanostructures for Dye-Sensitized Solar
Cells (DSSCs) Applications

DSSCs are basedonwidebandgap semiconductor oxideswithmesoporous structures
for maximum dye adsorption. Dyes when illuminated with light undergo excitation
and transfer an electron to the adjoining semiconductor oxide (generally TiO2 or
ZnO). The dye is then regenerated by the redox electrolyte which itself gets its
electron back from the counter electrode via the electrolyte medium as depicted in
Fig. 2.2.
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Fig. 2.2 Schematic diagram
showing significant
electrochemical processes
inside DSSC

Well-aligned ZnO nanostructures can be used as photoanodes in DSSCs where
the efficiency of the device can be tuned by adjusting morphology, orientation and
the energy level alignment of these nanostructures with the sensitizer being used. For
example, increasing nanorods length from 2.6 to 10.8 µm resulted in an enhanced
efficiency from 0.94 to 1.69% in the devices [14]. The higher electron mobility of
ZnO, that is, 200–300 cm2 V−1 s−1 for bulk material as compared to conventional
TiO2 (0.1–4 cm2 V−1 s−1) [15], makes it a significant alternative to function as a
photoanode in DSSCs. Further, solution processability of ZnO layer at room tem-
perature makes it an ideal choice to be used in low-cost dye-based solar cells with
reduced recombination losses [16].

Several designs of photoanodes are possible with varied possible morphologies
of ZnO nanostructures. ZnO-based photoanodes in DSSCs are intended to work as
efficient light absorbers as well as to enable fast electron transfer rates to reduce the
recombination events inside DSSCs. Randomly oriented ZnO nanostructures exhibit
electron transport via charge carrier hopping to arrive at the electrode, but this electron
transport is limited by a number of nanoparticle or nanostructure boundaries in the
random network.

However, aligned 1D nanostructures of ZnO favor direct electron pathways and
reduced recombination events which can result in high photocurrents and open-
circuit voltages and hence improved efficiency of the final devices. These aligned
nanostructures require optimized thickness for effective electron diffusion length in
the devices for better charge collection at the electrodes. Hence, the charge carrier
diffusion length should be greater than the total film thickness. Apart from the pho-
toanode applications of aligned ZnO nanorods in DSSCs, these nanostructures have
also been explored as counter electrodes and scattering layers in DSSCs for signifi-
cant improvements in efficiency values. A number of authors have reported various
applications of aligned ZnO nanostructures in DSSCs. Table 2.1 shows some of the
significant achievements in this direction.

Gonzalez-Valls and Cantu research group [17] reported vertically aligned ZnO
nanorods (NRs) and studied physisorption/chemisorption of the dye molecules on
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Table 2.1 Some of the significant achievements in applications of aligned ZnO nanostructures in
DSSCs

Authors, year Method adopted Highest
PCE
(efficiency
%)

Anode/cathode (role
played)

Gonzalez-Valls et al.,
2010

Hydrothermal 0.75 Photoanode

Yengantiwara et al.,
2011

Open Aqueous Solution
Deposition (OASD)

0.71 Photoanode

Dwivedi and Dutta,
2012

Continuous spray
pyrolysis (CoSP)

1.77 Photoanode

Wu et al., 2013 Solvothermal method 5.2 Scattering layer

Rouhi et al., 2015 Two-step approach
combining electric
field-assisted aqueous
solution (EFAS) process
and aqueous solution
method

4.07 Photoanode

Krishna et al., 2019 Low-temperature
hydrothermal method

1.78 1. Photoanode/electron
transport layer and
2. Antireflective layer

Syrrokostas et al.,
2019

Low-temperature
hydrothermal method

8.2 Counter electrode (Pt
decorated aligned ZnO
nanowires arrays)

the ZnO NRs. The authors concluded that dye: ZnO interaction occurs in definite
steps of dye diffusion, adsorption and then complex formation between dye and ZnO.

Yengantiwara et al. [18] reported a two-step approach for the deposition of
ZnO nanostructures to function as photoanode. The authors used a two-step pro-
cess to grow a seed layer either by electrodeposition or by spin coating technique.
The authors reported device efficiency dependence on ZnO film thickness and dye
adsorption on active film surface.

Dwivedi and Dutta [19] applied continuous spray pyrolysis technique by first
obtaining a ZnO seed layer and then ZnO nanoparticle layer on the seeded film.
Figure 2.3 shows the schematic diagram for the growth mechanism of ZnO nanorods
onto the seeded layer of ZnO nanoparticles. Zn solution film annealed at elevated
temperatures favors the growth of ZnO seeds [19].

The seeded layer provides preferential nucleation sites for the growth of nanorods
perpendicular to the substrate. The stream of ZnO nanoparticles initially helps in the
growth of ZnO nanorods, but as the stream continues in this spray pyrolysis process,
all the ZnO nucleation sites become occupied and nanoparticle growth continues in
the form of closed networks.

Wu et al. [20] reported hierarchical ZnO aggregates which were assembled by
orderly aligned nanorods. These nanostructureswere prepared by solvothermal route,
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Fig. 2.3 Schematic diagram demonstrating the growth of ZnO nanorods onto the seeded layer

and it was found that the assembling process of these nanostructures was strongly
influenced by the reaction medium and could be tuned by precursor zinc acetate
dehydrate concentration.

Rouhi et al. [21] reported well-aligned ZnO–ZnS core–shell nanocones where
ZnO nanocones serve as a template and provide sites for the growth of ZnS shell.
DSSC based on these nanocones as photoanodes attained maximum efficiency of
4.07% which was attributed to the morphology of nanostructures functioning as
light trapping centers as well as reduced recombination sites due to ZnS shell layer.

Krishna et al. [22] reported a simple low-temperature hydrothermal method to
grow aligned ZnO nanowire arrays to function as antireflection and electron transport
layer. These ZnO nanowire arrays were found to decrease reflection and increase the
light scattering and thereby improve the performance of the devices. The authors
used newly designed indoline moieties with different pi-spacers as sensitizers.

Syrrokostas et al. [23] have recently used well-aligned platinum decorated ZnO
nanowire arrays as counter electrodes in DSSCs. The authors have used aligned
ZnO nanowire arrays to provide a large surface area for platinum deposition and to
transport electrons to Pt sites. This increased the active catalytic site for redox species
and reduced recombination instances and provided 8.2% efficiency under AM 1.5
simulated solar illumination (1000 W/m2). These results have been summarized in
Table 2.1.

The efficiency of DSSCs based on ZnO nanostructures is comparatively less than
that of devices based on Titania. ZnO being more basic than TiO2 is more likely to be
influenced by the acidic carboxyl groups of the generally used sensitizers leading to
the formation of complexes of Zn2+-dye molecules [24]. These agglomerates create
an insulating layer which blocks the electrons coming from dye to the semiconductor
oxide, that is, ZnO. The formation of Zn2+-dye complex can be restricted during
device fabrication by using a buffer layer at ZnO nanostructure/dye interface. Buffer
layer can be made using SiO2, TiO2, Al2O3 or ZnO itself. Aligned one-dimensional
ZnO nanostructures also restrict the formation of Zn2+-dye complexes due to fast
dye adsorption in the perpendicular orientation of ZnO onto conducting substrate
[9]. Therefore, oriented ZnO nanostructures hold significant importance for DSSC
applications as the efficiency of devices is highly dependent on the morphology of
these nanostructures.
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2.3 Conclusion

The optimization of aligned ZnO nanostructures in terms of size, shape andmorphol-
ogy is a significant area of research to use ZnO as electrode inDSSCs. The stability of
these devices is an important aspect formaintaining initial performance of the devices
for the practical time duration. The electrical doping of these ZnO nanostructures
provides an additional way to enhance the overall efficiency of DSSCs based on
liquid, solid and quasi-solid state-based electrolytes. The light scattering effect due
to nanostructures at photoanode/dye interface can further enhance the performance
of devices.
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Chapter 3
Investigation of Heat Transfer
Characteristics of Al2O3-Embedded
Magnesium Nitrate Hexahydrate-Based
Nanocomposites for Thermal Energy
Storage

Neeraj Gupta, Vivek Kumar, Hrishikesh Dhasmana, Avshish Kumar,
Prashant Shukla, Amit Kumar, Abhishek Verma, S. K. Dhawan
and Vinod Kumar Jain

Abstract Phase change materials (PCMs) have been widely investigated as latent
heat energy storage medium for effective thermal management. Presently, PCM
nanocomposites have been prepared by dispersing aluminum dioxide (Al2O3)
nanoparticles (NPs), which act as thermally conductive nanofillers, in molten mag-
nesium nitrate hexahydrate (Mg(NO3)2·6H2O), an inorganic salt hydrate. Al2O3 NPs
with mass fractions of 0.5, 1.0 and 1.5 wt% have been dispersed in liquid PCM to
obtain PCM nanocomposites, which are used to study the heat transfer properties.
Themorphology of the Al2O3 NPs, PCM and PCMnanocomposites has been studied
by scanning electron microscopy (SEM). Fourier-transform infrared spectroscopy
(FTIR) analysis was carried out to investigate the interaction between Al2O3 and
PCM in PCM nanocomposite. The melting (charging) and solidification (discharg-
ing) characteristics of the PCM nanocomposites have been recorded and analyzed.
The experimental results clearly showed that the rate of melting and solidification
of PCM nanocomposite increases by 15% and 38%, respectively, with an increase
in the mass fraction (1.5 wt%) of nanofillers as compared to the pristine PCM. The
observed reduction in heat release time confirmed the effective enhancement of ther-
mal conductivity in Al2O3-PCM nanocomposite samples as compared to the pristine
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PCM.The preparedPCMnanocomposites displayed superior heat transfer capability,
making it a potential candidate for thermal energy storage.

Keywords Phase change material (PCM) · Nanoparticles · Thermal energy
storage · Heat transfer

3.1 Introduction

Phase change materials (PCMs) store a large amount of energy, approximately 10
times higher than sensible heat storage materials, during their phase transformation,
like solid–liquid, liquid–gas or solid–solid transitions [1–4]. PCMs have been widely
used in the variety of applications such as thermal management of electronic devices
[5–7], aerospace engineering [8], solar water heater [9], textiles fabric [10], solar
thermal energy storage [11, 12], efficient buildings [13, 14] and so on. PCMs are
generally classified into two major types: inorganic and organic. The most promis-
ing class of PCMs is inorganic salt hydrates due to their extremely high storage
density, high thermal conductivity, wide range of melting temperature, small volume
change, nonflammable, good stability in comparisonwith the organic PCMs [15–17].
Nevertheless, salt hydrates exhibit some problems such as supercooling, low thermal
conductivity and can be corrosive toward metals used for heat transfer which hinders
their application in actual engineering [18].

To overcome these problems, a simplemethod can be applied, which is to increase
the thermal conductivity of the base material and to lower the supercooling of
(PCMs). This leads to enhancement in the heat transfer rate and also improves
the energy storage efficiency. Although different techniques have been employed
to increase the thermal conductivity of PCMs, such as the usage of metal fins [19],
porous matrix [20] and fibrous material [21]. However, these techniques increase
the weight and the final volume of the system. In addition, dispersing the highly
conductive material into the PCM matrix has been proposed as a favorable method
to increase the thermal conductivity, but due to the difference in their densities, it
leads to the poor dispersion and poor stability of the final product [22].

The application of nanomaterial has been recently considered to enhance the
performance of thermal storage system. Due to their reduced size, the thermophys-
ical properties of PCMs such as stability, viscosity and heat transfer performance
can be enhanced. Different nanomaterials such as carbon materials (CNT, graphene,
expanded graphite), metallic and metal oxides nanoparticles have been proposed as
a filler for dispersing in PCM media [23–26]. Metal oxides have excellent thermal
conductivity and therefore can be used to enhance the thermal conductivity of PCMs
[27, 28]. Among the different metal oxide nanoparticle, Al2O3 attracts more atten-
tion because of its different properties, high thermal conductivity and photocatalytic
activity and low cost [29, 30].

Li et al. [31] showed that by dispersing the gamma-Al2O3 NPs in the calcium
chloride hexahydrate with 0.5, 1, 1.5 and 2 wt% reduces the supercooling degree
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of CaCl2·6H2O/gamma-Al2O3 nanocomposite in the range of (0–2) °C. The maxi-
mum reduction in the latent heat is 5.9%, and no phase segregation was observed.
Moreover, the CaCl2·6H2O/gamma-Al2O3 nanocomposite with 1.0 wt% gamma-
Al2O3 shows excellent thermal cycling stability. Nourani et al. [32] studied the
thermal behavior of paraffin containing Al2O3 nanoparticles, whereas the sodium
stearoyl lactylate has been used as a surfactant to increase the stability of Al2O3/PCM
nanocomposite samples. Their result showed that the thermal conductivity of com-
posite is higher than that of pure PCM at phase change temperature of samples, while
heat fusion and melting temperature of obtained composite have no significant vari-
ations. Ho and Gao [33] prepared the composite by dispersing Al2O3 nanoparticle
with 5 and 10 wt% in n-octadecane by means of nonionic surfactant and studied
the various properties such as latent heat of fusion, density, dynamic viscosity and
thermal conductivity. The amount of nanoparticles and surfactant are the affecting
factors on the stability of nanoparticles in the PCM. Wu et al. [34] observed the
potential of Al2O3-H2O as a new phase change material for thermal energy storage
of cooling systems. Thermal response test shows the addition of Al2O3 remarkably
decreases the supercooling degree of water and advances the beginning freezing time
and reduces the total freezing time. Nguyen et al. [35] investigated the behavior and
heat transfer enhancement of an Al2O3 nanoparticle–water mixture for the cooling
of microprocessors or other electronic components. Experimental results reveal that
the inclusion of nanoparticles into fluid has produced a considerable enhancement
of the cooling block convective heat transfer coefficient. Nanofluid with 6.8% parti-
cle volume concentration, heat transfer coefficient has been found to increase 40%
compared to that of the base fluid. Nanofluid with 36-nm particle provides higher
heat transfer coefficient than a 47-nm particle size.

Few reports are available in the literature on dispersed NPs in inorganic PCM-
based nanocomposites. The present study aims to synthesis (Mg(NO3)2·6H2O)-
Al2O3 nanocomposites and to characterize its various properties, such as heat transfer
characteristics, phase change temperature and latent heat, for its useful usage in the
thermal energy storage system.

3.2 Experimental Description

3.2.1 Materials and Method

Magnesium nitrate hexahydrate (Mg(NO3)2·6H2O), an inorganic salt hydrate PCM,
was purchased from Alfa-Aesar. Aluminum oxide nanoparticles (Al2O3) were pro-
cured from Sigma-Aldrich. All the materials were used directly as received without
any further purification.
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3.2.2 Preparation of (Mg(NO3)2·6H2O)-Al2O3
Nanocomposite

The (Mg(NO3)2·6H2O)-Al2O3 nanocompositewas prepared by themeltmixing tech-
nique [36]. In the formation process, nanoparticles were added to the molten PCMs,
heated above its phase transition temperature andmixed thoroughly by using themag-
netic stirrer with vigorous stirring around 30min to form the uniformPCMnanocom-
posite. Finally, the composite was ultrasonicated for approximately 30 min to obtain
a homogenous dispersion of the PCM-Al2O3 nanocomposite. Al2O3 nanoparticles
with different weight fractions ranging from (0.5 to 1.5) wt% were used to prepare
different PCM nanocomposites.

3.2.3 Characterization Technique

The morphology and size measurement of Al2O3 NPs were analyzed using a Zeiss
(EVO-18) scanning electron microscope (SEM). The SEM images were used to esti-
mate the size ofAl2O3 nanoparticles and to observe the dispersionof the nanoparticles
in the composite. The interaction between (Mg(NO3)2·6H2O) andAl2O3 in nanocom-
posite was determined using Fourier-transform infrared spectroscopy (FTIR). Ther-
mogravimetric analysis (TGA)was done to analyze the thermal degradation behavior
of the pristine PCM and PCM nanocomposites. Charging and discharging character-
istics of the PCMnanocomposites with respect to the pristine PCMwere investigated
by using the conventional heating system [37].

3.3 Results and Discussion

3.3.1 SEM Analysis

Figure 3.1 shows the SEM image of pristine PCM, Al2O3 nanoparticles and PCM
nanocomposite. It can be seen that the pristine PCM, i.e., (Mg(NO3)2·6H2O), is
a crystalline solid which is clearly visible in the microscopic image Fig. 3.1a.
Figure 3.1b reveals the SEM image of Al2O3 nanoparticles, which are spherical
in shape. The SEM image of the PCM-Al2O3 nanocomposite is shown in Fig. 3.1c
which shows that nanocomposite has a smooth surface, and the nanoparticles are
uniformly distributed over the surface of the PCM without any agglomeration.
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Fig. 3.1 SEM micrographs of a pristine PCM (magnesium nitrate hexahydrate), b Al2O3
nanoparticle and c PCM-Al2O3 nanocomposites

3.3.2 FTIR

TheFTIR spectra of (Mg(NO3)2·6H2O) and (Mg(NO3)2·6H2O)-Al2O3 nanocompos-
ites are shown inFig. 3.2. TheFTIR spectrumof (Mg(NO3)2·6H2O) has characteristic
peaks for O–H stretching at 3400−1, N=O bending at 1550 cm−1, a mixture of N–
O stretching and bending of N=O at 1300 cm−1, plus a sharp peak at 819 cm−1 for
NO3

−. In the case of (Mg(NO3)2·6H2O)-Al2O3 nanocomposite, no newpeaks or shift
is observed in comparison with pristine PCM. This clearly indicates that there is no
chemical reactivity between Al2O3 NPs and the PCM as they are merely physically
mixed together to form a stable PCM nanocomposite. Similar results were reported
by other groups, where they reported the simple physical interaction between PCM
and the dispersed NPs [38].

Fig. 3.2 FTIR spectra of a magnesium nitrate hexahydrate, b PCM-Al2O3 nanocomposite
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3.3.3 Meting and Solidification Experimental Results

The thermal energy transfer characteristics of the pristine PCM and PCM nanocom-
posites were evaluated by comparing their melting (charging) and solidification (dis-
charging) cycleswith the help of the conventional heatingmethod. Figure 3.3 presents
the melting cycles of the pristine PCM and PCM nanocomposites with increasing
concentration of Al2O3 from (0.5 to 1.5) wt%.

At the initial point of themelting cycle, both the pristinePCMandcompositeswere
at the ambient temperature. The temperature of pristine PCMand the composite were
gradually increased by 2 °C/min until they reached their phase transition temperature.
It can be seen that the pristine PCM started to melt at approximately 93 min from the
starting point. As the concentration of Al2O3 nanoparticles was increased ranging
from 0.5, 1 to 1.5 wt% in the pristine PCM, a decrease in the melting time of the
PCM nanocomposites is observed. This shows the overall reduction of 15% in the
melting time of the PCM nanocomposite at 1.5 wt% compared to that of pristine
PCM.

The solidification cycle of pristine PCM and PCM nanocomposites was also per-
formed, and the results are shown in Fig. 3.4. At the initial stage of the solidification
process, the temperature of the pristine PCM and PCMnanocomposites was found to
be 120 °C. After allowing them to cool naturally, the temperature of the pristine PCM
and PCMnanocomposites decreased until they reached their solidification point. The
solidification curves showed similar behavior like the melting curve, i.e., the solidifi-
cation time decreased as the concentration of the Al2O3 nanoparticles was increased
ranging from (0.5–1.5) wt%. It was observed that the solidification time of the PCM
nanocomposite for 1.5 wt% was reduced by 38% compared to that of pristine PCM.
This reduced time is an indirect evidence of thermal conductivity enhancement of
PCM-Al2O3 nanocomposite as compared to the Pristine PCM.

Fig. 3.3 Melting curves of
pristine PCM and
PCM-Al2O3 nanocomposite
at different mass fractions
(0.5–1.5) wt% of Al2O3
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Fig. 3.4 Solidification
curves of pristine PCM and
PCM-Al2O3 nanocomposite
at different mass fractions
(0.5–1.5) wt% of Al2O3

3.3.4 Thermal Analysis

Figure 3.5 compares the thermal degradation behavior of pristine PCM and PCM
nanocomposites with increasing concentration of Al2O3 nanoparticles ranging from
(0.5 to 1.5) wt%. According to TGA thermographs, (Mg(NO3)2·6H2O) starts to lose
mass at around 70 °C and has lost 30% mass by 170 °C, which corresponds to water
loss. The remaining mass was lost from 300 to 460 °C. According to the literature,
(Mg(NO3)2·6H2O) decomposes at 330 °C. 10% mass remains after 500 °C, mainly
consisting of magnesium oxide.

In PCM nanocomposites, the remaining mass was left around 15% after 500 °C.
In other words, mass reduction in PCM nanocomposites was less than pristine

Fig. 3.5 TGA curve of
Mg(NO3)2·6H2O and
Mg(NO3)2·6H2O + Al2O3
nanocomposite
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PCM. This is due to the presence of Al2O3 nanoparticle in the composite which
exhibited greater thermal stability, stabilized the PCM matrix against the thermal
decomposition and also contributed to the additional heat capacity.

3.4 Conclusion

In this paper, (Mg(NO3)2·6H2O)-Al2O3 nanocomposites were prepared with differ-
ent compositions ranging (0.5–1.5) wt% and evaluated their phase change transfer
characteristics. The prepared nanocomposite exhibited high heat transfer rate: Charg-
ing rate increased to 15% and discharging rate increased to 38% for 1.5 wt% of
nanofiller as compared to the pristine PCM, suggesting an enhancement in thermal
conductivity of PCM-Al2O3 nanocomposite samples. The characterization results
of SEM revealed that the nanoparticles are uniformly distributed over the layered
surface of PCM, without any agglomeration. TGA results indicated that the prepared
PCM-Al2O3 nanocomposites had better stability. However, the PCM and Al2O3 are
attached physically rather than chemical, which prevents the material to be degraded
during the cycling process. The prepared PCM-Al2O3 nanocomposite displayed
remarkable properties of high heat transfer which could useful in the thermal energy
storage system with enhanced thermal conductivity.
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Chapter 4
Theoretical Analysis
of Temperature-Dependent Electrical
Parameters of Si Solar Cell Integrated
with Carbon-Based Thermal Cooling
Layer
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Abhishek Verma, P. K. Bhatnagar and Vinod Kumar Jain

Abstract The heating effect in solar panels under solar irradiation is a major prob-
lem. The elevated solar cell temperature causes a decrease in its efficiency. Therefore,
the research community is driven towards enhancing the working efficiency of solar
panel by thermal cooling techniques. In this direction, activated carbon-based cool-
ing layer beneath solar cell has been proposed and experimental optimization has led
to enhance working efficiency by reducing the working temperature of the device
from 88 to 69.5 °C. This paper presents a theoretical investigation of experimentally
observed temperature-dependent solar cell parameters, such as open-circuit voltage
(V oc), short-circuit current density (Jsc), fill factor (FF) and efficiency (η), of our
previous study. The reverse saturation current density (Jo) is a critical diode parame-
ter which ultimately determines the temperature-dependent performance of the solar
cell. In this work, constant factor ‘C’ value of 51.43 mA-cm−2K−3 is obtained for
the calculation of reverse saturation current density in the temperature range from
273 to 373 K, and accordingly, solar cell output parameters are calculated.
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4.1 Introduction

Solar cell is amongst the most popular optoelectronic device in the field of renewable
energy. It directly converts solar radiation into electrical energy [1, 2]. But it has low
conversion efficiency (13–20%) due to various optical losses, such as subwavelength
loss, thermalization loss, voltage loss, reflection loss, incomplete absorption, metal
contact shading loss and recombination losses [3]. The solar cell is an elemental
block of the solar panels. During field applications of solar panels under ambient
conditions, the temperature of the panel increases with rise of ambient temperature
[3, 4]. At ambient temperature of 35–40 °C, the temperature of panel rises up to 70–
75 °C, and in extreme summer conditions, the panel temperature may rise beyond
80 °C [4–6]. This increased cell temperature affects output parameters of solar cell
like open-circuit voltage (V oc), fill factor (FF) and efficiency (η) [6–8]. The power
conversion efficiency of silicon (Si) solar cell decreases by 0.45–0.5% for each degree
increase in temperature above 25 °C [8, 9]. Thus, the working efficiency of the device
always decreases due to rise in cell temperature. In order to address this problem,
cooling of the device is always desirable for enhancing working efficiency. Many
researcher groups haveusedvarious techniques, such as heat pipe [10],micro-channel
[11], thermoelectric [12], PV panel cooling using phase changematerial (PCM) [13],
hybrid PV/thermal [14] and mist water [15]. In most of the cooling systems, panels
and so devices are cooled by air and water-based active and passive approaches.
Active approaches make cooling system complex and bulky, which requires high
maintenance and increase system cost. Therefore, passive cooling systems for solar
cell are preferred over active cooling systems, which make overall cooling system
simple and cost-effective. In this direction, carbon-based porous thermal cooling
layer beneath solar cell is used to enhance the working efficiency by decreasing the
temperature of the device from 361 to 342 K [16]. The device temperature decreases
from 342 to 332 K under AM 1.5 G spectrum and so respective enhancement in V oc

is reported from 0.56 to 0.58 V, which contributes in enhancing working efficiency
of the device from 10.7 to 11.18% and negligible changes in short-circuit current
density which is observed.

This paper presents a theoretical investigation on experimental results observed
for enhancing device efficiency by carbon-based nano-porous thermal cooling layer
[16]. The temperature-dependent output cell parameters of silicon solar cell can be
helpful in understanding degradation in the device working efficiency during field
applications. Herein, we have calculated temperature-dependent solar cell param-
eters, like open-circuit voltage (V oc), fill factor (FF) and efficiency (η) at AM 1.5
spectra in the temperature range 273–373K. The temperature-dependent parameters,
such as reverse saturation current density (Jo) and energy bandgap of Si, have been
calculated and evaluated its effect on the cell parameters such as V oc, FF and η. In
this study, we have assumed short-circuit current density as constant value in the
temperature range.
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4.2 Theory of Temperature-Dependent Solar Cell
Parameters

When a solar cell is illuminated, only the photons having energy higher than the
bandgap energy (Eg) of the semiconductor are absorbed and create electron–hole
pairs [1, 2]. The cut-off wavelength of photons of energy useful for carrier generation
depends on Eg, can be calculated by Eq. (4.1),

λg = 1240

Eg(eV)
(nm) (4.1)

The photogeneration of electron–hole pairs in the semiconductor depends on the
initial photon flux (Nph) and the absorption coefficient (αλ) of incident light in the
semiconductor [1, 2]. These photogenerated charge carriers are separated by built-in
electric field developed in the p–n junction.

The temperature dependence of bandgap of semiconductors is discussed in var-
ious literatures [17, 18]. The bandgap energy of semiconductors tends to fall with
increasing temperature due to an increase in the amplitude of atomic vibrations.
This increases interatomic spacing, and therefore, the corresponding reduction in
the bandgap of semiconductor at equilibrium is observed for a particular temper-
ature [2]. Using Varshni relation, the temperature dependence of the bandgap in
semiconductors can be expressed as

Eg(T ) = Eg (0) − αT 2

(T + β)
(4.2)

where Eg(T ) is the bandgap of the semiconductor at some temperature T, the value
of Eg (0) at T ≈ 0 K and α and β are constants. The values of Eg (0), α and β for
the semiconductor materials Si are 1.1557 eV, 7.021 (eV K−1) × 10−4 and 1108 K,
respectively [19].

The steady state of p–n junction diode under illumination can be described by the
following equation

J = −Jph + Jo
(
eqV/nKT − 1

)
(4.3)

where J is the current density, Jph is the photogenerated current density, Jo is the
reverse saturation current density (the details are given below), V is the terminal
voltage, n is the ideality factor and K is the Boltzmann constant.

Reverse saturation current density (Jo) measures leakage (or recombination) cur-
rent of minority carriers in the p–n junction under reverse biasing. This leakage
current is the result of carrier recombination in near-neutral regions on either side of
the junction. Therefore, Jo primarily controls the value ofV oc in the solar cells. Since,
minority carriers are thermally generated charge carriers, therefore Jo is highly sen-
sitive to temperature changes. Reverse saturation current density for a p–n junction
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solar cell [2] can be expressed by Eq. (4.4)

Jo = q

(
Dn

LnNA
+ Dp

L pND

)
n2i (4.4)

where n2i is the intrinsic carrier density, NA and ND are densities of acceptor and
donor atoms, Ln and Lp are diffusion lengths,Dn andDp are diffusion coefficients of
minority carriers in n and p regions, respectively. As from Eq. (4.4), Jo is strongly
determined by the proportionality to ~n2i and ni can be represented as Eq. (4.5)

n2i = NcNv exp

(
− Eg

kT

)
= 4 ·

(
2πkT

h2

)3

m∗3/2
e m∗3/2

h exp

(
− Eg

kT

)
(4.5)

where Nc, Nv are effective density of states in the conduction band, valance band
and m∗

e ,m
∗
h are effective mass of electron, hole, respectively.

The expression for Jo can be rewritten in terms of temperature and bandgap energy
[20] by combining Eqs. (4.4) and (4.5) as Eq. (4.6)

Jo = C · T 3 · exp
(

− Eg

k · T
)

(4.6)

In aboveEq. (4.6), doping and thematerial parameters of solar cell are combined in
this constantC [20]. Thus, important solar cell parameters for the model calculations
are energy bandgap and temperature. On increasing temperature, material bandgap
decreases, and this enhances reverse saturation current density.

The temperature-dependent parameters of Si solar cell are discussed in detail as
given below:

4.2.1 Short-Circuit Current Density

The photogenerated current density, i.e. short-circuit current density (Jsc), of solar
cell depends on the given solar spectral irradiance and is given by Eq. (4.7)

Jsc = q

∞∫

hν=Eg

dNPh

dhν
d(hν) (4.7)

where Nph is the flux of incident photons of suitable energy hν. To calculate Jsc at
each temperature, the solar spectrum is integrated into the corresponding value of
Eg given by Eq. (4.2).

The photogenerated charge electron–hole pairs are separated by built-in electric
field in the near p–n junction region. The minority charge carrier diffusion takes
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place according to the recombination current near the junction, because of which
concentration gradient profile of charge carriers is developed. The collection of the
respective charge carriers at the output terminal of the device depends upon the
respective diffusion length Ln and Lp of electrons and holes, respectively. The short-
circuit current density expression can be given by [2]:

Jsc = qG
(
Ln + L p + W

)
(4.8)

where G and W are generation rate of charge carriers and depletion region of the
p–n junction diode. Since, this parameter shows negligible increase in its value with
device temperature, therefore a constant Jsc is taken into account for this study. In
a practical solar cell, the value of Jsc may be limited by reflection losses, ohmic
losses (series and shunt resistance), shadowing losses (front metal coverage) and
recombination losses.

4.2.2 Open-Circuit Voltage

The maximum voltage across output terminal of a solar cell represents open-circuit
voltage, which can be derived from Eq. (4.3) at J = 0. So,

Voc = KT

q
ln

(
Jsc
Jo

+ 1

)
(4.9)

where Jsc ≈ Jph, The equation clearly shows dependency of V oc on Jsc and Jo. For
high V oc, a low Jo is absolutely necessary.

4.2.3 Fill Factor

Fill factor of solar cell depends on maximum power output (Pmax) per unit area of
respective J–V curve, open-circuit voltage and short-circuit current density and can
be expressed as:

FF = Pmax

Voc Jsc
(4.10)

According to Green [21], the temperature-dependent FF value of solar cell with
better accuracy can be given by,

FF = Voc − ln(Voc + 0.72)

Voc + 1
(4.11)

where Voc = Voc
Vth

is defined as normalized open-circuit voltage and V th = kT /q.
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4.2.4 Efficiency

The efficiency of a solar cell can be determined as the maximum output power point
(Pmax) with respect to incident power and can be expressed as:

η = Pmax

Pin
(4.12)

Substituting the value of Pmax from fill factor expression Eq. 4.10

η = Voc Joc · FF
Pin

(4.13)

where Pin is the intensity of the incident radiation in the unit of W/m2.

4.3 Experimental Section

The polycrystalline-Si solar cell of area 6 inch× 6 inch was procured from IndoSolar
Pvt. Ltd., India, with 17% efficiency at 25 °C temperature (under AM 1.5 G spectrum
of incident irradiance of 1000 W/m2). For the investigation purpose, this solar cell
was cut into small pieces with dimensions of 3 cm × 3.2 cm. The activated carbon
disc was procured from Hindustan Unilever Limited, India, and cut into the pieces
(3.2× 3 cm2) for our experimental need and used as thermal cooling layer beneath Si
solar cell in our experiments. We performed several experiments which included Si
solar cell without cooling layer andwith different thickness of cooling layer exposure
to the incident radiation. We observed maximum cooling of Si solar cell with 14-
mm-thick cooling layer under the incident radiation of intensity of 1000 W/m2. This
cooling layer reduces the temperature of Si solar cell from 342 to 332 K, which is
10 °C lower as compared towithout cooling layer. The J–V characteristics on both the
cases (real-time conditions), i.e. Si solar cell without cooling layer and with cooling
layer, were taken with the help of solar simulator and 2400-Keithley Electrometer.

4.4 Results and Discussion

The electrical evaluation of used Si solar cell under AM 1.5 G spectrum at 332 K
was done by measuring J–V characteristics [16] and is shown in Fig. 4.1. The mea-
sured open-circuit voltage (V oc), short-circuit current (Jsc) and efficiency are 0.58 V,
23.54 mA/cm2 and 11.18%, respectively. The output cell parameters are used for
evaluating temperature-sensitive reverse saturation current density. The reverse sat-
uration current density (Jo) is calculated by using Eq. (4.9) and found to be 3.52
× 10−8 mA/cm−2. Further, the value of constant C is calculated by using Eq. (4.6)



4 Theoretical Analysis of Temperature-Dependent Electrical … 33

Fig. 4.1 J–V curve of Si
solar cell at temperature
332 K

and found to be 51.43 mA-cm−2K−3. Based on this measured J–V characteristics of
solar cell device and assuming temperature insensitivity towards short-circuit density
parameter, the solar cell temperature-dependent study is presented in the range of
273–373 K in this article.

The J–V curve of used Si solar cell under AM1.5 G spectrum (1000W/m2) at 332
and 342 K is measured [16], and output parameters are summarized in Table 4.1. The
temperature-dependent behaviour of solar cell is primarily determined by reverse sat-
uration current density. The reverse saturation current density depends exponentially
on bandgap energy of solar cell material and its magnitude decrease with the increase
of temperature. Herein, the temperature-dependent theoretical study is performed on
the experimental results of nano-porous thermal cooling layer beneath the Si solar
cell for enhancing working efficiency by decreasing the device temperature [16], in
extreme summer condition. Figure 4.2 depicts bandgap and reverse saturation current
density variation in temperature range of 273–372 K. The bandgap energy appears
to be gradually decreasing with the temperature, while Jo shows almost constant
value (1.01 × 10−7) in the temperature range of 273–340 K. Afterwards its value
exponentially shoots from 1.15 × 10−7 to 5.04 × 10−6 in the temperature range of
341–373 K. This sudden abrupt change can be attributed to Jo function-dependent

Table 4.1 Solar cell output
parameters of without cooling
layer and with cooling layer
at 1000 W/m2 incident
irradiance

Parameters 1000 W/m2

Without cooling layer With cooling layer

Temperature (K) 342 332

Voc (V) 0.56 0.58

Isc (mA/cm2) 23.33 23.54

FF (%) 81.89 82

Efficiency (%) 10.70 11.18
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Fig. 4.2 Temperature versus bandgap and temperature versus current density of the device

behaviour on T 3, while no significant change in Jo is observed due to exponential
factor exp(−Eg/KT ).

The variation in the open-circuit voltage and fill factor of Si solar cells in temper-
ature range of 273–373 K is shown in Fig. 4.3. The open-circuit voltage is evaluated
by substituting Jsc and Jo using Eq. (4.9). The V oc decreases with increasing temper-
ature and shows linear behaviour in the calculated temperature range. The fill factor
decreases with increase in temperature, but it does not show linear behaviour. The Jo
value decrease with rise of temperature is slightly slower in the temperature range of

Fig. 4.3 Temperature vs open-circuit voltage and temperature versus fill factor of the device
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Fig. 4.4 Temperature versus
efficiency of the device and
insert: bandgap versus
efficiency of the device

273–342 K, and the rate of decrease in fill factor with temperature becomes slightly
faster afterwards in the temperature range of 342–373 K. Thus, there exists a point
of inflexion in fill factor vs temperature curve and after certain temperature (at point
of inflexion) it decreases in faster manner.

The figure depicts temperature-dependent efficiency behaviour of Si solar cell
based on substituting respective V oc and fill factor values in the temperature range,
constant Jsc and incident power density. Figure 4.4 clearly shows linear decrease
in efficiency of solar cell with the increase in temperature. The inset figure depicts
decrease in efficiency of solar cell due to decrease in bandgap energy. This bandgap
energy is decreasing with the increase in temperature.

4.5 Conclusion

This work presents a theoretical study on experimental work performed for enhanc-
ing the working efficiency of Si solar cell by placing carbon-based nano-porous
thermal cooling layer beneath the cell. The temperature dependent solar cell param-
eters such as open-circuit voltage, fill factor and so efficiency has been evaluated in
the temperature range of 273–373 K. The study clearly demonstrates that the reverse
saturation current density is a critical temperature-dependent parameter, which ulti-
mately contributes in degrading the device efficiency with increase in temperature.
This parameter changes significantly after 340 K with temperature and results into
a faster decrease in fill factor of the device after this temperature. This study can be
helpful in the optimization of Si solar cell performance during its field application.
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Chapter 5
Studies of MWCNT-PEDOT:PSS
Nanocomposites for Power Generation

Omita Nanda, Nidhi Gupta, Rakhi Grover and Kanchan Saxena

Abstract Poly (3, 4-ethylene dioxythiophene)-poly (styrene sulfonate)
(PEDOT:PSS) is one of the most commonly explored conducting polymers
for applications in numerous electronic devices. The polymer is environmentally
stable and exhibits good conductivity. The evolution of carbon nanotubes (CNTs)
as filler materials has contributed to the realization of CNT-polymer nanocom-
posites as next-generation materials. Here, we report a two-layer device based on
multiwall carbon nanotubes (MWCNT) and pure PEDOT:PSS. Different devices
were fabricated by varying the concentration of MWCNT to investigate the voltage
generation. It was found that the voltage varied from 0.3 to 0.6 V on increasing the
concentration of MWCNT from 5 to 20 wt%.

Keywords PEDOT:PSS ·MWCNT · Nanocomposite · Thin Films · Power
Generation

5.1 Introduction

Conductive polymers have gathered considerable attention due to their potential
advantages of large-area, lightweight, low-cost and vacuum-free fabrication for dif-
ferent device applications [1, 2]. Among various conductive polymers, poly (3, 4-
ethylene dioxythiophene)-poly (styrene sulfonate) (PEDOT:PSS) (Fig. 5.1) has been
considered as a promising candidate due to its good transparency in the visible range
and high thermal stability. It is extensively being used for various device applications
such as solar cells, organic light-emitting diodes, electrochromic windows, thin-film
transistors and sensors [3–5].

The conductivity is primarily dependent on the content of conductive PEDOT,
whereas PSS acts as a doping agent and enables hydration. The conductivity of the
pristine PEDOT:PSS film is approximately less than 1 Scm−1. A lot of work has
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Fig. 5.1 Chemical structure of PEDOT:PSS

been reported to enhance the conductivity of PEDOT:PSS. Various solvents such
as ethylene glycol (EG) [6], dimethyl sulfoxide (DMSO) [7] and diethylene glycol
(DEG) [8] have been used for increasing the conductivity. Treating PEDOT:PSS
with carboxylic inorganic acids [9] and aqueous salt solution [10] is some other
reported methods for enhancing the conductivity. Besides, these methods conducting
polymer nanocomposites formed by the incorporation of nanomaterials in polymer
matrix possess some remarkable properties due to an interfacial third phase between
nanostructure and polymer matrix. Carbon nanotubes (CNTs) are very fascinating
and intensely studied nanostructures among the researchers due to their remarkable
properties such as large contact area, high-dimensional aspect ratio and excellent
electrical conductivity.

Previously, we had reported a bilayer device of SWCNT-PEDOT:PSS nanocom-
posite and PEDOT:PSS for humidity sensing and voltage generation across the
two layers [11]. It was observed that the voltage increases when humidity was
varied from 35% to 85%. In this paper, we report a bilayer device based on thin
films of low conductivity PEDOT:PSS and its nanocomposite with multiwalled
CNTs (MWCNT). Device with different concentrations of MWCNT was fabricated
and investigated for voltage generation across the two layers. Surface morphology
of MWCNT-PEDOT:PSS nanocomposite thin films was analyzed using scanning
electron microscopy.

5.2 Experimental Details

Low conductivity grade poly (3,4-ethylene dioxythiophene)-poly(styrene sulfonate))
PEDOT:PSS (2.8wt%dispersion inwater) andmultiwall carbon nanotubesMWCNT
were purchased from Sigma-Aldrich.
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Fig. 5.2 Schematic diagram
of two-layer device
configuration

Functionalization of MWCNT was carried out by means of mild acid oxidation
process [12]. The MWCNTs obtained after acid treatment were thoroughly washed
several times with distilled water in order to remove any residual acid and were dried
at 100º C in the oven for 3 h. Different nanocomposite solutions were prepared by
mixing the varying wt% of MWCNT (5–20 wt%) in 1 ml of pure polymer. Glass
substrates were used for sample preparation. Glass substrates were cleaned with
soap solution and sonicated in distilled water. These substrates were then boiled in
isopropyl alcohol and were dried in the oven. Pristine polymer was coated on the
glass substrate and heated in oven for two hours. Now prepared solutions of polymer
nanocomposites were coated on the polymer thin film by doctor blading method and
dried in the oven for 2 h to get the bilayer device. Silver contacts were made on the
surface of polymer and nanocomposite films for measurements as shown in Fig. 5.2.
SEM analysis was carried to study the morphology of the nanocomposite films using
Carl Zeiss EVO18 scanning electron microscope.

5.3 Results and Discussion

A two-layer device was fabricated with pristine PEDOT:PSS and its MWCNT-based
nanocomposite. The concentration of MWCNT was varied between 5 and 20 wt%
in low conductivity grade polymer. Figure 5.3 shows the SEM image of the 15 wt%
low conductivity grade polymer nanocomposite.

The SEM micrograph clearly reveals that nanotubes are uniformly dispersed in
hugequantities throughout the polymermatrix. TheMWCNTsare forming a complex
spider-web-like network consisting of randomly oriented nanotubes at the nanometer
scale.

Polymer nanocomposite thin films with varying concentrations (0–20 wt%) of
MWCNT in PEDOT:PSS were studied to determine the effect of doping level of
MWCNT on electrical properties. Figure 5.4 gives the relationship between sheet
resistance versus concentration of MWCNT inMWCNT-PEDOT:PSS nanocompos-
ite. Pristine polymer thin film showed the sheet resistance of 40 K�. Sheet resistance
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Fig. 5.3 SEM image of 15 wt% MWCNT-PEDOT:PSS

Fig. 5.4 Sheet resistance versus concentration graph for theMWCNT-PEDOT:PSS nanocomposite

of nanocomposite thin film was found to decrease from 40 K� to 68� on increasing
the concentration of MWCNT from 0 to 20 wt%. Similar trend has been reported
with single-walled CNT in our previous report [11]. In both cases, a rapid decrease in
sheet resistance was observed by varying the doping level of CNT from 0 to 15 wt%.
Further increase in doping concentration does not affect the sheet resistance.
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The enhancement in conductivity on increasing the doping concentration can be
attributed to π-π interaction between MWCNT and thiophene rings in the back-
bone of PEDOT, which results in delocalization of electrons density from PEDOT to
MWCNT and thus enhancement in conductivity [13]. However, further increase in
doping concentration beyond 15 wt% does not affect the conductivity due to steric
hindrance between ethylenedioxy groups of PEDOT. The MWCNT-PEDOT:PSS
nanocomposite bilayer device as shown in Fig. 5.2 was also fabricated with different
concentration of MWCNT. A voltage generation ranging from 0.3 to 0.6 V was mea-
sured for 5 to 20 wt% of CNT concentration. Figure 5.5 represents the voltage gen-
erated versus concentration of MWCNT in MWCNT-PEDOT:PSS nanocomposite
film.

The work function of PEDOT:PSS is ~4.9 eV [14]. Yun et al. studied the effect
of incorporation MWCNT in PEDOT:PSS. They reported that the incorporation of
MWCNT in PEDOT:PSS results in decreased work function (from 4.87 to 4.66 eV)
as the concentration of MWCNT (0.05–0.3 g/10 ml of PEDOT:PSS) is increased in
PEDOT:PSS [14]. Therefore, the increase in voltage in device based on two layers of
pure PEDOT:PSS and MWCNT-PEDOT:PSS is attributed to the difference in work
function of the two electrodes. Consequently, an increasing trend was observed in
voltage generationwhen the concentration ofMWCNTwas increased (up to 15wt%)
in polymer nanocomposite. A current of 0.5 μA was detected in the presence of
humidity (~70%) between the two layers of the device. In our previous findings, we
observed humidity-dependent power generation [11]. The conductivity of nanocom-
posite film was found to increase with humidity due to the presence of OH− ions,

Fig. 5.5 Voltage versus MWCNT concentration in two-layer device of pristine PEDOT:PSS and
MWCNT-PEDOT:PSS nanocomposite
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which get attached to open bonds of CNT and thus making it depleted of holes. This
creates a diode type junction between pristine PEDOT:PSS and the PEDOT:PSS
nanocomposite, resulting in the generation of voltage and current across the bilayer
device. In our present study, we have observed MWCNT concentration-dependent
voltage generation. It was seen that a power of ~0.3 nWatt is generated by changing
the concentration of MWCNT in the polymer nanocomposite layers.

5.4 Conclusion

MWCNT-PEDOT:PSS nanocomposite films with doping concentration (0–20 wt%)
were successfully prepared.Ondoping ofMWCNT, the conductivity of the nanocom-
posite films was enhanced up to 15 wt% doping. Beyond 15 wt% effect of doping
of CNT reached to saturation due to increasing steric hindrance between CNTs and
PEDOT. Bilayer device based on pristine polymer thin film and doped polymer
nanocomposite were also fabricated and studied. A power of ~0.3 nWatt is generated
in the bilayer device, which can be useful for humidity sensing and low power supply
applications.
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Chapter 6
Improving Thermal Comfort in Helmet
Using Phase Change Nanocomposite
Material

Neeraj Gupta, Vivek Kumar, Hrishikesh Dhasmana, Abhishek Verma,
Avshish Kumar, Prashant Shukla, Amit Kumar, S. K. Dhawan
and Vinod Kumar Jain

Abstract During the summer season, the most common discomfort experienced
by helmet wearer is heavy sweat, which occurs due to the excess heat formation,
inside the helmet. During hot weather, helmet outer surface temperature can reach
up to 50–60 °C. This heat is transferred from the helmet outer surface to inner
surface, which cause discomfort to the wearer. In an effort to solve this problem, a
novel helmet cooling system using PCM nanocomposite was designed to provide
the thermal comfort. The PCM nanocomposite is prepared by dispersing carbon
nanotubes (CNTs), acting as thermally conductive nanofiller in molten eicosane, an
organic PCM. The PCM-CNT nanocomposite was packed into a lightweight, flexible
material, i.e., aluminum foil, which also provides a thermal conducting path for better
heat transfer. This novel cooling unit was placed between the wearer head and helmet
which can provide the thermal comfort to the wearer head for 2 h. The heat inside
the helmet is absorbed by the PCM pouch, through the process of conduction. The
stored heat in the pouch had to be discharged for its reuse. The PCM helmet cooling
system is simple and had the potential to be implemented as a practical solution to
provide thermal comfort to helmet wearer.

Keywords Phase change material (PCM) · Nanoparticles · Thermal energy
storage · Heat transfer · Thermal comfort
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6.1 Introduction

Helmet is primary safety equipment for bike riders, workers in industrial and con-
struction sites. The important function of the helmet is to protect the head against
injuries and also to safeguard the eyes from sunlight and dust particles, fatal injuries.
Generally, a helmet is composed of two principal protective components: a thin
outer layer shell made of acrylonitrile butadiene styrene (ABS) plastic, fiberglass
or Kevlar and a soft, thick, inner liner about one-inch thickness usually made of
expanded polystyrene foam or polypropylene foam. The foam liner is very similar to
that used in refrigerators as thermal insulation. The hard outer shell prevents punc-
ture of the helmet by the sharp-pointed object and provides the framework to hold
the inner liner. The inner foam liner is used to absorb the crush during an impact.
The one-inch thickness of insulation liner lining the interior of the helmet restricts
and virtually eliminates the heat exchange with the outside wall of the most effective
part of the body. During the hot weather (sunny days) with no air stream, the helmet
outer surface temperature can reach up to 50–60 °C [1]. The temperature inside the
helmet increases by the heat gained from the outer environment (solar radiation) and
heat generated from the head. This heat transfers by the process of conduction and
temperature gradient across the helmet layer [2, 3]. This increased in temperature
inside the helmet causes thermal discomfort to the wearer’s head, this leads to the
deadening of sense and inability to concentrate, which sometimes could also lead to
hypothermia [4]. To overcome this problem, some practical solution has been imple-
mented from time to time to provide the thermal comfort to the human body. The
techniques which have already been implemented are the air-cooled system using
air blower or vents [5]. Solar power-operated cooling system has also been investi-
gated—the electricity generated from a solar cell was used to power a TE cooling
module and a small fan so that cold air can be delivered into the helmet [6]. More
recently, Buist and Streitwieser [7] used thermoelectric cooler (TEC), which uses a
heat pump to dissipate the heat from the interior of the helmet to the surroundings.
However, the TES system is unsafe to use as it has various dangling electrical wire
connection from the helmet to the motorcycle battery for operation [8]. Moreover, it
also requires direct current (DC) power supply for the operation of the thermoelectric
cooler. The DC is provided to the system by the battery which is installed inside the
helmet, which makes the system heavier, costlier and dangerous.

In the present study, a unique novel approach which eliminates the above require-
ment is a helmet cooling system by using PCMnanocomposite has been investigated.
This PCM nanocomposite will absorb all the heat generated inside the helmet, at a
relatively constant temperature and provide the thermal comfort to the wearer head,
inside the helmet for 2 h.
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6.2 Experimental Description

6.2.1 Materials and Methods

Eicosane, an inorganic salt hydrate PCM, was purchased from Alfa Aesar. Carbon
nanotubes (CNT), with an average length and diameter of 1–10 µm and 20–50 nm,
respectively, were procured from Reinste, Germany. All the materials were used
directly as received without any further purification.

6.2.2 Preparation PCM Nanocomposite

The PCM nanocomposite (eicosane+ CNT) was prepared by using the melt-mixing
technique [9]. A typical procedure, solid pristine organic PCM (eicosane) wasmelted
on a hot plate (IKA RCT basic). CNTs in the form of nanofillers were then added
to molten PCM and mixed thoroughly, using a magnetic stirrer for 20 min to formu-
late a stable PCM nanocomposite [10]. Finally, the prepared PCM nanocomposite
was ultrasonicated (Telesonic, Ultrasonics) for 15 min to obtain a homogeneous
dispersion of the PCM nanocomposite.

6.2.3 Selection of PCM

The head is the most efficient and important part of the body, as it has the highest
skin temperature and large constant—volume blood flow [11]. To achieve the ther-
mal comfort of the head, it is necessary to choose the PCM which has the melting
temperature close to the body temperature. Eicosane which has the melting temper-
ature of 37 °C, and thermal conductivity 0.15 W/mk is chosen. Eicosane, an organic
PCM, belongs to the alkane group. It has relatively high-energy storage density, neg-
ligible supercooling degree and nonflammable. It is also relatively inexpensive and
widely available in the market. However, a critical issue in this material is inherently
its low thermal conductivity. To overcome the low thermal conductivity problem, a
high thermal conductivity material CNT is added to the PCM matrix, as a favorable
method to increase the thermal conductivity.

6.2.4 Characterization Technique

The morphology of CNT was observed using a Zeiss (EVO-18) scanning electron
microscope (SEM). In addition, SEM images were used to examine the dispersion of
nanomaterial in the PCM nanocomposite. Thin and flexible material is used for the
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formation of the pouch. The thermal energy storage capability of the PCM nanocom-
posite was investigated by setting a conventional set up in solar irradiation. The effec-
tive thermal conductivity of solid PCM nanocomposite samples was measured using
a Linseis transient hot bridge-thermal conductivity meter (THB6N43) at ambient
temperature.

6.3 Result and Discussion

6.3.1 SEM Analysis

Figure 6.1 shows the SEM image of pristine PCM, CNT (nanomaterial) and PCM
nanocomposite. It can be seen that the pristine PCM, i.e., eicosane, a solid material,
is clearly visible in the microscopic image Fig. 6.1a. Figure 6.1b reveals the SEM
image of CNT nanomaterial. The SEM image of the PCM-CNT nanocomposite is
shown in Fig. 6.1c which shows that the CNT (nanomaterial) is uniformly distributed
over the surface of the PCM without any agglomeration.

6.3.2 Thermal Conductivity

To study the effect of CNT in the pristine PCM for the enhancement of thermal
conductivity, thermal conductivity measurements on the PCM nanocomposite was
performed. The pristine PCM thermal conductivity was found to be 0.2 W/(mk).
On addition of 0.2 wt% of CNT, the thermal conductivity of the PCM nanocom-
posite increased to 0.4 W/(mk). The enhancement in the thermal conductivity of
PCM nanocomposite could be attributed to the presence of highly conductive CNT

Fig. 6.1 SEM micrographs of a pristine PCM (eicosane), b CNT nanomaterial and c PCM-CNT
nanocomposites
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Fig. 6.2 a Formation of the grooves in the aluminum foil, b pouch containing PCM+nanomaterial

material and also its uniform dispersion in the PCMmatrix. This enhancement in the
thermal conductivity improves the efficiency of thermal energy storage system and
also increases the effectiveness in the PCM.

6.3.3 PCM Pouch Design

A very thin, lightweight and flexible material is used for the formation of the pouch.
Aluminum foil is used for this purpose as it has high thermal conductivity and
also provides a good thermal path for better heat transfer. The pouch is divided
into several grooves in which PCM nanocomposite is poured as shown in Fig. 6.2a.
These grooves hold the PCM in the liquid state which provides the large heat transfer
surface, flexibility to the pouch and also restricts the movement of the liquid inside
the pouch which in turn prevents the agglomeration of PCM in the pouch. This PCM
pouch as shown in Fig. 6.2b is placed between the wearer head and the helmet as
shown in Fig. 6.3.

6.3.4 Experimental Setup for Studying the Heat Absorption
and Storing Capability of PCM Nanocomposite-Based
Helmet Under Direct Solar Irradiation

A real-time experiment was conducted to investigate the thermal energy storage
capability of the modified PCM nanocomposite. The pictorial representation of this
experiment is depicted in Fig. 6.4a. As shown in Fig. 6.4b, the two clamp stands,
separated by a distance, were taken and used for the effective mounting of the helmet
under investigation. To probe the temperatures, four different temperature sensors
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Fig. 6.3 Schematic diagram for PCM-cooled helmet

Fig. 6.4 Systematic setup of PCM-cooled helmet with real-time condition

(T1, T2, T3 and T4) were used at various places around the helmet. T1 was mounted
on the top surface of the helmet to determine the temperature. T2 was placed just
beneath the PCM pouch and T3 above the top layer of PCM pouch. Finally, T4 was
placed well away from the helmet for sensing the ambient temperature.

6.3.5 Experimental Investigation

The experimental investigations were done in normal and PCM nanocomposite-
based helmet under solar radiation. The results indicate that the temperature inside
the helmet can be maintained within the thermal comfort level for a longer period
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Fig. 6.5 Temperature versus time graph with and without PCM nanocomposite

of time with PCM nanocomposite. The heat is able to raise the temperature on the
outer surface of the helmet from 27 to 68 °C, whereas the temperature inside the
helmet contained PCM nanocomposite pouch is maintained at 38 °C and remains
constant for 2 h as shown in Fig. 6.5. In comparison with the normal helmet, in which
temperature inside, increased continuously and rose to 60 °C. After 2 h, the PCM
will no longer stay in its natural state to store the excess heat. The temperature of the
PCM will then increase continuously. The stored heat in the PCM pouch had to be
discharged for its reuse.

6.4 Conclusions

In this paper, we prepared the eicosane + CNT nanocomposite. A novel helmet
cooling system using PCM nanocomposite is developed to absorb and store the heat,
to provide comfort, and thus, the wearer would not suffer from an uncomfortable
and dangerous hot environment on the head. The results show that the pad is able to
store the heat for 2 h without any external power supply. After that, the stored heat
in the PCM nanocomposite needs to be discharged before it can be used again.
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Chapter 7
Impact of Light- and Elevated
Temperature-Induced Degradation
on PERC Solar Cells

Arati Joshi and Hasan Iqbal

Abstract Light-induced degradation (LID) is a major concern in solar cells as it can
significantly affect the long-term stability, and this issue has been highly observed in
modules of silicon substrates doped with boron during the Czochralski (Cz) process.
In addition toLID,major performance degradation has beenobserved at elevated tem-
perature conditions in case of Cz silicon solar cells as well as mass produced multi-
crystalline PERC solar cells which use dielectrically passivated surfaces. Increasing
the efficiency of solar cells has proved to be a challenging task, and hence further
reduction in degradation should be controlled and mitigated for better performance
of cells. This review paper helps to understand several causes behind LeTID like
excess carrier concentration, temperature and its effects on PERC solar cells. Few
possible mitigation techniques like fast firing and laser annealing which are practiced
by Tier 1 Module manufacturers are discussed at the end.

Keywords LeTID · PERC · Light-induced degradation

7.1 Introduction

Levelized cost of electricity below 2 US dollar cents/kWh has already been achieved
by Saudi Arabia [1]. This drives the pressure toward manufacturing high-efficiency
solar modules with low cost. Passivated emitter and rear contact (PERC) solar cell
production capacity can reach 160GW by 2022 as per “WilsonPro” an analyst firm
from Taiwan. High production capacity keeps multi-crystalline (m-Si) PERC solar
cells in focus [1]. According to “WilsonPro,” p-type multi-crystalline market share
will diminish in 2022, PERC’s growth levels out, and it will capture nearly 70% of
the total solar cell market. Thin-film, n-type PERT and HJT technologies will also
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increase their market share through to 2022. Bifacial technology is predicted to grow
68 GW by 2022. PERC will play important contribution in production of bifacial
solar cells.

After exposing solar cells to light if there is a loss in performance, then this is def-
initely not desirable. Light- and elevated temperature-induced degradation (LeTID)
in solar cells and modules needs utmost attention and ways of enhancements in
mass production processes to reduce its effects has gained momentum. Finding solu-
tions in order to overcome the light- and elevated temperature-induced degradation
(LeTID) is important because it can reduce solar cell efficiency by 10%or even higher
[2]. On site, it can be more than a decade to stabilize and recover solar cell from
LeTID, which can be even more than a 20-year warranty period of solar module [3].
The yield losses over time can be significant throughout the solar plant. The paper
reviews causes behind LeTID and its effects on PERC solar cells. IEC 61215-2 is
under draft version, wherein the LeTID test is proposed called as MQT23. As per
survey by PVEL, 2018, the pie chart shown in Fig. 7.1 explains how significant is
LeTID defect. Few mitigation techniques adopted by top module manufacturers are
also discussed.

Fig. 7.1 Typical defects in solar cells Adapted from PVEL survey, 2018
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7.2 Causes Behind LeTID

Two main defects in mono-Cz silicon that can lead to increased light-induced degra-
dation (LID) are found to be boron–oxygen (BO) complex and iron–boron (FeB) pair
dissociation [2]. During Cz process, quartz crucible can add oxygen impurities, 1018

cm−3 [2]. During initial exposure to sunlight, oxygen forms compound with boron
and offers trap for free electrons [4]. In cast multi-crystalline silicon process, iron
is introduced through crucible and coating by diffusion in crystal formation process
[2]. Under illumination, iron–boron (FeB) pair dissociates and this acts as potential
recombination centers degrading carrier lifetime [4].

Solar cells with dielectric rear passivation were observed for more degradation
thanCz-Si than aluminumback surface field cells, especially at elevated temperatures
[2]. Standard Al-BSF and mono-Si PERC cells are less affected. The cause for
this degradation was not related to be the boron–oxygen complex and iron–boron
pair [5]. LID when happens at elevated temperatures (above 50 °C), these can be
referred to as light- and elevated temperature-induced degradation (LeTID). LID is
sometimes called as carrier-induced degradation (CID) as the presence of light is not
a prerequisite for LID [3], which means increase in excess carrier concentration can
be through irradiation or even in dark by inducing current. LeTID cause in PERC
solar cells is also linked to metallic impurities, and recently copper, nickel and cobalt
contaminations are found to be related to this effect [6].

LeTID is not only responsible for degradation but also for regeneration. Different
cell materials have different regeneration rates. It is possible to achieve a stabilized
cell efficiency during cell or module production [3] (Table 7.1).

7.3 LeTID in PERC Solar Cells

7.3.1 LeTID Relationship with Excess Carrier Concentration
(High Injection) and Temperature

Multi-crystalline PERC cells have shown 5% degradation at 75 °C [5]. Current
injection controls minority carrier density, which is used to simulate equal excess
carrier concentration for different operating conditions like short circuit, open circuit
and maximum power point [5].

Figure 7.2 shows how PERC cells are affected by LeTID at different temperatures
and operating modes.

Significant reduction in open-circuit voltage at 95 °C is seen after 150 h of light
soaking (orange color curve). Open-circuit condition resembles high excess carrier
concentration. The same cell in short-circuit mode degrades slowly which is lower
excess carrier concentration (gray color curve). Regeneration starts after maximum
degradation, and cell recovers after 1000 h of light soaking in open-circuit condition.
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Table 7.1 Causes of LeTID

Cases of LeTID Explanation

n-type and p-type multi-crystalline silicon
solar cells

LeTID effect is seen [2]

Elevated temperature LeTID effect is more pronounced [2]

Excess carrier concentration under
illumination

LeTID effect is more pronounced [2]

Solar cells with dielectrically passivated rear
side like PERC (hydrogen rich like silicon
nitrides)

LeTID effect is seen more than aluminum
back surface field (Al-BSF) [2]

High firing temperature for silver
metallization contact formation at
temperatures greater than 700 °C

LeTID is triggered [3]

Non-gettered samples More sensitivity toward LeTID [7]

Wafers prone to fast firing degrades strongly
than wafers at same peak temperatures
following slower heating and cooling rates

Only fast firing can have strong LeTID [7]

Regions around crystal defects LeTID effect is more pronounced [7]

Dark annealing at high temperatures
LeTID effect is more pronounced [7]

Degradation extent dependency on
temperature as well as carrier injection

LeTID rate also depends upon level of carrier
injection which again is dependent on
operating condition modes like short circuit,
open circuit and maximum power point as
well as illumination intensity [7]

Performance loss in first 3 years after module
installation

Around 7% [7]
Metal-induced degradation
LeTID effect is more pronounced [8]

Fig. 7.2 Degradation
mechanisms in PERC cells.
Adapted from Ref. [2]
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But the degradation and regeneration time spans (more than 1000 h) are much longer
[5].

Solubility and diffusivity of impurity species can contribute to LeTID [9]. The
defect rate increases with excess charge carrier concentration and temperature [2].
LeTID is suggested to be caused by defect complexes of mobile hydrogen and an
intrinsic crystal defect [9].Hydrogen canpenetrate towafer bulk andgrain boundaries
which are defects acting as sinks for hydrogen creating hydrogen denuded zones [9].
Cobalt a typical metal impurity acts as an interesting candidate involved in LeTID
[9].

7.3.2 LeTID Is More Severe in Dielectrically Passivated Rear
Cells Than Aluminum Back Surface Field Cells [2]

Degradation depends on passivation type but is independent of surface charge [10].
Cells are not prone to degradation if they are passivated after firing [10]. Post-light
soaking bulkminority carrier lifetime degradeswhich indicates that LeTIDhas strong
bulk component [11]. Degradation behavior is same for silicon nitride and aluminum
oxide. Degradation is also observed in dark at elevated temperatures [10].

Figure 7.3 shows degradation and regeneration of cells with passivation layers
without emitter. Block cast p-type multi-crystalline wafers are used with three types
of passivation types, deposited using two different tools A (Al2O3 in single layer and

Fig. 7.3 Degradation and
regeneration of cell with
passivation layers. Adapted
from Ref. [10]
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Al2O3/SiNx multiple layers which acts as negative surface charge) and B (SiNx acts
as positive surface charge) [10].

Al2O3 is least degraded and even after 6000 h regeneration is not seen.
Reason for degradation can be that rear-side passivation contains hydrogen-rich

dielectrics. After high peak firing process, this fraction of hydrogen is released and
gets Si bulk to passivate states of defects [12]. But when light falls on cells, the weak
hydrogen bonds get free leading degradation. After time passes, this free hydrogen
starts to stabilize by re-bonding, passivating defects [12]. Base-passivated cells with
dielectrics having surface charges and emitter which is diffused are prone to LeTID.
Removing passivation layer during firing can help reduce the effect also showing
LeTID’s strong bulk relationship [2].

7.4 Possible LeTID Mitigation Techniques in PERC Solar
Cells

7.4.1 LeTID Peak Firing Techniques at Wafer Level

Relationship with excess carrier concentration (high injection) and temperature
To form a better ohmic contact between front metal and silicon substrate, screen-

printed solar cells undergo firing steps [3]. Open-circuit voltage degradation can be
suppressed till 80%with an additional fast firing step carried out at lower temperature
(650 °C rather than 900 °C) post-cell metallization [3].

But for silver front metallization, around 800 °C firing temperatures are required
for proper top contact [3].

Figure 7.4 shows effects of additional fast firing step and carrier lifetime stud-
ied under work supported by Australian government through Australian Renewable
Energy Agency (ARENA) [3]. Fire 1 was at standard temperature 740 °C, with
belt speed = 4.5 m/min, average irradiance of 44.8 kW/m2 and sample temperature
of 140 °C. Second firing temperature was between 480 and 660 °C. Stability tests
after light soaking at 70 °C for 380 h were carried out. Hotplate with a 938-nm
fiber-coupled laser operating at 0.5 ms quasi-continuous wave mode at full width
half maximum (FWHM) with frequency of 2 kHz in repetitive manner was used to
perform accelerated degradation [3].

Extra firing suppressed degradation with best results at 660 °C, which is nearly
80% of open-circuit voltage loss which occurred in no extra step during firing [3].
Initial firing step still has room for optimization [3].

Firing profile changes like slower ramp rates, accelerated degradation combined
with additional firing, controlling impurity distribution with aid of designing high-
temperature steps and source material quality changes can be some of the strategies
to deal with LeTID [13].
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Fig. 7.4 Change in open-circuit voltage after second firing as a function of light soak. Adapted
from Ref. [3]

7.4.2 LeTID Annealing with High-Intensity Illumination
to Accelerate Regeneration Process

Carrier lifetime can be recovered by exposing cell to high-intensity illumination at
elevated temperatures during annealing as it changes defect kinetics. Open-circuit
voltage degradation can reduce up to 80% [3]; 30 mm × 30 mm PERC cells were
taken as samples and treated for laser for a different time duration [3]. This treat-
ment is given after metallization peak firing with standard temperatures of around
800 °C [3]. Under ARENA project with irradiance of 44.8 kW/m2, at 200 °C laser
stabilization was done. After 800 h of stability tests, it can be seen from Fig. 7.5 that
open-circuit voltage of cell in dark for 8 min started to recover after 300 h, though
this rate was very less than degradation rate [3]. Longer treated cells (15min) showed
less degradation around 80% less degradation compared to untreated cells [3]. Laser
stabilized cells’ maximum degradation was at 530 h of light soaking.

7.4.3 Hanwha Q CELLS’ Q.ANTUM Technology Suppresses
LeTID to Less Than 1% [2]

Hanwha Q CELLS has developed a technique called Q.ANTUM which suppresses
LeTID in maximum power point (MPP) mode to as minimum as 1%. Figure 7.6
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Fig. 7.5 Change in open-circuit voltage after second firing as a function of light soak. Adapted
from Ref. [3]

Fig. 7.6 Degradation in Q.ANTUM mc-Si is less. Adapted from Hanwa Q CELLS, Ref. [2]

shows how degradation percentage is less than 1% which is the blue line where cells
are using Q.ANTUM technology.
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Fig. 7.7 c.REG inline regeneration furnace. Figure adapted from reference. Figure is adapted from
Ref. [13]

7.4.4 Industrially Available Inline Regeneration Tool
(Centrotherm’s c.REG Furnace) [14]

c.REG is an industrial-type regeneration treatment which suppresses LeTID. Fin-
ished PERC solar cell can undergo c.REG treatment to gain 6 to 15 mV of open-
circuit voltage compared to untreated solar cells. This is a relative efficiency gain of
up to 6.8% [14]. Regeneration takes place at intense illumination at a set temperature
of 280 °C [14].

A number of runs, i.e., subsequent treatments at maximum light intensity 1 sun,
are carried out with each run of approximately 40 s. The picture of commercial
furnace is shown in Fig. 7.7.

7.4.5 Metal-Induced Degradation

Metal ions which gather at grain boundaries form stable defects wherein acting as
recombination centers [8]. Reducing metal ion impurity from ingots is essential.

7.4.6 Summary

Table 7.2 shows how Fraunhofer CSP combines all issues and proposes solutions to
mitigate LeTID.
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Table 7.2 Summary of PERC degradation and possible solutions

Degradation
mechanism

LID HID Passivation
degradation

Cause BO complex
formation

High hydrogen
concentration

DE passivation of
dielectrics on
undiffused surfaces

Reduction on cell
level

Low oxygen–Si
material
High-resistivity Si
material
Stabilization process
Ga doping

7.5 Conclusion

Ways to increase the efficiency of solar cells by reduction in degradation is very
important for better performance of cells. After understanding several causes behind
LeTID like excess carrier concentration, temperature and its effects on PERC solar
cells, possible mitigation techniques like fast firing and laser annealing which are
practiced by Tier 1 Module manufacturers may be further optimized to prevent dam-
age to contacts by over-firing. Without much hindrance in existing automated cell
manufacturing line, new techniques or processes should seamlessly integrate into
existing lines with minimal cost impact.

Future scope includes finding of root causes of LeTID near crystal defects as these
regions are more prone to degradation and monitoring of long-term field stability
under accelerated aging site conditions.
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Chapter 8
Facile Fabrication of 1-D Hierarchical
TiO2 Nanomorphology and Its
Application in Dye Sensitized Solar Cell

Asha Anish Madhavan

Abstract One-dimensional nanofibers fabricated by the process of electrospinning
have found engaging applications in the field of dye sensitized solar cells (DSSC)
due to semi-directed electron transport. Current research accounts for the devel-
opment of conductive mats made from nanofibers, which is achieved through the
electrospinning of TiO2–ZnO composites and by using polyvinylpyrrolidine as a
carrier solution. This fiber was annealed at 450 °C to attain a continuous network
of conducting nanofibers. ZnO from the composite was selectively etched to fabri-
cate high surface area anisotropic TiO2 hierarchical fiber. Morphological and phase
analysis conducted by scanning electron microscopy and X-ray diffraction studies
confirmed the formation of anatase phase and 1-D hierarchical morphology of TiO2.
These structures were employed as photoanodes in DSSC, which had shown superior
photoconversion efficiency.

Keywords TiO2 · ZnO · Electrospinning · Hydrothermal · Photoanode · DSSC

8.1 Introduction

A wide variety of wide band gap semiconductor oxides like TiO2, ZnO, SnO2 and
Nb2O are used for the fabrication of working electrodes which is used in DSSC [1].
The most commonly used metal oxide is TiO2 because of its versatile properties
like thermal and chemical stability, inertness to the electrolyte, non-toxicity, cheap,
abundance and many more. Light absorption and light scattering are considered as
the main function of TiO2 electrode. Also, photoanode plays a major role in charge
transport and reduction in charge recombination. Based on the modification in the
architectures, alteration in morphology, particle size, pore size and distribution and
thickness of the thin film, maximum light harvesting can be obtained. In spite of the
prospective advantages of DSSC, the net efficiencies are still lacking as compared to
the conventional cells. One of the major drawbacks is the insufficient light harvesting
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caused by the TiO2 [2–4]. Improved dye loading and better light scattering can also
increase the performance of the DSSC. This can be achieved by replacing randomly
oriented TiO2 nanoparticle with highly organized mesoporous TiO2 structures [5].
Mesoporous TiO2 has a continuous network which can provide high surface area,
better mass diffusion and hence can facilitate the reactions faster with higher reac-
tion sites [6]. The mesoporous structure mainly depends on the fabrication process,
and the pore size distribution can be manipulated by controlling the slurry of the
TiO2 [7, 8]. In an electrode charge, traps determine the electron transport and trans-
fer dynamics. The primary disadvantage of the nanoparticle is the extraordinarily
small diffusion coefficient. Nanoparticles with disordered arrangement can lead to
lattice mismatches at the grain boundaries. It has been proved that a nanoparticulate
matrix having a thickness of 10 mm had shown ~106 grain boundaries [10]. This
will lead to an accumulation of electrons in the quasi-Fermi level, and hence, the
recombination. In addition to this, another important parameter is the slow electron
transport through the randomly oriented nanoparticle [11]. Many studies had been
conducted to address this issue by replacing nanoparticle with one-dimensional mor-
phologies like nanorods, nanowires, nanotubes, etc., in which the electron transport
was proven to be in the direct conduction pathway [12–14]. It has also been proved
that the interconnecting meso and micro prechannels in the titania film can result in
the effective dye absorption, light scattering and effective percolation of the elec-
trolyte [15]. Kislyuk et al., had proved that TiO2 nanowires had shown almost four
times larger dye absorption as compared to P-25 [16] as it act as a single crystal.
However, crystalline structure depends on the fabrication process.

Many techniques have been developed to formulate one-dimensional nanostruc-
tured semiconductor oxides developed from template-based synthesis [17], template-
free productions [18], by self-assembly method [19], electrospinning, [20] etc.
Among these methods, electrospinning is a unique technique which offers the
advantage of cost effectiveness, simple and can fabricate nanofibers with varied
compositions and morphologies. Due to the semi-directed electron transport, one-
dimensional nanofibers have been researched and exhibit a wide array of applica-
tions in DSSC [21]. Further, the presence of straight pores in these fibers facilitates
the intercalation/de-intercalation of ions, [20, 22] etc. In spite of these appealing
aspects, the electrospun TiO2 materials have very low surface areas. It has already
been proved that titanate route can be used for increasing the surface area. In this
methodology, TiO2 is chemically transformed into sodium/potassium titanate and
then subsequently converted back to TiO2. This process is a two-step hydrothermal
process which is time-consuming [23]. However, simple approaches for getting high
surface area along with guided electron transport are lacking in the literature. In the
present study, a two-step process of electrospinning of a bicomponent system (TiO2–
ZnO) is followed by the selective etching of one component (ZnO) to fabricate high
surface area anisotropic TiO2 1-D hierarchical fiber. These nano-morphologies were
employed as photoanodes, which had shown superior photoconversion efficiency.
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8.2 Experimental

8.2.1 Chemicals and Reagents

The chemicals used in this study are acetone and methanol (Nice Chemicals),
polyvinylpyrrolidone (PVP), titanium (IV) isopropoxide, glacial acetic acid, lithium
iodide, iodine, acetonitrile and tertiary butyl pyridine, acetonitrile and teri-butanol
(Sigma Aldrich), ruthenium (II) dye (N719) and butyl methyl imadizolium iodide,
(Solaronix). The substrates used in this study were ITO conductive glass cleaned by
sonicating with dilute soap solution, distilled water, acetone and then finally with
methanol for 15 min each and then dried prior to use.

8.2.2 Fabrication of TiO2–ZnO Fiber Composite

In the electrospinning process, polyvinylpyrrolidone (PVP) was used as the carrier
polymer. Solution for the electrospinning process was prepared by dissolving PVP
in a mixture of methanol and acetic acid. The PVP solution along with the addition
of titanium isopropoxide and zinc acetate was made to completely dissolve at room
temperature under constant stirring conditions. A syringe was then filled with the
blend solution which was subsequently fed into an electrospinning setup (Zeonics
System, India). The time and temperature for the electrospinning process were 6 h
and 28 °C which was undertaken with a flow rate of 0.5 and an externally applied
potential of 15 kV with a tip-to-collector space of 10 cm. The relative humidity was
maintained constant of ~55%. The process of electrospinning was carried out with Al
foils with dimensions 12 cm × 12 cm × 0.2 mm. After the electrospinning process,
these samples were peeled off as a mat and annealed at 450 °C for 2 h to sublimate
the binder PVP from the electrospun mats.

8.2.3 Fabrication of TiO2 1-D Hierarchical Fiber

About 300 mg of the TiO2–ZnO (TZ), composite fibers were added to the acetic
acid solution for the selective etching of ZnO. This solution was introduced into a
hydrothermal setup consisting of a 100 mL Teflon-lined container followed by heat-
ing at 180 °C. After the annealing, the resultant product was filtered and washed
thoroughly with deionized water and with methanol. The resultant anisotropic fibers
obtained were then dried at 80 °C in an oven. Based on the components and mor-
phology samples are designated as TiO2–ZnO fiber (TZ) and 1-D hierarchical fiber
(TH), respectively. Thesemorphologies were used for the anode fabrication of DSSC
(Fig. 8.1).
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Fig. 8.1 Schematic representation of the synthesis of one-dimensional hierarchical TiO2 fiber.
Source Fig 8.1 is reproduced from author PhD thesis. Reference is https://shodhganga.inflibnet.ac.
in/bitstream/10603/40981/15/15_synopsis.pdf

8.3 Results and Discussion

8.3.1 Morphological and Phase Analysis

Morphological and phase analysis of nanofibrousmats were analyzed using scanning
electron microscopy (SEM) and X-ray diffraction methods. Figure 8.2a and b shows
the SEM images of pre-annealed and post-annealed samples of TiO2–ZnO fiber
(TZ), whereas Fig. 8.2c shows the image of TH fibers. It was clearly observed that
the TZ fibers were smooth and continuous. The formation of hierarchical structures
is induced by the acidic treatment resulting in the selecting etching of ZnO by the
in situ dissolution of ZnO as zinc acetate. The smooth surface of the nanofibers got
distorted resulting in the formation of pits and humps when TZ is converted to TH

Fig. 8.2 Pre-annealed, post-annealed and 1-D hierarchical TiO2 fibers displayed through SEM.
Source Fig 8.2 is reproduced from author PhD thesis. Reference is https://shodhganga.inflibnet.ac.
in/bitstream/10603/40981/15/15_synopsis.pdf

https://shodhganga.inflibnet.ac.in/bitstream/10603/40981/15/15_synopsis.pdf
https://shodhganga.inflibnet.ac.in/bitstream/10603/40981/15/15_synopsis.pdf
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Fig. 8.3 XRD analysis of
TZ and TH samples. Source
Fig 8.3 is reproduced from
author PhD thesis. Reference
is https://shodhganga.
inflibnet.ac.in/bitstream/
10603/40981/15/15_
synopsis.pdf

fiber. But it was observed that overall nanofiber morphology was maintained even
after the etching process. Since the sublimation temperature of PVP is ~350 °C, no
charring of the fibers occurred during the annealing at 450 °C.

Figure 8.3 shows the XRD pattern of the TZ fiber and TiO2 hierarchical fiber.
Distinct peaks of ZnO (wurtzite phase) and TiO2 (anatase phase) could be seen in the
spectrum (the TiO2 and ZnO peaks are indexed in the XRD). No peaks of ZnO were
observed in the hierarchical fiber which can be attributed to the complete removal
of ZnO during the etching process. The surface area was calculated by the nitrogen
adsorption–desorption experiments. The BET surface area of TZ fibers and THfibers
is ~53 and 78 m2/g, respectively. This growth in surface area can be accredited to the
selective etching of ZnO from the composite. Thus, through this simple approach,
the surface area of TiO2 could be enhanced by ~25%.

8.3.2 Photovoltaic Studies

The photocurrent (Isc) and open-circuit voltage (V oc) weremeasured using aKeithley
2400 digital sourcemeter. Themeasurements were carried out under external applied
potential for an exposed area of 0.2 cm2. Figure 8.3 shows a typical photocurrent
density–voltage (J-V ) curves for TZF and TH fiber-based cells. The average per-
formance characteristics obtained from the DSSC measurements are summarized in
Table 8.1 and Fig. 8.4.

Current density of the cell depends on mainly dye loading and the efficiency
of collecting the injected electrons from the metal oxide to the conducting glass
substrate. From the above table, it can be observed that the performance of this TiO2–
ZnO system (TZ) was comparatively poor as compared to TiO2 (TH) system. This

https://shodhganga.inflibnet.ac.in/bitstream/10603/40981/15/15_synopsis.pdf
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Table 8.1 Current, voltage and efficiency characteristics of DSSCs of TZ and TH samples

Samples Voc (V) Jsc (mA/cm2) FF (%) η (%)

TZ 0.78 11.05 67.5 5.99

TH 0.79 12.04 71.4 6.81

Fig. 8.4 Current–voltage
(I–V) characteristics of
DSSC using TZ and TH
samples

can be attributed to the dye degradation by the formation of Zn+2/dye complexes
[24, 25]. This limits the charge carrier injection to the metal oxide and reduces
the performance of the cells. As per the process explained in the above section,
the bicomponent system is converted to the hierarchical structure by the selecting
etching of one component, i.e., ZnO. Current density increases with an increase
in porosity of the film, higher diffusion coefficient and higher concentration I−3 .
Recombination reactions are negative reactions which reduce the efficiency of the
cell. These reactions are mainly occurring during the transport of electrons through
the mesoporous TiO2 layer. The increase in the current density of TH system could
be attributed to the increased adsorption of dye due to the higher surface area. This
was confirmed by the BET surface area. High surface area resulted in the binding of
more dyemolecules and hence better charge injection leading to high current density.

8.4 Conclusion

One-dimensional hierarchical shaped TZ fibers were fabricated from TiO2–ZnO
composite by electrospinning followedby selective etching ofZnOusing dilute acetic
acid. As synthesized anisotropic TiO2 morphology by the above mentioned method
exhibited high surface areas as compared to theTiO2–ZnOcomposite.Morphological
and phase analysis conducted by SEM and XRD studies conducted confirmed the
anatase and hierarchical structure of one-dimensional morphology. Employing these
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samples as photoanodes in DSSCs, a significant improvement in current density
values was observed resulting in an efficiency of 6.8% for composites as compared
with TZ with 6%.
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Chapter 9
Study and Analysis of Parameters
Affecting Tubular Daylighting Device

Devendra Singh Bisht, Harry Garg, R. R. Shravana Kumar
and Vinod Karar

Abstract Renewable energy resources are clean and nearly everlasting in nature.
These days, daylighting using renewable energy resources is of great concern. The
sun is an extraordinary source of renewable energy and is an immense source of
illuminance available during daytime. The available daylight can be harnessed using
an appropriate daylighting device to illuminate dark spaces located at a distance
from conventional fenestration. Innovative daylighting systems have the capability to
deliver the desired level of illuminance in deep-plan and high-rise buildings. Tubular
daylighting device (TDD), one of the passive daylighting devices, is discussed in this
paper. This study reviews the effect of various parameters affecting the performance
of TDD. Numerical simulation was done for 300-mm diameter transparent dome
collector with two configurations of mirror light tube of a vertically projected length
of 830 mm. Performance of TDD has been evaluated in the summer, equinox and
the winter solstices for clear sky conditions. The results were analyzed for direct and
diffuse components of sunlight separately.

Keywords Passive daylighting device · Tubular daylighting device · Collector ·
Mirror light pipe · Diffuser
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9.1 Introduction

In recent years, daylighting using renewable energy resources is of great concern.
The sun is an extraordinary source of renewable energy, and there are immense
illumination levels available during daytime [1]. Sunlight can be used directly for
lighting homes and other buildings. Windows and fenestrations are conventionally
used for daylightingwhich is not so effectivemethod considering sun’s changing path
across the sky. The sufficient amount of daylight for proper illumination can be har-
nessed using the suitable daylighting device [2, 3] to illuminate dark spaces located
at a distance from conventional fenestration. Innovative daylighting systems have
the capability to deliver the desired level of illumination in deep-plan and high-rise
buildings where conventional fenestration fails to illuminate the target areas. Pris-
matic panels were introduced with the aim to redirect the incident sunlight to target
areas. Use of laser cut panels [4–6] turns out to be an effectiveway to redirect incident
sunlight for a particular range of angles. Lens systems and holographic systems have
been developed for similar purposes [1]. Fresnel lens as daylight collecting device
was also used [7]. But most of the systems fail to achieve the desired illuminance
levels throughout the day. Many attempts have been made to tackle this problem.
Some of these include the use of sun tracking systems [8, 9]. Fresnel lenses coupled
to optical fiber cable were also proposed requiring a high degree of tracking preci-
sion. Some commercial systems such as the Himawari system and Parans collector
work on these principles. These tracking-based daylighting devices are expensive
and beyond the reach of the budget of most people [8, 9]. TDD, one of the passive
daylighting devices, is discussed in the proposed work. Comprehensive analysis of
the performance of the TDD with the transparent hemispherical dome as daylight
collector has been evaluated for the summer solstice, equinox and the winter solstices
for regional clear sky conditions.

9.2 Tubular Daylighting Device Overview

TheTDD, also referred to as a light guidingdevice, brings daylight into interior spaces
where traditional skylights and windows simply cannot reach. The performance of
TDD mainly depends on the position of sun in the sky vault since the direct sunlight
(or beam sunlight) entering the system mainly depends on the altitude of the sun.
Figure 9.1 shows the parameters, i.e., altitude (α) and azimuth (φ) needed to locate
the sun in the sky vault. Diffuse daylight entering the pipe also contributes to interior
illumination and depends on the sky conditions which are broadly divided into 15
CIE standard sky luminance model. In general, on a broader scale we can classify
the sky condition into three parts, namely clear, partly cloudy and overcast sky as
shown in Fig. 9.2a–c, respectively.
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Fig. 9.1 Parameters locating the sun in the hemispherical sky vault

Fig. 9.2 Various sky conditions affecting the performance of TDD

Tubular light pipes have three components, viz. collector, transmitting tube and
diffuser. The light collector collects sunlight from all directions and delivers light
effectively throughout the day. The collector is generally made of polycarbonate,
acrylic and glass. Transmitting tubes are hollow structures having a reflective lining
on the internal surface. These hollowed designs with reflective sidewalls help to
transmit the light deeper into spaces. Hollow light pipes are more susceptible to
light losses, due to the metallic absorption on reflection. As shown in Fig. 9.3, ray
1 with high altitude does not hit the mirror light pipe surface and hence no losses
are encountered. On the other hand, the ray with low altitude, i.e., ray 2, encounters
multiple reflections while traveling the pipe length and therefore leads to light losses.
Therefore, during the morning and evening hours when the altitude of the sun is low,
light loss through pipe length rises.

For deep-plan buildings with greater depths, required level of illumination can be
achieved using effective light transporting system. Some modifications in the geom-
etry of the transmitting tube can lead to optimized light flux entry. Figure 9.4 shows
the various shapes of the light transmitting tube affecting the direction and number
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Fig. 9.3 Number of reflections in mirror light tube decreasing the luminous flux value of the
incident light beam

Fig. 9.4 Shape of the light transmitting tube affecting the direction and number of reflections
incurred by the incident ray

of reflections incurred by the incident ray of sun at certain altitude. If we compare
Fig. 9.4a, b, the reduction in diameter of the pipe leads to increased number of reflec-
tions. In Fig. 9.4c, the number of reflections further increases due to convergence of
the pipe and the scenario worsens when the convergence of pipe is reached to such an
extent that the light reflects back to the entering direction of incident ray as shown in
Fig. 9.4d and the output section of pipe is devoid of any light flux. Figure 9.4e depicts
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Fig. 9.5 Ray pattern in hemispherical transparent dome depicting geometrical optics light laws
being followed at interfacings

the relatively optimized configuration of the mirror light pipe which is the diverging
pipe length. This configuration leads to less number of reflections encountered, i.e.,
less light loss. The disadvantage of this configuration is that we have to have a large
passage area in the ceiling of the room to be illuminated.

Figure 9.5 shows the collector, i.e., hemispherical transparent dome part of TDD.
It also shows the ray pattern depicting geometrical optics light laws being followed
at interfacings when exposed to beam sunlight. We can see the reflection losses (also
called Fresnel losses), total internal reflection, refraction phenomenon occurring at
the dome cover interfacings.

9.3 Numerical Analysis

To analyze intricate daylighting systems like light pipes, where a large number of
reflections are expected, forward ray tracingmethod is preferred. Two cases ofmirror
light pipe configuration have been considered as shown in Fig. 9.6. Numerical sim-
ulation was done for the two configurations using TracePro (solar emulator utility).
The results were considered for the region Chandigarh, India (30.7° N and 76.7° E),
which lies in the northern hemisphere. Performance of the light pipe under both direct
and diffuse sunlight has been analyzed separately. Regional clear sky conditionswere
assumed for all the numerical analysis. The values of the direct component of sunlight
were taken as per the usual lighting levels observed in Chandigarh region. A number
of illuminance values were observed using a light meter for different times of the
day. The turbidity levels for the direct component of sunlight were set accordingly
to match the observed values as close as possible.
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(a) (b)

Fig. 9.6 Two configurations of the light pipe to be analyzed for daylight transmission efficiency
with a transparent dome as a light collecting unit

Figure 9.7 shows the detailed diagram of the collector and room considered for
numerical analysis. The vertically projected length of both the collector configura-
tions is 0.83 m. The light pipe with slant configuration has a tilt of 30° from the ver-
tical, lying on the plane containing north and south directions as shown in Fig. 9.7b.
The value of reflectivity of different walls of room taken during the simulation is
shown in the bottom left corner of Fig. 9.7. In lighting analysis of light pipe systems,
reflectivity is a highly sensitive parameter. A small difference in the values leads to

(a)

(b)

Fig. 9.7 Two configurations of light pipe installed on the roof of 3 m × 3 m × 2.7 m room with
corresponding wall surface reflectivity
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a large difference in the lighting values on the target plane. The surface reflectivity
as 95% was considered for the mirror light pipe. After traveling light pipe length, as
the light passes through the diffuser, there is a substantial loss in the lighting value
of incident light. The function of the diffuser is to control and distribute the light
entering the indoor spaces. The diffuser used for the analysis is Luminit (80° LSD).
Figure 9.8 shows the light transmittance through diffuser for the light beam incident
at 30°. Table 9.1 shows the light absorption value at a different incidence angle for
the diffuser. It is always desirable to have an incidence angle as small as possible
with the normal to the diffuser surface. Lesser the incidence angle, more will be the
efficiency of the diffuser, i.e., lesser lighting losses.

Fig. 9.8 Light transmittance
through diffuser for light
beam incident at 30°

Table 9.1 Light absorption value at a different incidence angle for Luminit (80 degree LSD)
diffuser

Incidence angle or zenith (°) Absorption (%)

0 5.0767

10 6.4228

20 14.4652

30 22.5295

40 43.9477

50 52.8693

60 49.2598

70 50.2150
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Fig. 9.9 Two configurations i.e. (a) vertical light pipe and (b) slant light pipe with 30° tilt simulated
for direct light

9.3.1 Direct Light Analysis

Two configurations as shown in Fig. 9.9 were simulated for direct component of
incident sunlight. Tables 9.2, 9.3 and 9.4 describe the direct light analysis at different
sections of vertical mirror light pipe configuration on 21 June, 23 September and 21
December, respectively. Similarly, Tables 9.5, 9.6 and 9.7 describe the direct light
analysis at different sections of tilt mirror light pipe configuration on 21 June, 23
September and 21December, respectively. Figures 9.10 and 9.11 depict the graphical
representation of lighting value obtained using numerical analysis.

From the graphical representation, it can be easily interpreted that the tilt pipe con-
figuration imparts controlled lighting during summer solstice while giving enhanced
lighting levels during the winter solstice. Performance during equinox is almost sim-
ilar. Low lighting levels during morning and evening hours are a problem in both the
configurations.

Figures 9.12 and 9.13 depict the comparison of Polar Iso-Candela curves of inci-
dent light at the diffuser entry section of vertical and tilt light pipe configuration,
respectively, on 21 June for a different altitude (θ ) of the sun. Figure 9.14 shows the
ray pattern in tilt and straight light pipe configuration for a particular altitude. In the
tilted pipe configuration, we can see the majority of incident direct light is making
less incidence angle with the diffuser surface and simultaneously has less number of
reflections too, i.e., enhanced performance during the winter sun’s trajectory. In case
of vertical light pipe, both the number of reflections and the incidence angle with
the normal to diffuser surface are high for low-altitude sun. It is quite evident from
the Polar Iso-Candela curves too which depicts the angularity (zenith angle) of the
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Table 9.2 Direct light analysis at different sections of vertical mirror light pipe configuration on
21 June

Time Altitude
(°)

Azimuth
(°)

Direct
normal
illuminance
(lux)

Luminous
flux
incident
on dome
(lumen)

Luminous
flux
entering
diffuser
(lumen)

Luminous
flux
exiting
diffuser
(lumen)

Avg.
illuminance
on table
(lux)

6
AM

6.9 66.8 5969 247 22 12 2

7
AM

19 73.4 37417 1771 521 268 34

8
AM

31.5 79.7 58765 3287 1592 814 104

9
AM

44.3 86.2 71099 4346 2695 1392 182

10
AM

57.2 93.9 78292 5198 3724 2667 387

11
AM

69.9 106 82299 5764 4486 3883 678

12
PM

80.9 141.6 84040 6031 4874 4566 803

1
PM

79.3 229.4 83872 6042 4861 4520 815

2
PM

67.6 256.8 81763 5723 4400 3681 629

3
PM

54.9 267.7 77272 5127 3607 2407 335

4
PM

42 275.1 69342 4228 2516 1251 164

5
PM

29.2 281.4 55741 3002 1337 691 88

6
PM

16.8 287.7 32229 1518 386 199 26

7
PM

4.8 294.5 2104 84 5 3 0.4

incident rays on diffuser surface. The ring pattern in Fig. 9.12 depicts the constant
incidence angle (equal to zenith angle) of incident rays on the diffuser which is not
varying with azimuth. While in Fig. 9.13 a substantial amount of light flux is in
the central zone of the Polar Iso-Candela curves, i.e., the incident rays are making
low incidence angle (zenith angle) on the diffuser surface which leads to enhanced
performance of the diffuser.
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Table 9.3 Direct light analysis at different sections of vertical mirror light pipe configuration on
23 September

Time Altitude
(°)

Azimuth
(°)

Direct
normal
illuminance
(lux)

Luminous
flux
incident
on dome
(lumen)

Luminous
flux
entering
diffuser
(lumen)

Luminous
flux
exiting
diffuser
(lumen)

Avg.
illuminance
on table
(lux)

7
AM

9.7 95.7 12961 542 70 38 5

8
AM

22.3 104.1 44319 2194 769 395 50

9
AM

34.5 114.1 62267 3556 1855 928 119

10
AM

45.6 127.3 71997 4446 2804 1480 200

11
AM

54.4 146.3 77073 5059 3546 2336 333

12
PM

59 172.6 79034 5290 3845 2903 432

1
PM

57.4 201.1 78403 5215 3737 2698 396

2
PM

50.4 223.8 75015 4825 3232 1858 252

3
PM

40.3 239.6 67919 4081 2370 1144 151

4
PM

28.5 251 54747 2962 1305 674 88

5
PM

16.1 260 30451 1426 346 179 52

6
PM

3.4 267.9 605 23 1.1 0.6 0.1

9.3.2 Diffuse Light Analysis

A hemispherical sky vault as a diffuse light source was used to analyze diffuse light
capturing ability of the two configurations. Figure 9.15 shows the ray pattern from the
hemispherical sky vault entering into the two configurations separately. The internal
side of imaginary hemispherical sky vault was given Lambertian light source, and
the luminance distribution was numerically analyzed for target areas corresponding
to various orientations. Figure 9.16 shows the target area and eye position considered
for analyzing luminance of the source. The source was given the value such that the
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Table 9.4 Direct light analysis at different sections of vertical mirror light pipe configuration on
21 December

Time Altitude
(°)

Azimuth
(°)

Direct
normal
illuminance
(lux)

Luminous
flux
incident
on dome
(lumen)

Luminous
flux
entering
diffuser
(lumen)

Luminous
flux
exiting
diffuser
(lumen)

Avg.
illuminance
on table
(lux)

8
AM

7.4 122.9 7198 296 28 16 2

9
AM

17.6 132.3 34276 1630 438 226 29

10
AM

26.2 143.9 51248 2704 1094 563 73

11
AM

32.5 157.9 60017 3336 1641 834 107

12
PM

35.6 174.1 63536 3638 1928 957 123

1
PM

35.1 191 62920 3599 1896 945 126

2
PM

30.9 206.6 57980 3191 1501 771 98

3
PM

23.8 219.9 47114 2400 879 453 58

4
PM

14.7 230.8 26775 1218 271 141 17

5
PM

4.2 239.7 1262 50 3 2 0.2

horizontal global illuminance comes out as 10000 lx. On analyzing the diffuse light
source from an observer point of view, i.e., at the origin, the luminance/brightness
value came out in the range of 2800–3200 Cd/sqm. So, we can consider the source to
be having fairly uniform luminance levels for all orientations as shown in Fig. 9.17.

Tables 9.8 and 9.9 show the outcome of numerical analysis for the two config-
urations. We can see that the luminous flux exiting the diffuser (i.e., entering the
room) is marginally higher in case of vertical light pipe as compared to tilt light pipe
configuration. Similarly, the average illuminance on the table surface is also slightly
greater in value in case of the vertical light pipe.



84 D. S. Bisht et al.

Table 9.5 Direct light analysis at different sections of tilt mirror light pipe configuration on 21
June

Time Altitude
(°)

Azimuth
(°)

Direct
normal
illuminance
(lux)

Luminous
flux
incident
on dome
(lumen)

Luminous
flux
entering
diffuser
(lumen)

Luminous
flux
exiting
diffuser
(lumen)

Average
illuminance
on table
(lux)

6
AM

6.9 66.8 5969 247 25 14 2

7
AM

19 73.4 37417 1771 526 315 44

8
AM

31.5 79.7 58765 3287 1307 844 124

9
AM

44.3 86.2 71099 4346 2380 1492 220

10
AM

57.2 93.9 78292 5198 3472 2228 337

11
AM

69.9 106 82299 5764 4231 2523 356

12
PM

80.9 141.6 84040 6031 4614 2602 366

1
PM

79.3 229.4 83872 6042 4602 2588 359

2
PM

67.6 256.8 81763 5723 4160 2538 373

3
PM

54.9 267.7 77272 5127 3292 2072 310

4
PM

42 275.1 69342 4228 2229 1416 203

5
PM

29.2 281.4 55741 3002 1115 723 105

6
PM

16.8 287.7 32229 1518 424 245 34

7
PM

4.8 294.5 2104 84 9 5 1

9.4 Significance

Table 9.10 shows the energy savings that can be achieved using the TDD in our
homes. Consider 300-mm diameter of light pipe giving 2600 lumens on an average
for entire year span (10 h per day). The saving will be 547 units and 102 units as
compared to using incandescent and LED light source, respectively.
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Table 9.6 Direct light analysis at different sections of tilt mirror light pipe configuration on 23
September

Time Altitude
(°)

Azimuth
(°)

Direct
normal
illuminance
(lux)

Luminous
flux
incident
on dome
(lumen)

Luminous
flux
entering
diffuser
(lumen)

Luminous
flux
exiting
diffuser
(lumen)

Avg.
illuminance
on table
(lux)

7
AM

9.7 95.7 12961 542 91 51 7

8
AM

22.3 104.1 44319 2194 615 369 53

9
AM

34.5 114.1 62267 3556 1615 1003 148

10
AM

45.6 127.3 71997 4446 2744 1771 267

11
AM

54.4 146.3 77073 5059 3577 2582 406

12
PM

59 172.6 79034 5290 3920 2861 427

1
PM

57.4 201.1 78403 5215 3800 2746 413

2
PM

50.4 223.8 75015 4825 3253 2287 354

3
PM

40.3 239.6 67919 4081 2227 1321 192

4
PM

28.5 251 54747 2962 1067 689 99

5
PM

16.1 260 30451 1426 338 187 26

6
PM

3.4 267.9 605 23 2 1 0.2

9.5 Results and Future Work

Since the resulting value of illuminance in the room is the sum of direct light and
diffuse light, lighting levels of 300 lx and more are easily attainable during peak
daylight hours in 3 × 3 × 2.7 cubic meter room at a working height for 300-mm
diameter opening at the center of the ceiling of the room.



86 D. S. Bisht et al.

Table 9.7 Direct light analysis at different sections of tilt mirror light pipe configuration on 21
December

Time Altitude
(°)

Azimuth
(°)

Direct
normal
illuminance
(lux)

Luminous
flux
incident
on dome
(lumen)

Luminous
flux
entering
diffuser
(lumen)

Luminous
flux
exiting
diffuser
(lumen)

Average
illuminance
on table
(lux)

8
AM

7.4 122.9 7198 296 42 24 3

9
AM

17.6 132.3 34276 1630 352 197 28

10
AM

26.2 143.9 51248 2704 841 458 62

11
AM

32.5 157.9 60017 3336 1497 1006 148

12
PM

35.6 174.1 63536 3638 1889 1462 231

1
PM

35.1 191 62920 3599 1832 1410 228

2
PM

30.9 206.6 57980 3191 1299 780 112

3
PM

23.8 219.9 47114 2400 672 395 55

4
PM

14.7 230.8 26775 1218 247 135 17

5
PM

4.2 239.7 1262 50 5 3 1

Fig. 9.10 Comparison of luminous flux due to the direct component of light entering the room
(exiting the diffuser) on 21 June, 23 September and 21 December
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Fig. 9.11 Comparison of illuminance due to the direct component of light on the table surface on
21 June, 23 September and 21 December

Fig. 9.12 Comparison of Polar Iso-Candela curves at the diffuser entry section of vertical light
pipe configuration on 21 June for a different altitude (θ ) of the sun (direct light only)

The future work aims to determine lighting levels at different locations inside
the room since the homogenous lighting levels are always desirable. The numerical
analysis of light collector integrated with mirror light pipe of different configurations
for optimum performance of the system is highly desirable. Also, the challenge is to
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Fig. 9.12 (continued)

increase the lighting levels during morning and evening hours of the day. For this, the
alteration in collector design and geometry is an important factor to be considered.

Fetching the required and homogenous lighting levels throughout the day results
in reducing electrical power consumption for illuminating homes and office buildings
which also leads to an eco-friendly environment.
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Fig. 9.13 Comparison of Polar Iso-Candela curves at the diffuser entry section of tilt light pipe
configuration on 21 June for a different altitude (θ ) of the sun (direct light only)
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Fig. 9.14 Ray pattern in tilt and straight light pipe configuration

Fig. 9.15 Both the configuration simulated for a diffuse light source with uniform luminance

Fig. 9.16 Eye position and target area position for analyzing luminance of the source
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Fig. 9.17 Luminance of the hemispherical diffuse light source analyzed at eye position for target
areas at different orientations

Table 9.8 Diffuse light analysis at different sections with vertical mirror light pipe configuration

Horizontal
diffuse
illuminance
(lux)

Luminous flux
incident on
dome
(lumen)

Luminous flux
entering diffuser
(lumen)

Luminous flux
exiting diffuser
(lumen)

Avg.
illuminance on
table
(lux)

10000 1090 519 332 52

Table 9.9 Diffuse light analysis at different sections with tilt mirror light pipe configuration

Horizontal
diffuse
illuminance
(lux)

Luminous flux
incident on
dome
(lumen)

Luminous flux
entering diffuser
(lumen)

Luminous flux
exiting diffuser
(lumen)

Avg.
illuminance on
table
(lux)

10000 1090 479 305 48

Table 9.10 Energy savings per year using TDD

Light pipe size Avg. lumen
output

Equal wattage of
electrical lighting

Energy savings
per year (kWh)

Target coverage

300 mm 2600 Lumens 150 W
(incandescent)

547 150 Sq ft

28 W (LED) 102

One unit of electricity = 1 kWh, i.e., 1000 W × 1 h
Energy savings per year (considering 10 h run per day)=wattage consumption× 10-h× 365 days
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Chapter 10
Optimization of Electron Transport
Layer Based on Cadmium Sulfide
for Perovskite Solar Cells

Nidhi Gupta, Shivansh Rastogi, Jampana Gayathri, Omita Nanda
and Kanchan Saxena

Abstract The deposition of CdS thin film using three differentmethods, that is, ther-
mal vapor deposition, electrodeposition and chemical bath deposition for the appli-
cation as electron transport layer (ETL) in perovskite solar cells has been reported.
Surface morphology of thin films obtained by all three methods was analyzed using
SEM images. Optical properties were studied using UV-visible spectroscopy. The
film deposited by thermal vapor deposition showed high uniformity, and however,
adherence properties and transmittance properties are found to be poor. Thin film
fabricated by chemical bath deposition showed high uniformity with very good
adherence properties but poor transmittance. Thin film obtained by electrodepo-
sition showed good surface morphology, improved adherence properties and best
transmittance properties in the visible region and was found suitable to be used as
ETL.

Keywords Cadmium sulfide · ETL · Electrodeposition · Thermal vapor
deposition · Chemical bath deposition

10.1 Introduction

Perovskite solar cells (PSCs) are emerging technology in the field of solar photo-
voltaics during the last few years due to their amazing conversion efficiency, tunable
band gap, long diffusion length, easy fabrication capability and low cost [1, 2].

PSCs are multilayer devices which consist of hole/electron transport layer and
active layer sandwiched between two electrodes on a glass or flexible substrate [3].
In any multilayer device, each layer has a significant contribution to the efficiency of
the device [4, 5]. Electron transport layer (ETL) is one of the important layers that
ensure the smooth electron flow from active layer to cathode. Good transmittance in
the visible range, high charge transport and stability are some important parameters
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of ETL [6]. Optimization of ETL is essential to achieve high-efficiency solar cell.
In the initial perovskite solar cell reported by Kojima et al. [7], hybrid perovskite
was used as absorber layer over mesoporous titanium dioxide (TiO2). Other various
metal oxides such as mp-Al2O3 zinc oxide (ZnO), tin oxide (SnO2) and zirconium
dioxide (ZrO2) have been used as ETL in perovskite solar cells. Cadmium selenide
(CdSe), cadmium sulfide (CdS), PEHT, PCBM and PEHT:PCBM, etc. have been
used [6]. CdS is very promising ETL due to its properties like high stability of
physicochemical properties, long diffusion length and low annealing temperature
[8]. Here in this paper, CdS thin films fabricated for application as ETL in PSCs
using different methods have been analyzed.

10.2 Materials and Methods

Cadmium sulfide (CdS), cadmium nitrate Cd(NO3)2 and thiourea were purchased
from Thermo Fisher Scientific. Ammonia and ethanol were provided by Qualigens
Fine Chemicals Pvt. Ltd. All the chemicals and solvents were used without any
further purification.

10.2.1 Thermal Vapor Deposition

CdS thin film was coated over a pre-cleaned glass substrate of size 1 in.× 1 in. using
thermal vapor deposition. High vacuum of 10−5 Torr was sustained throughout the

deposition process. A 300 Ǻ thick film was deposited with the rate of deposition

maintained between 0.2 and 0.5 Ǻ s−1 during the process.

10.2.2 Chemical Bath Deposition

Another method used for the fabrication of CdS thin film was chemical bath depo-
sition. It was a two-step deposition method which includes the deposition of seed
layer followed by the deposition of CdS film. In the first step, the precursor solution
was prepared by mixing the alcoholic solutions of Cd(NO3)2 (0.015 M) and thiourea
(0.15M) in a ratio of 1:1 (v/v) followed by heating 60 °C for one hr. Prepared precur-
sor solution was then spin coated over the pre-cleaned glass substrates at 2000 rpm
using APEX spin coater (Model: APEX Spin NXG-M1). Finally, the seed layer was
produced by thermal annealing of the coated substrates at 450 °C. This seed layer
acted as a nucleation site when coated substrates were dipped in a concentrated pre-
cursor solution in the second step. The concentrated precursor solution was prepared
using equimolar solutions of aqueous cadmiumnitrate (0.15M) and aqueous thiourea
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(0.15 M) and 2.5 ml ammonia. Seeded plates were held vertical in a chemical bath,
and the temperature was maintained at 60 °C for 8 h.

10.2.3 Electrodeposition

CdS thin films were also deposited using electrodeposition technique using ITO-
coated glass plate and graphite as cathode and anode, respectively. For the precursor
solution, 0.2 M CdCl2·H2O was mixed with 0.3 M of thiourea. A voltage of 0.7 was
applied using Keithley SourceMeter (Model 2400). Temperature was maintained at
85 °C with continuous stirring during the deposition of CdS. Electrodes were kept
at a distance of 1 cm.

10.3 Result and Discussion

Surface morphologies of CdS films deposited by all three methods were ana-
lyzed using scanning electron microscope Carl Zeiss (Model no. MA EVO-18).
Figure 10.1a–c shows the SEM images of the CdS film deposited by thermal vapor
deposition, chemical bath deposition and electrodeposition, respectively. In case
of thermal vapor deposition, the film was found to be uniform and pinhole-free
(Fig. 10.1a). However, it did not sustain itself when the next layer was deposited
over it by solution processing. CdS layer deposited by chemical bath deposition is
muchmore stable as compared to the previous method. This may be due to the reason
that seed layer acts as a link between the deposited layer and the glass substrate. SEM
images of CdS film deposited by chemical bath deposition were found to uniform as
well. It is shown in Fig. 10.1b that film was uniform consisting of particles around
50–150 nmmerged together to form a continuous film. This film is suitable for using
as ETL in solar cells as the next layer can be deposited by solution processing easily.
Surface morphology of CdS deposited by electrodeposition (Fig. 10.1c) was found
to be rough in comparison to CdS films deposited by thermal vapor deposition and
chemical bath deposition. This may result in the increased interfacial area which
can further improve the charge transfer from ETL to active layer and consequently
improved device performance. Further, thickness of the layer can be controlled by
changing the time and voltage applied for electrodeposition. Electrodeposited CdS
thin film was also stable with other solvents such as propanol and toluene which
make it suitable to be used as ETL in PSCs.

Transparency in the visible region is another important factor that ETL of solar
cell must possess so that it does not hinder the path of light rays to the absorber
layer. To study the optical transparency of ETL, UV-visible spectrum was recorded
using spectrophotometer (Shimadzu, UV-2600) for CdS thin films fabricated by all
three methods as depicted in Fig. 10.2. Electrodeposited layer showed the highest
transmittance due to nanostructured surfacemorphology as compared to uniformCdS
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Fig. 10.1 SEM images of CdS thin film deposited using a thermal vapor deposition [at higher
magnification (inset of 10.1a)], b chemical bath technique [at higher magnification (inset of 10.1b)]
and c electrodeposition [at higher magnification (inset of 10.1c)]
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Fig. 10.2 UV-visible spectra
of a chemical bath
deposition, b thermal vapor
deposition and
c electrodeposition

film in case of other two methods. Reduced transmittance of uniform films found
in case of thermal vapor deposition and chemical bath deposition. Transmittance
of approximately 60% in wavelength range of 500 nm to 700 nm was recorded,
whereas up to 500 nm, transmittance was only 20–30%. CdS thin film deposited by
thermal vapor deposition showed the same trend as an electrodeposited film. The
relatively low transmittance may be due to poor crystallinity and large amorphous
component [9]. High thickness leads to dense structure and hence higher absorption
or reduced transmittance in case of the film deposited using thermal vapor deposition
and chemical bath deposition.

10.4 Conclusions

CdS thin films were deposited by three different methods, that is, thermal vapor
deposition, chemical bath deposition and electrodeposition. CdS film deposited by
thermal vapor deposition was smooth but cannot withstand the solvent treatment.
CdS film deposited by chemical bath deposition is also uniform and stable as well,
and however, it showed poor transmittance in visible region. Electrodeposited film is
rough in comparison with uniform films obtained in case of thermal vapor deposition
and chemical bath deposition. Further, this film was stable and transparent as well
which makes it suitable to be used as ETL in PSCs which are under progress.
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Chapter 11
Intelligent Energy Information
and Management System for Academic
Institutes

Maneesha, Praveen Kant Pandey and Sachin Kumar

Abstract Requirement of energy for human sustenance and growth has increased
exponentially during the last century. The rate of rise in demand for energy has
reached unprecedented levels leading to widening of gap between demand and sup-
ply of electric energy due to the scarcity of resources. The harmful effects of excessive
usage of energy on the environment pose a great danger to the sustainability of our
ecosystem. In this scenario, it becomes pertinent to design a strategy for increased
efficiency of electricity utilization with an aim to minimize air pollution and carbon
footprint. Hence, energy management systems are the need of the hour to identify
the potential for improvements in energy efficiency. However, the implementation
of Energy Information and Management System (EIMS) in academic institutes is
extremely limited due to lack of awareness and relevant green policies. The cur-
rent work presents a blueprint of Energy Information and Management System for
an academic institute leading to multi-measure energy efficiency through multiple
strategies including equipment operational improvements and upgrades, and occu-
pant behavioural changes. The design of Intelligent EIMS enables energy savings
relative to a baseline model, which predicts energy consumption from key parame-
ters such as occupancy levels mapped with the timetable and operational schedule.
The need for policies to be adopted by educational institutes for optimum utilization
of electrical energy has been discussed and presented in the paper. In the present
work, the different sub-domains/facilities of the college were primarily divided into
three categories, namely facilities mapped with college timetable (like classrooms,
laboratories, etc.), facilities mapped with fixed or regular schedule (like hostel mess,
corridors, etc.) and facilities independent of college timetable or fixed schedule (like
canteen, staffroom, common room, etc.). The two basic categories were further sub-
divided on the basis of scheduled usage and ad hoc usage of these facilities. Based
on these categorizations, policies for energy usage were framed for these facilities,
and prototype EIMS was designed and implemented at Maharaja Agrasen College,
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University of Delhi. 4.8% saving in the power consumption was observed post-EIMS
implementation.

Keywords Energy information system · Energy management · RS-485 network ·
Baselining · Benchmarking · Green policy for academic institutes · Energy
efficiency · EIMS in academic institutes

11.1 Introduction

Energy is at the forefront of the global agenda and is central to the issues of devel-
opment, security and environmental protection. Due to continuous depletion of con-
ventional resources, acute energy shortage and environmental concern, it is crucial
to continuously monitor the use of electrical energy and employ intelligent and inno-
vative methods to control and reduce wastage of energy. The harmful effects of
excessive usage of energy on the environment pose a great danger to the sustain-
ability of our ecosystem. Under these circumstances, it becomes pertinent to design
a strategy for increased efficiency of electricity utilization with an aim to minimize
air pollution and carbon footprint. In today’s scenario, the challenge is (a) to use the
energy efficiently to attain energy security as each bit of energy saved is equivalent
to energy generated, thereby reducing our negative impact on environment; (b) to
sensitize government bodies, industrial sector and the academic institutes to respond
to this challenge of converging the difference between the demand and supply of
the energy system; and (c) devise new strategies to address this crisis and undertake
innovative measures in energy-saving technology and policies.

Hence, energymanagement systems are the need of the hour to identify the poten-
tial for improvements in energy efficiency. Energy Information and Management
Systems (EIMS) address these issues and improve the energy efficiency of the sys-
tem by providing energy usage information and further, controlling electric supply
continuously. EIMS is broadly defined as performance monitoring and data acquisi-
tion hardware and software with communication systems to store, analyse and dis-
play energy information [1]. The role of EIMS in measuring and monitoring energy
consumption data alongwith energy information feedback plays a vital role in bench-
marking and improving building efficiency [1]. Data from the EIMS comprising of
energy meters, electronic sensors, etc. is logged into a server on a regular interval.
The electric data so collected can be further analysed for load profiling, baselining
and benchmarking. The significant gap between post-occupancy measurement of
energy consumption and the desired energy performance of the building in accor-
dance with the design was identified by New Buildings Institute [2]. Piette et al. [3],
Brown et al. [4], Mills et al. [5] and Mills and Mathew [6] stressed upon the impor-
tance of permanent metering for monitoring-based and continuous commissioning.
The effect of energy monitoring has led to positive behavioural impact when energy
consumption patterns were made visible to the occupants of the building [7, 8].
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Today more and more industries are adopting Energy Information and Manage-
ment Systems to manage their power requirement with policies designed to reduce
the losses in the system and thereby reduce the cost of operations. However, the
implementation of EIMS in academic institutes is extremely limited due to lack of
awareness and relevant green policies.

The need analysis for EIMSwas performed by studying the existing norms regard-
ing the usage of electrical energy in various sub-domains of three colleges affiliated
with theUniversity of Delhi. It was found that the normal practice is that the electrical
supply to all the college facilities is switched on in the morning and remains on till
the working hours of the college in the evening. Although there are some exceptions
to this practice, for example, the conference room is powered as and when required;
corridor lights are turned on in the evening till the morning. It was observed that in
this model, the electrical appliances such as lights, fans and air conditioners remain
on even when they were not in use leading to wastage of energy and college finances.
Supply to laboratory equipments is another area for optimization. Unchecked usage
of energy in the college hostel, including rooms, mess and common area also con-
tributes to excessive andwasteful usage of energy. To address someof these issues, the
college launched energy conservation drives to sensitize students, teachers and staff
to save this wastage of energy. The message was spread through various awareness
drives such as posters, signboards and special talks. Although these efforts produced
results in many domains of the college, all such measures proved to be short-lived
and usually could not sustain beyond a couple of weeks.

The focus of this research is the design of Energy Information and Management
Systems in an academic institute to improve energy performance. The proposed
EIMS facilitates energy efficiency in an academic institute using a baseline model
with a focus onoccupancy levelsmappedwith the timetable andoperational schedule.
The essentials of a smart EIMS are shown in Fig. 11.1.

Fig. 11.1 Essential features of Energy Information and Management System
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The current work presents a blueprint of the Energy Information andManagement
System for an academic institute. A general methodology to evaluate baseline model
performance was developed to predict load based on occupancy levels of facilities
mapped with timetable and operational schedule. The need for policies to be adopted
by educational institutes for optimum utilization of electrical energy was identified.
Accordingly, the following policies for energy usage were framed for the college.

• Implement EIMS in institute keeping in mind the needs of an academic institute
• Implement systems for authentication of energy utilized in the institute
• Promotion of the use of certified energy-efficient appliances
• Increase the use of renewable energy
• Build green buildings for all future infrastructure projects
• Conduct an annual energy audit of the institute.

11.2 Design of Energy Information and Management
System (EIMS)

The different sub-domains/facilities of the college were primarily divided into three
categories, namely (a) facilities mapped with college timetable (like classrooms,
laboratories, etc.), (b) facilities mapped with fixed or regular schedule (like hostel
mess, corridors, etc.) and (c) facilities independent of college timetable and fixed
schedule (like canteen, staffroom, common room, etc.).

These categories were further subdivided on the basis of scheduled usage and ad
hoc usage of these facilities. Based on these categorizations, the policies for energy
usage were framed.

A prototype EIMS incorporating the proposed energy management policies and
strategieswas designed and deployed atMaharajaAgrasenCollege (Fig. 11.2). EIMS
was implemented at Maharaja Agrasen College in two stages. In the first part, energy
information system (EIS) was designed and implemented in the college, under which
a network of energy meters (Make: Crystal, Model: CCM-603P) was installed in
various units of the college to monitor and analyse the energy consumption pattern
in different sub-domains of the college [9]. The technical specifications of the CCM-
603P energy meter are given in Table 11.1.

The data for real-time instantaneous electrical parameters such as phase voltage,
frequency, line current, active and reactive power along with cumulative parameters
like apparent and active energy was logged in through the various electricity meters
into the server [9]. The CCM-603P energy meters were connected to the server
through USB to RS-232/422/485 converter module (Make: ICP CON, Model: I-
7561). I-7561 module contains Self-Tuner ASIC which automatically tunes to the
baud rate and data format for the RS-485 network [9]. This eliminates the need for
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Fig. 11.2 EIMS block diagram

Table 11.1 Technical
specifications of CCM-603P
energy meter

Electrical parameters

Power system 3-phase, 4-wire

Voltage 90–300 VAC per phase

Maximum current 120 A

Accuracy parameters

Accuracy class 1.0 as per IS: 13779-99

Voltage ±1.0% of full scale ± 1 V

Current ±1.0% of full scale ± 0.1 A

Active power ±1% of full scale

Reactive power ±1% of full scale

Apparent power ±1% of full scale

Power factor ±0.2°

Energy Class 1.0

Frequency ±0.04 Hz (47–53 Hz)

Communication module parameters

Type RS-485

Protocol Modbus RTU

Baud rate 9600

Stop bit 1

Parity None

Isolation 2.5 kV rms at 50 Hz for 1 min
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Fig. 11.3 ICP I-7561 module block diagram

direction pin for half-duplex data transmission. Block diagram of ICP I-7561 is given
in Fig. 11.3.

A schematic of the RS-485 network implemented for EIS is shown in Fig. 11.4
[10].

A customized PC software for data logging and user interface was designed.
The software was monitored and logged instantaneous and cumulative parameters
in database server every 10 min.

The baseline model for energy consumption was developed taking into account
the occupancy level of the sub-domains. For the facilities which were usually used in
accordancewith the timetable (like classrooms, laboratories, etc.), the occupancywas
decided by mapping with the respective timetable of the sub-domain. In addition to
the scheduled usage of facilities, the ad hoc usage of these facilitieswas also taken into
account while preparing the model. The occupancy level of sub-domains/facilities
which have a fixed or regular schedule was mapped to their specific schedule in
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Fig. 11.4 RS-485 network diagram

Table 11.2 ICP I-7065
module technical
specifications

Module I-7065

Output channels 5

Relay type Form A

Contact rating 5 A@250 VAC/5 A@30 VDC

Surge strength 400 V

Operate time 6 ms Max

Release time 3 ms Max

Minimum life 100,000 operations

Input channels 4

Isolation voltage 3750 V rms

Supply voltage +10 to 30 VDC

Power 1.3 W

the academic institute. Occupancy level of the third category of sub-domains was
obtained using the sensor data.

In the second stage of EIMS implementation, the data collected from the servers
was analysed, and the energy consumption pattern was evaluated. Power supply to
various electrical appliances in a sub-domain was controlled using ICP I-7065 relay
module for energy management. Each ICP I-7065 module has five Form A, NO
type, 250 VAC/5 A rated relay contacts and operates on RS-485 bus. For operating
appliances of higher power rating, a contactor of suitable capacity was connected
after the relay module. The specification of the module is given in Table 11.2.

Figure 11.5 shows the ICP I-7065 relay module block diagram.
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Fig. 11.5 ICP I-7065 module block diagram

11.3 Result

The data collected from the energymeters was analysed, and the energy consumption
pattern for each sub-domain was evaluated. The baseline model for energy consump-
tion was developed taking into account the occupancy level of the sub-domains. A
snapshot of the database file with raw data is shown in Fig. 11.6.

The pattern of actual energy usage was compared with the baseline energy model
developed on the basis of occupancy data. The electrical energy is controlled in these
facilities in accordance with the policies to reduce its wastage and thereby increase
the energy efficiency.

Figure 11.7 shows the comparison of energy consumed in a day in various sub-
domains of the college. Both pre-EIMS and post-EIMS results are plotted in the
graph. It was observed that the prototype EIMS designed and deployed in the college
resulted in about 4.8% average saving in the power utilization.

Fig. 11.6 Snapshot of electrical data captured by EIMS
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Fig. 11.7 Electrical energy
consumed in various
sub-domains of college in a
day for both pre-EIMS and
post-EIMS installation
period

11.4 Conclusion

The research paper emphasizes the importance and advantages of EIMS in an aca-
demic institute in terms of energy savings as part of best practice energymanagement
programs.TheEIMS implemented atMaharajaAgrasenCollege,University ofDelhi,
monitored real-time energy utilization by acquiring energy parameters from energy
meters. The system analysed the data taking into account the expected occupancy
level in different sub-domains of the college in accordance with the occupancymodel
developed for the institute. The energy supply to the facilities was thus managed to
improve the energy efficiency of the college.

The use of EIMS prototype facilitated the necessary information to the decision-
makers of the institute to make an informed choice in framing relevant policies and
further undertake pro-active measures for better utilization of energy in academic
institutes, resulting in the efficient management of energy and further reduction of
their carbon footprints.
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Chapter 12
Thermal Performance Enhancement
of Flat-Plate Solar Collector Using
CeO2–Water Nanofluid

Shubham Sharma, Sandeep Tiwari, Arun Kumar Tiwari, Gopal Nandan
and Ravi Prakash

Abstract In the present study, the effects on the thermal performance of nanofluid in
flat-plate solar collector are studied experimentally. The thermophysical properties
(thermal conductivity, viscosity, density, and specific heat) of CeO2–water nanofluid
measured with a wide range of volume concentrations (0.25–2.0%) using 30 nm par-
ticle size. Maximum enhancement in thermal conductivity is observed up to 41.7%
at 1.5% volume fraction of nanofluid at an 80 °C temperature in comparison with the
base fluid. Viscosity decreases with increasing the temperature but increases with a
particle volume concentration of nanofluid at a particular temperature. The experi-
mental setup fabricated for the study of heat collection using a flat plate. The mass
flow rate of nanofluids was adjusted (at a given volume concentration) for experimen-
tation. The collector temperatures, ambient, and tap water temperatures, radiation,
and wind speed were measured. Experimental results exhibit that the maximum col-
lector efficiency is obtained up to 57.1% at an optimum concentration with a mass
flow rate of 0.03 kg/s. The results show that the CeO2–water nanofluid as working
fluid improves the collector efficiency in comparison with water as a working fluid.
This also has been observed that the thermal efficiency of collector increases with a
decrease in the temperature reduced parameter.
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12.1 Introduction

Solar collectors are the kind of green energy devices which are most preferred to uti-
lize this free energy source in domestic and industrial applications. These collectors
are very efficient to absorb the solar radiation by the absorber plate and convert it
into the heat and then transfer this heat into conventional fluids like water. Flat-plate
collectors are the most primitive and most common type of collectors, but these
collectors are suffered from relatively low efficiency with the use of conventional
fluids. To overcome this critical problem, an innovative type of fluid was invented by
Choi [1] (1995) which is called “nanofluid.” Nowadays, most of the scientists and
engineers are focusing on new nanotechnology and most efficient devices to harness
solar energy. The mixture of nanoparticles (1–100 nm) and base fluids is known as
nanofluids which have superior thermal properties to enhance the performance of the
collectors.

Noghrehabadi et al. [2] have elucidated the collector efficiency of square flat-
plate type with SiO2/water nanofluid without a surface-active agent and 1% parti-
cle volume concentration of nanofluid and mass flux rates from 0.35 to 2.8 l/min.
Bazdidi-Tehrani et al. [3] examined that the enhancement in ribbed dust efficiency
was approximately 10% more than the efficiency of the plain duct, so the collector
efficiency was increased more with the selection of ribbed duct in flat-plate collector
as compared to the plain duct at a different volume fraction of nanofluids. Said et al.
[4] studied that the maximum efficiency of energy and exergy was enhanced up to
95.12% and 26.25% in comparison with water as a base fluid which was observed
up to 42.07 and 8.77% of flat-plate solar collectors, respectively.

Nasrin et al. [5] have taken four different types of nanofluid like Al2O3–water
nanofluid, Ag–water nanofluid, CuO–water nanofluid, and Cu–water nanofluid.
Faisal et al. [6] analyzed the four different nanofluids like SiO2, Al2O3, TiO2, and
CuO at different particle concentrations. Meibodi et al. [7] have been conducted an
experiment about the thermal performance of FPSC using SiO2/EG–water nanoflu-
ids experimentally. Samples were prepared for 0.018, 0.032, and 0.045 kg/s mass
flow rates including 0, 0.50, 0.75, and 1.0% particle volume concentration. Sarkar
et al. [8] reviewed the recent research work, development, and applications of hybrid
nanofluids. In this review, the author has summarized the thermophysical properties,
synthesis, pressure drop, heat transfer characteristics, applications, and challenges
of a hybrid type of nanofluids. The review examined that the hybrid nanofluids have
excellent properties to enhance the thermal performance, but still more researchwork
is required in this field. Nasrin et al. [9] examined the numerical values of irradiation
(200, 215, 230, and 250W/m2) and inner diameter (0.01, 0.012, 0.013, and 0.015 m)
of collector at 2% particle volume concentration of Cu–water nanofluid for calculat-
ing the mean bulk temperature, collector efficiency, outlet temperature of DM water
and Cu–water nanofluid of flat-plate collector. Mirzaei et al. [10] had studied the
optimal solution of FPC using Al2O3–water nanofluid experimentally. Muhammad
et al. [11] reviewed the usage of different types of nanofluids in the flat-plate and
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evacuated tube collectors. Said et al. [12] has been analyzed about the entropy gener-
ation theoretically and also determined the exergy efficiency and pumping power of
FPSCwith the use of SWCNTs–water nanofluid. Results illustrated that the reduction
in entropy generation was observed about 4.34% and the enhancement of the heat
transfer coefficient was around 15.33%. A penalty of pumping power had obtained
around 1.20% more than the conventional fluids like water. Keyvani et al. [13] had
focused on the variation in thermal conductivity using CeO2-EG. Results revealed
that the enhancement in thermal conductivity was observed about 22% at 2.5% par-
ticle concentration and 50 °C temperature. Colangelo et al. [14] had investigated the
new approach for reduction in sedimentation with dispersing the nanoparticles in
the base fluid. Alim et al. [15] had used different nanoparticles like CuO, Al2O3,
TiO2, and SiO2, respectively, with water as a base fluid and analyzed the entropy
generation and pressure drop in FPSC. Results revealed that the maximum reduction
in entropy generation was found around 4.34% and maximum enhancement in heat
transfer coefficient was observed about 22.15%, respectively, in comparison with
conventional fluid, and also, a penalty had considered in pumping power around
1.58%.

Said et al. [16] had investigated the thermophysical properties of Al2O3–water/EG
nanofluid at the particle concentration of 0.05 and 0.1% at 25–80 °C temperature
range. Hawwash et al. [17] have been illustrated about the performance of collector
with the use of alumina particle dispersed in double distilled water as base fluid at a
wide range of concentrations from 0.1 to 3%. Vincely et al. [18] investigated the FPC
performance with the graphene oxide nanofluid. Results exhibited that the maximum
collector efficiency was observed about 7.3% at 0.02% particle concentration and
0.0167 kg/smass flow rate of graphene oxide nanofluid as compared to demineralized
water used as a base fluid and maximum enhancement in heat transfer coefficient
was measured about 11.5% at same volume concentration. Ziyadanogullari et al.
[19] illustrated the thermophysical properties and collector efficiency at the particle
concentration of 0.2%, 0.4%, and 0.8% for three different nanofluids as AhCb–water,
CuO–water, and TiCh–water, respectively. Various researchers [20–31] investigated
the performance with the various nanofluids.

The objectives of the present work is to evaluate the performance of flat-plate
collector using CeO2/water nanofluid and to find optimum vol. concentration of
CeO2/water nanofluid for which the thermal performance is maximum along with
the exergetic performance evaluation using CeO2/water nanofluid.

12.2 Preparation and Characterization of Nanofluids

Synthesis of CeO2/water nanofluid is done by mixing of nanofluid in a beaker filled
with double distilled water. The two-step method is the most effective method for
the preparation of nanofluid and samples have been prepared for experimentation
of flat-plate collector and characterization of nanofluid. In this method, CeO2–water
nanoparticles with 30 nm particle size are dispersed into the base fluid. To attain
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proper stability of nanoparticles in base fluid, the repetition of mechanical mixing
and ultrasonic sonification is done at the time of performing a test of each sample.
Volume concentration (%) is calculated using the following formula:

ϕ × 100 =
[
Wparticle

/
ρparticle

]
[
Wparticle

/
ρparticle

]
+

[
Wwater

/
ρwater

]

The thermophysical properties of the nanofluid are measured systematically
before performing the experiment. Thermal conductivity, viscosity, density, and spe-
cific heat are the essential thermophysical properties of the nanofluid and measured
experimentally for accurate and reliable measurement. Characterization of nanofluid
is done at 0.25%, 0.50%, 0.75%, 1.0%, 1.25%, and 1.50% volume concentration and
55 °C, 60 °C, 65 °C, 70 °C, 75 °C, and 80 °C temperatures, respectively. Samples
are prepared for characterization of CeO2/water nanofluid at varying temperature
(55, 60, 65, 70, 75, and 80 °C) and volume fraction (0.25, 0.50, 0.75, 1.0, 1.25, and
1.50%) for measuring thermophysical properties (thermal conductivity, viscosity,
density, and specific heat) experimentally.

The values of the thermal conductivity of nanofluid are measured using a hot
wire transient technique (KD-2 Pro thermal properties analyzer, Decagon company,
Inc., USA). A microprocessor and a thermoresistor are used to control and measure
the heat conduction in the needle-like probe with a 1.3 mm diameter and 60 mm
length. Before measurement, the calibration of the sensor probe is carried out at
room temperature of 25 °C by the measurement of thermal conductivity of DM
water 0.600 W/m K, which is favorable for accurate measurement. A KD-2 Pro
thermal properties analyzer has indicated the repeatability and the accuracy which
is specified by the manufacturer, i.e.,±5.0% and±4.0%, respectively. The viscosity
of the used nanofluid is measured using the LVDV-II + Pro Brookfield Viscometer.
Specific heat is an important thermophysical property of the nanofluids which is
essential for absorbing and transporting the quality of heat energy to enhance the
performance of the nanofluid. The superiority of nanofluid over conventional fluids
is obtained from lesser specific heat capacity. Specific heat is inversely proportional
to the increase in particle volume concentration which is favorable to enhance heat
transport capacity and absorbing medium of the nanofluids.

12.3 Results and Discussions

Characterization of nanofluid is done at a wide range of volume concentration (0.25–
1.50% vol. conc. at an interval of 0.25%) and temperature (55–80 °C at an interval of
5 °C). Samples are prepared for characterization of CeO2/water nanofluid at varying
temperatures and volume fraction (0.25–1.50%Vol. conc. at an interval of 0.25%) for
measuring thermophysical properties (thermal conductivity, viscosity, density, and
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specific heat) experimentally. Experimental results indicate that observed thermal
conductivity is maximum at 1.50% volume concentration with 80 °C as compared
to water. The thermal conductivity ratio is determined at varying temperature and at
a different volume concentration of nanofluid. The ratio of thermal conductivity is
23.18%, 23.19%, 24.10%, 24.53%, 24.80%, and 25.18% for 0.25%, 0.50%, 0.75%,
1.0%, 1.25%, and 1.50% volume concentration at 55 °C, respectively. Similarly,
at 60 °C, the ratio of thermal conductivity is 26.02%, 26.33%, 26.74%, 26.85%,
27.25%, and 27.76% at same volume concentration; for 65 °C, the ratio of thermal
conductivity is 27.91%, 28.68%, 29.08%, 29.47%, 29.86%, and 30.65% at same
volume fraction; for 70 °C, the ratio of thermal conductivity is 31.54%, 31.66%,
31.88%, 32.09%, 32.46%, and 33.99% at same volume concentration; for 75 °C,
the ratio of thermal conductivity is 33.91%, 34.95%, 34.99%, 35.49%, 35.83%, and
37.93% at same volume fraction; and for 80 °C, the ratio of thermal conductivity
is 36.43%, 38.40%, 38.72%, 39.04%, 39.35%, and 41.72%, respectively, at same
volume concentration. The graph between thermal conductivity ratio and the tem-
perature is shown in Fig. 12.1. Results exhibit that the maximum ratio of thermal
conductivity of nanofluid and DMwater is observed 41.72% at an 80 °C temperature
with 1.50% volume concentration and a minimum ratio of thermal conductivity is
observed 23.18% at 55 °C with 0.25% volume concentration.

Experimental results exhibit that the viscosity increases linearly with an increase
in particle volume fraction and a decrease in temperature limits. Results exhibit that
the maximum viscosity is observed 1.587 mPa.s for 1.5% volume concentration of
nanofluid and 0.480mPa.s for water andminimum viscosity is observed 0.788mPa.s
for 0.25% volume fraction of nanofluid and 0.310 mPa.s for water at 80 °C temper-
ature. From the observation of experimental data, it is concluded that the viscosity
increases linearlywith particle volume fraction due to cohesive forces among like and
unlike molecules which increase at higher particle volume concentration as shown in
Fig. 12.2 for CeO2/water-based nanofluid, respectively. Further, viscosity decreases
with an increase in temperature because of fall in cohesive forces predominantly,

Fig. 12.1 Relative thermal
conductivity versus volume
concentration
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Fig. 12.2 Viscosity versus
temperature graph at varying
concentrations

and across the adjacent layers, the viscosity increases marginally due to enhanced
momentum transfer. Viscosity is more expressive in liquids due to cohesive forces
than due to momentum transfer across the adjacent layers of the fluids.

The density of nanofluid is the thermophysical property which increases linearly
with an increase in particle volume concentration. The high density of nanofluid has
a negative impact on the efficiency of heat energy devices based on nanofluids. High
density increases the entropy generation of nanofluid and also enhances the pressure
drop which is the negative impact on heat transfer characteristics. So, experimen-
tal observation is necessary for precise measurement of nanofluid for performance
analysis. Experimental results exhibit that the maximum density of the nanofluid is
measured 1082kg/m3 at 55 °C temperaturewith 1.50%particle volume concentration
and a minimum density of nanofluid is measured 1017 kg/m3 at 80 °C temperature
with 0.25% volume fraction. The effect of temperature and particle volume concen-
tration on density is investigated experimentally. In this study, density and viscosity
of nanofluids are the two important properties which affect the pumping power and
pressure drop characteristics. Mixing rule is preferred for measuring the density of
nanofluid experimentally. Results reveal from experimental data that the density is
increased with particle volume concentration and decreased with an increase in tem-
perature. The graphs between density versus temperature and density versus particle
volume concentration are shown in Fig. 12.3.

Specific heat is an important thermophysical property of the nanofluids which is
essential for absorbing and transporting the quality of heat energy to enhance the
performance of the nanofluid. The superiority of nanofluid over conventional fluids
is obtained from lesser specific heat capacity. Specific heat is inversely proportional
to the increase in particle volume concentration which is favorable to enhance heat
transport capacity and absorbing medium of the nanofluids. Maximum specific heat
capacity is measured 3988 J/kg K at 80 °C temperature with 0.25% particle vol-
ume concentration, and minimum specific heat capacity is measured 3532 J/kg K at
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Fig. 12.3 Density versus
volume concentration

55 °C with 1.50% volume concentration. Specific heat capacity increases with tem-
perature and decreases with particle volume concentration as shown in Fig. 12.4
for CeO2/water nanofluid, respectively. Effective thermal conductivity increases
with particle volume concentration because of the specific heat of nanofluid which
increases marginally with temperature than the decrease in volume concentration.

Experimental observation of flat-plate collector is administrated to find out vari-
ation in collector efficiency at varying mass flow rates (0.01, 0.02, 0.03, 0.04, and
0.05 kg/s) and at different particle volume concentrations (0.25, 0.50, 0.75, 1.0,
1.25, 1.50, and 2.0%). Figure 12.5 shows the relation between collector efficiency
and particle concentration at varying mass flow rates. In this graph, collector effi-
ciency increases for each mass flow rate of nanofluid with volume concentration up
to a certain point of volume concentration (1%) and decreases the collector efficiency
with particle concentration after this valuable point of concentration. Experimental
results exhibit that the maximum efficiency of the flat-plate collector is observed
57.1% at optimum particle concentration (vol 1%) with 0.03 kg/s mass flow rate,
respectively.

Fig. 12.4 Specific heat
capacity versus volume
concentration



116 S. Sharma et al.

Fig. 12.5 Collector
efficiency versus mass flow
rate

Figure 12.6 illustrates the collector efficiency and reduced temperature difference
parameter at the volume concentration of 0.25–2%. From the observed data, the
efficiency of the flat-plate collector is inversely proportional to temperature reduced
parameter at different particle concentrations. It means collector efficiency increases
with decreasing the temperature reduced parameter. Experimental results show that
the maximum efficiency is observed 65.3% at optimum particle concentration (vol
1%) with temperature reduced parameter of 0.005 m2 K/W and minimum collec-
tor efficiency is measured 54.6% at temperature reduced parameter of 0.02 m2

K/W with the particle volume fraction of 2%, respectively. So, the temperature
reduced parameter should beminimum for enhancement in the efficiency of flat-plate
collector.

Fig. 12.6 Collector
efficiency versus reduced
temperature difference
parameter
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12.4 Conclusion

The present work focuses on improvement in thermal performance of flat-plate col-
lector using CeO2–water nanofluid at varying mass flow rates (0.01, 0.02, 0.03, 0.04,
and 0.05 kg/s) and different particle volume concentrations (0.25%–1.5%), respec-
tively. Thermophysical properties of nanofluid are investigated experimentally at dif-
ferent particle volume concentrations and at different temperatures (55–80 °C) and
observe that the maximum enhancement in thermal conductivity is obtained 41.7%
at 80 °C temperature with 1.5% volume concentration. On the basis of various exper-
iments, it has been found that 1.0% volume concentration is optimum for different
operating conditions. At optimum particle volume concentration and 0.03 kg/s mass
flow rate, maximum collector efficiency has been calculated at 57.1%. At 0.005 m2

K/W temperature reduced parameter and optimum volume fraction, efficiency is
observed 65.3%, and for 700 W/m2 intensity of radiation, maximum instantaneous
efficiency is found 58.1% at an optimum concentration.
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Chapter 13
Study of Hybrid
Photovoltaic–Thermoelectric System
for Efficiency Enhancement of Solar Cells

Sahitya Singh, Akshaj Arora, Vivek Kumar, Abhishek Verma,
Hrishikesh Dhasmana, Amit Kumar and V. K. Jain

Abstract In the development of next-generation solar panels, high-energy conver-
sion efficiency has been the focal point of global research in energy. More than 80%
of the efficiency of solar panels is wasted. In order to materialize this wasted energy,
there has been an emerging interest in innovating hybrid solar–thermoelectric sys-
tems. In this chapter, we propose a novel hybrid photovoltaic–thermoelectric system
and its expansive experimental analysis. This modified system consists of a solar
wafer, thermoelectric generator (TEG), and a heat sink, which is placed beneath
the solar cell of the same size to dissipate heat. A series of experiments have been
performed under certain laboratory conditions, which remain constant for all sets of
experiments. The heat sink beneath the solar cell reduces the working temperature
of the cell from 72 °C (without heat sink) to 52 °C (with heat sink and TEG), which
leads to approximately 10% increment in the relative efficiency of the solar cell.
Finally, a thermoelectric generator (TEG) is inserted between the solar cell and heat
sink. The TEG adds an extra power of 1.2 mW to the total output of the system.

Keywords Photovoltaic · Hybrid system · Thermoelectric generator · Heat sink

13.1 Introduction

In this modern age, there is an ever-increasing focus on the growth of renewable
energy technologies because of the worldwide awareness about the climate change,
air pollution, oil spills and other hazardous effects of fossil fuels [1]. As a result
of which, research in harnessing alternate energy such as solar, wind, geothermal,
biomass, and others has expanded over the last few decades [2–4]. Based on the
availability of raw material, cost of production and efficiency, solar energy harvest-
ing is one of the most prominent ones [5, 6]. Monocrystalline silicon (Si) cells offer
a conversion efficiency greater than 20%, which makes them the most efficient Si
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cells. Furthermore, the classification includes polycrystalline solar cells, which have
an efficiency from 14% to 16% and amorphous solar cells, which have the lowest effi-
ciency (6–9%), [2]. Some latest amorphous solar panels, which are equipped with
shade-resistant technology, perform better than the conventional amorphous solar
panels [7]. Although the cost of solar panels has decreased over the years, for solar
technology to cause a worldwide energy revolution, the price of commercially avail-
able solar panels needs to be decremented such that the trade-off between efficiency
and cost leads to a win-win situation. One way of doing this is to harness the energy
wasted from solar panels. Approximately, more than 50% of the efficiency of the
solar panels is wasted due to rise in temperature. The relation between temperature
and output characteristics of the solar cell is expressed in (13.1) [8].

J = −JPh + Jo
(
eqV/nKT − 1

)
(13.1)

where Jph represents the photo-generated current density, V is the terminal voltage,
k is the Boltzmann constant, and η is the ideality factor.

In the current era, efforts are made in two directions: creating new materials and
modeling the physical aspects of the solar panel to avoid energy loss, one way of
doing this is to make advantageous use of thermoelectric generators (TEGs) [9–13].
Thermoelectric generator is a solid-state device which works on the principle of
Seebeck effect; that is, it converts the temperature gradient into electricity. Several
studies have been performed on the manufacturing of TEG module for higher effi-
ciency [14, 15]. Basically, TEGs are of two types: p-type and n-type, and they made
up of different materials such as Bi2Te3,PbTe,CoSb3,Sb2Te3. The performance of
a TEG depends on various factors such as the temperature on hot and cold sides of
the TEG, thermal and electrical conductivity, and Seebeck coefficient.

In general, the performance of a TEGmodule is determined by its figure of merit,
which represents the conversion efficiency of heat energy to electrical energy. Studies
have shown that TEG made up of organic materials has high efficiency, but they are
highly expensive too. Out of all the materials used for developing TEGs, Bi2Te3 is
one of the fewmaterials which have better performance at room temperature. It offers
a figure of merit (ZT) between 0.8 and 1.0, which is independent of the temperature.
TEGs are widely used in a variety of applications, such as harvesting energy from
stove heat [16], scavenging energy from heat emitted out of automobiles [17–19],
and aerospace industry [20]. Furthermore, there is an emerging focus on innovating
hybrid photovoltaic–thermoelectric systems to augment the overall efficiency of a
solar panel [21, 22]. Various models have been developed to optimize the perfor-
mance of such systems [23, 24]. The principle of hybrid thermoelectric systems
is even investigated for dye-synthesized solar cells [25], where the performance of
dye-synthesized solar cell is significantly enhanced by developing carbon nanotubes
of thermoelectric materials such as bismuth telluride (Bi2Te3) or directly employ-
ing thermoelectric generators. While energy loss minimization aspects are explored
in Si-based solar panels, new materials are explored in non-Si-based photovoltaic
technology.
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In this chapter, we present a novel hybrid photovoltaic–thermoelectric system
in which performing a series of experiments is proven to be more efficient than a
standard solar system.

13.2 Experimental Setup and Preliminary Studies

The hybrid photovoltaic–thermoelectric system consists of a Si wafer, TEG, and heat
sink. Leakproof property of a standard solar panel is incorporated by using a glass
plate and adequate insulating materials to create the greenhouse effect inside the
system.

The idea of inserting TEG in-between wafer and sink is fostered by performing
few preliminary studies. All the laboratory experiments are performed under a sun
lamp, which has a constant radiation intensity of 880 W/m2. The radiation intensity
of the sun lamp is measured by a Pyranometer. Initially, only Si wafer is placed
inside the system to examine its temperature variation. Then, heat sink is added to
the system, and as expected, the steady-state temperature of wafer decreases. This
decrement in wafer’s temperature increases the overall efficiency of the system.
In another experiment, only Si wafer and TEG are used in the system such that a
significant portion of the TEG is exposed to the ambient. Power generated by the
TEG is directly proportional to the temperature difference (�T ) between hot and cold
junctions. In order to increase the temperature difference (�T ), a heat sink is placed
underneath the cold end of the TEG. The difference in temperature is measured using
a thermocouple as shown in Fig. 13.2. The purposed system and the experimental
setup are illustrated in Figs. 13.1 and 13.2, respectively.

In order to understand the behavior of this system at regions with sub-zero
temperatures, ice is placed underneath the heat sink, which further reduces its
temperature.

13.3 Results and Discussion

The hybrid system is appropriately scrutinized by performing all the experiments
mentioned in the preliminary study, i.e., wafer, wafer+ sink, wafer+TEG, wafer+
TEG+ sink, and wafer+ TEG+ sink+ ice. Each experiment is performed for 2 h,
and the temperature of wafer reached saturation around 20 min. The temperatures
are given in Fig. 13.3.

A summary of the optimized experiments, wafer+TEG+ sink, andwafer+TEG
+ sink+ ice is given in Table 13.1 where various characteristics such as steady-state
temperature of the wafer (Tw), the temperature of the cold side of the TEG (Tc), �T
and power (P) generated from the TEG are obtained.

At steady-state condition, measured �T for both cases is 15 and 36 °C, respec-
tively, and the corresponding output power generated by the TEG is 1.2 and 2.4 mW.
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Fig. 13.1 a Hybrid
photovoltaic–thermoelectric
system and b side view of
the system

It is also important to note that the saturation temperature of the wafer in the pur-
posed system is significantly lower as compared to a standard solar panel. This drop
in the saturation temperature increases the overall efficiency of the proposed system.
However, if the temperature of the wafer further increases, �T will also increase
and this will eventually result in more output power.

13.4 Conclusion

Theproposed hybrid photovoltaic–thermoelectric systemconsists of a Siwafer, TEG,
and a heat sink. All the experiments in the preliminary studies have been performed
under a lamp with a constant radiation intensity of 880 W/m2. The temperature of
wafer is reached to 52 °C in the proposed system, and the output power generated
by the TEG adds an extra 1.2 mW to the total output of the system. Moreover, the
hybrid solar cell is also examined at higher altitudes conditions, where the saturation
temperature of wafer is further reduced to 44 °C, which significantly increases the
efficiency of the wafer. Alongside higher solar conversion efficiency, the output
power generated by the TEG doubled to 2.4 mW. Moreover, the proposed system
produces an extra power of 1.2 mW per 40 × 40 mm2 of the wafer area. Therefore,
the designed system has a promising potential to be implemented on a large scale.
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Fig. 13.2 Experimental setup for the hybrid photovoltaic–thermoelectric system

Fig. 13.3 Measured
steady-state temperatures for
each experiment
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Table 13.1 Measured
characteristics

Characteristics Wafer + TEG +
Sink

Wafer + TEG +
Sink + Ice

Tw (°C) 52 44

T c (°C) 37 8

�T (°C) 15 36

V (mV) 30 40

I (mA) 40 60

P (mW) 1.2 2.4
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Chapter 14
Periodical Imaging of Microstructure
During Temperature Regulated
Electrical Conductivity Measurements
of Supercritically Synthesized
Polypyrrole

Anjali Bisht, Rekha Sati, Kavita Singhal, Sameena Mehtab
and M. G. H. Zaidi

Abstract Electrochemically active conducting polymers are an important class of
materials for applications in energy storage devices. Herein, we report the synthesis
of an electrically conducting polypyrrole (PPY) through ferric chloride initiated
chemical oxidative polymerization of pyrrole in presence of supercritical carbon
dioxide at 70 and 80 °C. The formation of PPY was ascertained through various
analytical methods. Polypyrrole graphite electrodes (PGEs) were fabricated through
dispersion of PPY synthesized at 70 and 80 °C into graphite in presence of sulfonated
polysulfone binder and named as PGE1 and PGE2, respectively. PGE2 demonstrated
better DC conductivity over that of PGE1 with morphology retention up to 35 K.
Electrochemical studies reveal superior capacitive performance of PGE2 in KOH
electrolyte (97.74 F/g) and reduction in corrosion rate of steel electrode@0.16mm/y.

14.1 Introduction

Electrochemically active conducting polymers are an important class of materials
for applications in electronics and energy storage devices [1]. The major technical
challenge in the performance of CPs-based electronic and energy storage systems
is the loss in material integrity under prolonged exposure of temperature and elec-
trolyte media [2–4]. The morphology of polymer and related composite materials is
altered due to segmental movement of macromolecules under exposure of tempera-
ture and electrolyte media with time that imparts reduction in their conductivity and
charges storage performance. Polyaniline, polypyrrole, polyindole are the common
CPs employed for semiconducting and charge storage applications [5]. Among them,
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polypyrrole (PPY) has received increasing attention as electrode material owing to
ease of preparation, environmental stability, electrical conductivity and charge stor-
age [6]. In the present investigation, PPY was synthesized at various temperatures
under supercritical conditions, and PPY/graphite electrodes (PGEs) were prepared
in presence of sulfonated polysulfone (SPS). PPY-based electrodes with higher DC
conductivity were selected and further investigated for morphological changes with
temperature, capacitive behavior and corrosion stability.

14.2 Experimental

14.2.1 Materials

PPY was synthesized in a PID controlled high-pressure reactor (100 mL) procured
fromMs PPI USA. The reactor was charged with pyrrole (0.25 g) and FeCl3 (0.17 g).
The cell was initially pressurized with carbon dioxide (99.98%) at 2200 psi at 70
and 80 °C for 8 h. The crude products in each of the cases were purified through
successive washing with deionized water and named as P1 and P2, respectively [7].

14.2.2 Preparation of Electrodes

Polypyrrole graphite electrodes (PGEs) were fabricated through dispersion of PPY
synthesized at 70 and 80 °C into graphite in presence of sulfonated polysulfone
binder and named as PGE1 and PGE2, respectively.

14.3 Characterization

Fourier transform infrared (FTIR) spectra of samples were recorded on Thermo
Nicolet in KBr from 4000 to 500 cm−1 on transmission mode. XRD spectra of pow-
dered samples were recorded at room temperature over Rigaku-Geigerflex X-ray
diffractometer using Cu-Kα radiation (λ = 0.154 nm) in the range of 10°–70° at
30 kV and 15 mA with step size 0.05 and step time of 19.2 s. Thermo-oxidative
stability of samples was investigated through simultaneous thermogravimetric-
differential thermogravimetry-differential thermal analysis (TG-DTG-DTA) over
EXSTAR TG/DTA 6300 instrument in static air in the temperature ranging from
30 to 700 °C. SEMwas recorded on JEOL, JSM 6610 LV using a primary beam volt-
age of 20 kV. Electrical conductivities (σDC) of PGEs were evaluated over Keithley
four-point probe conductivity meter. The effect of temperature on electrical con-
ductivity of PGEs was investigated. Electrochemical measurements were performed
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over IVIUM potentiostat–galvanostat at 1 mA with reference to Ag/AgCl electrode
and Pt sheet as counter electrode in KOH (1 M). Cs was calculated from CV curves
by using formula: Cs = I/m (dV /dt) [8].

14.4 Results and Discussion

14.4.1 Spectral and Thermal Studies

Figure 14.1 demonstrates FTIR spectra of P2. Peak at 1546 and 1461 cm−1 corre-
sponds to C–N and C–C stretching vibration is due to formation of 2, 5-substituted
PPY [9]. Figure 14.2 represents XRD spectra of P2, where broad peak at 24.47° (d
= 36.3 nm) reveals amorphous nature of PPY [10].

Fig. 14.1 FT-IR spectra of
PPY

Fig. 14.2 XRD spectra of
PPY
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Fig. 14.3 Thermogram of PPY

The thermal characteristics of P2 have been investigated through simultaneous
TG-DTA-DTG (Fig. 14.3). P2 shows single step decomposition with temperature
ranging from 200 to 600 °C. The corresponding weight residue (W r, %) at onset
and endset temperature were 89.74 and 2.0. Moisture may be responsible for the
weight loss (WL, %) of 10.26 before the onset temperature. Decomposition of P2
has been supported with broad DTA signal ranging from 89.1 to −117.1 μV with
peak temperature in the range of 278–482 °C. DTG reveals the rate of decomposition
of P2 ranging from 13.06 to 16.14 μg/°C with peak temperature ranging from 304
to 482 °C.

14.4.2 DC Conductivity

PGEs were further investigated for their electrical behavior. Measurement of σDC
was conducted in the range of 1–100 V and 323–403 K. At 323 K, σDC of PGE1
and PGE2 was increased from 60.4 to 170.4 and 80.1 to 210.3, respectively, with
voltage up to 100 V (Fig. 14.4).

Such increase in σDC with voltage is due to the localized motion of trapped
charges in PPY that induce the formation of polarons and bipolarons [11].
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Fig. 14.4 Effect of voltage
on DC conductivity of PPY

14.4.3 Effect of Temperature on Conductivity and Periodical
Imaging of Microstructure

PGE with maximum electrical conductivity (σDC, mS/cm) was identified and
microscopically imagedduring temperature-dependent electrical conductivity (σDC,
mS/cm) measurements. At variable voltage, PGE2 shows higher electrical conduc-
tivity than that of PGE1. PGE2 was, therefore, selected for onward investigation
of electrical and electrochemical studies. Increase in temperature up to 373 K has
raised the σDC to 385.5. Increase in temperature to 403 K has declined σDC of
PGE2 to 292.9 (Fig. 14.5). The dependence of σDC on temperature can be attributed

Fig. 14.5 Variation in σDC
(mS/cm) of PGE2 at various
values of T (K) ranging from
323 to 403
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Fig. 14.6 SEM images of PPY at variable temperature (K) ranging from 323 to 403

to increased thermal energy at high temperatures, wherein electrons are excited from
the valence band to conduction bands [12].

The morphological examination reveals the workability of electrodes for semi-
conductor applications 323–363 K. SEM images indicate retention in surface and
bulk morphology of PGE2 up to 353 K with σDC of 323.5. Increase in temperature
up to 383 K has declined the σDC to 305.1 with destruction in morphology of PGE2
(Fig. 14.6). Onward increase in temperature from 363 to 373 K further imparts a
marginal increase in σDC ranging from 365.9 to 385.5 mS/cm with a distinct mor-
phological disorder in electrode (Fig. 14.6e–f). Further, increase in temperature to
403 K has declined the σDC with complete destruction in the coating of material
over electrode (Fig. 14.6g–h).

14.4.4 Electrochemical Behavior

The CV of PGE2 was recorded in a three-electrode assembly in various electrolytes
(LiCl, NaOH and KOH) at identical concentration of 1.0 M. Cs values are strictly
connectedwith the nature and surface of the electrode/electrolyte interface. The better
the accessibility of the ions to the electrochemically active surface, the higher values
of Cs are observed. The experiment was performed at common scan rate of 0.2–
0.01 V/s, with limit on the positive and negative end potentials at 0.6 and−0.1 V. In
LiCl, the Cs (F/g) ranges from 62.27 to 10.15, in presence of NaOH, Cs (F/g) ranges
from 76.73 to 12.39, and in KOH, Cs (F/g) ranges from 97.74 to 13.31 (Table 14.1).
The difference in the current and capacitive response is attributed to hydrated cationic
radius, cationicmobility and conductivity and their effect on ion/charge diffusion and
exchange. The hydrated cations follow K+–H2O < Na+–H2O < Li+–H2O order of
radius, and the ionic mobility decreases with increase in cationic hydrated radius
[13, 14]. Thus, due to high ionic mobility, conductivity and small hydrated ions, the
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Table 14.1 Effect of
electrolyte on scan rate
functional electrochemical
performance of PGE2 in
selected electrolyte media
(1.0 M) at 25 ± 1 °C

Scan rate (mV/s) LiCl NaOH KOH

200 10.15 12.39 13.31

150 11.52 14.09 15.48

100 13.98 16.23 23.70

50 18.88 19.00 27.87

10 62.27 76.73 97.74

electrode showed largestCs of 97.74F/g inKOHelectrolyte, followed byNaOH(F/g)
and LiCl (F/g). Figure 14.7 represents CV of PGE2 in presence of KOH electrolyte.

Figure 14.8 represents the corrosion resistance of PGE2 with reference to steel
through the Tafel plot under potentiodynamic conditions from−1.5 V to 1.5 V@0.1

Fig. 14.7 CV of PPY versus
Ag/Ag+ at various scan rate
in KOH solution

Fig. 14.8 DC polarization
of PPY (a) and bare steel (b)
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V/s in KOH (1.0 M) at 25 ± 1 °C. Electrochemical data are presented through Ecorr

(V), Icorr (A/cm2) and corrosion rate (mm/year). Charge transfer controlled reactions
induce corrosion in electrodes that intensify with negative values ofEcorr and positive
values of Icorr. Tafel plots reveal that steel electrode shows corrosion at the rate of
0.74 mm/y with negative Ecorr (−1.03) and positive Icorr (2.25 × 10−4). Coating
of PGE2 has reduced the corrosion rate of steel electrode by 0.16 mm/y with less
negative Ecorr −0.48 and positive Icorr 4.82 × 10−5 [15].

14.5 Conclusion

PPY was synthesized under supercritical conditions at different temperatures. Elec-
troactive PGEs with higher electrical conductivity were detected and investigated
formorphological variations during temperature regulated σDCmeasurements.With
voltage and temperature ranging from 1 to 100 V and 323 to 403 K, a regular increase
in σDC of PGEs was observed. SPS displays dual behavior with polysulfone as
binder and sulfonic acid functionality as dopant for PPY. Simultaneous imaging of
electrodes through SEM during temperature-dependent conductivity measurements
reveals the stability of PGE2 up to 353 K. Complete destruction in morphology of
PGE2 was noticed at 403 K at 100 V with decline in σDC to 292.9 mS/cm. The
electroactive nature of PGE2 was confirmed through cyclic voltammetry in KOH
(1.0 M) with electrochemical supercapacitance of 97.74 F/g. Tafel plot reveals cor-
rosion protection behavior of PGE2. The present investigation delivers fabrication
of electrodes with semiconducting, capacitive and corrosion protection behavior that
make it suitable for electronic and electrochemical energy storage applications.
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Chapter 15
Thermal Efficiency Enhancement
of Solar Parabolic Trough Collector
Using Nanofluids: A Recent Review

Gopal Nandan

Abstract Recent studies on the potential of the nanofluids on the performance
enhancement of the parabolic trough collectors seem to be pointing toward develop-
ment of the next generation of the solar collectors having great potential to be used for
co-generation with integrated solar thermal systems. To achieve it, most researchers
are investigating the superior performance of non-conventional heat transfer fluids,
such as the nanofluids. The present paper is an effort to review recent research efforts
on the performance of parabolic trough collectors using nanofluids. Studies on the
various properties of nanofluids seem to be suggesting the positive impact of these
fluids in increasing the heat transfer characteristics. The concurrent studies carried
out to use nanofluids in coupled solar thermal systems are likely to enhance the
process of heat energy collection from the sun in a highly concentrating trough type
collector. The objective of the current study is to report recent progress on ther-
mal efficiency enhancement in the parabolic solar trough collector using nanofluids.
Experimental and numerical simulation results have been covered by referring to
recent research papers. This work will act as a valuable tool to future researchers.

Keywords Nanofluids · Parabolic trough collector · Thermal efficiency

15.1 Introduction

Depletion of fossil fuels and greenhouse effect forced the researcher worldwide
for proper alternative environmental benign, sustainable and inexhaustible energy
sources. In solar thermal power generation systems, three types of collectors:
parabolic trough, central receiver and parabolic dish are used. The technology of
the parabolic trough collector (PTC) is the most proven and cost-effective today.
The incident solar radiation is reflected by the concentrator to heat collector element
(HCE) which is a metallic tube placed in the focal line of the concentrator. The HCE
first captures the solar irradiation and then absorbs by spectral selective coating on
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its wall (tube/plate) and converts into heat. The heat transfer fluids (HTFs) circulate
through the HCE where the heat is indirectly transferred to it [1]. To minimize the
heat losses, the HCE is enveloped by a glass tube. The annular space between HCE
and the glass tube is maintained at vacuum pressure [2]. The PTC is the best choice
for medium temperature (150–400 °C) heat requirements [3]. The HTF for medium
temperature ranges 100–400 °C, which is suitable for Rankine thermal cycles, must
be highly absorptive [4]. The most common type of working heat transfer fluids
is synthetic oil, molten salt or water/steam. Nowadays, several researchers exper-
imented the use of nanofluids and shown appreciable advantages in thermal effi-
ciency. The nanofluids are a mixture of very nanosized engineered particles and the
conventional liquids used as HTF. Common base liquids in solar collectors are water,
synthetic heat transfer oil or molten salts which is based on operating temperatures.
The optical efficiency depends on the reflectivity of trough collector and its optical
parameter, the transmittance of glass envelope and absorptivity of the receiver tube.
It is the ratio of the absorbed energy to the incidence of solar energy. In this paper,
the effect of nanoparticles on the thermal aspects of PTC has been revealed. The
present work focuses on the performance of PTC when nanofluids are used as HTC.
Due to nanofluids, the pressure drop in the channel, heat transfer, thermal efficiency
based on the experimental and analytical solution has been covered. Inserts used
HCE which contributed to the increase of thermal performance [5]. Still, there is a
need for commercial nanofluid solar collectors due to its higher thermal performance
as compared to traditional HTF.

15.2 Heat Transfer

The motion of molecules of fluid accounts for the transfer of heat to the fluids. The
mechanisms involved are conduction of heat, convection of heat and radiation of
heat. When a fluid passes through an enclosed boundary and encounters a heated
solid boundary like a pipe wall, heat energy gets conducted in the boundary and the
outer layer of the fluid which is directly in contact with the metal surface gets the
heat energy by conduction. However, the mechanism of convection occurs inside the
flowing fluid in the inner zones of the tube. When the outermost layer gets heated,
the density in this layer reduces and the nearby layers fill up this zone; thereby,
a continuous fluid circulation takes place inside the tube. This circulation of fluid
aids in the transfer of energy to the farther layers of the fluid lying away from the
pipe wall. The circulating fluid transfers heat energy to the innermost layers of the
flowing nanofluids over some time. This circulation of fluid occurring due to natural
buoyancy effects is called natural circulation and this process is slow. To speed up
the process, an external pump is used. In assisted circulation mode, the fluid is circu-
lated using an external pump and thus the convection can be imagined to be forcefully
executed using an external device. This kind of convection is rapid than the natural
convection mode. Heat transfer rate also depends on the material properties, fluid
flow rate, temperature gradient and the geometry of the surface transferring the heat.
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Ajay and Lal [6] used CuO/water nanofluids for experimentation and validated the
experimental observation numerically. Choudhri et al. [7] used Al2O3/water nanoflu-
ids of 40 nm size and found improvement in heat transfer concerning water. Jafar
and Sivaraman conducted experiments with Al2O3/water nanofluid which maintains
volumetric fraction at 0.1% and 0.3. In the tube, a twisted tube with nails was used to
further enhance heat transfer in laminar flow range having Re from 710 to 2130. The
heat transfer rate further improved [8]. The heat transfer further improved in silica
water nanofluid after providing transverse vibration on the heat transfer surface. The
heat transfer coefficient enhanced up to 182% as compared to base fluids water [9].
This improvement is due to thermal diffusion effects due to the Brownian motion
of nanoparticles and the thermophoresis effect. Bellos et al. [10] reported energy
and exergy analysis in the temperature range 300 K to 1300 K for water, Therminol
VP-1, molten salt, sodium liquid, air, CO2 and helium. For high temperature, CO2

and helium are the most suitable working fluids [10].

15.3 Experimental Study of PTC

The actual energy absorbed by the collector is represented by the rise of tempera-
ture of the circulating fluid in PTC using nanofluid which results in the increase of
the useful energy collected. This improves the thermal efficiency of the collector.
Kasaeian et al. [11] investigated thermal and optical performance of steel mirror and
then compared with four different HCEs: (a) black painted vacuumed steel tube, (b)
copper tube with black chrome coating, (c) copper tube with black chrome coating
enveloped in glass (non-evacuated) and (d) copper tube with black chrome coating
vacuumed. The black chrome has the highest absorptivity (0.98). The thermal effi-
ciency of vacuumed HCE has averagely 11% higher efficiency than bare HCE, due
to convection losses. The thermal performance of the copper tube with black chrome
coating vacuumed found to be best between them. They used 0.2 and 0.3% (in weight
fraction)MWCNT/mineral oil-based nanofluid and found global efficiency improved
about 4–5% and 6–7% as compared to instead of pure oil.

Therminol VP-1 base fluid was dispersed with alumina nanoparticles [12], and
10% improvement in the efficiency of the thermal collection device fitted with trans-
parent receiver tubeswas observed during the experimentation. The optical efficiency
of the collector was dependent on the diameter of the receiver tube and the nanopar-
ticle concentration. Numerical dependence is also computed with alumina nanopar-
ticles in different base fluids like ethylene glycol, propylene glycol and Therminol
VP-1 in this study. The summary of efficiency enhancements reported is presented
in Table 15.1.
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Table 15.1 Experimental findings of PTC using nanofluids

Researcher Nanofluid Fraction of
nanoparticles

Findings

Chaudhari et al.
[7]

Al2O3/water • 1% weight fraction • Heat transfer
coefficient enhanced
by 32%

• Nail twisted tapes
inserts

Ajay and Lal
[6]

CuO/H2O • 0.01% volume
fraction

• Thermal efficiency
improved by 7.4%

• Good agreement with
experimental

Ajay and Lal
[13]

Al2O3/water Volume concentration
of 0.05, 0.75, 0.1 and
0.125%

• Overall efficiency
improvement by
13.98% at 0.125%
volumetric fraction at
80 L/h

Kasaeian et al.
[11]

MWCNT/oil 0.2 and 0.3% • Efficiency improved
by 3–5% at 0.2%
concentration

• Efficiency improved
by 5–7% at 0.3%
concentration

• Vacuumed HCE has
11% more efficiency

Khullar et al.
[12]

Al2O3/Therminol
VP-1

0.05% 5–10% enhancement in
efficiency

Kaloudis et al.
[14]

Al2O3/Syltherm 800 4% concentration
ration

• Collector efficiency
improved by 10%

• Modeling is based on
two-phase approach

Mwesigye et al.
[15]

CuO/Therminol VP-1 Up to 6% volumetric
fraction

Increase in efficiency by
12.5%

Jafar and
Sivaraman [8]

Al2O3/water 0.1% and 0.3% volume
concentration

• Heat transfer rate
improved further due
to improve in
turbulence

• Nail twisted tapes
inserts

Chaudhari et al.
[7]

Al2O3/H2O Weight fraction 0.1% Thermal efficiency
enhanced by 32%

15.4 Simulation of Parabolic Trough Collectors

The use of nanofluids as working fluids in the PTC has been simulated by several
researchers to study thermal and hydraulic behaviors. The simulation study reported
in the literaturemore than 65% in these areas. It is perhaps accounted due to relatively
cheaper than experimentation cost for both system setup and material purchase. For
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modeling purpose, ANSYS Fluent, ANSYS CFX, Engineering Equation Solver and
users own code has been used by most of them. Exergy efficiency and entropy
generation rate were investigated by some researchers [15–18]. Simulations were
carried out by several authors using nanofluids as the working fluid by solving mass,
momentum and energy conservation equations. These equations are

Continuity equation: ∂ρ

∂t +
∂(ρu j)

∂xi
= 0

Momentum equation: ∂(ρui )
∂t + ∂(ρuiρu j)

∂xi
= ∂

∂x j

[
ρδi j + μ

(
∂ui
∂x j

+ ∂u j

∂xi

)]
+ ρgi

Energy equation:
∂(ρCpT)

∂t + ∂(ρuiCpT)
∂xi

− ∂
[
λ ∂T

∂x j

]

∂x j
= ST

Turbulence kinetic energy equation: ∂(ρk)
∂t + ∂(ρkui )

∂xi
= ∂y

[
Γk

∂k
∂x j

]

∂x j
+ Gk + Yk + Sk

15.4.1 Constant Heat Flux Over HCE

Several simulations work considered constant heat flux over HCE [2, 19–21]. For
a low concentration ratio (<5%) of Al2O3/synthetic oil nanofluid convection heat
transfer coefficients directly depend on the volume fraction of the nanofluid. This
was numerically studied considering constant heat flux over PTC [22]. Padilla
et al. [2] performed one-dimensional numerical heat transfer analysis and compared
experimental data of Sandia National Laboratories.

15.4.2 Heterogeneous Heat Flux Over HCE

A three-dimensional model was solved for fully developed turbulent heat transfer
by Sokhansefat et al. [23]. The influences of the non-uniform distribution of the
solar energy flux on the thermal, fluid and structural characteristics of the HCEs
have been reported by Wang et al. [24]. The incident solar energy on the HCE
considered as constant heat flux on the upper side and non-uniform heat flux in the
lower side in the circumferential direction. However, along its length, it is constant at
any circumferential position on the tube. Along the tube circumference, heat flux is
extremely non-uniform which results in very complicated heat transfer mechanism
inside the tube. Non-uniform heat flux is due to the reflection of incident solar radian
over the trough reflector, which is modeled using solar ray tracing method and finite
element method. This complex condition is then coupled with HTF. Due to non-
uniform heat flux, circumferential temperature difference (CTD) is developed in the
HCE which decreases with increase in inlet velocity and the temperature of the HTF.
Authors considered inlet velocity in a range of 1–4 m/s and the inlet temperature in
the range of 373–673 K and observed the thermal stress as well as CTD in the HCE
which is in the range of 22–94 K. Further Wang et al. [25] extended his result and
presented the effect of Al2O3/synthetic oil nanofluids. He et al. [26] wrote codes for
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MCRT implementation and validated with the experimental data. The heterogeneous
heat flux distribution on HCE divided into four parts: (i) shadow effect area, (ii) heat
flux increasing area, (iii) heat flux reducing area and (iv) direct radiation area. The
effect of concentration ratio and rim angle is also presented. In 2014, Islam et al.
[27] used commercial code Zemax simulation for Monte Carlo Ray Tracing (MCRT)
and provided solar irradiance in terms of the angular position overall four locations.
Turbulencemodeling has been used [13, 24, 28, 29]. Thismodel gave good agreement
with the experimental data. For numerical analysis single-phase model, two-phase
model, volume of fluids model and mixture models were used in ANSYS Fluent and
their comparative performance has been reported [28]. The pressure-based solverwas
used for the calculations and Semi-Implicit Method for Pressure Linked Equations
(SIMPLE) algorithm was chosen for the pressure velocity coupling. They used five
different volume fractions of nanofluid from 0.0625% to 1% of MgO nanofluid.
Results from the simulation study show that Nu increases with the volume fraction
of the nanofluid. Two-phase models give more accurate than the others for heat
transfer prediction particularly in the higher volume fractions of nanoparticle with a
deviation of about 2%, whereas in the single-phase model, it is about 11%.

It was tested with Al2O3 nanofluid and improved heat transfer results [14] were
established. A base fluid synthetic in nature like Syltherm 800 was selected, and
alumina nanoparticle volume concentration of 4% was maintained, which led to an
improvement of the thermal collector efficiency, which is comparably higher by 10%
to the thermal efficiency obtained with water as the working fluid.

The thermal performance improves with increasing the nanoparticles volumetric
fraction. The entropy generation decreases and the thermal efficiency increase by
12.5% when the volume fraction Cu-Therminol VP-1 of 6%. Using MCRT and
FVM, inlet fluids temperatures were maintained in the range of 350–650 K and
flow rates in the range 1.22–135 m3/h. The concentration ratio and a rim angle were
maintained of 113° and 80°, respectively. Using MATLAB, programming has been
done for a theoretical formulation which is based on the finite-difference technique
[12]. Heat transfer using the forced mode of convection by using aluminum oxide
and cuprous oxide water nanofluid was simulated using k–εmodel [30]. At a volume
concentration of 3%, heat transfer increased by 28% and 35%, respectively.

Ajay and Lal [6, 13] did simulation studies using ANSYS Fluent and compared
with the experimental observation with CuO/water nanofluids at a flow rate of 20 L
per hour. In the simulation, the use of solar load model also has been reported. At
0.01% volumetric concentration of nanofluids, outlet temperature of experimental
and simulationhadgoodagreement throughout. The thermal efficiency at the lowflow
rate (low Re) was improved by 7.4% as compared to the base fluids. The difference
of 8% in the results of experimental and simulation results was obtained for Al2O3

nanofluids at a very low volumetric fraction of 0.125%.
Further,Kumar et al. [31] consideredCuO/water nanofluids as a single phase in the

modeling thermal efficiency improved by 6% at the same volumetric fraction 0.01%.
Modeling has been done using VB.NET considering solar aspects and heat transfer
aspect of PTC [32]. Effect of several collating, efficiency and outlet temperature of
heat transfer fluid was discussed.
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Huang et al. [33] studied optical performance with vacuum tube receiver analyt-
ically and suggested a modified integration algorithm for optical efficiency of each
point at the reflector. The numerical integration provides overall optical cosine fac-
tor, receiver efficiency, heat loss and efficiency of conversion of solar energy into net
heat energy at any time considering optical error and tracking error.

Zadeh et al. [34] used a genetic algorithm and sequential quadratic programming
for thermal analysis of the collector using MATLAB and Fluent software. They
considerednon-uniformheat fluxon the absorber tube andflowof heat transfer tube as
fully developed mixed convection. The HTF was Al2O3 nanofluids having synthetic
oil as a base fluid. It was concluded that heat transfer enhancement directly depends
on the nanoparticle concentration ratio. As the operational temperature increases, it
gives a negative effect on heat collection efficiency.

Overall efficiency and exergy efficiency were studied using Engineering Equation
Solver (EES) by Abid et al. [35]. They considered PTC for solar irradiation from
400 to 1000 W/m2 and water-based nanofluids (Al2O3 and Fe2O3) as well as molten
salts (LiCl-RbCl and NaNO3-KNO3). The overall efficiency, exergy efficiency and
outlet temperature of HTF are maximum for Fe2O3/H2O nanofluids.

Wani and Nandan [36] further extended their work and usedMCRT tomodel non-
uniform in the circumferential direction but uniform in the axial direction. Three-
dimensional models were solved using Fluent. The operational temperature was
maintained at 300, 400 and 500 °C. The error in the simulated and experimental data
for the outlet temperature of HCE was less than 3.8 °C. Due to unsymmetrical heat
flux over PTC, circumferential temperature gradient in observed in the tube [36].
Ghasemi and Ahangar [37] developed code in FORTRAN and studied thermal and
optical performance for Cu-water nanofluid in PTC.

Mwesigye et al. used [15, 17, 38] copper, silver and alumina with Therminol VP-1
as base fluid. Based on numerical analysis, comparative analysis has been presented.
The thermal performance of the receiver tube is calculated and found that silver-
Therminol VP-1 nanofluid exhibited maximum enhancement of thermal efficiency
of 14% at volume fraction varying from 0 to 6%. Later on, Basbous et al. used
nanofluid Al2O3-Syltherm 800 for numerical analysis [39].

Bellos et al. [40] modeled PTC in SolidWorks and used flow simulation studio for
its simulation. They used experimental results for its validation and compared the
results of Al2O3 nanoparticles in two different base fluids separately. In thermal oil,
the mean efficiency increased by 4.25% and enhancement of 6.34% was observed at
high-pressure water in PTC.

Other investigators [40] used base fluids like thermal oil and used thermal oil with
nanoparticle dispersion along with pressurized water. The study was conducted in
a high temperature-based PTC. Geometrical modifications in addition to the use of
nanofluidwere performed to improve the thermal efficiency of the collector by around
9%. A few researchers employed a combination of collectors to good effect. The
geometry of the tubewas alsomodified to study thermal efficiency. Using thermal oil,
wavy geometry gave better efficiency as compared to a cylindrical tube. Numerical
simulation results are shown in Table 15.2.
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Table 15.2 Summary of simulation studies of nanofluids in PTC

Researcher Nanofluids used Findings

Sokhansefat et al.
[23]

Al2O3/synthetic oil • MCRT used and solved using
Fluent software

• Volumetric concentration
considered up to 5%

• At high operational temperature,
heat transfer enhancement is
reduced

Ajay and Kundan
[13]

Al2O3–H2O • With 0.125% volumetric fraction,
thermal efficiency is 24.3% and
instantaneous efficiency is 68.5%

• About 8% discrepancy with
experimental data

Mwesigye et al. [38] CuO/Therminol VP-1,
AgO/Therminol VP-1
Al2O3/Therminol VP-1

• Comparison of thermal efficiency
presented in volume fraction
increases from 0 to 6% using
SolTrace

• Concentration ratio is 113 and rim
angle was 80°

• Thermal efficiency enhanced by
about 12.5, 13.9 and 7.2% for the
copper-Therminol®VP-1,
silver-Therminol®VP-1 and
Al2O3-Therminol®VP-1
nanofluids

Mwesigye and Meyer
[41]

SWCNTs-Therminol VP-1 • Volume fraction maintained in the
range 0–2.5%

• Heat transfer coefficient improved
by 64%

• Entropy generation rate decreed by
increasing volume fraction and
remained constant for higher value
of Reynolds number

Bellos and Tzivanidis
[42]

Al2O3/Syltherm 800
CuO/Syltherm 800

• Model developed in EES
• Using Al2O3 heat transfer
coefficient enhancement is 34.7%

• Using CuO heat transfer
coefficient enhancement is 40.9%

Ghasemi and Ranjbar
[30]

Al2O3/H2O, CuO/H2O • With Al2O3/H2O heat transfer
enhanced by 28%

• With CuO/H2O heat transfer
enhanced by 35%

• 3% Volumetric fraction
maintained in both cases

Antonio et al. [32] Water VB.Net programming is used for
mathematical model to study flow
and heat transfer in a PTC

(continued)
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Table 15.2 (continued)

Researcher Nanofluids used Findings

Huang et al. [33] Water Numerical integration algorithm is
used to evaluate the optical
efficiency of PTC

Kumar et al. [31] CuO/H2O • Marginal difference in results of
experimentation and simulation
for outlet temperature

• Thermal efficiency improved by
6% at 0.01% volumetric fraction

Abid et al. [35] • Al2O3/H2O
• Fe2O3/H2O
• LiCl-RbCl/H2O
• NaNO3-KNO3/H2O

• Comparative study of four fluids
having water as base fluids

• Salts were in molten state
• Overall efficiency and exergy
efficiency of Fe2O3 in PTC

• Outlet temperature in PTC was
maximum for Fe2O3/water

• Results were also compared with
parabolic dish collector

Bellos et al. [40] Al2O3/thermal oil
Al2O3/pressurized water

• Thermal efficiency enhancement
by 4.25%

• Surface modified to wavy surface
provided increase in efficiency by
4.55%

• SolidWorks used for modeling

Mwesigye et al. [43] Al2O3/Syltherm 800 • Collector thermal efficiency
increases by 7.6%

• Local entropy generation
calculated

• Volumetric fraction of
nanoparticles used 0–8%

• 3560 < Re < 1,151,000

Basbous et al. [39] Al2O3/Syltherm 800 • Dispersion on nanoparticles
increased the convection heat
transfer coefficient about 18% and
heat loss decreased by 10%

• Convection heat transfer
coefficient increases at high
temperatures

Sokhansefat et al.
[23]

Al2O3/synthetic oil • Up to 5% volumetric fraction for
temperatures of 300, 400 and
500 K

• Asymmetric temperature
distribution in circumferential
direction considered

• Difference in experimental and
simulation result shows less than
3.8 °C in the exit temperature

(continued)
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Table 15.2 (continued)

Researcher Nanofluids used Findings

Islam et al. [27] – • Zemax simulation for MCRT
simulation used

• Solar irradiance at HCE in terms
of angular position presented

15.5 Conclusion

To harness solar energy and to achieve improved efficiencies of solar collectors, the
researchers have focused engineered fluids as heat transport fluids which exhibit
higher heat absorption and better heat transfer properties as compared to the con-
ventional fluids. In this paper recent development in the thermal performance, the
thermodynamic performance of a solar parabolic trough collector is discussed. Most
of the research papers available are based on numerical analysis of the system start-
ing from a one-dimensional approach to three-dimensional approach. Focus is on the
application of nanofluids in the collector. The use of nanoparticles of CuO, Al2O3,
Fe2O3, AgO, SWCNT, SiO2, LiCl-RbCl and NaNO3-KNO3 has been experimented
using water, mineral oil, Therminol VP-1 and Syltherm 800 as working fluids. In
some of the research papers used, performance of molten salt, sodium liquid, air,
CO2 and helium also has been reported. Numerical solution considering constant
heat flux along the circumferential direction is also available. The solar ray sim-
ulation using Monte Carlo Ray Technique has been used to model heterogeneous
heat flux along the circumferential direction on the collector. For the implementation
of MCRT technique, researchers used their codes in VB.net, Engineering Equation
Solver, Zemax simulation and SolTrace solved using ANSYS Fluent. The validation
of codes has been done using the standard data of Sandia National Laboratories. The
performance is found to be satisfactory.
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Chapter 16
Structural Transformations in Fullerene
C70 Thin Film by 65 MeV Ni Ion Beam
Irradiation

Ritu Vishnoi, Vaishali Singh and Rahul Singhal

Abstract Under swift heavy ion irradiation at different fluences, the structural trans-
formations of fullerene C70 thin film prepared by thermal evaporation are investi-
gated. Fullerene C70 thin films are irradiated with 65 MeV Ni ions beam at different
fluences from 1 × 1012 to 1 × 1014 ions/cm2. The impact of energetic ions on the
fullerene molecule leads to the extinction of C70 molecule. In order to study the
stability of fullerene C70 under ion irradiation, damage cross section and ion track
radius of damaged cylindrical zones are determined using fullerene C70 vibration
modes and their change at different fluences as recorded by Raman spectroscopy.
Damage cross section is found to be 1.01 × 10−13 cm2, and ion track radius of dam-
aged cylindrical zone is found to 1.8 nm. Fullerene C70 is completely converted from
crystalline structure to amorphous carbon at a fluence of 1 × 1014 ions/cm2.

Keywords Swift heavy ion · Fullerene · Ion track · Raman spectroscopy

16.1 Introduction

In 1985, Richard Smalley, Robert Curl, and Harold Kroto discovered Fullerene, an
allotrope of carbon [1] at the University of Sussex and Rice University. Fullerene
molecules are in the form of a hollow ellipsoid, sphere, or other shapes and made of
entirely carbon atoms. These molecules are also called buckyballs. Due to noticeable
optical, structural, and electrical properties, fullerenes have always been of keen
interest to researchers [2, 3]. Fullerene C60 is a highly symmetrical molecule similar
to the shape of a football, whereas the shape of fullerene C70 is like a rugby ball. The
fullerene C70 molecule is little bit more complex than fullerene C60 molecule. The
C70 molecule has an ellipsoid structure consisting of 12 pentagons and 25 hexagons
[4]. The diameter of the equator of the relaxed molecule and overall height is ~6.94
Å and ~7.80 Å, respectively [5]. It has been reported that fullerene C70 will have
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prepared by the solution route; it has hcp structure at room temperature; but if it is
prepared by sublimation route, it has fcc structure at room temperature [6, 7]. C70

has poor crystallinity and orientational disorder at room temperature, and therefore,
Raman spectroscopy is a better tool to investigate the structural transformation of
fullerene C70 than the other conventional crystallographic techniques. Fullerene C70

has 53 Raman active vibrational modes as per the symmetry selection rules [8]. For
tailoring the optical, structural, and electrical properties of fullerenes, swift heavy
ion irradiation technique can be [9–13] utilized. The interaction of ion beam with
fullerene is of interest for the generation of new properties as well as to the general
field of ion beam processing of carbonaceous materials. When material is irradiated
with energetic ions, they will lose their energy to the material, which results in
upgradation of material properties. Ions lose their energy in two processes; these are
elastic collisions with lattice atoms called nuclear energy loss (Sn) and in electronic
ionizations and excitations called electronic energy loss (Se). The Sn predominates at
low energies (~1 keV/amu), whereas Se dominates at high energies (~1 MeV/amu)
of incoming ions. The variation of nuclear and electronic energy losses for high mass
ion with the energy of the ion in carbon matrix is shown in Fig. 16.1. From figure,
it is seen that there are mainly three regions according to the different energy of
the incoming ion. (i) The region where Sn dominates over Se is low energy region
(~1 keV/amu). The ions corresponding to this range of energy lose their energy via
collisions with the nucleus of target atoms and transfer momentum and energy to
the recoil atoms, (ii) mid-energy region, where Se increases with energy and reaches
to a maximum value, after which it decreases with energy (region III). The most

Fig. 16.1 Stopping powers (in keV/nm) for Ag ions in carbon as calculated by SRIM program
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important primary radiation effects responsible for the modifications of different
materials are (i) collective electronic excitations, (ii) breakage of bonds, cross-linking
or scissoring, (iii) formation of phonons, leading to localized heating of the target,
(iv) sputtering of atoms from the surface, (v) displacement of atoms in the bulk of the
target, (vi) generation of ion track by high energy ions (~1 MeV/amu), (vii) defect
annealing and defect creation, etc. Ion beam effect on the materials depends on the
ion fluence, energy, and ion species.

In the case of a swift heavy ion, the inelastic collision is the dominant mechanism
for the transfer of energy into the material and the passage of ion generally produces
ion tracks above a threshold value of electronic energy loss. The transfer of energy
from the incoming ion to the atoms of target materials is through excitation and
ionization. These ion tracks which are produced due to the passage of incoming ion
consist of material having properties that are drastically different from the surround-
ing which is not being irradiated. It is therefore clear that a desired modification of
materials can be obtained by the appropriate selection of the ion and its energy. Also,
since the energy deposition is much localized and the process is far from equilib-
rium, the selective modifications can be performed without affecting the surrounding
region.

The modifications induced in the fullerene C60 by ion irradiation have been
reported by many groups for a large range of masses and ion energies. Kastner
et al. [14] irradiated the thin films of fullerene C60, with 160–300 keV H, He, C, and
Ar ions with dose ranging from 1 × 1012 to 5 × 1016 ions/cm2. At high doses, a
structural conversion of fullereneC60 from crystalline form to non-crystalline formof
carbon was observed. Prawer et al. [15] studied the energetic ion impact on fullerene
C60 molecule using 620 keV Xe ions. They concluded that when hit by an energetic
ion, each C60 molecule was entirely broken down. For the obstruction, the cross
section was about ~6 × 10–13 cm2. Bajwa et al. [16] studied the upgradation that has
been generated by irradiation of 110 MeV Ni ions at different fluences in thin-film
samples of C60 on quartz and Si substrates. They concluded that at low fluences swift
heavy ion irradiation results in agglomeration formation involving multiple molecu-
lar units such as polymers or dimmers. Although many reports are available for the
modifications of fullerene C60 by energetic ion irradiation, the upgradation produced
by swift heavy ion beam in fullerene C70 thin films has not yet been studied in detail.
Our group has reported few reports [17–19] for the modifications of fullerene C70

using high energy ion irradiation.
In the present work, modifications produced by 65MeVNi ion beams in fullerene

C70 have been investigated using Raman spectroscopy and ion track radius is
determined.

16.2 Experimental Section

Pure fullerene films can be deposited by the sublimation of respective material using
resistive heating due to very small binding energy among carbon atoms in these
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molecules. Other popular physical vapor deposition techniques such as evaporation
by e-gun or sputtering cannot be used to deposit thin films of fullerenes due to higher
energy (~keV) of the incoming species to the target material, compared to the binding
energy among carbon atoms in fullerene molecule, which leads the damages to the
fullerene molecules. The sublimation temperature of fullerene C60 and C70 is in the
range of 400–600 °C. So, the energy required for the sublimation of these molecules
is less than 1 eV which can be imparted to these molecules by resistive heating
technique.

Onquartz substrates, a thickness of ~200 nmC70 fullerenes thin filmwas deposited
by resistive heating. By applying a weight of 5 Ton in a dye of 10 mm diameter and
using C70 powder (Alfa Aesar, 99% pure), the pellets of C70 were made. Before
the evaporation, the base pressure in the chamber was of the order of 10−7 torr.
To determine the thickness of the film during deposition, a quartz crystal oscillator
was used. These films were irradiated with 65 MeV Ni ion beam using pelletron
accelerator at Inter University Accelerator Centre, New Delhi, in Materials Science
beamline. Irradiation was done at different fluences ranging from 1 × 1012 to 1 ×
1014 ions/cm2. In the case of 65MeVNi ions, the electronic (Se) energy loss is ~6.75
× 102 eV/Å and nuclear energy is (Sn) is ~1.50 eV/Å in C70 and the range of Ni
ions is ~15.3 µm as determined by the Stopping and Range of Ions in Matter 2003
(SRIM) program. The Raman spectroscopy was used to characterize the pristine and
irradiated thin films of fullerene C70 to determine the structural transformation in
thin film under ion impact on 65 MeV Ni ion beam.

16.3 Results and Discussion

16.3.1 Raman Spectroscopy

Fullerene C70 molecule is having D5h point group symmetry. For pure C70 at room
temperature, from group theory and various first principle theories, 53 Raman active
modes are predicted (12 A1

′ +22 E2
′ +19 E1

′′) [20]. Figure 16.2 shows the typical
Raman spectrum of a pure C70 thin film on quartz substrate.

Figure 16.3 shows the Raman spectra of pristine and irradiated fullerene films at
various fluences. It can be seen that there is decrease in intensity of all Raman modes
after ion irradiation. With increasing ion fluence, there is decrease in intensity of the
C70 Raman peakswhich shows that ion impact leads to the cleavage of C70 molecules.
At fluences equal and above to 1 × 1014 ions/cm2, the C70 characteristic modes are
almost disappeared. The broad peaks observed at 1487 and 1573 cm−1 at this fluence
are identified asD andG peaks, which are characteristics of amorphous carbon [21].
The appearance ofD andG peaks in the spectrumconfirms the conversion of fullerene
C70 into amorphous carbon at this fluence.
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Fig. 16.2 Raman spectrum of pristine C70 thin film. Raman peaks are also marked by their
wavenumber

Fig. 16.3 Raman spectra of un-irradiated as well as 65 MeV Ni ions irradiated C70 samples at
different fluences
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16.3.2 Ion Track Radius Calculations

The peak of the highest intensity (1563 cm−1) of Raman spectrumofC70 was selected
for the calculation to determine the damage cross section and ion track radius. With
increasing fluence, the effect of ion irradiation on this peak is shown in Fig. 16.4.
By assuming the single ion impact, the cross section σ for the destruction of the C70

molecules was estimated and given by the relation [22]:

N (φ) = N0 exp(−σφ)

whereN0 is the areal density of pristineC70, σ is the damage cross section of fullerene,
and N (φ) is the areal density of the fullerene molecules remaining after irradiation
at fluence φ. The above relation can be further simplified as follows:

N (φ)

N0
= exp(−σφ)

ln

(
N (φ)

N0

)
= −σφ

By plotting the natural logarithm of integrated intensity N(φ) of the Raman band
at 1563 cm−1, normalized to the intensity of this peak for the un-irradiated film N0,
as a function of the fluence, almost a straight line is obtained up to the fluence of 3
× 1013 ions/cm2 and slope is changing after this fluence (Fig. 16.5). The reason for
the change in slope after 3 × 1013 ions/cm2 is that ion tracks start overlapping with
each other after this fluence. By analyzing Raman data, a damage cross section σ =
1.01 × 10−13 cm2 was obtained. The ion track radius r is calculated to be 1.8 nm. At

Fig. 16.4 Variations of most
intense Raman peak
(1563 cm−1) of pristine
sample with different
fluences for 65 MeV Ni ion
beam irradiation
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Fig. 16.5 Plot showing the
decrease of the logarithm of
the Raman peak intensity
when normalized to the
intensity of the un-irradiated
sample

a fluence of 1 × 1014 ions/cm2, when fullerene C70 thin film is irradiated, the fitting
of D and G bands of amorphous carbon is obtained, as shown in Fig. 16.6.

By the superposition of the two bands which are D-band (D as disorder) and
comparatively sharp G-band (G for graphite), a very broadband is formed which is
shown by the spectrum of amorphous carbon. These two bands are the characteristic
of amorphous carbon structure with a significant degree of sp2 hybridization [22].

The ion track formation can be described using thermal spike model. The incom-
ing ion loses its energy to the electron gas of the target material, and then energy
is transferred to the lattice via electron–phonon coupling during the time 10−13 s.
The interaction between electrons and phonons comes from the local polarization.

Fig. 16.6 Fitting of D and G
bands of amorphous carbon
when fullerene C70 film is
irradiated at 1 × 1014

ions/cm2
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When the temperature of the cylindrical zone exceeds the melting point of the target
material, a molten state is formed in a localized cylindrical zone with a diameter
of few nanometers. This high-temperature molten zone is rapidly quenched which
results in an amorphous ion track along the ion path in a time (t ≥ 10−11 s) and
known as ion track.

16.4 Conclusion

With 65 MeV Ni ions, the transformations of fullerene C70 to amorphous thin films
following ion beam irradiation have been investigated. Due to this energetic ion,
the C70 molecules are being destructed. Due to ionization and electronic excitation
produced by 65 MeV Ni ions, the cross section for the destruction of C70 molecules
is found to be σ = 1.01 × 10−13 cm2. The radius r of damaged cylindrical zone (ion
track) is about 1.8 nm. The film irradiated at the fluence of 1× 1014 ions/cm2, and the
appearance of D and G bands are ascribed to the conversion of C70 into amorphous
carbon.
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Chapter 17
Enhancement of Incident Solar Energy
on Panels and Indoor Load Leveling Due
to Seasonal Adjustment of Rooftop Solar
PV Arrays

Prakhar Duggal, R. K. Tomar and N. D. Kaushika

Abstract The energy generating modular array network is the costliest unit of solar
photovoltaic systems. The amount of energy that is transformed into electricity by
the solar photovoltaic panels depends on its tilt angle with the horizontal plane as
well as the orientation of the module. The optimum tilt angle of these panels is
decided on the basis of annual solar energy incident on the panels, and this angle
is kept fixed during the year-round cycle. In this paper, we have investigated the
optimum tilt angles determined on the basis of the amount of energy incident on the
panels at yearly and seasonal basis. In this investigation, we have also investigated
the shading effect of these panels on the rooftop at Delhi (latitude 28.7° N). In
accordance with the latitude of Delhi, the solar radiation data has been classified into
three seasons, i.e., summer (May, June, July, August), winter (November, December,
January, February) and equinoxes (March, April, September, October). It is found
that the panels placed facing due south and seasonally adjusted at their optimum tilt
angles will produce more electrical energy, 6.52% in summer, 5.94% in winter and
5–7% more electrical energy on annual basis and a larger shadow in summer and
smaller shadow in winter in comparison with the panels at annually fixed tilt angle,
and this in turn will decrease the indoor solar heat flux in summer and enhance the
indoor solar heat flux in winter and hence will favorably affect the indoor solar heat
flux as well as load leveling.

Keywords Solar photovoltaics systems · Solar radiation · Tilt angles · Irradiance ·
Shadow length · Heat flux and load leveling in buildings
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17.1 Introduction

Building integrated photovoltaic system has received steadily increasing attention
in the last two decades owing to the viability and reliability of solar photovoltaic
conversion in electricity. It does not involve any prime mover. In India, rooftop solar
photovoltaic systems are being promulgated by the government in urban areas. The
buildings of hospitals, schools and other community centers are being widely used.

Reliability and viability ofBuildingSolar Photovoltaic (BIPV) in past fewdecades
have made it quite popular and demand for it is steadily increasing and now it
stands as an important tool to harness electric energy. The government’s persistent
efforts have also lead to BIPV being steadily promulgated into both urban and rural
areas, though urban areas are benefitting more owing to the information and ready
availability. Rooftop solar photovoltaic modules are now widely used in buildings
like educational institutions, hospitals, offices, etc. This practice also helps us in
reducing the emission of harmful gases responsible for climatic changes into the
atmosphere. The researchers from all over the world are investigating the efficacy of
BIPV.

Yadav et al. [1] examined the influence of shadow through a mathematical model
on BIPVmodule from adjacent buildings situated in four directions. Themodel high-
lights the adverse shadow effect in achieving efficacy for a BIPV thermal system.
Bahrami et al. [2] examined the performance of different solar tracker at varying
latitudes across Europe and Africa. The solar potential around various locations in
Europe and Africa was analyzed, and energy gain was found using Perez anisotropic
model. Despotovic and Nedic [3] examined the optimum tilt angle for the city of
Belagrade. He found out the optimum tilt angle for flat plate collectors at yearly,
seasonally and monthly basis and compared the amount of solar energy on surface of
rooftop PV panel by varying tilt angle at yearly, seasonally andmonthly basis. Okoye
et al. [4] examined and analyzed the solar energy potentials of various strategically
located cities of Nigeria highlighting the energy situation and unreliable grid con-
nection. Through hourly analysis of metrological data in a typical metrological year
format, the study was conducted to study the viability of use of rooftop solar photo-
voltaic for residential applications. Ahmad and Tiwari [5] examined the variation in
collected energy by varying tilt angle for flat plate collector at ten locations around
the world and analyzed the optimum annual tilt angle by collecting monthly mean
daily global solar radiation data and monthly average clearness index on a horizontal
surface. Yakup andMalik [6] determined the solar collector’s optimum tilt angle and
orientation for Brunei Darussalam by estimating the total solar radiation on a tilted
surface through a mathematical model. The determination was made at a daily basis
as well as for a specific period.

In this paper, we have investigated the optimum tilt angles determined on the basis
of the amount of energy incident on the panels at yearly and seasonal basis along
with the shading effect of these panels on the rooftop at Delhi (latitude 28.7° N).
The solar radiation data has been categorized into three seasons, namely summer
(May, June, July, August), winter (November, December, January, February) and
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equinox (March, April, September, October). In this approach, we have analyzed
the total solar irradiance on the south-facing surface, which is to favorably affect the
air-conditioning load leveling in underneath building.

17.2 Mathematical Formulations

Total radiation incident on the tilted surface may be expressed as

St = SbhRb + SdhRd + SghρRr (17.1)

where St is the total radiation on the tilted surface, ρ is the ground reflectivity.
Sbh, Sdh and Sgh are beam radiation, diffused radiation and global radiation on a
horizontal surface, respectively. Rb, Rr and Rd are the beam, grounds reflected and
diffuse radiation tilt factors (tilt factor is the ratio of the radiation on a sloping surface
to that on a horizontal surface, or the conversion factor used to multiply radiation
on a horizontal surface to give that on a sloping surface), which can be expressed as
follows:

Rb = cos θ
/
cos θz (17.2)

where θ , the incident angle for the beam radiation on tilted surface.

17.3 Solar Radiation on Tilted SPV Panels

The routinemeasurements of solar global and diffuse radiation are usually on the hor-
izontal surface. Seldom, if ever, the solar radiation data on tilted surfaces is available.
Solar radiation on tilted surfaces has been investigated by various authors [7–11].
Total solar radiation incident on tilted surface consists of three components: the beam
radiation, diffuse radiation and ground reflected radiation. The diffuse radiation esti-
mation involves a debatable assumption of the sky as an isotropic/anisotropic source.
Some authors have used the simplifying assumption of an isotropic distribution of
diffuse radiation, and others have considered the sky as the anisotropic source. In this
paper, following Kaushika et al. [12], we have carried out an explicit evaluation of
an isotropic model to estimate hourly global radiation on inclined surfaces and also
study total global radiation on variously tilted surfaces in Indian region to investigate
optimal collector tilt for various solar energy applications.
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17.4 Computational Results and Discussion

Solar PV modules are characterized by their wattage and their tilt with respect to
horizontal. It is this aspect which has been investigated. Panel under consideration is
of 33W at Standard Temperature and Pressure (STP). The solar radiation incident on
panel is proportional to electricity generation. The following table shows the seasonal
variation of solar radiation incident on panels. It also indicates that the 6.52% more
solar energy is incident in summer, 5.94% in winter as compared to the fixed tilt
arrays (Table 17.1).

Monthly comparison of variation of solar radiation incident on solar panels at
fixed and optimum tilt is indicated in Table 17.2. The effect of the adjustment of the
arrays on the shadow of modules on rooftop is also investigated. Table 17.3 gives
the shadow length of modules for the mean solar tilt angle of PV array for different
season. Wherein, Table 17.4 gives shadow length of modules for the fixed tilt angle
across year.

The amount of solar radiation incident on rooftop is responsible for the solar heat
flux reaching the indoor environment of building, so to see the requirement of the
air-conditioning load, shadow length pattern is also studied. The investigation also
helps us in deciding adequate spacing of arrays (Table 17.5).

The variation of shadow length of panels placed on seasonally optimum angle
with respect to fixed tilt array of shadow length in winter and summer months is
shown in Fig. 17.1a, b, respectively.

We also investigated the variation in shadow length for a fixed tilt angle across
year and seasonally adjusted PV array (Fig. 17.2).

Table 17.1 Seasonal variation of solar radiation incident on panels

Season of
year

Mean
declination
angle (°)

Total solar radiation on
South-facing surface
(Wh/m2)

Increment in
solar
irradiance
(Wh/m2)

Angle of
incidence (°)

Seasonally
adjusted

Fixed tilt (@
28.68°)

Summer
(May, June,
July, August)

19.13 5859
(@9.57°)

5500 359 (6.52%) 9.57

Winter
(November,
December,
January,
February)

−18.96 6331
(@47.66°)

5976 355 (5.94%) 47.66

Equinox
(March,
April,
September,
October)

−0.1 6519.44
(@28.8°)

6519.58 0 28.8
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Table 17.2 Monthly variation of solar radiation incident on panels

Month of the year Declination angle Total solar radiation on
south-facing surface (Wh/m2)

Variation (%)

Fixed tilt (28.7°) Optimum tilt

January −20.92 5565.06 5937 6.68

February −12.95 6356.54 6520 2.57

March −2.42 6793.44 6795 0.02

April 9.41 6711.22 6867 2.32

May 18.79 6211.86 6647 7.01

June 23.09 5505.6 6011 9.18

July 21.18 5095 5503 8.01

August 13.45 5184.52 5412 4.38

September 2.22 6038.06 6061 0.38

October −9.6 6534.78 6638 1.58

November −18.91 6278.74 6720 7.03

December −23.05 5703.66 6240 9.40

Table 17.3 Shadow length for mean solar tilt angle of PV array

Weather Months Mean solar
tilt angle of
PV array (°)

Angle of
incidence (°)

Shadow length
(m)

Summer May–August 3.75 May = 9.79 1.0093

June = 5.49 1.0043

July = 7.4 1.0065

August = 15.13 1.0157

Winter November–February 50 November =
47.49

1.479

December =
51.63

1.61

January = 49.50 1.54

February = 41.53 1.321

Equinox March–April,
September–October

27.5 March = 31 1.164

April = 19.17 1.047

September =
26.36

1.15

October = 38.18 1.25
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Table 17.4 Shadow length at fixed tilt angle of PV array

Weather Months Solar tilt
Angle of PV
array (°)

Angle of
incidence (°)

Shadow length
(m)

Summer May–August 27.5 May = 9.79 0.966

June = 5.49 0.931

July = 7.4 0.947

August = 15.13 1.012

Winter November–February November =
47.49

1.39

December =
51.63

1.469

January = 49.50 1.427

February = 41.53 1.407

Equinox March–April,
September–October

March = 31 1.164

April = 19.17 1.047

September =
26.36

1.15

Oct = 38.18 1.25

Table 17.5 Variation in shadow length of rooftop PV array

Season of year Shadow length (m) Variation Variation (%)

At fixed tilt angle
(28.68°)

Seasonally adjusted

Summer (May,
June, July, August)

0.958 1.014 (9.57°) 0.056 5.52

Winter (November,
December, January,
February)

1.404 1.485 (47.66°) 0.081 5.45

Equinox (March,
April, September,
October)

1.137 1.14 (28.8°) 0.003 0.26

17.5 Conclusion

It is found that the panels placed facing due south and seasonally adjusted at their
optimum tilt angles will produce more electrical energy, 6.52% in summer, 5.94%
in winter and 5–7% more electrical energy on annual basis and a larger shadow in
summer and smaller shadow in winter in comparison with the panels at annually
fixed tilt angle, and this in turn will decrease the indoor solar heat flux in summer
and enhance the indoor solar heat flux in winter and hence will favorably affect the
incident solar heat flux as well as load leveling.
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Fig. 17.1 Shadow length of solar PV array at fixed solar tilt angle for summer

Fig. 17.2 a Variation in shadow length for winter b Variation in shadow length for summer
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Chapter 18
Overview of Heat Transfer Augmentation
Techniques for Parabolic Solar
Concentrator Receiver

Milind S. Patil and Sanjay Pratapsingh Shekhawat

Abstract Solar energy is an alternative to conventional resources of energy. Among
the many applications, solar parabolic trough collector is an application that receives
heat from the radiation of the sun. Such energy is an alternative way for many rural
applications: solar cooker, water pumping, water heating, solar driers, etc. Parabolic
trough collector consists of the collector of a paraboloid shape and mounted with
the mirrors to reflect and concentrate the solar radiation and focus the same over
the receiver/absorber. This heat energy is absorbed by the heat transfer fluid inside
the receiver. Such energy also converts water into steam and usually used to drive
conventional electrical generators. Receiver heat loss by the mode of convection and
radiation is the major cause of lower thermal efficiency. This is why it is essen-
tial to study the methods for enhancement of the heat transfer in the parabolic
trough receiver. This study focused on the review and feasibility of various heat
transfer augmentation techniques for parabolic trough collector receiver/absorber.
Study from various publications considers various techniques that are being used by
many researchers; this includes use of evacuated receivers, inserts, porous disk, fins,
nanofluids, various types of inserts, etc. It is observed that with the use of insert heat
transfer augmentation was reported as the highest; however, few of the insert types
are yet not used.

Keywords Solar energy · Collector · Receiver · Heat loss

18.1 Introduction

Increase in the continuous demand for energy and depletion of the resources has
increased the challenges to explore the more and more new resources. The use of
non-conventional energy is an alternative to cater the needs. Presently, there aremany
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more solar appliances that satisfy the need for energy especially in solar thermal appli-
cations. All such applications use the technology of concentrating the solar radiation
due to its availability at low density on the earth’s surface. In such applications, heat
energy is generated with wide range of temperatures and use of various types of
heat transfer fluid. For high-temperature applications, concentrating solar collectors
is selected. In an application of parabolic trough collectors, incoming solar radiation
is concentrated with parabolic reflector on the focal axis where receiver is located.
Heat transfer fluid is circulated through the receiver that absorbs the heat energy from
solar radiation. All such receivers produce a temperature of approximately 400 °C
[1]. The receivers or the absorbers are coated with the selective coating. Selective
coatings increase the surface emissivity, and hence, with an increase in temperature
the radiation heat loss also increases. Thus, it is important to absorb the maximum
amount of heat by the heat transfer fluid circulating through the receiver. Also, the
heating of the receiver results in excessive thermal stress, and glass envelop may
get damage that causes loss of vacuum maintained inside envelop. Thus, it is impor-
tant to study the various ways to improve the heat absorption by the receiver heat
transfer fluid and improve its optical and thermal efficiency. Hence, heat transfer
enhancement in PTC is of major concern.

18.2 Parabolic Trough Collector Applications

Incoming solar radiation is concentrated by the parabolic collector and heats the heat
transfer fluid. There are many applications reported by researchers like low enthalpy
processes [1, 2], power generation [3–5], water desalination [6], use of Rankine cycle
[7, 8], cooking [9], and refrigeration [10–13]. Summary of all such applications is
represented in Table 18.1.

It is observed from the reported literature that many analyses were done with
the use of mathematical modeling or numerical based. Studies are performed with
parameters like inclination angle, mass flow rate of heat transfer fluid, and fluid inlet

Table 18.1 Applications of solar parabolic systems

Authors Year Parabolic trough system applications Reference(s)

Jaramillo et al. 2013 Low enthalpy processes [2]

Siqueira et al. 2014 Power generation [3, 4]

Mussard and Nydal 2014 Cooking [9]

Balghouthi et al. 2014 Solar cooling [13]

Larcher et al. 2014 Solar heat to industrial processes [14]

Bigoni et al. 2014 Water pasteurization [15]

Col et al. 2014 CPVT [16]

Wang et al. 2015 Heat pump [17]
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temperature. Various methods were used by many researchers All such studies were
reported using finite volume method [11, 16–23], finite element method [24–29],
CFD [30], Monte Carlo method of ray tracing [30–32], finite difference [33–35], and
many others [10, 11, 18, 20, 21, 23, 27, 28, 36–42]. Analysis was reported usingmany
of the engineering computer programs. Themain software programs are used such as
Solar Advisor Model (SAM) [43], MATLAB [44], TRNSYS [45, 46], MCRT [47],
ANSYSCFX 15.0 [48], EES [49], LabVIEW [50], Thermoflex [51], and Visual C++
programming language [52]. Table 18.2 represents the summary of various literature
findings of parabolic trough system.

18.3 Parabolic Trough Collector Receiver Analysis

Schematic of a solar parabolic trough collector is described in Fig. 18.1. The receiver
of the system is located at the focus line of parabolic trough. The receiver is made
of outer and inner tubes. The outer tube is a glass tube, and the vacuum is present
in the annular space between outer and inner tubes. The inner tube is provided
with a selective coating of a low emissivity to reduce radiation losses [74]. Thermal
resistance network is presented in Fig. 18.2. Heat transfer study was performed by
Siqueira et al. [31] by developing a mathematical model. With model, studies were
reported for thermal and optical efficiency.

One-dimensional analysis for heat transfer surfaces is presented in Fig. 18.3. This
is used for an energy balance and thermal analysis between the heat transfer fluid and
the atmosphere [76]. Conductive, convective, and radiation heat loss were analyzed
using the thermal network and the energy balance. Heat transfer analysis with the
use of twisted tape was reported by Jaramillo et al. [1], as represented in Fig. 18.4.
It is observed that heat transfer in the receiver/absorber tube was improved. With
the use of spiral tape inside the receiver tube, the flow rotates in an axial direction,
and hence, the turbulence is increased that causes a rise in Reynolds and the Nusselt
numbers. Hence, there is an improvement in the convective heat transfer coefficient;
this enhances the heat transfer, and larger amount of solar energy is being absorbed
by the heat transfer fluid inside the receiver tube.

Bellos et al. [77] reported the studies performed with the use of three different
nanoparticles. They used SOLIDWORKS Flow Simulation studio for this study.
The performance was analyzed for three working fluids: thermal oil, thermal oil with
nanoparticles, and pressurized water. Heat transfer efficiency was examined for each
of these fluids.

Another design studied by Bellos et al. [77] is as shown in Fig. 18.5. He tested new
geometry of the absorber tube with the wavy internal surface. Nanoparticle of the
Al2O3 was used in the study and reported improved mean efficiency by 4.25%. Use
of wavy internal surface provides a converging and diverging path, and this creates
more turbulence and vortex flow conditions and resulted in 4.55% improvements in
the mean efficiency. It was also observed that the rise in efficiency is higher for the
higher fluid temperatures.
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Table 18.2 Recent studies on solar parabolic trough systems

Authors Year Research Theoretical
(Th)/experimental
(Ex)

Reference(s)

Al-Sulaiman et al. 2012 CCHP was studied
with various modes
of solar and solar
storage operation

Th. [53]

Kalogirou 2012 PTC receiver thermal
analysis was studied
with validation, and
satisfactory results
were obtained

Th. [49]

Reddy and Kumar 2012 Performance
optimization was
reported for thermal
analysis for the
Indian parabolic
trough collectors

Th. [54]

Kumaresan et al. 2012 PTC instantaneous
efficiency and overall
system efficiency
were studied with
energy storage

Ex. [55]

Calise et al. 2012 CPVT simulation
study was reported

Th. [56]

He et al. 2012 Organic Rankine
cycle study was
reported using
TRNSYS simulation.
Heat loss
characterization was
reported for solar
collector

Th. [45]

Al-Sulaiman 2013 Comparative study
was reported for the
binary vapor cycle,
and Rankine cycle
was reported PTC

Th. [57]

Yılmaz et al. 2014 Mathematical model
was studied for
thermal performance
of PTC

Th. [58]

Peterseim et al. 2014 Reported the use of
biomass fuel as a
source for backup
and cost-saving

Ex. [59]

(continued)
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Table 18.2 (continued)

Authors Year Research Theoretical
(Th)/experimental
(Ex)

Reference(s)

Vogel et al. 2014 Hybridization with
natural gas was
studied for PTC
power plant

Th. [60]

Alguacil et al. 2014 PTC application for
direct steam
generation was
reported

Th. Ex. [61]

Ramos et al. 2014 PTC was studied for
the shedding light
effects

Th. [62]

Lobón and
Valenzuela

2014 PTC was studied for
thermal and hydraulic
behavior

Th. [63]

Boukelia et al. 2015 Reported PTC power
plant studies with and
without thermal
storage and backup
system

Th. [64]

Qu and Wang 2015 Experimental
analysis for thermal
efficiency of the PTC
system was reported

Ex. [65]

Luo et al. 2015 PTC system
simulation with
pumps and oil–water
heat exchanger was
reported

Th. [66]

Almasabi et al. 2015 Reported transient
performance of PTC

Th. Ex. [67]

Bouvier et al. 2015 Reported
experimental analysis
for
micro-cogeneration
system using PTC for
direct steam
generation

Ex. [68]

Mwesigye et al. 2016 Reported the effect of
intercept factor and
heat flux distribution

Th. [69]

(continued)
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Table 18.2 (continued)

Authors Year Research Theoretical
(Th)/experimental
(Ex)

Reference(s)

Caron and Röger 2016 Reported receiver
thermal performance
and heat loss
measurements

Ex. [70]

Martín and
Valenzuela

2016 Reported the studies
on flow
measurements for a
PTC

Ex. [71]

Chafie et al. 2016 Thermal performance
analysis was reported
for a PTC system
with incidence angle,
intercept factor, and
thermal efficiency

Ex. [72]

Al-Maliki et al. 2016 Simulation study was
reported for a PTC
based 50 MWe solar
thermal power plant

Th. [73]

Fig. 18.1 Solar parabolic
trough collector. Source De
Risi et al. [74]

Fig. 18.2 Heat transfer
thermal resistance network
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Fig. 18.3 Schematic diagram for energy balance. Source Antônio Marcos et al. [75]

Fig. 18.4 Diagram
indicating the use of twisted
tape inside the receiver tube.
Source Jaramillo et al. [1]

Fig. 18.5 Regular and
converging–diverging
receiver tube. Source Bellos
et al. [77]

Bimetallic absorber tube application was reported by Khanna et al. [76]. Study
was conducted for the effects of thicknesses and material used on the temperature
gradient. Two different layers were used to reduce the temperature gradient across
the circumference of the absorber tube as shown in Fig. 18.6. Thickness and thermal
conductivity of the two different layers of the receiver tube were varied. It was
reported that the material with higher thermal conductivity should form the outer
layer for the reduction in non-uniformity of the temperature. Also, it is found that
the increase in rim angle decreases the maximum circumferential temperature of the
receiver tube (Fig. 18.7).
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Fig. 18.6 Sectional view of a PTC system receiver with two different layers of the absorber tube.
Source Khanna et al. [76]

Fig. 18.7 Corrugated tube-type receiver. Source Fuqiang et al. [78]

Fuqiang et al. [78] reported the use of corrugated tube-type receiver for the
PTC system. Improvement in heat transfer and decrees in thermal strain analysis
were observed. The shape of the receiver tube was convex corrugated type; this
shape increases the turbulence and hence enhances the heat transfer performance
(Fig. 18.8).

Receivers with dimples, protrusions, and helical were studied byHuang et al. [79].
It was reported that heat transfer rate was enhancement with the use of all such types
of geometries inside the tube. Increase in surface area is the cause of heat transfer
enhancement. It was reported that the dimple tube design was better than the other
two types of receiver tube. More in numbers of dimples with deeper dimples and
closely spaced dimples have a better performance.

Reddy et al. [56] used a porous disk into the receiver with different configurations
as shown in Fig. 18.9. It was observed that thermal gradient was smaller between the
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Fig. 18.8 PTC receiver with dimples, protrusions, and helical fin-type surface. SourceHuang et al.
[79]

Fig. 18.9 PTC receiver with various porous configurations. Source Ravi Kumar [56]

wall surface of the receiver and the heat transfer fluid, and therefore, the heat transfer
enhanced in such type of receiver compared with the conventional receiver.

Studies on perforated plate type of inserts were reported by Mwesigye et al. [80].
Thermodynamic optimization of a parabolic trough receiver was investigated with
such inserts as shown in Fig. 18.10. Studieswere conducted for three different designs
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Fig. 18.10 PTC receiver with perforated tape. Source Mwesigye et al. [80]

like the spacing between two sequential perforated plates (P), the angle of orientation
(β), and the diameter of perforated plate (d) [80].

Zhang et al. [81] reported the studies on U-type heat pipe solar receiver as shown
in Fig. 18.11. The receiver that used was vacuum type with outer surface coated
with black coating. The performance of a steam generating system and overall heat
losses was analyzed. Thermal efficiency was reported as 0.791 and 0.47 in calm
and windy days. Table 18.2 summarizes the various literature findings on thermal
analysis parabolic trough system receiver. Table 18.3 summarizes the various types
of inserts that are used with parabolic trough receiver (Table 18.4).

Fig. 18.11 PTC receiver with U-type heat pipe. Source Zhang et al. [81]
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18.4 Conclusions

Review presented here has an objective to study themethods for enhancement of heat
transfer adopted by the various researchers. Inserts can be effective in the laminar
zone. With the use of various types of inserts, heat transfer rate was increased but at
the cost of pressure drops inside the receiver tube. Findings of this comprehensive
review can be summarized as below:

• In direct steam generation, since there is a change of phase, it is not possible to
use nanofluids.

• PTC receiver with evacuated tube has higher thermal efficiency (65–70%) because
of the elimination of convection and radiation losses.

• The performance of use of inserts with nanofluids was observed to be better in
both laminar and turbulent regions.

• The base fluids with insert were found to augment heat transfer in the range of
10–200% in turbulent region compared to its flow in plane receiver.

• It is evident from the review that research carried out till date is focused more on
aqueous nanofluids than oil-based nanofluids.

• Coiled tube with larger pitches has higher heat transfer enhancement than smaller
pitches.

• Use of longer twisted tape increases the pressure drop as compared with plain
receiver tube. Thus, experimental analysis for use of short-length twisted tape can
be conducted. Also, receivers with diverging/converging section for the full length
and with the use of inserts can be analyzed for PTC receiver performance.

• The other several passive techniques to enhance the heat transfer in a flow, such
as ribs, conical nozzle, are generally more efficient in the turbulent flow than in
the laminar flow.

• Receiver of the PTC shall be analyzed for the various heat losses. For such charac-
terization, laboratory simulation can be performed experimentally. Results of such
simulation can be then used for the development of various correlations which can
be used for the prediction of heat loss.

There are many numerical studies but there is a need for experimental study;
also for analyzing, performance of heat transfer augmentation technique using tur-
bulators used with receivers of the solar parabolic trough collector. Also, reported
investigations sofar are observed with constant cross-sectional area of flow, and any
investigations are reported for receiver with converging–diverging cross-sectional
area.

Studies reported sofar does not consider the heat loss analysis from the receiver
surface due to convection as a result of wind flow that occurs near the surface of the
receiver. The development of laboratory experimental simulation setup will be useful
for heat loss characterization as a result of wind flow conditions that are occurred
in practical application. Data obtained from such an experimental analysis will be
then used to develop a prediction model using adaptive neuro-fuzzy inference sys-
tem (ANFIS) which has better prediction ability than the conventional heat transfer
methods and analysis.
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Chapter 19
Synthesis of ZnO Nanostructures Using
RTCVD, Suitable for Various
Applications

Ravi Keshwar Kumar, Avshish Kumar, Samina Husain, M. Husain
and M. Zulfequar

Abstract Zinc oxide (ZnO) nanostructures have been successfully synthesized
using rapid thermal chemical vapor deposition (RTCVD) technique under ambi-
ent oxygen environment. During the growth of ZnO nanostructure, the gas pressure
of oxygen was maintained at 5 Torr, and the low pressure inside the growth chamber
was kept of the order of 10−6 Torr in order to increase the vapor pressure during subli-
mation. Themorphological and application aspects of the grown ZnO nanostructures
were studied at room temperature and at LN2 temperature. Different characteriza-
tion techniques such as X-ray diffraction (XRD), field emission scanning electron
microscopy (FESEM), energy-dispersive X-ray spectroscopy (EDAX) and UV–Vis
spectroscopy have been performed for elemental analysis, crystalline nature, shape,
size and band gap calculation of as-grown ZnO nanostructure. The results exhibited
that grown ZnO nanostructures have various applications including solar cells and
supercapacitor for energy storage devices.

Keywords Zinc oxide ·Morphological variations · Structural properties · RTCVD

19.1 Introduction

Various synthesis techniques have been used for the preparation of zinc oxide (ZnO)
nanostructures for variety of device applications such as sensing device (gas, chem-
ical and biosensor), transparent conductors in solar cell, opto-electronic devices and
LED as well as in high power electronics [1–11]. Instead of these, ZnO nanostruc-
tures have also been used in hydrogen storage, piezo transducer, photo-detectors and
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spintronic devices due to electrical and optical properties of nanostructures [12–18].
Most ZnO application is based on its semiconducting, catalytic and piezoelectric
properties [19]. ZnO nanostructures with desirable morphology have been synthe-
sized using various interesting techniques. Depending on themode of synthesis, ZnO
nanostructures synthesis is classified into two main categories, dry and wet chemical
synthesis. Both the methods have their advantages and disadvantages [20]. Out of
these synthesis methods, ZnO nanostructures can be synthesized by various physical
methods like thermal oxidation, sputtering and hydrothermal method with focus on
studying the properties of as-grown material or on the application in different forms
[21–34]. Amongst these, aligned one dimensional (1D) ZnO nanowires/nanorods
and snowflake shape nanostructure are demonstrating superior device properties with
high carriermobility compared to that of nonaligned ZnO nanostructures [7, 35]. Due
to the quantum size effect, increasing band gap energy of 1D ZnO and nanoparticles
can be proved by its photoluminescence property. Therefore, study of the proper-
ties of individual ZnO nanostructures is fundamentally essential to future innovative
design of functional nanoscale devices.

ZnO has a key feature of large excitonic binding energy (~60 meV) and high
optical gain of 300 cm−1 at room temperature; results in an efficient and extreme
stable excitonic emission at room temperature (RT) are promising to various appli-
cations [2, 4]. However, in spite of practical importance, knowledge of vibrational
phonon properties and dependency onmorphology of ZnO nanostructures is yet to be
explored, which enhance the understanding of solar cell and hydrogen storage appli-
cation of the specific nanostructure [10–15]. In spite of these promising applications,
few doped ZnO nanostructure has promising applications in ultraviolet photo-sensor
and medical applications also [36, 37]. Therefore, we chose to study the morpho-
logical variation and structural properties of ZnO deposited by RTCVD at room
temperature and at liquid nitrogen temperature, for various solar cell, supercapacitor
and energy storage applications.

19.2 Experimental Details

Rapid thermal chemical vapor deposition (RTCVD) was used to prepare various
nanostructures of ZnO. Pure Zn (99.9%)was evaporated in oxygen ambient. Thermal
evaporation system was modified to RTCVD by constructing a small subevaporation
chamber using quartz tube (25 mm diameter and 120 mm length). An arrangement
was made in this quartz tube for gas inlet, opening for evaporation source, sample
holder and gas outlet, as shown in Fig. 19.1. With the quartz tube, we were able
to confine the evaporated material and maintain the uniform oxygen pressure in the
vicinity of the evaporation source. Mo-boat was used as an evaporation source. After
loading the substrates and source material, chamber was evacuated to 10−5 Torr,
then 5 Torr oxygen was injected into the subchamber, and this oxygen pressure was
maintained throughout the evaporation. The as-prepared samples were analyzed for
elemental and structural properties.
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Fig. 19.1 Experimental setup of RTCVD system used for the growth of ZnO nanostructures

X-ray diffraction measurements were performed using Rigaku advanced diffrac-
tometer with CuKα radiation (λ = 1.542 Å) for the Bragg angle ranging from 20° to
80°. Raman scattering spectra were obtained using LabRam HR800 JY with HeNe
source (λ= 632.8 nm) and beam diameter of 1.2μmoperating at fixed laser power of
2 mW and scanning range of 200–650 cm−1. Scanning electron microscopic (SEM)
images were obtained using JEOL (JSM-6380) electron microscope.

19.3 Results and Discussion

Figure 19.2 depicts the X-ray diffraction patterns of ZnO nanostructures grown at
room temperature (RT) and liquid nitrogen (LN2) temperature. The variation in peak
intensities with liquid nitrogen temperature is observed. The observed peaksmatched
wellwith the standard peaks related to the JCPDSfiles (36–1451, 21–1486, 01–1136),
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Fig. 19.2 X-ray diffraction patterns of ZnO nanostructures grown at RT and LN2 show peaks
related to various phases indicating wurtzite crystal structure

which are of wurtzite hexagonal phase. The presence of intense peaks reflects good
crystallinity of grown ZnO nanocrystal. The peak intensity related to (002) plane
increased with the sample grown at LN2 temperature, whereas the intensity of other
peaks related to (100), (002), (101), (102), (110), (103), (112) (201) (004) and (202)
has changed. A peak related to (101) exhibits maximum intensity with a peak of
unknown phase of ZnO having maximum intensity. The peak related to (110), (102),
(200), (201), (202) and (004) exhibits low intensity, whereas peaks related to (100),
(002), (101), (103) phases exhibit maximum intensity compared to peaks related to
other phases which suggest the growth of wurtzite structure ZnO. The high peak
intensity reflects the good crystallinity. Besides hexagonal wurtzite structure, as-
grown samples at LN2 having nanocrystal like structures (Fig. 19.3), a peak related
to (110) and (004) ZnO phase with remarkable intensity is present which can be
correlated to radial orientation of nanocrystal. Slight intensity variation of peaks
related to various ZnO phases suggests different order of crystallinity. It is noticed
that peaks related to metallic Zn were not present indicating the proper oxide growth
during the investigated process.

Figure 19.3 shows the scanning electron micrographs of samples deposited at
room temperatures and at LN2 temperature, which clearly depicts the change in
morphology from sea urchin-like structure (at RT) to nanocrystal (at LN2). The size of
the synthesized structure has also varied greatly from 300 nm to 1μmwith the length
of 2–5 μm at normal conditions, whereas at liquid nitrogen, temperature size of the
nanocrystal varied from 100 nm to 1μm. Deposition at room temperature resulted in
the sea urchin-like structure forming porous microscopic bunches of about 5–10 μm
as shown in Fig. 19.3. At some places, these structures are apparently fused together
forming bunches of sea urchin-like structures. Although various reports available
to grow similar ZnO nanostructures like nanopins and nanoneedles using thermal
evaporation techniques, under oxygen atmosphere, our experiments were confined
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At RT

At LN2

Fig. 19.3 FESEMmicrographs with EDS spectrum of ZnO nanostructures grown at RT and at LN2
temperature

to a controlled oxygen pressure of 5 Torr and chamber base pressure of 10−5 Torr
aiming to good quality ZnO nanostructures.

EDS confirms that no other contents present in the as-prepared sample of ZnO
nanostructures at room temperature and at LN2 temperature.

Raman spectroscopy study was carried out as it is sensitive to the morphology
and size of the nanostructures, and spectra of the samples are shown in Fig. 19.4.
The spectra show three different peaks around 330, 434 and 578 cm−1 suggest the
presence of wurtzite ZnO phase. There are three types of peaks observed, (i) a
suppressed and broad peak around 326.5–330 cm−1 is of lower E2 and related to
the multiple photon scattering processes, (ii) a most dominant phonon peak for both
the samples is about 433–435.1 cm−1 is the E2 high peaks associated with oxygen
atoms and (iii) a comparatively symmetric peak about 572.5–578 cm−1 of E1(LO)
modes. Presence of E1(LO) peak reflects the impurities, oxygen-deficient sites and
Zn interstitial sites exists in the grown nanostructures. The suppressed lower E2 peak
and a significant E2 high peak suggest the good crystalline nature of the grown ZnO
nanostructures. The Raman observed peaks are describing lower E2, E2 high and
E1(LO) modes are in well agreement to that of reported vibrational modes of ZnO
nanostructures as well as in Raman spectra of bulk ZnO.
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Fig. 19.4 Raman spectra of ZnO nanostructures obtained at RT as well as at LN2 temperature

UV–Vis spectroscopy has been done for the calculation of band gap for the as-
grown ZnO nanostructures at various substrate temperatures. The experimental data
for the present sample of ZnO gives a best fit with n = 1/2, which suggests that the
absorption in this ZnO film is due to direct transition. Therefore, the experimental
data is re-plotted as (αhν)2 versus photon energy (hν) for direct transition. Figure 19.5
shows the variation of (αhν)2 with photon energy (hν) for as-grown ZnO at room
temperature and at LN2 temperature. The value of direct optical band gap (Eg) is
calculated by taking the intercept on the X-axis. The calculated value of Eg for the
ZnO film is found to be 3.32 eV at RT, whereas at LN2 temperature, the band gap
slightly increased to 3.75 eV. So, it is clear that variation in band gap can be seen at
various substrate temperatures.
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19.4 Conclusion

In summary, we have successfully grown ZnO nanostructures like sea urchin nanos-
tructure and nanocrystal, at 5 Torr constant oxygen pressure in the chamber dur-
ing rapid thermal evaporation. XRD, SEM and Raman were used to characterize
the grown nanostructures. XRD analysis reveals the single crystalline hexagonal
wurtzite ZnO phase. E2 high peak in Raman spectra suggests the growth of hexag-
onal wurtzite structure, and the presence of lower E2 peak indicates the presence of
Zn interstitial sites and oxygen deficiency in the grown nanostructures. Variation in
band gap has also been observed at substrate temperature. The slight change in band
gap has also been observed at LN2 temperature. From the above studies, it is found
that these types of ZnO nanostructures are suitable for various applications like solar
cell, supercapacitor and energy storage applications.
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Chapter 20
Role of Nanostructures in Development
of Energy-Efficient Electrochemical
Non-enzymatic Glucose Sensors
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and Rakesh Goyal

Abstract There are various complexities involves with enzymatic glucose sensors
such as poor shelf life due to the inherent instability of an enzyme, a fabrication
complexity included in enzyme immobilization procedures and interference caused
by soluble redoxmediators. Therefore, research towards enzymeless glucose sensing
has increased. Further, the integration of photovoltaic or alternate energy harvest-
ing methods with glucose sensors results in the development of cost-effective and
energy-efficient biosensor systems. Continuous technological advancements of novel
materials having distinctive nanostructures assist in understanding the fundamentals
of enzymeless glucose detection. In this paper, we have discussed the electrochem-
ical method of glucose detection and the role of nanostructures in development of
energy-efficient electrochemical non-enzymatic glucose sensors.

Keywords Non-enzymatic · Nanostructures

20.1 Introduction

In a human body, if the pancreas is not able to produce an adequate amount of
insulin or if the body is unable to effectively utilize the produced insulin, a disease
known as diabetes is said to exist. In the recent decade, diabetes has become much
prevalent [1, 2]. The number of diabetic patients was 415 million in 2015, and this
number would become 642million in 2040 as predicted by the International Diabetes
Foundation (IDF) [3]. The mortality rate due to diabetes is also increasing at an
alarming rate [3, 4]. People with diabetes must maintain their blood glucose level
within the physiological range that is why an accurate monitoring of blood glucose
level becomes very important; consequently, the use of blood glucose monitoring
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devices is very common these days. Some of the leading manufacturers of blood
glucose monitoring devices are Abbott Laboratories, Medtronic, Roche Diagnostics,
Bayer, Bionime, Dexcom and LifeScan [5]. The latest self-monitoring devices have
excellent features like minimal sample volume (µL), reduced testing time and a
wide glucose detection range, etc. Among the various glucose detection methods,
continuous glucose monitors (CGM) provide more comprehensive understanding of
fluctuating glucose trends. CGM systems monitor interstitial glucose levels all the
time. Abbott’s FreeStyle Libre Pro CGM system is more helpful to those diabetic
patients who fear from fingersticks as it does not require the same. It measures the
interstitial glucose level using a small sensor attached on the arm, in every 15 min for
up to 14 days. For medical records, a doctor can download the recorded information
[6, 7].

20.2 Enzymatic Glucose Detection

Enzyme-based electrochemical glucose sensors are commercially used for blood
glucose measurement. Glucose oxidase (GOx) and glucose dehydrogenase (GDH)
enzymes are mostly used for this purpose [8, 9]. The high selectivity towards glucose
molecules and high stability of GOx make it a strong candidate, but at a temperature
above 40 °C or solution pH below 2 and above 8, it rapidly loses its activity. The
exposure to unstable humidity critically affects the GOx-based sensors. The activity
of GOx is also dependent on oxygen concentration in its surrounding [10]. GDH
is most commonly utilized with cofactors such as pyrroloquinoline quinine (PQQ)
and flavin adenine dinucleotide (FAD) [8]. In comparison with GOx, GDH with its
cofactors has higher activity. However, GDH-PQQ-based blood glucose monitors
can be affected by galactose and maltose, and GDH-FAD blood glucose monitors
respond to xylose. Except glucose, maltose, galactose and xylose are different forms
of sugar whichmay exist in blood. The reactivity of aGDH system towards thesemay
lead to an incorrect measurement of glucose [11, 12]. Various groups are working
worldwide to overcome the limitations associated with the GDH system. Efforts are
going on to make GDH-FAD system less reactive towards xylose [13–15].

20.3 Non-enzymatic Glucose Detection

Currently, the enzyme-based sensor dominates glucose sensor industry. Never-
theless, non-enzymatic glucose sensors are being researched so as to overcome
the above-mentioned boundaries of enzyme-based glucose sensors. Complicated
enzyme immobilization procedures make the fabrication of enzymatic glucose sen-
sors very difficult. On the other hand, the absence of biological functional units in
most non-enzymatic sensors can be beneficial in respect of simple structures and
better quality. The response of enzymatic glucose sensors is dependent on oxygen
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concentrations. The deficiency of oxygen in the absence of mediator produces a
nonlinear and less sensitive response. However, in enzymeless glucose sensors, the
electrical current is produced due to glucose oxidation on the electrode surface, thus
eliminating the oxygen limitations. Another serious problem in enzyme-based sen-
sors is the stability of an enzyme. An enzyme loses its activity at a temperature above
40 °C or solution pH below 2 and above 8; the high or low value of humidity may
also damage the stored or in-use sensors. As a result, there has been a considerable
interest in developing non-biological electrode materials. The rapid advancement
in nanotechnology is persistently opening new prospective for enzymeless glucose
sensing. Particularly, nanoporous platinum-based non-enzymatic glucose sensors can
overcome the limitations associated with temperature, humidity and solvent, etc. By
looking at the merits of enzymeless glucose sensors, it is expected that the cost of
CGM system can be cut down to a large extent. Sensing behaviour of enzymeless
glucose sensors can be viewed in terms of mechanism or material used. This paper
discusses the role of nanostructures in the development of sensors used in enzymeless
glucose sensing.

20.4 Direct Glucose Oxidation

In an electrocatalytic process, the active sites of the metallic electrode adsorb reac-
tant molecules. Factors affecting the adsorption mechanism include incomplete d-
orbitals, plentiful defects in catalysts and encouraging electronic states of the redox
centre. According to the chemisorption model proposed by Pletcher [16, 17], in
the glucose oxidation reaction, initially, the glucose is adsorbed onto the electrode
surface and a bond formation takes place between them. Then, the hydrogen atom
attached to C-1 carbon atom in the glucose molecule (see Fig. 20.1a) is extracted and
creates a bond with electrode surface [16, 18, 19] resulting into change in oxidation
state of the glucose molecule, leading to a lowering of glucose–metal bond strength
which ultimately results in desorption of the glucose molecule. Incipient Hydrous
Oxide AdatomMediator (IHOAM) model (see Fig. 20.1b) is also used to explain the
direct glucose oxidation. According to this model, incipient hydrous oxide, OHads,
layer is formed when the active metal atoms on the surface of the electrode undergo
a premonolayer oxidation [18, 20, 21]. This OHads layer is supposed to mediate the
further glucose oxidation. The electrocatalytic activity of noble metals can be easily
explained with the help of chemisorption and IHOAM models. However, the activ-
ity of various transition metals or metal oxide-based electrodes is not in agreement
with these models. The oxidation of glucose in materials such as Ni [22, 23], Cu
[24, 25] and Co [26, 27] is obtained when the transition metal centre go through a
redox reaction. The metal oxide having a higher oxidation state has a strong power
to produce surface bound OHads radicals at anodic bias. These OHads radicals have
a capability to oxidize organic reactants. The first step in glucose oxidation is the
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Fig. 20.1 a Chemisorption model of glucose oxidation. b Incipient Hydrous Oxide Adatom
Mediator (IHOAM) model [17]

abstraction of a C-1 hydrogen atom; subsequently, the reaction intermediates oxi-
dizes into glucono-d-lactone. The abstraction of a hydrogen atom sets the rate of
glucose oxidation.

The amperometric techniques are most commonly used to study direct glucose
oxidation on the electrode surface. The glucose oxidation reaction is mostly per-
formed in alkaline conditions due to the availability of OHads. Also, the transition
metal and metal oxide-based electrodes may be unstable in acidic conditions.

20.5 Nanostructures for Glucose Detection

The nanostructures like nanoparticle, nanorod, nanowire, nanotube, mesoporous par-
ticles and films are commonly used in electrocatalysis [28–35], energy applications
[28, 30–39] and sensors (including glucose sensors) [40–44]. A nanostructured elec-
trode material can act like a catalyst in three different ways, i.e. by generating sites
which are electrocatalytic active, enhancement of active surface area and the creation
of nanospace surrounded by conducting surfaces [45]. As per our previous discus-
sion, the oxidation of glucose requires either sites for surface adsorption or reactive
OHads radicals, which facilitate the electrochemical glucose oxidation. In nanostruc-
tures, the existence of high indexed planes, adatoms and edges is very common, and
these defects are responsible for electrocatalysis on the electrode surface. Together
with the surface morphology, nanomaterials also possess different electronic band
structure as compared to their bulk counterparts. The large number of electrocat-
alytic active sites present on the surface of nanomaterials is considered to assist the
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oxidation of glucose electrocatalytically. The high surface roughness of nanomateri-
als greatly enlarges the electrochemically active surface area (ECSA) leading to the
generation of large currents which makes the nanostructured electrodes more sen-
sitive. However, the wider electrode surface could increase the background signals
including capacitive current. Alongside the sensitivity, selectivity is another impor-
tant performance parameter for glucose sensors. The role of nanostructured surfaces
would be worth if the enlarged ECSA or catalytic active sites can make sensor highly
selective by amplifying the glucose signals only. A highly selective nanostructured
glucose sensor exclusively oxidizes glucose on its surface while rejecting all other
interferents. In this regard, electrodes with nanopores are not only sensitive but also
selective in nature [46, 47]. The porous structure creates nanospaces which help in
catalysis. A field gradient in the range equivalent to Debye length is created within
a nanoporous electrode when subjected to an electric field. The pore size and elec-
trolyte concentration, for which nanoporous electrodewith its complete surface takes
part in the faradaic reaction, can be determined for a maximum value of ECSA-to-
apparent area ratio.With small pores having thickness less than electric double layer,
the potential required to oxidize the glucose is high. Large pore size results in a poor
ECSA-to-apparent electrode area ratio leading to a reduced sensitivity. The sensitiv-
ity of glucose sensors is inversely proportional to the pore size and attains amaximum
value for a particular pore size. The nanoporous electrode thickness also affects the
ECSA-to-apparent electrode area ratio which increases with increase in thickness
of nanoporous electrode. The interfering molecules such as 4-acetamidophenol and
ascorbic acid oxidize much faster than glucose which may result in the generation
of high current at a very low concentration of interfering reactants. Large current
is obtained at a flat Pt electrode, not from glucose, but from interfering molecules
because of their fast reaction kinetics. Due to sluggish glucose oxidation reaction, the
current keeps on increasing with the increasing ECSA-to-apparent electrode area.
In general, the concentration of glucose in blood dominates any other electroactive
potential reactants due to which the contribution of glucose is high in signal output as
compared to other interfering molecules. Another factor which affects the kinetics
of glucose oxidation is surface roughness; a nanostructured electrode with a high
roughness factor is more sensitive to glucose, while the current response remains
unchanged with fast oxidizable substances [46]. At an adequately high potential, in
a diffusion-controlled system, the reactant inside the nanoporous electrode should
deplete immediately due to fast electrochemical oxidation. This fast oxidation results
in currents from flat and nanoporous electrodes identical to each other. It is also
observed that the faradaic current due to interfering molecules is influenced by the
apparent geometric area rather than the ECSA [48].

Another study reveals that in diffusion-controlled system, the current due to oxi-
dation of glucose is an increasing function of nanoporous electrode thickness, i.e.
high RF, but this current saturates with an excessively thick nanoporous electrode. In
an electrocatalysis experiment, nanoporous noble metal electrodes reflect enhanced
anti-interference capability when used in phosphate buffer saline (PBS) solution
enriched with chloride ions.
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20.6 Conclusion

The factors which generally affect the performance of electrochemical non-
enzymatic glucose sensors are catalytic active sites, ECSA-to-apparent electrode
area ratio, etc. However, in case of mesoporous electrodes having small pore size,
the current due to glucose oxidation is more than expected from the ECSA. The
factor which seems to enhance the performance of [49–54] small mesopores is the
formation of a nanospace by surrounding electrode surfaces. The reactants in this
nanospace are expected to experience exceptional conditions, e.g. the strong electric
field gradient, different dielectric properties of solvent, very confined dynamic dif-
fusion and so on. The electrocatalytic enhancement in nanostructures still needs to
be investigated.

The use of nanomaterials in the development of biosensors has significantly
enhanced the resolution and detection limits. Renewable energy sources are gaining
much attention as an alternative to conventional energy sources. Therefore, a biosen-
sor system integrated with nanomaterials and photovoltaics, which can detect a vari-
ety of biomolecules with high accuracy at a relatively low cost and no battery pollu-
tion, is a perfect biosensor system of the future. The electrochemical non-enzymatic
glucose sensors based on nanostructures are able to produce large electric currents
corresponding to small changes in glucose concentration at relatively small working
potentials. The low working potential and high sensitivity of nanostructure-based
electrochemical non-enzymatic glucose sensor make them highly energy efficient.
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